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The present invention relates to a tononeter system for measuring

I ntraecul ar pressure by accurately providing a predeterm ned anount of
appl-anation to the cornea and detecting the anount of force required to

achi eve the phefaNOMEER SVHFEMAFORPEASURING Nmmmu@rﬂasssmw e

of nmeasuring 1 ntraocul ar pressure by indenting the cornea using

predet erm ned force appli ed ARPIYNATION ANDAQRINDENTATION et ecting t he

di stance the indenting el enent 10 noves into the cornea when the
predeterm ned force is applied, the distance being inversely proportional
to intraocul g EKEROURD OPTHE ASeENTIORENti on al so relates to a method of
usi ng the tomgm—mﬁ't‘ﬁm‘—%_ﬁdrodynam c characteristics of the
eye, especially ourtelppeseftanichtidnyrelaitl o & comometersystymtfenmedsutihg imraeselat pressure
i nvention may al so be used to ne sure,ﬂl‘;g h m)dgnam' cs of thg e?/e,,
eopeci al |y oDHI2EFITBIER ATaENE AREFSSIETIEA emayn; AEaRANALON fahg comsaand deteciing
Addi tional 1Y y,d Do P BEER Equirk tithiele iﬂégnrwe?e'?ﬂmed'ambﬁﬁi SOIPpIRYLSE PREL steth
I ncrease and neasure the eye pressure and eval uate, at the Sanme tine, the
ocul ar ef f ectisalsf caplibde ofitocasarsgdntproeglsupressu@ kyindenting thexormeadising xpredetemtined
bl i ndness wor| dw de .a(gdg. al tho ﬂh it i S _nore . .conmon h20. in (fdul ts, over
age 35, it CAPFBPRNehpsing gn dsetitieg slementand AREFTE the distance, th dndeatins Slemest
Pressyy € 'nctﬁ'rﬁﬁég%tBQhé’@ArH@asw thE prdlferéitfindddBRatis %}Pli'&&,ttﬂggistém@ beingifbversely
responsi bl e tor pressure 1n the eye is the aqueous hunor. It is a

transpar ent fplragottigrabauiotrdodaripnessurge Tihe présentinvéndion afsodylates do aghdtbed efusingd

drai ned by a series of channels (trahecuyl ar. meshwork. Schl emd s canal and
venous syst eje IORFREFLEStEnioIprasae i, rMara\é?e Sfé‘fsaqg‘g{b epﬁ?qegﬁ& °P‘21°w
caused by angphigyruction or interference that restricts the flow of aqueous

hunmor out of the  eye. Such an obstruction or interference prevents the
aqueous hunor fr orihectonomstarheysiege ofitthe presesplinvestion may glspbeaisedjite measure

di t | bef t her. ' | 0 |
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patients. 30 I ncreased pressure within the eye causes, .
progressi ve Measye theeyernsesspie; and gualiate, akthgsame tims; the eralas g&iepts afthe increased
characteri st ipl(_:esgue;_tt_ect s in the visual field develop, which can lead to WO
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blindness if the dlfgameiseaingscauselef indasssavatidwide smi, ethoughdnisasorefcotminion
i nsi di ous nature of glaucoma and the gradual and painless | oss of vjsion

assodiOat ed t ierdulistover ggeadd.dheANRFEYT ALRNY#ESd [elaueamaPrimerily gaises,whemintraocular
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when irrever r result, mllions of
gl aucoma 5 The fluid Bespbasible fovgpressuiein thdreye ib sheaaqubsusdiviwas ¢t Bractrdmparent

eventual bl iqgiggfgduce% gyut%g rg(le i%atne Qi%ary body and collected and drained by a series of channels
(trabecular meshwork, Schlemm's canal and venous system). The basic disorder in most
25 glaucoma patients is caused by an obstruction or interference that restricts the flow of aqueous
humor out of the eye. Such an obstruction or interference prevents the aqueous humor from
leaving the eye at a normal rate. This pathologic condition occurs long before there is a
consequent rise in intraocular pressure. This increased resistance to outflow of aqueous humor
is the major cause of increased intraocular pressure in glaucoma-stricken patients.
30 Increased pressure within the eye causes progressive damage to the optic nerve. As

optic nerve damage occurs, characteristic defects in the visual field develop, which can lead to



detected and eval uated by neasuring the eye's fluid pressure using a
t ononet er aMAPYPISEY neasuring the eye fluid outflow facilityRCIOISA7TEA4SPY
the nost frequently used way of neasuring facility of outflow is by doing
i ndent ati on tonography. According to this technique, the capacity for flow
is determi ned by placing a tononmeter uposp the eye. The wei ght of the
I nstrunent 10 forces aqueous hunor through the filtration system and
the rate af.. w - e Lne | ' ' to
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avgpl abl e ME ok fHrb RS B LR, rQWad Bfiich! ;
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The measurement of outflow facility is helpful in making therapeutic decisions and in
evaluating changes that may occur with time, aging, surgery, or the use of medications to alter
intraocular press'hre. The determination of outflow facility is also an important research tool

20 for the investigation of matters such as drug effects, the mechanism of action of various
treatment modalities, assessment of the adequacy of antiglaucoma therapy, detection of wide
diurnal swings in pressure and to study the pathophysiology of glaucoma.

There are several methods and devices available for measuring intraocular pressure,

outflow facility, and/or various other glaucoma-related characteristics of the eye. The

25 following patents disclose various examples of such conventional devices and methods:
PATENT NO. PATENTEE
5,375,595 Sinha et al.
5,295,495 Maddess
5,251,627 Morris

30



4,944, 303 Kat suragi 4,922,913 Waters, Jr. et al. 4,860,755

Erath 15 WO 98/09564 4,771,792 Seal e 4, 62BCDYE7/15489

Lee 4, 305, 399 Beal e 3, 724, 263 Rose et al. 3,585,849

G ol man 20 3, 545, 260 Li chtenstein et al.
Still- other exanples of conventional devic and/ or met hods are discl osed

in Mrey, Contact Lens Tononeter, RCA Technical Notes, No. 602, Decenber
1964;--Russel | & Ber gnanson, { Appl i i f the NCT: An Assessnent
of the Instrunment's Effect PHENPRND. | OP, Cﬂj;}?ﬁggg Physiol. Opt., Vol. 9,
April 1989, pp. 212-214; MSH 7916 odzki, HeyeRnelnmat onograph: A Laboratory
Study, Arch. Ophthalnol., Val. 97, March 1979,  pp., 547- 552; and C. C

Col lins, Mniature Passive PrE3d#fe Tr anseﬁﬁ&tﬂoﬁgﬁl- Implanting in the Eye,

| EEE Transactions on Bio- rregi 1c~7@I9C?I§,ngi neeri q&rsﬁpri | 1967, pp. 74-83. In
general, eye pressure is nmeasur&d by depressing or flattening the surface
of thg eye, 30 and t hgn4sgo7nat i ng t iEyanount of force necessary to
produce the given flattening or depression. Conventional tononetry

t echni ques using the princi gﬂ@%‘rszappl anat K#ye gt provi de WO 98/ 09564
PCT/ US97/ 15489 4 accurate r nts of i aocul ar pressure, but are
subject to many errors in {Tﬁé%\'%bﬁgfhey are%rently being perfornmed. In
addition, the present devi c6076j27er requi Matpumdtessi onal assi stance for
their use or are too conplicated,_expensive or jnaccurate for individuals
to use at hone. As a result 2908d"i dual s nf&nkgl sit an eye care
profegsional in order to ch ir eye 5 pressure. The frequent
sel fﬁﬁhecki ng of intraocul arg’(\giérl’teGQZure is uscé’f’ﬁl not only for nonitoring

t herapy and sel f-checki ng fap4psupent s wit Tagalsiiesal. but al so for the
early detection of rises in _pressure in individuals w thout glaucoma and
for whom the el evated pressth?84d83 not det B&EWEBHiuring their office visit.
Pat hogens that cause severejs@ygohff ecti on ubesti FU a1l NPai rnent such as
her pes and 10 adenovirus as well as the virus that causes AIDS can be
found on the surface of the4898,78hd in theErahr film These nicroorgani sns
can bg transmtted from one ﬁqygg t to anogpér t hrough the tononeter tip or
probé. Probe covers have be& gned in Br to prevent transm ssion of
di seases but are not wi del yqysgdipecause thgy are not practical and provide
| ess accurate measurenments. ‘Tononeters which prevent the transm ssion of

di seases, such as the "air-4$3053995 Bggle of tononeter al so have been
desi gned, but they are expe$2k¥§ :gnd pr ovi ﬂe | ess accurate neasurenents.
Any conventional direct contdét*PdnonetershesFE R tentially transnit a
variety of systemic and ocusags@igeases.  Grolman

20 3.545,260 Lichtenstein et al.

Still other examples of conventional devices and/or methods are disclosed in Morey,

Contact Lens Tonometer, RCA Technical Notes, No. 602, December 1964; Russell &

Bergmanson, Multiple Applications of the NCT: An Assessment of the Instrument's Effect on

25 I0P, Ophthal. Physiol. Opt., Vol. 9, April 1989, pp. 212-214; Moses & Grodzki, The

Pneumatonograph: A Laboratory Study, Arch. Ophthalmol., Vol. 97, March 1979, pp. 547-

552; and C. C. Collins, Miniature Passive Pressure Transensor for Implanting in the Eye, IEEE
Transactions on Bio-medical Engineering, April 1967, pp. 74-83.

In general, eye pressure is measured by depressing or flattening the surface of the eye,

30 and then estimating the amount of force necessary to produce the given flattening or

depression. Conventional tonometry techniques using the principle of applanation may provide



The two main techniques for the nmeasurenent of intraocular pressure require
a force thao$s/emssens or a force that indents the eye, call edrhappisagati on”
and "indentation" tononmetry 20 respectively. Applanation tononetry
is based on the Inbert-Fick principle. This principle states that for an

i deal dry, thin walled sphere, the pressure inside the sphere equals the
force necessary to flatten its surface divided by the area of flattening.
P=F/-A (where P = pressure.. F = force, A £ area),. |ln applanati.on tonopetry,
the cor ne¥Hets ?’52@?’8“185‘,5 OQWE apCHIALRTELITS Ut 41 s%bd?ﬁt % g{%ﬁx §79Es in the way g@? ce
and know pg &bfend) 88ink|RHbARNGH, I h&dilioh, tROpHs@ft deviessbifiRr iréquiRl fordsfisshl By
contrast, according to indentation tononetry (Schiotz), a khown weight (or
force) i sasisancefbralpai yrstor arestoomomplicatad, expensivetor inacaourate for inslividuals to use

esti mat ed megsuring the. |inear. di.splacenent whi.ch,result uri na.

dof or mat | BHPBE. ARAaFed PebS FRE TR.ER SRR it SR Minsved by
t hg f or cepfegsuteN ditieHelivéht QEIf-tRéckRRGfliRFadRURE Préssure IstusORI hbCatlpfor dhitoalg
st andard ?orces and standard di mensions of the indenting device, there are
known t abthempwand selfechecking far patients iwithoglautiosya) butalserfor theckarlydeteoen off rises
pressure..

VWO 98/ 09564 )
PCT/ US97/ [IREesuEe &w@aﬂwaﬁn‘aﬁm%%ﬂfﬁgﬁ@rﬁnﬂtf@& mehogLths slevarss! BISSTUER 228 31! and

i ndent at | Qe AELISHHY 1BEF offReWREtY errors. The nost frequently used technique
in the clinical setting is contact applanation using Gol dnan t ononeters.

The mai n sour cBathogens tharcgusesseyeniefye dnfastion andivisualdmpaitmentcsughias thiaepeadunld t i on
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to the dithededrdilh. Thesatichyorgdrisnocnrbriteinsmitel dronesid paienp arotiter ehrougiand

I nadequat e or excessive ampunt of dye (fluorescein). In addition, the
convent i o8 fonoEEteR 1ip gERrobe pRieBe ERNsHS bayerbsemdesigaed [n erdar taspfavent tiensmission

oper at or ' | wel ' ' . | on.
Thus. " var HRFES b ot 61 Siah ReR LA ey o BrtfiCy 30 1R yiBE IS REER 0T, |
ar e probl mesurementsnTonaneters whirht preveh® the transmission efidliseasas, soeh dxottle "singuff

devi ces. Anot?er conveﬂt [ ona'L t echni %PE I nvol ves air-puff tqnopeters

wher ei n dYBEPT tasemetsraise dawugbegndegigned, PHbGY 9151 SYRENSHISANE PEWHS 1653 aCCHRRR | ed
agai nst t e Ll t ' . to
2oni ove angsaineRet ARy chiVen@ii gt craBi¥oRbReRRl i polciahy EEPREERIRN
by appl i caftsystamif anklloeular disgases.. Such a device is described, for exanple, in
15 u. S Eat. No. 3,545,260 to Lichtenstgj n et al. Although the
non-contact (al P B PHN{EHBIUELIOr BeTeRYerrnE O ipHaoT AT RIESUTFTEAFeR Bte
probl ens gaGlaiRAs 674 fAQERSINEERS felege Qaltd CappiRatidh” bRE "RUEKLAIGT" Bhorh&lfy
transm ssion of diseases, there are other problens associated therew th.
Sdeh devirespectively. exanpl e, are expensive, require a supply of conpressed

O o e R 08 S bk S A e
oper at or . fof iy fA&HH driy OfRin Wilfedi spRérd] ME Preshisrd iiRfHedRO Rl dqualThé Ri'réngé‘?@ssﬁﬂvi n

associated with the air di scEarged toward the eye, and due to th
di sconf ortp fladenyits suface divided by the ares of Hattening. lBﬁféA GwhengrR 1 pressurasKir-donsat

wth thi A t=yape%).ofn a%Sl\z/l}lﬁl%h tc;l;l%%-xePrry,l et mgzg % ?ﬂ&g&& and by measuring the applanating

25 force and knowing the area flattened, the intraocular pressure is determined.

By contrast, according to indentation tonometry (Schiotz), a known weight (or force)
is applied against the cornea and the intraocular pressure is estimated by measuring the linear
displacement which results during deformation or indentation of the cornea. The linear
displacement caused by the force is indicative of intraocular pressure. In particular, for

30 standard forces and standard dimensions of the indenting device, there are known tables which

correlate the linear displacement and intraocular pressure.



of the non-contact tononeter is its ability to neasure pressure W t hout
transmttingvVQi%80%%4s  Dbut they are not accepted in general afPFNTHAY
accurate nmeasurenents and are primarily 25 useful for |arge-scale

gl aucoma screening prograns. Tononeters which use gases, such as the
pneurpt ononet er, have several disadvantages and limtations. Such device
are al so subject to the operator errors as wwth Goldman's tononetry. In
addi tion, this devhfentiti@bmédsaremetaschnitfiesikingSapplinaiomaidiad@siation are subject to
environnmental |y safe. Another problemwth this device is that the gas is
fl ammabl e amingemars [Themoss fleeyengp used techriguindhe ehpieal setting istrontaghaprignation

explode if it. t 00 hot. The S_.F SO 1 L 0t |

changes in é‘é‘l“ge(a@g?‘ﬁ’é }?nqﬂheé?ré'b;/rg %rm (?(E}ﬁ%?u%esl OefJSC gr%g%%ggﬁ%tgd %ﬁgﬁlfgteﬁnegirﬁds&&me
WO 98/ 09564 4he addition of extraneous pressure on the cornea by the examiner, squeezing of the eyelids or
PCT/ US97/ 15489 6 Transni ssion of diseases is also a problemwth this tyEe
of device ifexpesshve wigening ofrthe hidtfisgurel by, the patient due ¢m theodiscombomepaused by the

tononetry (Schiotz t he. nai C f rors_are relate t .

bopl 1 cat | on o arohe find Shih 8 U1 Snf inpBidle Sy B odfe ot e Pugreseeiny
to the eye 3pGddition, the tosvedtiddat teshaiRfes depdid ahcit 6pweatbt kkillYan@f refilice eitstithe
of the eye. Experience has shown that a heavy wei ght causes_disconfort and

rai ses the iopenatpssubiestivglyeletammine aisnmente pngle and agpunt of depressigao nThps, variability
nb techni que | - ' f | :
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I nstyunent e a dpens I 0 I
Sevelsl 1otk G No ST BLicn sl oS ARRo B 3R cBha AL Bfim GRS Eer
contact wit Hoéshiot asd dyeand Hbs rohpriegenp prdbleis sutk as yayaneduCiresysd @thesyé beithe
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but they are not accepted in general as providing accurate measurements and are primarily

2

25 useful for large-scale glaucoma screening programs.

Tonometers which use gases, such as the pneumotonometer, have several disadvantages
and limitations. Such device are also subject to the operator errors as with Goldman's
tonometry. In addition, this device uses freon gas, which is not considered environmentally
safe. Another problem with this device is that the gas is flammable and as with any other

30 aerosol-type can, the can may explode if it gets too hot. The gas may also leak and is

susceptible to changes in cold weather, thereby producing less accurate measurements.



soneti mes cunbersone. O her nethods for sensing pressure using a contact

| ens on t hepgPdgnpgsshave been 30 descri bed. Sone of thepfpijRefsagon
this prior art also enploy expensive and conplicated electronic circuitry
and/ or transducers inbedded in the contact |lens. In addition, sone devices
WO 98/ 09564

PCT/ US97/ 15489 7 use piezoelectric materi& in the lens and the

nmet al.i zati on of conponents of the lens overlying the optical axis decreases
the visual Traosmission qfliseaspsds alse APre aw%éu%?ypa dewice NrabR/aversate ichcy
S decreasgﬂ.since the piezoelectric material is affected by small changes
I n tenperat P%eﬁnd the velocity with which the force is applied. There are
al so contact | enfm danventional irdegakdrabRomdthC{Sctilotd)i, 2ive fhini sduice of eftbgrEve Felited
cause the deformation of_ the cornea; however evices_ | ack neans for

! such,
al i gnnent aledhearplicaion of adglatively heavydengmptes ﬂ‘%‘EFUF’@gE?tAE"tSF 364§ 19 thg eye and
unstable a il hisl ' |
tendancy ¢ os Ebrentacif eRisting B BE Cbisoh e O, EXPhienca BaeyBantar heawy
produce a swélphteahdestissombriaad vdises theiitravevles passuré. oMoneovar thertest depends upon

measurenent. 10 . . Anot her enbodi ment uses a,coil wound about_ the
i nner sur f saealersone eekigreg in I‘\g\‘@" ‘Sﬁ gxamingigeef's W smely plage the topomsteePRiR|ths,

created magneble i HEHY AhBmbte: MofinSOMRYbbY C ThOBbhity SF CANRAASRP]
agai nst a g%ﬁb%agt“mgghgf”eﬁlﬁ% a shofnt Ci Clt,lllgt'? %e nagneti}é&?‘l:ye?% orces the
magnet agaiinddntdtion nayalsaibe redueed by nsdepetescdeaning of the patramenttdsevilirhg describedm
t he Bont act, i s ;&ﬁn?ﬁdere l%%lor[glor.ti.o al. to,the @resssvzre. Tl’{i s .device suffers
frofPmany | 'R+ AfesR0eY R Upgsmitting infrctiqys digeasesy a3 Wb 20y FRtagh japameter. 15 #lsg
of accur aCYpréééﬂPG/ith%noaﬂiBﬁil iMdentationdent the cornea and when the nmagnet is
pushed against the eye, the sclera and the coats of the eye distort easily
t o accommodat e t Aevadetypifanetbodsnisingacadnsact tens have beenTHevised) boweeersuchspsterni s
met hod does t.account f t he ocular. rigidit which.is.relate 0 the
fact that. tMEPKEEAURper s 2oy And vsialbsions PL s irees f Briheieipiah o
sclera of afQl fiREpted\h tBY Slinial fRrtimglda¥AEet ﬁz&ﬁtﬁﬂi@is@hﬁhd&dr&teﬂ@a&%ﬁ. Moreover,
nmeasur ed and read?as having a | ower intraocular pressure than the actual
eye'l§ presswch degises/ wipirelly include instrumientsd gontaghlenses laad/oF pymbrregmejanst eavepiex

| ess easily Jgﬁ%l?letnhees average eye, resulting in a reading which is higher
than the actOH iNtFaocul ar pressure. In addition, this design utilizes

current in the |S&&ratihgRimdnts inthé pridSart Bmfioy@cdoneaznlens plaved i dohitacb@illi the
Such contact is undesjrable. Unnecessar)é cost and_conpl exity of the desidgn
Wi th circuisclers fihegwbiie ipart plotheesie). 25Such systeggsutfer fzgm gpany,digadvantages an

system are glsp, R q*ﬁegé%ﬁt&@iﬁ%&ﬂn%h hfildn if‘ﬂye}ﬂ?{d fieS6 ltlf%ﬁ'g%%QQB?Ct

| ens arrangenent utill esonant circulrt formed froma sing and
a siogl e capfaceipnbodyih direcagomtactviitic b viasculayizath partrafithe eyee Ao a thaseqeamweasrt
circuit. A.ert her design from,the, sane discl osure, invol ves &ﬁransdu

er
conpri sed dpflammatar reactign arqund the devige fmay; gfcur, ResHbhnimpacting the accuracy, of ARy

| ens whi Choﬁ%}n&% ?%@%&2%&&4&?%&%&&%& is Hfghd%c to ailor%t&ﬁoa "o?f)édtﬁ Qlith

Al'l three odi nments are consi dere ractical and even
unsaf e for ghigidysensitiveoaremoftbe eyen Furthgrmordythegieyige could elidte and nhexeford loss proper
tonomet ers rgx(?ment, and again, preventing accurate measurements to be taken. Moreover, the sclera is
25 a thick and almost non-distensible coat of the eye which may further impair the ability to
acquire accurate readings. Most of these devices utilize expensive sensors and complicated
electric circuitry imbedded tn the lens which are expensive, difficult to manufacture and

sometimes cumbersome.

Other methods for sensing pressure using a contact lens on the cornea have been
30 described. Some of the methods in this prior art also employ expensive and complicated

electronic circuitry and/or transducers imbedded in the contact lens. In addition, some devices
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PCT/ US97/ 1549 @o286sccessari |y expensive, conpl ex, cunber sone PCIUSIH1T4EY
may potentially damage the eye. In addition none of these devices permts
measur enent of the applanated area, and thus are generally not very
practical. The prior art also fails to prowyide a sufficiently accurate
techni que or apparatus for 5 measuring outflow facility. Conventi onal
techni ques ud oflouddci. dipteridRa e 1eAbardithé bRUEARI dflcbmbRedts BT i@ derlsbveriying
practice an aP& ore 11 Py to produce erroneous results because both are
subj ect to apefoptioil axjsadecesasesathel visnaltacuityeof patientsusing\thatitypeghdeviceo Mpreoueror
errors, the conventiopal test for outflow facility reguires,a |lo eriod
of time duriasgURAY df derrREEd: SRCSH he PIeZPPIEFtAp Bateriflelst eliksied & small ChAnerS tBr

therefore 1 |
vt ng ¢ he wergREREAngE VeloRlly 306 WHRR A Pl RpIRL 2‘35’#3*% 388 chlaOkhs
errors, if dofiermgers Im&nct}snﬂxze lﬁexdpatalodaambuto mkme tquefema;omnf\xbs cormned, doweiver,
breath, or does not ntal n_fixati he test results t\‘\lll I Iﬁiggt 1be ol
accurat e. SisHeld %’éﬁ‘ﬁ/ F‘lfﬁ&? forg 9‘5?"&1%%‘ acBate: FiBeh hAflagipleslqsge materia
conpl ete ang, g E%%[eadﬁhhary% Ervatd In addlt%oﬂ, AE AR Yhefin Ras/aBeAddnt@hd/ a&ﬁﬁ%}hte
t ononet er agal NSt the eye he chances of patients becom ng anxious and

therefore r4ache ltgvdrcpdrhen ok tieachiambler, whig failing| taqerdduce 4 table fiagssrface which is
i ncreased. Wth re(%ard to instrument errors, after each use, the tononeter
pl unger and PEE¥EATYITER A ARYIAMESH TREE with water followed by al cohol and

t hen Ty yi ped dry WAﬂbtllxér%bBBﬁﬁnm%E@i &6l wounid 2BBUt :i\ehﬁiegguda%wft@ COREALE lews bid N
the foot plate, it can detrinentally affect novenent of

pl unger and acmagmet (:dbnceteéno lan cmemuy createdimagnetithieldo memlwnle% hnmdqnqése

therefore are very diffi Q per d.de dtraln and

per sonnel . fﬁé‘“}ﬁiéﬁ%ﬁfﬁ?& Iaﬁﬁ'ﬁs abcé)gﬁﬁigorﬂ@ﬁ"fﬁf &t BFBE e@\? ?ﬁé&%ggh
the pneunot QRONRER {He-ey¥afd fHeToicd Rl hyatslilieithigaet £r6m th ct

t onogr aphy.’ 4 (Repo{rs?gag??t Eeey Comm ttee OE S%aé%?afggl zétlon (?dtronone?gc:l}staofls

t he Aner i carconsidgrednprogortiphal ital the | psgssure2 5 This dewcArs;ﬁerﬁeﬁ'o@mmﬂxmnons and

:547-552, 1979), . h f
Tonolgt or 21 deawhskkcs, Forngraniples $B:%e St g FBicifact. G t i will bt the gomes
tonogr aphy. a(&RMen e Thagné IP POsheP2gaRisCiRb efeDtheG8lera Ynd the’dodts?dfthe EPSEiktort easnly

Presently there are no truly acceptable nmeans for self-neasurenment of
i ntraocul ar tpereosmadatertte disnladediptrage!asicoptents This cagwiRvause thipmethodrdars onf

|0 contrast b ouiot fortfl b@uR By, Hiln §5YhEE 0 tle1EcIRBARE S8 ohl BeRbREEN

PCT/ US97/ 15483@0ft @sileitidttiddthaeiieaplernofdnotier. Aheyswrdthid webtulaf rigidity wxll be
I ntraocul ar pressure and eye hydrodynam cs. The apparatus offers g Si

accutit e, | owasured 2a¢ deadat havibs & lotver itmerylagprestirenthan the pytual eye's pres ure:
Conversely, an eye with a high ocular rigidity distends less easily than the average eye, resulting

in a reading which is higher than the actual intraocular pressure. In addition, this design utilizes
current in the lens which, in turn, is in direct contact with the body. Such contact is
undesirable. Unnecessary cost and complexity of the design with circuits imbedded in the lens
25 and a lack of an alignment system are also major drawbacks with this design.
Another disclosed contact lens arrangement utilizes a resonant circuit formed from a
single coil and a single capacitor and a magnet which is movable relative to the resonant circuit.
A further design from the same disclosure involves a transducer comprised of a pressure
sensitive transistor and complex circuits in the lens which constitute the operating circuit for
30 the transistor. All three of the disclosed embodiments are considered impractical and even

unsafe for placement on a person's eye. Moreover, these contact lens tonometers are



the earliest of abnormal changes taking place in glaucom, and provides a
met hod for whegmdesggnosis of early forns of gl aucoma before apyriggrassosi bl e
damage occurs. The apparatus of 5 this invention provides a fast,
safe, virtually automatic, direct-reading, confortable and accurate
measurenent utilizing an easy-to-use, gentle, dependabl e and | ow cost
device, which is suitable for hone use. BBsides provi di ng a novel nethod
for a.single neasurenent and se|f-neasurenent of intraocul ar pressure, the
appar at us OMNEAEESIN APENDYE: CAMPIKs GHTBRETSRIBS 1 bseARd AP eatially Wamags theteye 10
and ocul ar ([i gisQi ty. - ] L e Qndi it d.S ry
o measur e P aRuBish¥jonk SE eSS lel e Shiih S it of eigBlanttel area” dPREE ALY,
di fferent \wehellysn®ivehhgrattisabneter or with the indentation tononmeter and an
appl anation tononeter. Moreovyer, the deviceg can perform appl anati on

t onogr aphy whi cHEhesPrigs#F dlsq Buls g previfle,p spffigieptly %%@é%&%cgnﬂﬁe OF 3pRAsEtu for
defoymati o S : ' 1 ' :

w 1 very b pERbIALYS CoRveRbla TRy ) ARt fol basticg ofeY) ARG
rigidity, thdimitediseprabiveand afetrhére dikéle &d produceizaionsons results1berangecsotin 2. subject
According to the present invention, a systemis provided for neasuring

i nt r aocul art® PPEFAWL RAEH! AYIRSIAURGH §TTOMhe system i ncl udes a contact device
for placenment i t, - Wi ' rad, &

ot uat i ng the coniergaiio Bpkistar BpRHBEANRoraN AR Rh G ARG EHS: | Nng

i nwar dl y ageriod bof time dedngwhich ohgye oan bena tihingdf ther tohoraetea nBherdperitor therefore
appl anation. The contact device js easjly steri|ized for multjple use, or

al t Bt nat i v&4st POSHOBANAEGEP F#Fewslgﬁgpvé%cgraeaay' P TBAYIRE theweighhsat vitgewi ce
di sposabl e [ha megggggg i nvention, therefore, avoids the danger present in
many converﬁ’tlongl vices of transmtting a variety of system c and ocul ar

di seases. 25 With regard to Phmers \esoesnif duringhtbe tdashthiepdeentcblidks, sqtieazgs, moves,
arrangeman% Lﬁsr .det ecti ng when the r?_deter I ned amfunt. of Sgpl anati qn of
the. cor nea hAKS hit Breat o Bpetincl agtdn Fegtos s fed TPRults ouli ot BE Eogugaten Since
detecting %EV"&Hi%Hﬁnttontxggﬂ)ettﬂEé? BB folf MARES 36 BRI ra%dbfe?:%&l@r}e&&lges

amount of force the contact” device nust apply against the cornea in order
t o Hchi eve placempntadatrelatively Heaviydanemeter against thet dyerthe ghances of patients becathiag

1 ot bl e meapub e el etpafind e et el kol o el R BRE ©

annul ar nmenber Wit reggd t@instrumiMd &Rr§) AMedeach use, the tonometer plunger and foot plate
PCT/ US97/ 15489 10 .i nner concave surface shaped to, match an outer surface of

the cor nea skavid brsinsedywith wates follaweddy alephoband them winedislry watky lint-fieg mptenal. If

preferably EWAFH{F ' E}n i

decr easi ng aF ﬁ?%‘% esst owadtrr%'g g“g@?%ﬁ%ort %F hi? hgn gﬁgglt@%tﬁpf gﬁ?‘;ﬁ*ﬁ?’@ n%ﬂ%ﬁ‘rar
menjger. 5 plunger and can produce &h @ncotrieet reBdihg.ane is preferably secured to the
i nner concave surface of the substantially rigid annul ar, nenber. The

f1 exi bl e menbr arfde Fenvertionekiachniuesherefore afeagst difficult o perform antkdemand tepined
menber and tamaeaQﬁz%d Brsb P (THR PRedrhSYOR OGRS besieS Ravirg AL Brbknts assBiGated with

t ransparen
the pneumotonometer itself, was considered "totally unsuited to tonography." (Report by the

Committee on Standardization of Tonometers of the American Academy of Ophthalmology.
25 Archives Ophthalmol. , 97:547-552, 1979) . Another type of tonometer (Non Contact "Air
Puff* Tonometer-U.S. Patent No. 3,545,260) was also considered unsuitable for tonography.
(Ophthaimic & Physiological Optics, 9(2):212-214, 1989). Presently there are no truly

acceptable means for self-measurement of intraocular pressure and outflow facility.

30 SUMMARY OF THE INVENTION

In contrast to the various prior art devices, the apparatus of the present invention offers



area spans the entire flexible menbrane, and the flexible nenbrane is
coext ensi ve WORS/H%64 entire i nner concave surface of the rigi dPEHHEITANS489

menber. 10 The novabl e central piece is slidably disposed
within the hole and includes a substantially flat inner side secured to the
fl exi bl e menbrane. A substantially cylindrigal wall is defined

circunferentially around the hole by virtue of the increased thickness of
the rigid an 1 he el off b sl € aiPY ﬁg{?
piece is pre e%'gﬁ'g?‘ %?&%@%@E@?%gogggn%g?tnsftl ‘?ﬁ S wglrels;ul;lnalga)pf)ets?lltngjr'}-9 i lrenﬁ!s'
manner and h3ke appanatok offers awimple, acedratee fowleestandghfe méans of detectingtdme measuring

cylindrical wall. In use, th ubstantially flat inner side.flattens a
pgrt i on of tHe e lﬁ%e&d@!} £hanges faking Plﬁée Fﬂ)glélﬁ‘l’qé“acéﬁ Pé‘?"“%‘?seﬁ:g’ealpdt fog the
actuation a s r t
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novabl e centrar piece to caus he nova ral prece’int
pi storg | i ke rchsineentibnpenvitles b @st safe evirtualiy agtomatic, slirectrbagling) carnfortablenandad ccurate

pi ece and a central portion of the flexjble rang are caused to proj.e
b0 PR PR S s, SR JEPTORIC A 1G0T FAcs SUHOR Subl
fl attened. Aﬁfgqg,?ﬂeqﬁepontl nues until a predeterm ned anmount of appl anation
I s achieved. Preterably, the novable central piece includes a nmagnetically
responsi ve el enenBesidesprosniinge sovel method der akingle méastrement and\salfimeasanetneat of
piece in response to a magpetic field, .and the actuyation apparatus . ncludes
D echani S PUROGIAS Py RHE AR ARFABRS O e YPrppR s R0 bhpsobty oasure gR-REy
for applying L Crf A ' ; | | '

for pibduct naLeculF 3Rl Clr o BERHRES Sckiah FRIHY Sy Arcellaly ARe b Cliabtblar
i ncreasi ng npressare urider pyoodjfferesti coadiyjorisneithea svithgdifférentcweighen bn thehwnoegtestor vith
field is progressively increased. The, magnetic repul sion between the

Rt uat | on ap AR dO RS R EPEIEE O tBDBIEtE « NArESP anY HENEs Ssperform
progressi vel hy faPhy Whith &2UASFecfed® by IbRET NAlYy BeOREth Odrhdurk Cof
be applied agpaqlﬁt’g?o{)hgﬁg%aﬁf lcor ngaﬂﬁentil ?he pr ed%t%yrrri ned atrmunt of
appl anat i on d<fommdtionwEthe colsieniy sk merwrsmallithati yenekittlefis displaded svith very dittle change in
understood that the electri.cal current passj L9095 .
pCT UBo7/ 154885 BT o daiex N fime Thichfiah oRERS), Mereiorey have W tivcr on appiapsion
appl i ed by teastiperadtte central piece against the cornea via the flexible

menbrane. Since the anmpunt of force required to achi eye the predeterm ne
amount of appl anaticearding 16 1hp HreseRiriavention; AsyseBUs Rrovided for measyring igtraogwar
of current r | Lev ' ' b |
also be s PESEEH ABRNE" Ind BRH RORES ARt for YaGhfiRnE oyt Wi
uni t t her ef ofhe cpines endodd achiatien appeanr fordtRiaying tie cohnct deyice solthatenportioh tisereof
i ndi cative of the anmount of current passing through the coil when the
pr edéPer ni neRroieaBIRwardiy agsipstthacomaa r%pwréee%rﬁdaﬁama?ds@n?% ofiarlapation. The
ntr aocul ar ariact SGATKERY ke ToP HiE kbl BucrluleB ol 6344 Bl
ci rcunf er entdcaad o euderatia dostadtydesick Idipepabie nThp préspitdnvention thexefore Nieoids the
transparent peripheral portion is,aljgned with the transparent area adr;d
pernits | i gh¥anger present fmmapenvprtionahdeyiqes @€ rpRIting NIy ¢l SYSIERF afidsopular
permts "ghcﬁiséagesr eflect fromthe cornea back out of the contact device
t hrough the transparent peripheral portion.

25 The system further includes a detecting arrangement for detecting when the

predetermined amount of applanation of the cornea has been achieved and a calculation unit
responsive to the detecting arrangement for determining intraocular pressure based on the
amount of force the contact device must apply against the comnez in order to achieve the
predetermined amount of applanation. '

30 The contact device preferably includes a substantially rigid annular member, a flexible

membrane and a movable central piece. The substantially rigid annular member includes an



The magnetically responsive el enent preferably conprises an annul ar magnet
havi ng 15 wooesnessecentral sight hole through which a pati entecrassaiisass o see
while the contact device is |ocated on the patient's cornea. The central
sight hole is aligned with the transparent area of the flexible nenbrane. A

di splay is preferably provided for nurrerwal | y displaying the intraocul ar
pressure detected by the system Alternatively, the display can be arranged

so as to give indicati.ons, of .20 whether e intraacula res S
Wt cer e OPGAYE SUEESueped fipgrch a pusdl T RS ot Sl R e

di fferent g@nsh!iTHe! subSarilat eRgibed Prefrably s san@xitilint Biekaksy atnthe 8Ly end & he
ranges are calibrated for each patient by an attendi ng physician. This way,

patients wprogeessivelyrdecseasiag phickness itewaisha cupripherysoff tensubsiaptiallyerdgid annular

i nt raocul ar lgl{)essure may be alerted to seek nedical attention at a pressure
| ess than Tf ffr essure at which 25 ot her | ess-susceptible patients
aresalerted to ThKdlekibte smbranetis Qreferhbly cbetirdt fontheanfia@n@aodvet supfacé aif aht y
conprises an optical applanation detection system In additjon, a sighting
ar r angenensubstentislly rigid-asnylanperbene fhe faxiblemembrang i cexisnyiyrwith atlgtst she hole
apparatus a he | ab] '
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si ght hol eares spiifs the eatitecliexibié fmambrineCand3Be flexible mbmbragh isdvegiensivoaithahe i s
able to see while the device is |located on the patient's cornea. The
central sitire inpeeconeays sustace ofihe igidannulan mesmbeEnt area, and the patient

preferably achi / . . o :
bCTPUSa7/ 15489 Wé’é‘ﬁ"&%ﬁ %‘%?o‘%%?%l slidably dispased,, within ;the hole and includes a
t hrough t h@baanddliglflas irglet sidekeutedwaliik flexitié grRinb@ek A subshastifliytayBidrival wall
apparatus. The system al sq preferably includes an optical distance

measuri ng ifslefingf eRsuRferenteiicarPriythRifeleryr virthe of g mereassd thickness ok s Cigd at
a proper aping, Hk&b@ﬂg& %h{]ﬁeé}gagte%faﬁé KL | Phe Movable cexﬁﬂn‘??fe@é %%rﬁbfy%dably

detecting arrangenent. T I"cal di stance neasurenment nechanismiis
pr ef er abl ydispeset againsothjsiwalitin @ pistonilike triaenegiagt than g thickressehien matohes thedieighabl y

provi des a Vvjsuagl ,i.ndication of, what corrective agtion should b aken
AhaRever oof e HgEPE vk A et Ssagiuly Hat ioe 93¢ ifend 2 optan b e

i ncl udes  ag,qRRichfafibn At Bl RARA P&ty Qhe hitdatcH dppdrapfzet her the contact
device is properly aligned with the actuation apparatus and the detecting

10 ar r angePasferablyfithe aspration Bpreratynisatuatesithe maviablg contes] pregb kg canse shidieg a

visual indigation y ' t,j on t e

i sari gyt e angieBle #4a GREE Raht KGN el i ind BitHG MICRENEo. e
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provi des indications of mnor alignnment corrections while the sighting

ar 2éngenerinwpidiydeginst the corned. ohperdian of theraprmea if thershy Aattensd r Astuatips contiues

In order to.conpe te for deviations.in cor.ne t hi ckness, the system of
t he presen'{mﬁﬁﬁ?f{23 %‘?"?‘Fgf”éq ggolﬁar%%?gtéo%’ﬁ AP Fagement for mul tiplying the
detect ed i ntr aoeiéferably! %S thooaty centedd §idceCinclnles( ® mApaktidallyiesponiite @fpuidht t O

one for corneas of normal thickness, | ess than one for unusually thjck
corneas, cATAngedysoias to slideralang ity themavablercenmal Pipse Inresnonse oy magnetic field, and

the actuation apparatus includes a mechanism for applying a magnetic field thereto. The

25 mechanism for applying the magnetic field preferably includes a coil and circuitry for producing
an electrical current through the coil in a progressively increasing manner. By progressively
increasing the current, the magnetic field is progressively increased. The magnetic repulsion
between the actuation apparatus and the movable central piece therefore increases
progressively, and this, in turn, causes a progressively greater force to be applied against the

30 cornea until the predetermined amount of applanation is achieved.

Using known principles of physics, it is understood that the electrical current passing



Sim | ar conpensations can be nmade for corneal curvature, eye size, ocul ar
rigidity, andWshP809364 i e | jke. For levels of cornea] curvat 5@%7’W%re
hi gher than nornmal, the coefficient would be | ess than one. The sane
coefficient would be greater than one for |evels of corneal curvature which
are flatter than normal. In the case of eyelsize conpensation, |arger than
normal eyes would require a coefficient which is |less than one, while

smal |-er than 1meswgH they:el wikGeiprép@tioneftd itd &ndunsdl €rc@ applied by the niyvaslt @entral
than one. For patients with "stjiffer"” than normal ocular rigidities, the
coefficient ipiefeagrinshihe goraea yiatthe fexiplemembrancy Since Hie apow @f fprce required to
rigidities, the. ey | i:cd '
my be. manual TS EreCrEAApimingy BnBalr abbia R pripBuieRel o fickiuiar Bresie he
be sel ected astheumiof earrént rbyuirsdnoeachievgthiclpredegrmired asnount bhsppidrmasion will also be
I nvention to a 30 ., known pachynetry apparatus when conpensating for
cor neaP t hi ckpiepartiogalitn shsink@peidRIe® S hen conpensating for cor neal
curvature, and/or KORNBI SRRl . 0995,
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travelsintowardl{'% TRdemtT

€ cornea, ng the cornea as it travels. The
di stange travel ed The rdheticalgregionsiRe eieMefEls chtinfefentialdy figfounted B D GasHakent
the predeterm ned force is _known to be inversely proportional to
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Preferably, tftom thevaibtea backbutodf thie eontactf devive tironglatite tohmsparentglesiphérainiriiams

as the indentationmc;evi ce ,Iq addition, the cifcyit is switched to operate
in an indentation MSJBAERFEFAYPIROREYC ElSTEREPICHERDt CRMRIESCR BRI Hemeaner Bating
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In particul ar tbhe eoredeterm' ned anount of current creates a magnetic field
I n the act uat"?e(% 1%’bparat us. This magnetic field, in turn, causes the

movabl e central pisgdfplay i peéTerabyerrolided @t miderichlly Giopiafiag Yhcdintrasoidrepretbre
menbrane. Once the predeterm ned amount of current has been applied and a
st andard f or detepted by the sysiemn Sylternadively the display can beawanged sy as ¢o give éndigationhofly

far t novabl.e .centr.al piece nmoved into the cornea. 20

Accordl ngly, ‘Wﬁ&?f dgﬁ?cg%lgq{tprﬁsuriedi Wﬁb'&ﬁe Pmﬂ?%gfg'ure_ by indentation is
desired, the syst ppfefablyl6inbé 8iFRFdnt bRl mey hiverdiff@ent seasitiieSs or Fa&tiohs ¢6 the
detection arrangenent for detecting a distance traveled by the novable

central pi ecéameintfaceulas prassuse. itharapeestare palibratedior caghcpatient Binanaftendingrphysician.
?rgflgg{"enggﬁ . ;rg:}sr 95 BadlenR" $7S UFe midPS Shcftitid fo dbibilhted FRNCINE LY hiSocular
pressure may be alerted to seek medical attention at a pressure less than the pressure at which

25 other less-susceptible patients are alerted to take the same action.

The detecting arrangement preferably comprises an optical applanation detection
system. In addition, a sighting arrangement is preferably provided for indicating when the
actuation apparatus and the detecting arrangement are properly aligned with the contact device.
Preferably, the sighting arrangement includes the central sight hole in the movable central piece

30 through which a patient is able to see while the device is located on the patient's cornea. The

central sight hole is aligned with the transparent area, and the patient preferably achieves a



pi ece in applying the predeterm ned anount of force. 25

Pr ef er abl y, wbheessaput ati on portion is responsive to the curperrusgwysasoci ng
circuitry so that, once the predeterm ned anount of force is applied, an
out put voltage fromthe distance detection arrangenent is received by the
conput ati on portion. The conputation port]i on then, based on the

di spl acenent associated wth the parti cul & out put voltage, determ nes

i ntraocul ar pressure. 30 .. .. l.n additiopn, the present invention
el udes alBeBi AR OREr BB Rfiscting s e BROLDS P! RERUTIEIEY aeae
per f or ni ng i pdeniatiRBrshfHaedudreasur ement s of the eye. Cearly, therefore,
t he WO 98/ 09564
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using a first predeterm ned anount of force to achieve indentation of the
cornea. An whethenthesoniactsieics iy properly pligned avitrthe actiationapparatussangd;the detecting
di sfance travel ed t rd. . corne -1 t he vabl. artion e
nabht a1 ofrBEsTER R cR B Rt oretorby Sfo Yo el Mokea Bl S wb G
force. Prefcaradtivi actidiehduld beeikiah ahefidvas & wiisaligAmeiaticdetedied dndiigrefdrgbly used
aforenentioned system for determ ning intraocul ar pressure by Indentation.
Next, the rmpsaabinetigovith die sighting arrepgesienhisp bt dee/prttcal ignmgnymechagismonerel ed
in toward the.eqr fr : i+ '
Frequency B RAGuRACoRifHr fi it EcBLIRR ville ol dfit e AREL AL e
movenment t auaidicatios of Majpe aligménteoabytidner ce i ntraocular fluid out fromthe

eye. The second predeterm ned agount .of force is preferably equal ,to or
mor than the filf 8fdes i eRMRINSRSARr dewintions 4y cqrpeal ghickness, the fygtermsoibg present

however, tEk %rea% 44 mﬂ% . % £55essiidbyt he
first pr edgﬁg‘rn?#?ﬁg amq%r(\@egﬁ%ﬁ“br&eﬁﬁ%? lylgé tﬁeqe&%h@rr‘ovg%u? eﬁjg%rt ig) S
t hen noved aicoefficienti(dr gdiv) wiochis zqualito @ne faritornkap pEokartmal thickadssalessithan ohe far ce
to again achi eVﬁ%hlq entation .of the corg{ea. A second i nt.raogcul ar pressure

i s then detBY¥ QomhFesAng agan, greater than ong for uniisyally thip GOFFRY e cor nea by

the movabl e por iSififar @bmpeiSationslemitRirhae fotedtirkedl Survatie:, eppiits FchRP rigidity dhd
third predeterm ned anount of force. Since intraocular pressure decreases
as 20 r esul thedikef drarilewglsioficoenealduaratienvhicloane higher then ogemalythergeffinignpwould

rapi d reciprqcation of e novabl ortio it Is ner al | nder st ood

hat . unl o8 TERENED 0% 136 HEFCCISTAER: wRul) PeraraRtar FRBeotft IPYRCY B PR ne
second i Nt LARGHr&WhRhESS L tRer Whdnl ndPfial €SS than the first intraocul ar
pressure. This reduction in intraocular pressure is indicative of outflow

facility. Next, Inthe waseabl eypeize icompshisation, langkznthan inormalecyesewpuldaigquire 2
rapidly r e%{)%ggr?tt »gﬁixcill 1} less than one, while smaller than normal eyes require a coefficient which

25 is greater than one.
For patients with "stiffer" than normal ocular rigidities, the coefficient is less than one,
but for patients with softer ocular rigidities, the coefficient is greater than one.
The coefficient (or gain) may be manually selected for each patient, or alternatively, the
gain may be selected automatically by connecting the apparatus of the present invention to a
30 known pachymetry apparatus when compensating for corneal thickness, a known keratometer

when compensating for corneal curvature, and/or a known biometer when compensating for



toward the cornea and away fromthe cornea, but at a second predeterm ned
frequency and¥94 using a fourth predeterm ned anount of F @é’?ﬁ’cﬁ‘?gng
novenent toward the cornea. The fourth predeterm ned anount of force is
preferably equal to or greater than the second predeterm ned WO 98/ 09564
PCT/ US97/ 15489 15 anount of force; however, 3t is understood that the
fourth predeterm ned anmount of force may be | ess than the second

predet-er m nedyagpent of force. Additional intraocular fluid is thereby
forced out fromthe eye. The novable portion is subsequently noved in

towar d t he cor nea Theiooegtagt device Andsassociated gystete o€ thei pres¢ntinvention elayfadsecke wsed to
again achieve indentation of the cornea. Ihereafter a.third intraocular .
ressure | o AEteEt HTHOME BB ROTHERH. Y RPyRRE R B Eb s ed eeap s
by the novabligriaefit presiire.tdsrelidiSianac fortt 9 aBpled gdinkinte aoks Gahd O indentation
fifth predetermned anount” of force. The difrerences are then preferably
cal cul &t ed baleviesnBedause ofithe foroscthe indentatieh device grayels in towardjthecameasindentingithe

di ff i ndi, cat j f.th | i nt £l ui.d which. | eft
The eye ana chews ok Bk TR s Ry e RIS bt ot b PpSLn Rhonse
under st ood t hgtthé heedétdrimicdnforeeieknBen tbhee fnvemstly Prepdriisal db Shtedbealar [FressiR.

used, and in this regard, it is not necessary to use the differences _
bet ween al | tAncoedingly; thatecare vamwsa@pwnttmewxacbri@menmsmdaws pfundentation:

di il .suffi . 15 .th h l ati hi b
The out 1 ow SRR 1 Shngarhforess, wrtelate the dismaio el g i EHar HBs P oue
parangj ers of the pyefhsily ad hbabRi f@bal phte Uf thoRohsieddvide A5 BMEGRs as the

change, the relationship for given parameters and di nensions can be easily
det er mi ned byndentationedeyicei rfapddition.abp eirquit &s swithhed 1@ opergteiin @nrindantasihen wadg.

Tabl es. Pref grabl h thod further conprises the steps of.plott t.he
di fferences M%ﬁﬂcwor@e mg?"ﬁaélg‘a ?’P?F " tﬁ% g@é@ P l%gH%"% Elhugt sb'gglfegr‘?cpé' e{leggrémned
create a gr apmo@it driegrréitlthronginGe SoinThe pradeterminet Amoussoficuirest ehrABPors to the
differences to that of a normal eye to determne if any irregularities in
out f| ow f aci hinpyntefecupreataeeded Thprodues enenfdhe afosemensioned standard foacesnt ages

wi || cone nore keadi]. re eferen ' Q fol .
descrfsgt i on takenrhll ﬁﬂg! 6%‘1]%2% %Hr%a%@{{ﬂﬁﬁﬁ]é& §‘c”é‘o§r‘§%‘lﬁ%"g§p‘§§g s InQSn eéfraai\i/ﬁqwéﬁ;g‘e

BRI EF DESCRI kdtualibfappartetubRAN sNaignketi¢) fiekd, in tusn,ccatsEaahdinbeabe Otitrall piege aapush
Il lustrating. a system for, nmeasuring iptcaocul ar 30 ressure in

accor dance WTHRrElypaaast theLamisots therflexile v . s &fceith, Bisdrtgmings gtmoust of
\2@- Sg/ gggggaaﬁﬁeﬁtl Nas! ekt 3ppIRU NG aifidard fftce PRASEs HeRhstGhe Bomedllif Gl ndd8¥aRfro
PCT/ US97/ 1548&ermine how far the movable central piece moved into the cornea,

20 Accordingly, when measurement of intraocular pressure by indentation is desired, the
system of the present invention further includes a distance detection arrangement for detecting
a distance traveled by the movable central piece, and a computation portion in the calculation
unit for determining intraocular pressure based on the distance traveled by the movable central
piece in applying the predetermined amount of force.

25 Preferably, the computation portion is responsive to the current producing circuitry so
that, once the predetermined amount of force is applied, an output voltage from the distance
detection arrangement is received by the computation portion. The computation portion then,
based on the displacement associated with the particular output voltage, determines intraocular
pressure.

30 In addition, the present invention includes alternative embodiments, as will be described

hereinafter, for performing indentation-related measurements of the eye. Clearly, therefore, the



16 according the present invention. Figure 3 schematically illustrates a

Vi ew seen bwoessmesddent when utilizing the systemill ustrat edPCIVUSITILSAEY 1.
Figures 4 and 5 schematically depict nulti-filter optical elenents in
accordance with a 5 preferred enbodi nent of the present invention.

Fi gurees 5A-5F illustrate a preferred enbop' ment of an applicator for gently
appl ying the contact device to the cornea 1 n accordance with the present

invention. Figure 6 ill.ustrates, an, ex |l ary circuit for,carrying out
several asRSEEE BYeRtRp S RRLATIRATO the plpctmeiiibneq premmlary dndpitatigh device:
Figures 7A and MR Aremehiinkd Hdaditiiievick Wb iHeddredtat Mbemidnahg iR be BiaRaN S
conpensating for deviations in corneal thickness according to the present

i nventi on. renguvasivelg measute Ryiredyinamigs e dyg inicluding quiflew acilgyit Tbe methpdaf the

tilizi b de technol ' d L th d. enbodi t of
the pr esantPPROCRETBIC BERPLLSRTar S Rl wret AR Y PR ot o cont act

devi ge utilizi ngser@ingdetafrsi €8p, bR indentatioh ¥etiee isOsliced in EMRECREIL he Wohrka?
preferred enbodi nent of the present invention. Figure 10 illustrates an

al t er nat i vePreferably; thedindensatiomdevicesompnises the contgestdesicoofi the presshinvendion.
enmbodi nrent of t resent inventjon. Fi s.1 .and 11B. schenati cal |

T ust rate an | il & eBH o SSavpbiE Pagseroeh B mepaHGR Rerice Famoteadr teamese g ¢
a pref er r eqtofdR QEingR irsPpretiBt@rmn e Afiburit bY Estcé €dlachidve indentation of the dohsHa! Gnl2
is a cross-sectional view of an alternative contact device in accordance

wi t h anot hentraecultpressyredpthen ideterminest baspd op adisstrdistanpedraveied tovrg theeeoragybyl 5

are cross-sectional views al ternatiyve cant.act devj.ces.jn accordance w th
ot ndf" enbodrraivangPertiat pf thedrdePlaph 46rish 20ERE peRHOT B I FRCatFRgerened

i |'] ust r at erRnEdfifsrce 2 PraferaByPOE iintRidculaf pleburs deeindintd uding the afordiafighédd
intraocul ar pressure by applanation, according to the present invention.

Fi gure 16A syster for dgsermaiaing dntrapgulpnpressufebhy mdentatiomct i on of the di stance (x)

separating a no e.central piece om,t he.pol e. of. magnet i ci.uation
apparat us i n ncdSRbane iR sprfRor et Bc it s P RS RELIbME ||
i | | ust r at egh@Bomleh ahd atviay Gronpthe Goinealat @ firse predeyeiniiedi freqaencyrana wsing 3Gecond

with the present invention. Eigures 18 and 19 schemptjcally illuystrate
ar r AhgenentPiededermigsdyiamguph of ag&créﬁ{nneumphgnem 0pyaceh the gmica o thereby force

PCT/ US97/ 1 kP OERS IS RGS | he.: t
I nventi on. E?é?%uc}gagﬁ%ﬁaand néngl%e iyg hgbrr%tsfﬁ%ﬂl %/rgl 'F}ﬁfgﬁﬁiﬁg&;aﬂn%g trg% ?\?tr %g{%ﬁﬂ
enbodi ment efjeal torecrsare thap the firsapredétemminpdassume ofifprean dig it ndestmodfFhopueves, thdt

and 22 sc hef‘ﬁrga s}el:gn ;lrgdeltéérxlilrﬁa% ra%tognteo ogle nn?ar;'tbse Iggs t af}lethgr rsst%?édelter}r\x/%%ﬁ Iag\rc])u\xlavthtl)(c h

force.

20 The movable portion is then moved in toward the comea using a third predetermined
amount of force to again achieve indentation of the cornea. A second intraocular pressure is
then determined based on a second distance traveled toward the cornea by the movable portion
of the indentation device during application of the third predetermined amount of force. Since
intraocular pressure decreases as a result of forcing intraocular fluid out of the eye during the

25 rapid reciprocation of the movable portion, it is generally understood that, unless the eye is so
defective that no fluid flows out therefrom, the second intraocular pressure will be less than the
first intraocular pressure. This reduction in intraocular pressure is indicative of outflow facility.

Next, the movable portion of the indentation device is again rapidly reciprocated in
toward the cornea and away from the cornea, but at a second predetermined frequency and

30 using a fourth predetermined amount of force during movement toward the cornea. The fourth

predetermined amount of force is preferably equal to or greater than the second predetermined



5 facilitate placenment of the contact device on the sclera of the
eye. Figure YOP#OB6H| an view of an al ternativecontact devi ce MRFERa%e
used to nmeasure episcleral venous pressure in accordance with the present
invention. Figure 24 is a cross-sectional view of the alternative contact
devi ce which may be used to neasure episcl gsal venous pressure in
accordance with the present invention. 10 Fi gure 25

schemat i cal | YmbhhtTdrad: Aowever at is@hdaitby @t RrRRAbERR bredbtethimed afAAE of force may
i nvention, which includes a contact device with a pressure transducer

mount ed t her e less thamythe secoBd\predetarmined amewnstaf forge. Kdditional intraocuiar dluidas ithaseby
enbodi nent il Iu%s&rat ed in Figure 25. Figure 26 is a cross-sectional view

i 11 ustratingfrRes PMdEMIRE Seansducer of Figure 25. 15 Fi gure
27 schematically iphkUabvaiepobthn Al uBsQREANE nRVEO dh TBWard the toMes udig Wit
|l ocated in a patient's eye. Figure 28 illustrates an alternative enbodi nent
wher eisn two predetenminedamsovatioffores tamgainachievedddentatinm of thocomea sThereafteramthird

| t ti nbodi nent _utilj zi trally di d 0
ransducer . Fgomlar atpert (notferihed paslarts it SRR FiryBlf TN ARY somse by tre
enbodi ment t gioRate foriGSof théMentatfintievige dirrigepplidtion lof thefftioprediteAnined habimd

circuit defined by the alternative enbodinent illustrated in Figure 25. 25
DESCRI PTI ON 6fforf¢¢c PREFERRED EMBODI MENTS APPLANATI ON A preferred enbodi ment

O e 2 oSt AR ARl B RRE A 4 M SFERR, i

systeyp i s 30distances, wHieh/differénde® bre/TREiGAtIvVietT theWohane bf imEraBERHSALIE Which left the eye
appl anation. The systemincludes a contact device 2 for placenent in

cont act wi t handhhereferaage also indicasive o theanutBew fanility aduis updenstoodthaiathe difference\p
98/ 09564 . s . P 7/ 15489
T8 the cont aREAEESTS 204 15 SIAoRPRY B et (i Ermaih & s AREDET S e
the cornea 4Hedifferntéichetwidrealpiteéddisafced I Fct Ofhe Aramt bedWeen fiy ESEFYHE
further includes a detecting arrangenent 8 for detecting when the

pr edet er ni nedistanessrwill effigepl anati on of the cornea 4 has been achieved and a
cal culcation unit | . ti re af :
dotorfining 5 ARnbERPHRYEUSohAis NG B OBl BRI R the Belebled diffrepces
contact devi gatied whtrSthe &#rituy pagfrietess ofttheemethodiaradl the idimeansidas of thedadeneativntdeeice

predet ermi ned anount of appl apation. The contacf device 2 .illustrated i(g
Figure 1 hasChargexiaggeruenshipior @Fa Rarametens 4pd Jimsnsqns £28 ther gl Aetetmingd, by

e Sonne e BB RO S b ARG o

enbodi nent _ whi ¢ cludes a s rally rigid
annul ar nmenber 12Preferably, the method further comprises the steps of plotting the differences between

20 the first, second, and third distance to a create a graph of the differences and comparing the
resulting graph of differences to that of a normal eye to determine if any irregularities in
outflow facility are present.

The above and other objects and advantages will become more readily apparent when
reference is made to the following description taken in conjunction with the accompanying

25 drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic block diagram illustrating a system for measuring intraocular
30 pressure in accordance with a preferred embodiment of the present invention.

Figures 2A-2D schematically illustrate a preferred embodiment of a contact device



10 fl exi bl e nenbrane 14 and a novabl e central piece 16. The

subst ant i alw@9Bgs6d annul ar nenber 12 includes an inner concCRURUSUIS48e 18
shaped to match an outer surface of the cornea 4 and having a hole 20
defined therein. The substantially rigid annular menber 12 has a maxi num
thickness (preferably approximately 1 mljimeter) at the hole 20 and a
progressively decreasing thickness toward a periphery 21 of the
substantial ]l y_ riai 2nber 12. The di aneter 15 of the rigid
annul ar rrer?t?é?rdi"% tﬁ%g%%‘%‘fegﬁy ‘11 mllineters and the dianmeter of the hole
20 is approxi matfgreSs dchghlatitdl§tibistrabescoviewnger By & pmicit ovhes dribzhg dhe'Bsiem
Preferably, the substantially rigid annular nmenber 12 is nade of

t r anspar entillystieteden BNgWed hacryl ate; however, it is ‘understood that nany

e R e PR L e

nmatesi al s JreferB@eMBodifhent of the fresét iMentib® i nterfere with light directed at
the cornea or reflected back therefrom The flexible nmenbrane 14 is

preferably securfignrenSAndF flusete 8 preferved embedimentiof aprappliratar fos gently applying
(101 d annular dtiehevitérd theRbith HPaGORIAEL widithd BiEsi Hvedsdty Y fiulstiides
abr ep ial® layer. e fleéxible

scrat ches or asions to the cornea I'the ayer
menbr ane 14niexemplaxyt eincuit\for vdrtyingadut sewaral dspecth of thehbodinidne ilkustnatied in Figuizer
12 and includes at | east one transparent area 25 22. Preferably, the

transparentl-area 22 spans the entire flexible nmenbrane 14, and the flexible
e ane 14 is B4 v i Y= Vg Siifahn 8 e
ri S:P% annul ar ne(ﬂngér%glzé ﬁbdémgtrd;ia%ge?lgma %E%?ggﬁggﬁgﬁgngenent ,E&gl?l ycﬁ]agfeh
peri phery abnipbrsatihg firldeeiationdin znmedlthickdedshecqrding pd ereypredent ineemtioyl d

annul ar nenber are secur to one another. This tends to mninmze an
resi stance the FI8XED (%Arréﬂ‘ﬁignéchﬁ"&ﬁ{ca@kgﬁ{stréﬁaf rFoptagt é‘ﬁ\"&%éﬁ’@ﬁl"go?arﬂfé 30
movabl e cenidhabioll & Sechd f yof Bodi hélbRcent bt t er nati ve
arr angerren'?? h?hg@h e%cbfaeahgré/e%r 3:?&&%49? gﬁcge%e@?gfﬁvebwg?% @&0%{'98/ 09564
PCT/ US97/ 15489 KFigures 9Aiapd ®Basvhemnatically ithetratenalcorsady davics etlizung tdler detectmner
its entire extent except,for a circular regi.on wWithin apptoxi mately one
115 et er 1GRNGIREY R feOmanceh S ot A PP OTELO e BreShRE WA o) abl y
consi sts of a SEigunrh fiRkiabP by AREmaBE Bomact deAteNA R rdShdel mgeﬁhﬁaherc,
transparent silicon rubber (used in _conventional contact |ens),

t r anspar entpréferesd embodimest| af she present inveaeryent i onal i ntraocul ar | enses),

t ransparent hydrogel o the ke, it . |, .under st . A e -
mat eri al s may beﬁ%*srg%i liqﬁ\ l“ﬁulfl ctsﬁhrelmr?ém‘?lwgﬁk'f%%f’gﬁ e§nr?§%g?'%ﬁngﬁsf§*cgﬁeetemon

novabl e centrafgenmingreactbrdaficesivithl apreferded enbadimenttdfitie présend inventiti. and
includes a substantially flat inner side 24 secured to the flexible .
mendft ane 14. Th&igusghgs@ersssectional view of an alterpgtive contaet deicedn agrordanss withe

menbrane 1 i . t hernmo-contact techniques. It
i s under stég%@eﬁ%'&ge\%?,kék%sﬁgiﬁ%éggf%ﬁgx%s?hérv élg ni ques may be used in order
to securely eng&igurésiSA- I@E chdssi@ectibnkloviews of dlxiabive comadi ideneeslif.accordance

Preferably, .the novabl e central piece 16 has a dianeter of approxinmately
5.0 m || i midyathergmbodiments ofsbe PrasentdpYeiPhat ely 1 nillineter.

Figure 16 schematically illustrates an alternative embodiment of the system for

25 measuring intraocular pressure by applanation, according to the present invention.
Figure 16A is a graph depicting force (F) as a function of the distance (x) separating
a movable central piece from the pole of a magnetic actuation apparatus in accordance with the
present invention.
Figure 17 schematically illustrates an alternative optical alignment system in accordance
30 with the present invention.

Figures 18 and 19 schematically illustrate arrangements for guiding the patient during



15 A substantially cylindrical wall 42 is defined

ci rcunf er entW@P$A9584 ound the hole 20 by virtue of the increasBETAURIEISARSSS
of the rigid annular nenber 12 at the periphery of the hole 20 The novabl e
central piece 16 is slidably disposed against this wall 42 in a piston-Ilike
manner and preferably has a thickness whi gy matches the height of the
cylindrical wall 42. In use, the substantially flat inner side 24 flattens
a portion Obyiddified: 8F ARhef eftPAIndfdparith OFF @ phdlEntTRVGbR. 20 central

pi ece 16 by the actuation apparatus 6. The gver al I dinmensions of the
substantial Ly ri gighresZOA and 20Brsblkamatigallytilestfatean dllemnativeismbodinient frdneasaring
novabl e central ‘gi ece 16 are determ ned by bal anci ng several factors,

i ncl udi ng t HBrQ€ liaF BRFSSUER B INGENEO o5 applied to the cornea 4 during
appl anati on, the Fﬁgﬁ&?gf(jaﬂﬁt%Ztsaleﬁ{am?$ll\B£ra iRt &ns of the rﬁ?%sgﬁtph%ﬁbﬂwiéhed

area of appl anati on, the requisite stability 25 he cont act
devi ce 2 onfaciizate plavement oflthe catdadt idevice bh ¢hedictesmof thesyef t he novabl e
central piece 16 _are preferably selected.so that ,relatjve rotati on between
the movabl e cent FIENR{ L8 PR vighohon tCRaiyeFanfast fovics WHER TaKE 4sediapeasire
is precl Udegpis&éﬁah%upgfggﬁfré HackbidaRlON RRBIY profadinvestdn- | | ke sliding. The
materials used to nanufacture the contact device 2 are preferably sel ected
so as to 30 Figung 24 ivia zepssusectiomd eievenfeincdtemndtive lcontatt devivedelich mpy be tited
cornea 4 or reflected thereby. Preferabl t he actyation apparatus 6

i |1 ust r at ed'q MERUR PRISCIETRIYIN SR CTHER M_ﬁé{ﬂéﬂfeew*r € prese 99564
PCT/|gS97/ 15489 ,2giegmeefsescﬂ§n4teamn§§m$és' i dMQridtive BRLOMURRY 6F he Efersedt ifNehfibn, 16
in the piston-li manner toward the cornea 4. In dolng so, the novable
central piewbichGnawdesa coatact dévigeovith @ pressure hean§dusgs ibunted tierame 14 are

caused to project.in dly against the caorneg 4. .This.is sho in Figures
2C and 2. " A por FIE A BAEFEGsAaera Ve TR disyrariva crerdmeonibatrb e
continues updil a 5 predet er mi ned anmount of appl anation is achieved.
Preferably, the novable central piece 16 includes a magnetically responsive
el ement 26 arranfigure?s s arosssiectipnabyigwglivitratng the pressils wwansduaer of Figuea:25.16
in response to a i i C ] d S 6 Ncl Mde

nmec h‘ nism 28 for F&gg‘{?f’ rfgh%&'%g“ eﬁ F"g"#t?glt% %ﬁ%&’g‘?{)&. &ﬁ‘g “g%%{hoﬁlg}"se 2'§jwsne§
under st ood lobated ihe pateritaeyssm 28 for applying the nagnetic field may

i ncl ude 10 a selectively positioned bar magnet, according to a
preferred enbodi FigHte 2§ Hustratesanaltermatize pmbodipient Whereinaorprgssute transpugess are

i ncl udes a ‘gﬁill d30 of long wire wound in a closely packed helix and
circuitry 3 57 produci ng an electrical current through the coil 30 in a
progressively i nEigeﬁsjﬂgummrn.athaﬁwemssﬁmﬁd wilizingy ecatraly disosed preRire
the magnetic field is progressively increased. The magnetic repul sion

bet W8en t helrasduedri on apparatus 6 and the novable central 15 pi ece 16
therefore i ncreaggs PIPQLERRLL bikterARnbllithe drnd difchnat@YtBBathent 10 eve glass
progressively gredater force to be applie a&al nst e reornea A intg Pede

pr edet er m negmésrount of appl anation is achieved. Using known principles of

physics, it is upnderstood that the electrical, cufrent, passi t hrough t he

coil 30 will be Bidforti Hna{ﬁ% Bﬁgrmrﬁ pegferres &gcgb@eﬁwp gy th IR o

central pi #u@mé’ﬂeﬁl@sﬁlatemgﬂfw 4 via the flexible nenbrane 14. Since
of tor

t he anopunt ce require

25
DESCRIPTION OF THE PREFERRED EMBODIMENTS
APPLANATION
A preferred embodiment of the present invention will now be described with reference
to the drawings. According to the preferred embodiment illustrated in Figure 1, a system is
30 provided for measuring intraocular pressure by applanation. The system includes a contact

device 2 for placement in contact with the cornea 4, and an actuation apparatus 6 for actuating



20 to achi eve the predeterm ned anount of applanation is proportional
to i ntraocowwassmesessure, the anmount of current required to XEATESIY134AL

pr edet er mi ned anmount of applanation will also be proportional to the

i ntraocul ar pressure. Thus, a conversion factor for converting a val ue of
current to a value of intraocul ar pressug can easily be determ ned
experinental |y upon di nensions of the system the magnetic responsiveness
of the magnetically regponsive el eqent .25. . 6, nunber of cpij l .

N ndi ngs.BRaoRAg ka2 SpREt NEYTaE PRGOS RRise nionely SRR e o prgvide
conver si on, LRALEFmIARYarfbiR oP S pliaBé) neéisyy@hﬂﬂ;rdﬁepmma@ﬁi\aawm% a@hgement
calibrating a tononeter. Such known techni ques are based on a known

r el at i onshB fonideteicting vdtes the pradetermined iamexntiofirpplanationefithe comez idnkasrhesti on
o come s 3hE T EuBRAT i ' Bh RS e o gAY o AR

such technf Z ons:

Tonget ry, indBGaBiripfessute b&ed GRIth@hoii @0 force theohBidDdevite Zzﬁlﬁst%gﬁlg against the
Fri edenwal d, Tonofreter Calibration, Trans. Amer. Acad. of O ., Jan- Feb
1957, \raéd 4 @5ergier to achieve the predetermined amount of applanation.
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bet ween cugmeasdiment@f thetcontaetdeyice P whishinsludena substantinli rigid appylar member 12, 20

of 15 r ont DE s 35 g € meVebiC peital Rk 14 16 hEStabUty uif b e
appl anat i om ingludésinGned corldage Suiface 1l 8 shapad o atchancduter surfatesfxhe domendandi on

unit 34 for converting the current value into an indication _of intraocular
pressure. Favings hple\20 defised therain. aThesubstantiallygigid anmuas spembes 12 hag ymaximum

detecting g ar: r ] . of
appl anat 1 ol B EiFERtaLly bProhdihety 8 milimerer 23 BIE 0 BREE LECSAHEARRIARRMALDE
current fl gidiagssitowactd pedighepo21 oS silsstntiaityligidednyula membler 12.t Tise diniterey
33. At the sane tine, the calculation unit 10 produges an outp‘ﬁ1 %gn%l,

di riéct i ng efitbe BgidapRHlar PR IS APPEQHBU Ll 1y r@ﬂl%ﬁ@@ﬂﬁfhﬁéﬁ@nﬂﬁéﬁ? BRPIs20 1
current. Thi r s i nat f.Qr LBS rn n

al ternati v%@%’g&t%nﬁ %‘Eréﬂ%:tg’%r g‘%to I.cg?goégc%?g;@%ﬁegu%ntﬁr%%ﬁbomélfgiy' the
be made di substahtially éigidansuleremenber 2 isthadde of tramppanentprjwnethyln@thecrytate; however,

through the.calculatign unit 10) so as to automatically termunate. t ow
o o ot i et 0d B e et pferidR, 1ab 3 gTR and Rormbe e hY k! Satsis aba
appl anat i OpalynmiélS, fiky H&RéedrbsblkeitRdarmllaf Hiehibér 82 PRferstily the hiteriaRiYe chosen
apprpprlately arranged circuit for achieving the progressivel I ncreasi ng

curdlent . Hewes/mat to intenfere avithdight directed atghoenmengr refected backtherefrpm. 32
i ncludes a swit nd.a_DC, power, . suppl t he | nation _of whj '
capabl e of pr odgg? ﬁﬁ“%a\e E’Fg‘BPaP\é\ﬁéﬁ Eﬁ&gﬁyeseﬁ?r&?35?%%’"‘_&%‘:?8%%6?’3%%0]: Sﬁl%fthe
circuitry gdrbsfartisllie FiglOiitulas Gferdber 1% 80 pAdvidW comBirt foretheearbr bptpeeventifg
the step function'to produce the progressivel |nC[eaS|ng current. The
magnet i cal $cyatehes poebrasiensap thesamezieepithelial layerf big mombrang df igeasxiepsiye
transpar en\twith at least the hole 20 in the annular member 12 and includes at least one transparent area
25 22. Preferably, the transparent area 22 spans the entire flexible membrane 14, and the flexible
membrane 14 is coextensive with the entire inner concave surface 18 of the rigid annular
member 12. According to a preferred arrangement, only the periphery of the flexible membrane
14 and the periphery of the rigid annular member 12 are secured to one another. This tends
to minimize any resistance the flexible membrane might exert against displacement of the
30 movable central piece 16 toward the cornea 4.

According to an alternative arrangement, the flexible membrane 14 is coextensive with



25 peri pheral portion 36. The transparent peripheral portion 36 is

al i gned wi t hWhB/Psparent area 22 and pernmits light to pas¥THEHHE? he
contact device 2 to the cornea 4 and also permits light to reflect fromthe
cornea 4 back out of the contact device 2 through the transparent on

peri pheral portion 36. Al though the transpaggent peripheral portion 36 may
consist entirely of an air gap, for reasons of accuracy and to provide
smoot-her slig ﬂgid%dli}ﬁnémyé}mnﬁ i€ Rt sedledXihBfeo Skr its entireldktérleReuph forhecifcuiat d
annul ar nmenber 12, it is preferred that a transparent solid materi al
constitute tiegiohntispappraximately phemélimpier of the hal.20Exenpl ary transpar ent
solid materials ingclude 98/ 09564 ) .
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at least 1-Znbhbdahéders in dianeter. Al though the preferred enbodi nent
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ed, includi ar.i .ferr. netic eni al s and/ or nsi ons of
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el engpt 26 NRyerdidO24 W EheTlexMle medBrane 14 is pleférably pyovidedSh¥pLlue D thermetohtact
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i || ustrated teehniaues. 1t isginderstoad, Baweyer; thahwasious pthertagheiguesapaybevseddn gedegito A
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di spl ay connected and responsive to the conversion unit 34 of the 15

cal cul ati on roiflimetarg. Al ternatively, the display 40 can be arranged so as to
I ve.ipndi cations pf et ne, ot i s,.withi i
et o211 00 Bl B R e Pl oo

yel | ow LED 4gHgie oftisk ifcrésed thidRnéd3 Gf thélight dnhelapimemnbeiri dt she\péripheryeof the hole 20

predeterm ned high range, the red LED 40C is il|um nat ed%éo i ndi calte t hat
medi cal at t ekheimavaplg coprral piece 1§dg slitably\faspesed against wisowal| 4% 1% pistonrlikejmanner
wi thin a nor 1s8p hd: ] |sh0 B
s 1T um nacDR PR s = BAGE Wich pihs e bog B Ghlnarll Wil 27 Lpcout”
range to i ndusintaliyfat inh&rsider 2shittess 2 posion®ikta coeheavianpoh somhtiohaif theamovablegh
nmedi cal attentign is not currently needed, careful and frequent nonitoring

i s r&®onmendentral piese dp Jithe 2QpIHOT APPREEIt patients may have different

sensitivities or Jﬁ%érﬂpﬁirﬁ&sfﬁQ Ahe substart@IIF rigld AR xﬁEmQéreF?;%ﬁ flekiBR

ranges corresponding to each LED 40A, 40B, 40C arecalibrated for eac
patient by amersliraentid agg thieyrso\ablerentrhli piecsalb, arpdetesmined bj balancingregveral factors,

ertod Co. St Gesrel mpen o ireories b frad L duthe SrpTaplibn B8 ispimp
whi ch ot her (higs8ces UBHERbIHE (RAifMhifm desPedhrel bRshpldhati %l f1Re mi_zasﬂabm%-

The range calibrations may be nmade using any known calibration device 40
25 of the contact device 2 on the cornea 4. In addition, the dimensions of the movable central

piece 16 are preferably selected so that relative rotation between the movable central piece 16
and the substantially rigid annular member 12 is precluded, without hampering the
aforementioned piston-like sliding.
The matenials used to manufacture the contact device 2 are preferably selected so as to
30 minimize any interference with light incident upon the cornea 4 or reflected thereby.

Preferably, the actuation apparatus 6 illustrated in Figure 1 actuates the movable central



30 i ncluding variable gain anplifiers or voltage divider networks

W th vari amloesgrmseésst ances. The detecting arrangenent 8 pref ecaRisy/eaagPri ses
an optical detection systemincluding WO 98/ 09564

PCT/ US97/ 15489 23 two primary beamemtters 44,46; two |ight sensors 48, 50;
and -two convergi ng | enses 52,54. Any Ofefﬂ plurality of commercially

avai l abl e beamemtters may be used as tters 44,46, including | ow power

| aser beam. em tting devices. and infra-red (I R) beamemt{ing devices.
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et 1 oot od AR 66 BIVgh W, G coiapn s ¥ dPHBRY TBREGE. pATHARaR S BSelio
upof the ayrpdsddmiteddfiuRbat ivphnafiod Rechiv&@Ea. The two light sensors 48, 50
and two converging |l enses 52,54 are preferably arranged 10 so as to be

al i gned with t Rrefersblycthe owvihdecantrélpi&2 16fin¢ludgsta roagneticdlly mespoasipe eldmientr26 ned
t of I ti f th 4 ] I d. Pref bl t
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di vergi ng away from one another an ; y fromthe two converging
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4 b | dth fl ect b 60,62 will h, t t
TR sendr o bR hRe) R el SRty 3 Aeass ksbedimen, i prganisn 8
pr edet er mfgreppRiigihé manefPRdiad ithides aichil 30 b forRtvird WBukdEHh! 2Qb&y PRRES hEf 62
will be directly. aléfgned with the converging lenses 52,54 and the sensors

48, 50. Thand giesity 3B forpraducinghan elestrisalgireent ghrgughothe qoiledP ime progressively

pr edet er m. o] ' .S ' | ; | ng th
D oo e MR er by BAREARAN, e UL Sk e FREALY R 5405
pr edet er mintechs@TOThetmaghetizFepuivivii betwetrSthd @etilatlon AppraKites 6 witbtheathbvadle delifal
sensors 48,50 recei ve_a respective one of the reflected beans 60, 62.

Al though Pisee 16 theesfors incrrases PEoREesAiuely. and this in Righ (Cguses ¢ pragreasivalyjgrepterforee
. o 4 ! _
primary beaga gﬂ(pu}% s%éa?ééhefc%rﬁeach S tﬁégggggeéﬁmgdy St %@agéis@.%h iCREeEY

can be achiev lents wth asti | SNB provi di our
emtters and f dising kngpiwtn primciptes of physics) @ds ondenssgadhthiat the\slectric@beurrent passingpect

to one angt her. abou he .l ongi t udi nal .axis o e actuati on appagatus. §. As
0 the cadogh A B e Sithartitel ok soiondt of e Bt hedRBRbR ot
predet er mpiee | @ aEHiHaf thecordPd Hadiid lRRiblemanbraé Ph| SinctedeRmohift 6Pfofde réfiredal |
of the sensors receive a respective one of the reflected beans. A sighting

ar#angenete achievp thefpsedetanpingd awount of spplanation is propegtivabte intreocudarpaessore, 86
apparatus 6 and the detecti arrangenent, 8 are, proper| | i gned .with. the
dovi o 2. PPUPLALATA eRired BrALhinge G4 BIEREIPe] HET TG SE SHlEn g ot 21sg b5
hol e 38 i BrdgepridaY &bine imadthlal plese€ Thus, a conversion factor for converting a value of

current to a value of intraocular pressure can easily be determined experimentally upon

dimensions of the system, the magnetic responsiveness of the magnetically responsive element
25 26, number of coil windings, and the like.
Besides using experimentation techniques, the conversion factor may also be determined
using known techniques for calibrating a tonometer. Such known techniques are based on a
known relationship which exists between the inward displacement of an indentation device and
the volume changes and pressure in the indented eye. Examples of such techniques are set
30 forth in Shiotz, Communications: Tonometry, The Brit. J. of Ophthalmology, June 1920, p.
249-266; Friedenwald, Tonometer Calibration, Trans. Amer. Acad. of O. & O., Jan-Feb 1957,
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is located on the patient's cornea 4. The central sight hole 38 is aligned
with the transparent area 22. In addition, the actuation apparatus 6

I ncl udes a tubul ar housing 64 having a firgt end 66 for placenent over an
eye equi pped with the device 2 and a second opposite end 68 having at | east

one rark 70 py 168.926l ahd Moses, ThesH ard@hlibravisiiof the SPRibizETdnonfeet SVIINE égimentud
central sight hole 38 at the mark 70, the device 2 is properly aligned with
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properly aligned with the actuation apparatus 6 10 and detecting

arrangerent 18.inahiiny 2mespasy 33 fargiasiag e cursers vhibeindigativenef thesmeentad chrrapfepapsing f

the central sight . hol 8 ears, in the mrrogr surface 72.at .t .
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it fromother elenents in the drawing). Preferably, at |east one light 75

i s provi ded of itrapsulahpresssel ar housing 64 to illumnate 15 t he inside
of the housing 6 d.fagilitate visual.ization of the cross-hairs t he
et octed | mmge. Freteaply; e sHpGhSontint T isFitap iy o he Seibriicameped e B
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deactivation of the light 75 due to darkness inside the tubul ar housing _64.
To that endo theamaug fiosvings thiaygh thareaib30)Hnimmediately stargd ingthe memory 33.
manuf act ure ' ’ 2 | . ' ' 9 It
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be used pri pesddcyngyirqulityy B2 itaresmimapd thedlow of syrrent. (This, in tuen, teiminates thredfoeced
68 may be nerely transparent. If, on the gther hand, the device is tq be
used by pat R8HPY theForags f. e flisrpatiye embofincah 4B SiriRgl PROGHPING KTCWETY OBl
68 ner e L el g ' . f oL all Vi :
opt 1 B G o B P rebbreleto INEUHEE TifAnandi B (BF T Hodnt ieh 16 Ewlption
devi ce 2 i sunipd@krsh atto autpmatically exhiaite thesicomn ofcuireanthrdughabé cail 3@ npapachiaings
6 and the detecti ng arr %gerrengn_ 8., The optical distance neasurenent*
mechani sm i eRTERE %P?‘? geptiof apRI#aHARL i on with the sighting arrangement.
Preferably, the [ ' : ' | ' ' ;
reasur oment beam Gicrrn RUARRECARR) 42 iy CRR A MY RS Ariipl B
beam 78 t owésrdadhievinithieqeogressB@ly increasingltwerabeyv HoeveRer, 8 peafpraéd eurodnt producing

reflecting the distanceg nmeasurenen eam 78 t roduce a first.refl ected

i sthoe meSEiHb L (HENAE heBBCh AT ARSCEOWFF LB o oD OF i s AR R
di stance Y&k @9@B4unction. The preferred current producing circuitry 32 further comprises an
PCT/ US97/ 15489 25 neasurenent beam 80 is a preferably convex mrror 82. The

convex mirr egsRingafriplifiersvhithdntegnates theastdpefunetibnotiogiradure theprogressieely innreasing0
to create acsecqnd refl ected di stance neasurenent beam 84 and serves to
anplify any*VAfTations in the first reflected beans direction of

The magnetically responsive element 26 is circumferentially surrounded by a transparent

25 peripheral portion 36. The transparent peripheral portion 36 is aligned with the transparent
area 22 and permits light to pass through the contact device 2 to the cornea 4 and also permits

light to reflect from the cornea 4 back out of the contact device 2 through the transparent on

peripheral portion 36. Although the transparent peripheral portion 36 may consist entirely of

an air gap, for reasons of accuracy and to provide smoother sliding of the movable central piece

30 16 through the rigid annular member 12, it is preferred that a transparent solid material

constitute the transparent peripheral portion 36. Exemplary transparent solid materials include



propagation. The second refl ected di stance neasurenent beam 84 is directed
gener al | y t aaaisihosss a di stance neasurenent beam det ect opcBsoTII3889

di stance nmeasurenent beam detector 86 is arranged so that the second
reflected distance neasurenment beam 84 strikes a predeterm ned portion of

t he di stance neasurenent beam detector 8 nly when the device 2 is |ocated
at the proper axial distance fromthe acttati on apparatus 6 and the

det ect.i t, 8. th ial dist | s..| acking, th
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t hat the praogeatrahgight hdiesi&hceughashipk arpatietiieelld to3es While thet ¢omtack flevaest 2.6
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Figuse 1, thefdhsfiedisie mishitsaiecredid ibpraferaisly acleast 180 niillifletedem damated i -fil ter

optical element 90 arranged so as to receive the second reflected distance
neasur ement bearAlgipughtibe pgferred embedimeny: ineludesancananlar owgaesras shamagnetically

DG 11 er endepars et o5 Y B ynder b alaolf offBt bpBhesichity Sbomsite slemeffs 26
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92 and a filtering percentage associated therewith. The distance )
measur ementrespeBsiyYBatigles in b@ud.u The magnsticalliiespansiys slsmeant 2f smayalsecoasist of i

senspr 94 f | t It LIy of -1 he . di.st.anc
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opti cal el eheilibstPdled GénmrabsighichaleiB8.i Aftrdnsparemphdgnat mey slse be ussduses thi s

intensity to vary with axial_ djstance, the intensity is indicative of 25
whet her the devifcdisplay 40 ispreferably nspdedfos numercally shsplayingthe mirapeHarseRsueet us

6 and the ' g ' : : ' I

ocat ed betizont phebed RO THE oty o0 pFaRUEY LRBr- RGN Rl Suftrdicbier, |
det ecti on digitenittiad didder(LED)usplaygohhectseadndsportive td the cdingérsing anit 34 of the
nmeasur enent beam 84 ,orl1 the beamintensity detection sensor 94 after the
beaht 84 pa§§l&‘é'a§fﬂ’ unit 0. through the multi-filter optical elenment 90. _
Preferably, the AIRAUARER! tHR%iidphy ASARLE AHankl §d165 RGAVE inBlostitHs of wEihEF iHeON
sensor 94 so WO 98/ 09564 -

PCT/ US97/ 1%m@0cl® paessure is within aertainwangesc dn thevtegard, thet displays4bmaylinglude algesen
when the dewy.ce I s npt h roper axi djsta fromthe actuation
nopar at s SEH0Pnet abfewctrh"Sod L ARER IR 16D 40, 08 Fen FEtePE St AT Bper

di stance. Eteetieﬁﬁhs@m%mngé,\tmemm a0C i¢liliamirted® indicdta tind ne@ickitention is
intensity and which of the plurality of optical filters 92 achieves the

par 2% cul ar neededns Whenpthe intraqeulap fpressge is withirf p Inogmplngnges rtbe sreen LEI3 404 st ed
t herew t h. .For | devi ¢ ' C '

nctuat | on ARt PheSey i LD O € fliriecd ey DAL YerleBln ok BBl gy
passes t hr ahthe highatingeqd thditiatelthat the presne iO9sdbmehihet elevated and sieatUstthbligh Medical

reduction in beamintensity whjch c%ses the beam.intensity detgct i on
attention is not currently needed, careful and frequent monitoring is recommended.

Preferably, since different patients may have different sensitivities or reactions to the
25 same intraocular pressure, the ranges corresponding to each LED 40A,40B,40C are calibrated
for each patient by an attending physician. This way, patients who are more susceptible to
consequences from increased intraocular pressure may be alerted to seek medical attention at
a pressure less than the pressure at which other less-susceptible patients are alerted to take the
same action. The range calibrations may be made using any known calibration device 40D

30 including variable gain amplifiers or voltage divider networks with variable resistances.

The detecting arrangement 8 preferably comprises an optical detection system including



sensor 94 to drive the indicator 88 with a signal indicative of the need to
bring the Q9889584 10 closer to the actuation appar at UBCT/PR29/15489

i ndi cator 88 responds to this signal by conmunicating the need to a user of
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serves as a positioning nechanismfor the contact device 2 against which
t he pati enempress4$46 gmgtwgbglm sensors 48,50, better accuracy can be achieved in patients with
astigmatisms by providing four beam emitters and four light sensors arranged orthogonally with
25 respect to one another about the longitudinal axis of the actuation apparatus 6. As in the case
with two beam emitters 44,46 and light sensors 48,50, the predetermined amount of
applanation is preferably deemed to exist when all of the sensors receive a respective one of the
reflected beams.
A sighting arrangement is preferably provided for indicating when the actuation
30 apparatus 6 and the detecting arrangement 8 are properly aligned with the device 2. Preferably,

the sighting arrangement includes the central sight hole 38 in the movable central piece 16
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25 indicating whether the device 2 is spaced at a proper axial distance from the actuation apparatus
6 and the detecting arrangement 8. The optical distance measurement mechanism is preferably
used in conjunction with the sighting arrangement.

Preferably, the optical distance measuring mechanism includes a distance measurement
beam emitter 76 for emitting an optical distance measurement beam 78 toward the device 2.
30 The device 2 is capable of reflecting the distance measurement beam 78 to produce a first

reflected distance measurement beam 80. Arranged in the path of the first reflected distance
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A converging lens 96 is preferably located between the multi-filter optical element 90
and the beam intensity detection sensor 94, for focussing the second reflected distance
measurement beam 84 on the beam intensity detection sensor 94 after the beam 84 passes

30 through the multi-filter optical element 90.

Preferably, the indicator 88 is responsive to the beam intensity detection sensor 94 so
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ni sal i gnef .”}leff’i"g’ﬁﬁ&é?’ﬁ‘%@ﬂ%\:‘s-aut omatic alignment correction may be
| ded vi tof- ; |
provi ded via cogy rgferenEQtatﬁ,Q&rLQd:hmwreg@gtrss ?%et%%glylaégﬁb?fsm%q,%ﬂ#&ged

upwar dl y, downwar to the right, an
cor?sut er - cira hosizdreal lime agoesthe seayndend$8roé thathedsiy 64 nWaep illupinsed; the left LED

conputer-control | ed Vi chapi sm responsive tQ the optical alignnment
negﬁ ani sm gé]a, w?nckx 1S prgf%rau}gyeﬂgw, mcgcates that tllx% contact device 2 is toc? far from the a%tuatlon

apparatus 6 and the detecting arrangement 8. Similarly, when illuminated, the right LED 88b,

which is preferably red, indicates that the contact device 2 is too close to the actuation
apparatus 6 and the detecting arrangement 8. When the proper distance is achieved, the central
30 LED 88c is illuminated. Preferably, the central LED 88c is green. The LEDs 88a-88c are

selectively illuminated by the beam intensity detection sensor 94 in response to the beam's
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illustrated in Figures ~a _preferred enbodi nent of the applicator 127
25 i nctheseaf) afrthe prapenaxigl digance firom the qontact feviesf 2.t he appl i cator 127.
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48,50 for respectively detecting the reflected beams 60,62 of light prior to any applanation.
The alignment beam detectors 48',50' are arranged so that the reflected beams 60,62 of light
respectively strike a predetermined portion of the alignment beam detectors 48',50' prior to
25 applanation only when the device 2 is properly aligned with respect to the actuation apparatus
6 and the detecting arrangement 8. When the device 2 is not properly aligned, the reflected
beams 60,62 strike another portion of the alignment beam detectors 48',50', as will be described
hereinafter.
The optical alignment mechanism further includes an indicator arrangement responsive
30 to the alignment beam detectors 48',50'. The indicator arrangement preferably includes a set

of LEDs 98,100,102,104 which indicate that the proper alignment has been achieved only when
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The verti ngﬂgﬁc ﬂ?p%*’éamsga“d g%pcleéﬁq‘i‘gfrﬁaggq“be&#cal ly arranged to provide
a positive vol t ayeohverghg AN 108! 1918113 prefetablyiratel Rtvanpesch fmglm filtee optical

conparator 130 is apBrom mately zero, to provide a positive voltage to the
VO 288/ 09564lement 106,108 and its respective beam intensity detector 112,114, The converging lens

PCT/ US97/ 1 n by I e iy S
negat v, A8 LIS Rese fErdieda WUEQ 603 GHtiR b b RSB EAORA A Abse 2
out put fr ogféhhe eeMsRft Hevhs §G62 ipissrBfdugh e miltiefilkdrPptibi elethénfr 6] 108! eby

illumnated only when there is_a vertical_ nisal i,‘gnmant and each .
i |1 umi nation ach of the beam intensity detectors 112,114 has its output connected to an alignment

beam detection circuit which, based on the respective outputs from the beam intensity detectors

25 112,114, determines whether there is proper alignment, and if not, drives the appropriate one
or. ones of the LEDs 98,100,102,104 to indicate the corrective action which should be taken.

As illustrated in Figure 3, the LEDs 98,100,102,104 are respectively arranged above,

to the right of, below, and to the left of the intersection of the cross-hairs 70. No LEDs
98,100,102,104 are illuminated unless there is a misalignment. Therefore, a lack of illumination

30 indicates that the device 2 is properly aligned with the actuation apparatus 6 and the detecting

arrangement 8.



clearly indicates what corrective action should to be taken. 5

| n order toWwgB@%%k4ne whet her proper horizontal alignment exipﬁrél;'sgtmﬁ‘sg
output fromthe filtering anplifier 126 is applied to a non-inverting input
term nal of a horizontal alignment conparator 136, while the inverting
input term nal of the horizontal alignmentapeconparator 136 is connected to
the output fromthe filtering anplifier 128. The conparator 136 therefore
produces an outp ) i lchi F #ipe, tHe béansy: 68 bENighe sitikeflower
intensities det em%gghﬁ%&pém?ﬁgh%ggﬁ fdr?t egsi ty detectors 1%, 114. This
di fference perizer of wuhemewmea 4 hed beciuse bEahs c6Meds wrvatke, aieerefested an acmoem

of filters 110[err], 110Jerr], O[err] of the nukti-filter I cal

ol ement 5. 108owDBRdY drectigneThe FTSHER BEAT 69,60 ShETEfore FrRRRRTR SF LOSEell Al ape
The “out put uﬂmiltté}%%mf | (U8, dPrhe kAR Jr@hch ABleGtedBodn 50,62 BY RBGEed by no
hori zontal al'ignment 1s achieved, 1s negafive when the contact device S

t 0o fsar to iroee thagB0% | Thefiespectiveliftensity redugtjonsiage then sommunicetedite the alignment

contact device 2 is to r.to the left (in Figure 1w Fhis . from.
t he conpar afgfctiegFiict ?%é%’ 3‘58?%@‘%"8 ad%f)‘af’?oﬂ#a 4a|§h§r?£gmergvﬁe{)egho€§§$ﬁn
The hor i zont 2 iAdrb@TRR redublibs b hRsitystol regliicRbinya MistiEaRet Wheinahe devide 2 is
positive voltage to the AND-gate 134 ‘only when the output fromthe

conpar at or ic¥higls The dignnentidetectianesirguip 820 thexefore gausagjiheupperiED £ to dlumpinate.

bosit1 ve 20Sheh imiigtipn iR Betses HaotE AR5e8 A o BB Bl BE 165 eR with
Conpgy at or i‘é’sﬁgét%oﬁﬁéﬁét{xa&%n app&ratus@sani Qe déétiry Ardngement)s.i | | uni nated only

when there Is horizontal m'salignment and each illum nation cl ea'.lgg/ .
i ndi cates what cSimierlyi wherstbe devicemuthel corpes 4lietoo low, thedsrmnné.a8 af light sdke

f d ci ' LI din Fi \ I,
et oot | on Sahaererganion SR mee 440 OB i RO PR Ealtunb it AR R TR |

25 phgﬁ%ﬁ?&)ﬂf QiredfiSh. WMrhe Fefletred wedfs 8062!th@@fore ithpitge Bii @Oipped half of che
the detecte eamintensity. This voltage output is applied to the

non-i nvert i nylti-Gper elements 186,108, and the inensitotensh ireflested beam 69142 i Feduced Ry at

termpal of the_fjlterin lifler. i 0 :
Accoldi ngl yIeenat¥ | TEFiTRpeanys iR fgylcfofd HACRER gokpladCio e alignment
out put f r onyértB&tidrcait ¢PGBY thé 86hm ihteasigudqiedtofsr A2, kde Thelalignreny dategtion ciecuit
142 is applied to the non-inverting input term nal %{Ogr? 30 .. di stangﬁ,\
measur enent l%Q)rquéﬁtﬁ)Fhliﬂmlc‘#ﬁée@&%’Bap {rgensity 40 Fesultitrom ¢ pysafigrment Whersin the
connected tqQ a ref RS ent" : DR
Viefo s s eﬁ%‘ﬂ?ee%‘sgé‘%%v%%@n 95%{ fe{e%tloﬁ) CELRE P20 therdfble cafdes 1R16G el RE

PCT/ US97/ 15438umdhates Suzhéitjimihatidndndicdtexuto the usdrahdtithe devicey2 irtpd idvw and must be
only when the proper axial distance separates tpe cont act devi ce 2 fromthe

act Bt i on afpierdavith respegido ha astiating apparatys Sanf %‘.ietﬁﬁw_géﬁ'a@%"tq’% the out put
fromthe conparatoh, Jddehce %%er%@%ﬁmhgtdéeice bQPRIo BXicPthe ight, AtCiSeahts 56,58

achi eved, is negative whenever~t second refl ected beam 84 "passes t hrough
a dark 5  strike p@ridre teftwafd sidecofithd dornehid ane beopuseafithe¢arnea’s cupeengrie, are reflected

Second ref | ot Brbishiasd peciens TPAFEIRGIFLb G A0 GIPEEIDEe BRPIRHCCAEpd Rilves
filter opti ?ﬂhe%uﬁﬂ-‘ﬁﬂér elitndnts 1%611 2%‘“?18?1@%’ ﬁ{e fillin ?ﬁg?éenﬁ'g& dHefse frofmdef 36 eighy -

The output Trom the conparator en app d to"a distance .
meas2y enent irsmislticfilter element 106 and increase from left to right in multifilter element 108, there will

L,
o~

be a difference in the intensities detected by the beam intensity detectors 112,114. In particular,
the beamn intensity detector 112 will detect less intensity than the beam intensity detector 114
The different intensities are then communicated to the alignment detection circuit 120 by the
beam intensity detectors 112,114, The alignment detection circuit 120 interprets the intensity
30 difference wherein the intensity at the beam intensity detector 114 is higher than that at the

beam intensity detector 112, to result from a misalignment wherein the device 2 is too far to



146. The di stance neasurenent switch 146 drives the LED 88c with positive
vol t age whemwavesoosda the output fromthe conparator 144 PeTASHDIS4EN i ves
the LED 88b only when the output fromthe conparator 144 is positive, and
drives the LED 88a only when the output fromthe conparator 144 is

negati ve. The LEDs 88a, 88b are thereby ilwm nated only when the axi al

di stance separating the contact device 2 omthe actuation apparatus 6 and

t he detecti arrangenent 8 i g i oper. Each jll.um nation clearly. .
 ndi cat oo vl B SEred Geg B0 She N ese 3 HE bt farccion Frsuic 2%,
the LED 88Ctheffdrk taiiitd 1ot Rf LEYD 169fd ifGhinite. 8GiH iMiminStiGemARERS Yo chélusér thadaé d

to the detecting arrangenent 8, the preferred circuit ar_ran&erren'_t _
i || ust r at eddeviceRiigtoodamoithelefl dindigune 3 and niuistbr maadgorthe aghtHER irkiguoul pwitks

fromthe light sengors 48 50 are appli dG‘; ?.nd added b¥ an adder 147. The
out put 1 r onfeePRST EECHATON appareHS Rand e Ao PR st RBEEIR By (i ng i nput
termsnal of a fi SRy GviRmRhe Hévice AH5FigUrRa ik Rotefal bl thellérD the b&ins 56248 Rfikd £1€

20 same anplifier 148 is connected to ground. As a result, the
filtering ampts fightwaridde of thercorneadt andiblerause of thecosmags sarvature,qae raflected in a

vol tages fromthe |]aht.. r t:he. fil n
anpl 1 1 o 1AGBAEHAS RRHER' TH8 potdeied REBLBON) ik iHBinge ot e napyes
appl anat i onofahéparicfier eitments TO6 1081 vSintd the filtefing péreénthges|decrieadefrona it t8/Hpht ON
conparator 150 is connected to a reference voltage Vref3. Preferably, the

ref erence vigimuliriter dersents! 06cand ancsease fropsleft 4o sghtain mudtifilter element 108, thare Wilk om

ol Bna - oroy s A fheiiEntits YelEy b 18 oL FRSIAER A 12714y raciculr
l'i ght sensoghs béen Mehsityldetectstt 1B twill B8t inftpe MmEdkiG N ah el afDiateakiel detétor 114.

therefore remains negative until the predetermned anount of applanation is
achi eved. Thee differsnt infansities pee therpeammunisaied tnibg ehgopent dgtector eiFfitci28dytthe an

appl anati o B . . t] S\ . ' . .
o5t t1ve. oureEihEhy dereciors 1 P2 fta. TheARBhARE!defbuBH I Blh AR nfensiny
I S negat i vedifferknte whereih et intehsipost the beard idtpnsity \deteicagd 1vtie lvavee than thM@t the
98/ 09564 ) . - . PCT/ US97/ 15489
35 tie out pRABTYIPEASIDHEEIETIRT Abatte Eesult SrAsa P AitAliBAEnt yubasHR the,dryiceid e too far to
o o) e Rl (R 0% RPN e The i scaRns e o
anount of aerefonacauses thesighebEDAORIte bunindte. Sach illomination indicatgsaa kherusesthat s

tivated th |t I qut t f 5 C e e
bl anat | orthe e 160 5 fo Hrafers tisp daras m Hh TR g b lefl e in Fieueg
Figure 6, t ifiPtespet? 16 thetlchfatibh Gppdritus 8 ANE ShetbidcRink AfrakgmiedbR, Produci ng
circuitry 32 which, in turn, includes a signal generator capabl e of

proddci ng the prBeg ewnbipation pHEEPaA8NPO02,184 ang the pligronent detectiom eirenitr Y2t
producing circuitry 32 is controlled b start/st.op, switch 156 i.ch is
el ot | vel yerelirs ichuiioigh d ik pRnsBmaity Ao isAkisoRiPe i besty Inensl élofs
The AND- gat B121198 aA@&vhicHindichte what Refrictivle 2001 Sholilibbe RkEH, WHenRRSAdvicé is not
voltages in order to activate the start/stop switch 156 and current

produci ng cirepelytafignedpin orderite aghiqve prapendignoent; Recferablyi the substantialiy, rarspansnt
f th l.anati on. swit gh 152 .S h J ] ' 152 |
£ o e SERLERAY SRR S g Royil el APl S08 ARAP YR VT SRR

AND25 beams 56,58 to the cornea 4 even during misalignment.

It is understood that automatic alignment correction may be providing via computer-
controlled movement of the actuation apparatus upwardly, downwardly, to the right, and/or
to the left, which computer-controlied movement may be generated by an appropriate
computer-controlled moving mechanism responsive to the optical alignment mechanism.

30 The optical alignment mechanism is preferably used in conjunction with the sighting

arrangement, so that the optical alignment mechanism merely provides indications of minor
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gate is enabled at |least with respect to the first input 160. However,
whenever the W@98/09564 5 edet ermi ned amount of appl anation i s aBRTETT4SE .
whenever the positive output voltage is no | onger present at the output
fromthe applanation switch 152), the AND-gate 158 deactivates the current
producing circuitry 32 via the start/stop syjtch 156. The second input to
the. AND-gate 158 is the output from another AND-gate 162. The ot her
AND-gate 162 ' RS hile'he Bk {archfbdriif 301d¥s YW ERicatiON SPmafdr lafighment
switch 164 205%%&&%??@0&8&??%3 aﬁggotn y %n tE% con% act :je\}?tle 2 Jl%ga ghmen
| ocat ed at. t herizenqer Iaisi wderdtaddahoweberptint the dptical phigrneent yneghargsme dabbe bsed in
vertically and horjzontally wth, the actuation apparatus, and the_ .
detecting ar r'%dgﬁﬁﬁﬁ‘ghF‘“gTﬁé‘w@&}st&ﬁ esubaantially t&“?&f?’i‘r%‘r’nggerfﬂ%?rgf’ﬁﬁé is made
cannot be aCt\Li\ﬁ@%ﬁ&Lﬁ%‘P' ess there is proper alignnent and the proper axial
di stance has been achieved. In order to achieve such operation, the output
from the AND- gat e Althbugh thedomegeing elignment mechatistm pgasthesame inefle2ted beams 60,62 used
AND- gat e 162 and the ,push-action switch 164,i.s. connect,ed to, 1 he second

i nput of the b 3@%&* IpFeEment, 1,js pndsriined By SoParate HiEmis L Peih PR ey be
between the ALY godRerltdpralide sEfardibland AitiRct lfignmdit®epial 2 he FsreBsthg 2Rdngement
mai ntains a positive voltage at the first input termnal to the AND-gate
162 for a pr dsiptefernei bemugecit soes die iteedto pfavide aidposaltdmitens@ind alyss if less expensive
appears at the 30 output termnal of the AND-gate 134. The primary
pur pose of _tH@'!fFé‘Fffﬁmé?'errent 163 is to prevent deactivation of the current
produgyng cf T Cul t evEAndtAS Cfpribhit iRbrieRPBebtrinifies 122,194 are iMRARLOFidre 1 The
PCT/ US97/ 15489 36 response to changes in the propadgation direction of the
refl ected bealigniént G2climismnuyingtbeseriptiond] aligrmes bedm amjttean 322,024 wbild operate in

predeterm ned period of tinme is preferably selected pursuant to the Xi mum
anount of ti FESeAHaY the sBRManeelas “faoar&ﬁfipévé"hlﬁbmﬁf H@éﬁémigﬁ%& -+ of
applanation. 5 n panicular, ead}§fthé hﬁg?uﬁém bédin Bhnfitery [201 74 &rfiied 4 dptical alignment
illustrated in Figufre 6, msalignnent and inproper axial separation of the

cont act devi bear towatd thegiswice 2 oT hehalignoentbeamm isarsfested by tise eordealdttoqmrpduse a

arrangenment 8 is. audi bl nnounced b eaker. 168, C ) | j.an
o a B api ay aiered armebe GO0 e Fgmted pBRR BPRhol Ry S0Csf HURRRAEIR 0 1N
responsi ve t qofithe’f¥Betod ®edhs 60,60 of/Niht, diit @athéSthe dsfletied Alig@inient eami When the
connected to the push-action swtch 164 and another 10 I nput connect ed

to a three-i shenmenrbesat emittery 123324 are prasentyfviore snesifisallyn thecreflested afgnament beamss

activated, thg.inv Lng r (A p t .
posi ¢ ve. ol CHN BishebfinngP Bhlc B! altnclePodBbh RS 4 SofhR Y ppfination
Acti vation ofonlynehehrheldevicéd BGs prapeesitdngd pithalespietio the wetuetion afpanaté16 and the
push-action switch is not activated, any positive voltage at any of the

t hr ee2Q nput s detEcinganengement8.1 Toe 1psy of the System preferably includes e sams camPoRENts ande

thr ee of ner - CREplet T HE byt & e SRHR St Aok, SB0ORUE Bolithd?, dighintnc a8
thei r inputsemitsdpet22, i@y connected to the LEDs 100, 104, LEDs 98, 102, and

LEDs 88a, 88b. Therefore, wheneyer, any one of these LEDs 88a, 88b, 98,. 100,
102, 104 is acti vabesystenya er include an applicator for gently placing the contact device 2 on

the comea 4. As illustrated in Figures SA-5F, a preferred embodiment of the applicator 127
25 includes an annular piece 127A at the tip of the applicator 127. The annular piece 127A
matches the shape of the movable centr;ﬂ piece 16. Preferably, the applicator 127 also includes
a conduit 127CN having an open end which opens toward the annular piece 127A. An
opposite end of the conduit 127CN is connected to a squeeze bulb 127SB. The squeeze bulb
127SB includes a one-way valve 127V which permits the flow of air into the squeeze bulb
30 127SB, but prevents the flow of air out of the squeeze bulb 127SB through the valve 127V.

When the squeeze bulb 127SB is squeezed and then released, a suction effect is created at the



gate 170 produces a positive output voltage. The speaker 166, as a result,
wi |l be actyyakpékss0 whenever any one of the LEDs PCT/US97/15489

88a, 88b, 98, 100, 102, 104 is activated while the push-action switch 164

remai ns deactivated. Turning now to the current producing circuitry 32, the
output fromthe current producing circuitry 32 is connected to the coil 30.
The coil 30, in turn, is connected to a G#&rent-to-voltage transducer 178.
The output voltage fromthe current-to-voltage transducer 25 178 is
propor t i onaipen end dfshecondeitt] 27CHvasbe squeezehull h27$Btries30 exprad ita ita PHI-sRIFEED

th | cul afi it 10. T | culation unit 10 el .
Vol t age. fr GFAREnd P PSR A ey b e r P Corfta OGRS b HF of iethicmer
of current |b§ an output voltage indicative of intraocular pressure.

Initially, an output voltage fromthe filtering anplifier 142 indicative of
t he axi al In addition, apivetesidpar sysienyl 27Rds eoangsd to detachdke movablmeentral piece

30
actuation aratus 6 .and the, detectin P i i@k i a
ref et ence 35%%@8‘3\%’%1?’@’% 1275‘? P“l’ée‘éa h‘fﬁ} fz:?cfag ?feﬁgé ot?t?]\g aé%lgg{rog%gz 1se&e%d,
98/ 09564 thereby nudging the contact device 2 away from the annular piece 127A.

PCT/ US97/ 15489 "37 voltage Vref4 represents a_di stance calibration constant.
The output fromAlernatively, the gip e8dhe @pplicators 42Ameay By sslertiNely magastizedoan

output 11 oFRESERL s e s Hone BB REGATHER foFa® T aridRment.
di vider 5 rsPIaces fidpivolédewdr Bpsterh 1T wieH dinAgheti2htidr@echaistieapdbld of proeidits
the output voltage indicative of current fromthe current-to-voltage
trahBducer armgnetithieldivich espels e movablefconteal piesel §i8.cthergby annlying thesontagedevice

i ndi cative of the cur pent in the coil 30 divided by the distance squared
(1/d[err]) .= ®iRe 6Pt vol tage fromthe divider 184 is then applied to a
nul tiplier 186. ABgeférdd ¢iRuit@rradget Fdriipipleatenting theubpud combihaign dfietemedntse
di vi der 184 .bg; a reference valtage Vref[err]. 10 The reference

vol t age Vr ds [llustrated sehemtistityan Figuse o rvesPEding 1q thersplesres ciegih AFAneaTeRty the
value of (lL/dlerr]). t I rlel d ' %ﬁ%i ; d ed
by the m)vgﬁﬂga’ legeh%l}ya?et%!té%eﬁ?é12%’3?‘%&5 é{? ﬁg{rp%%ggoss&o e gﬂ Bél}{?de{q/glvtag Je
frons t he meutpuplpreporfiBfialits thehdetedted deamn dntensityv €Tk ottpet fromceach bedipintensity

being applied b e novabl e central piece 16 against the cornea. t. the
out put ol HatETaT il VR eperbe beorneBed £ the RV e, R ETRREL A Rrngr o
15 digipfifdr 128828 Thee iﬁ%é?ﬁrigrt'bﬂﬂums Bt mﬁ—,lringfambnﬁer.d 196,028 ark&Bnhested 16es
a reference voltage Vref[err]. The reference voltage Vref6 corresponds to a

cal i br at i ogrownts t Bivetanipdfiersdi?26d28 ithegefooe provider filteningand amplifination gifect( i n

Pascal s) dependi th f i th abl | Biece
Cubstant i al |y 1 1T erR fordetsF eS8 Rttt Rt PRt ol Sin e,
s ideref Ortﬁtei-iﬂgiaqﬁﬁliiﬁ_\éﬁ 198 i§ hBpdeEs lahein('érﬁgggﬁ%gl fehmidgl BY acvetiéa Caligyimehte

cornea 4 against the inner side of the nova . central piece 16 in
response t @osipsraterckdfe heokrticakalignmant eorepanton I 3Ghasdts npg-inwrtinginpuicterminal

t ed th 4 d t .
P Lbst ant i alcOpREatse 1o ATErEraich Souae TG om Fetorshrt uitbep Vit & Serld oy 1
i s indi cat igpfroRimdrédithe@iphtdFonithe SieHng enplifieri28rwlidnever dlicxht Sedrs 6D siril@s the

appl anated by the entire surface area of i .
central row of filters 110, of the multi-filter optical element 108 (i.e., when the proper

25 vertical alignment is achieved).

Consequently, the output from the comparator 130 is approximately zero when proper
vertical alignment is achieved, is significantly negative when the contact device 2 is too high,
and is significantly positive when the contact device 2 is too low. This output from the
comparator 130 is then applied to a vertical alignment switch 132. The vertical alignment

30 switch 132 is logically arranged to provide a positive voltage to an AND-gate 134 only when

the output from the comparator 130 is approximately zero, to provide a positive voltage to the



the inner side 24. This, in turn, corresponds to the predeterm ned anount
of appl anat i WR.9898564 Preferably, the output voltagBCTREPTEMEY e
of intraocular pressure is applied to an input termnal of a multiplier

190. The multiplier 190 has anot her input term nal connected to a reference
voltage Vref[err]. The reference voltage Vggf[err] corresponds to a
conversion factor for converting pressure in Pascals to pressure in
mllineters R Ay GHSar f bar.

t herefore |sﬁlh?lg? ﬁw%}é&of |%1? ?gggrg\‘gér&pr esgtgxr' gy?ﬁﬂe%mlfér}g?d;wsﬁrggdgg po%ﬁnQ:e
mer cury ( Mmigitagdwertbe BED K2 guiyedenehedutmd fiomothetcoofpasaiord Hidas positives The LEDs

O e o7 Wit ey st oy when Ther 13 Vefical Fsdigninii and Sheh iirmination
PCT/ US97/ 154@&@%&&% 8t &débﬁ&@dcugh%&ﬁd’td)ﬁe taRkfaocul ar pressure based

on this output Vvoltage. Preferably, the display 167 or cal culation unit 10
i ncl ues a menor yindsgérde d@8ming wheti;emreperdlqmzesishﬂlgmugaas,sbe:ompaﬂﬁ‘nmtthe

th t put | t f .mul t.i pl 190 wh t h t d
arount of - agpiedAg arbAItes 198 i drpled g e e IoP e AT e ma{!éfawngz
i's automati l’n? ¥raf?q38 whllethein ﬁbﬂ't&nﬂﬁamﬁe@{&ﬁouﬁm hE6niardth F13

pr edet er mi ne unt of applanation, the Intraocular pressure correspon
t o t he pressdsicennestadetoothe outpt wnv\ﬂterﬂltehng aewplifierul28.t Theteraparator 486 tﬂlmrefore

[ tipli 190, Th h f dt t. .the, hi
bt esshir o vl AEPBOHGHS BroRPBoAoRE HHTEIEs POSIeER L INeBies Astectcd by
mul tiyglier %%mﬂrxﬁﬂceﬁii@mei'ect&r??lf?ﬂpr'thk QiR ie‘f@l\a}h)énéﬁﬁﬂ{e Tight %A{ri]sgélm

subsequent neasurenents of 1| ntraocul ar pressure.
Fi gure 6 showmke the @hnsrpl agluthd 7ofi fiiteds ¢10,g! 1 1f0gy; rhl% tof‘ the umdtfitep odtitah elemdnes

di splay 167 own f e dIS a 67 nay al so include the
t hree LEDs 4@&()12%@ ot ¥'fﬁ§§’{?%ﬁg‘8"1"91mg Jhé ‘ve a visual

i ndi cation of pr qﬁh%uétﬁpﬁﬁﬂﬁﬁxsth%b%arak& mr@ ,mééﬁreaéﬂot\bﬁéxﬁfﬂef % e%%tszomal
patient. As indicated above, the illustrated calculation unit 10p| ncl udes

separ at e andlighiment m;;chm'ed is negative mihgh ther contgp dedice 2 dctoodar tarttie dgbtl (@eFigure
184, 188 f
out pit ol t A5an T phafive ek iheRbbhulCunad 5160 B b e B (EREE L' dof Alew,

(mrHg) . The freriae aebxapamdr U3 Gis itentapplieditd @l iopizentaldlipgimenriavitchang. [Thefherabntyt
provi ded so that varjations in the systemls characteristics can be

conpensat ed akgnmeny, sviisl 138 s logically emsgqi ﬁgprtowy!eraetmtéw@ tagR tothe ANRP-gajecl34| |
e er T YAGLUBEL b oA Sl 1161 B2 e LU vt M

sur f ace ar eREDF 104hunly whafths batputFom il chinpardsti 136ds flegutios) aad 36 provide a1gositive
contact device 2 fromthe actuation apparatus 6 and detecting arrangenent

8) affll the ¥otgerathsd.BLA0Qenly whentbe owtrutiem theeamparaion 43 @isqositive.siTha LEDs
factor deriygg { cwﬁ}e Q,%re%gﬁﬁﬁﬂaﬁwe%n?ﬁ whaf thdt E*Ae%;ﬂ%g{al %8%5‘{ gﬁ:ﬁk@ adPEAR" S
can be used al'ong mul Tipl i er of er 1o achieve the

results pl’Oﬂhd'ﬁn‘htbyidldiﬂyvﬁimmbbﬂrédﬁvel’aﬁtl@ﬂdloﬁﬁlbetaken di viders shown in
Figure 6. Although the above conbi pati on of elenents_is generall y effectlve
at accurat el y nedsafcPrigneswih thenratertad giseuit srangement jlasteatad inFigusf 6y the

patients, spib pati.entisn NaNGr %ugtelme' Yistahld m%hxﬁ%@ﬂaﬂéa)ﬁ bleGlsr &BY ﬂ.@faaes a

This, in turn, may cause slight vi ations
25 photosensor 140 which produces a voltage output proportional to the detected beam intensity.

This voltage output is applied to the non-inverting input terminal of a filtering amplifier 142.
The inventing terminal of the filtering amplifier 142 is connected to ground. Accordingly, the
filtering amplifier 142 filters and amplifies the voltage output from the photosensor 140. The
output from the filtering amplifier 142 is applied to the non-inverting input terminal of a
30 distance measurement comparator 144. The comparator 144 has its inverting terminal

connected to a reference voltage Vref,. Preferably, the reference voltage Vref, is selected so



measured intraocul ar pressure. In order to conpensate for such deviations,
t he circuiyd ¥s/6dk6430 Figure 6 may al so include a vari @eirAisg®isase
anplifier 191 (illustrated in Figure 7A) connected to the output fromthe
mul tiplier 190. For the nmpjority of patients, the variable gain anplifier
191. WD 98/ 09564

PCT/ US97/ 15489 39 is adjusted to pI’OVI & a gai n (g) of one. The variabl e

gain anmplifier 1 1therefore have,.essent i no,effect on, the output
Fom the 819 PRI dpe Pepat Q5 it Slterne, AOBIAT cidbeoRy oYhel TS BEPHS A Clpancs
corneas, { Qragé'tﬂc é&)cadt%eﬁ@e Esﬁo?xgtﬂeodcﬁxaﬂeﬁ hﬁﬁﬁa\f&uﬁlé'aﬂd WeRetingd @fangBentA. gal n
(g) of Ies an one Is used because unusua corneas are nore
resistant to aﬁmsaqlmlgnhamdtmmﬁ@eqlhembmpanaﬂxum i$ zera wheaeswn the prn;iu:r(utai on
t hat . exceeds, al bejt a spall anmount, the, agtua |ntr ocul ar Mss re.

t from

TEe ad Jl usdigtancs x%v%ﬁ negatve whenever dheseepnd reflet Ee'%é BRSSpLHY .
hogi ot 1 onPArigh ot mil-e? Bt AtnBf OOTY. IHenBich Y D Witarkcl is 06 FORDERD

corneas, i pésitepathéer defsecéndvefieadedbeanb@4 passes thidugh a light pomiondif tig! muyitif or
those patjents, the gai g adj usted t posi ti ain greater than
one so th%!fermgcaia Whg?g Jga‘f’ﬁf"“&ﬁ%l‘ﬁ? gl @%@"F%’r"@a’é@gg t he output voltage
from the mul tiphd GimtHonPhe Rompargtor @d«; RAAGP We&wa SREintL ARAuréMert Ritch

cornea' s devi at [ on If’rom nor mal * cor neal Preterably, the gain (g)
i s manual 146. Shedistance Mmeasureansht mtdtel% dumsm@IaEDSquﬂl pasitivesvdltage sdanevet | i ng

the gain of a variable gain a f.ier, for exa e...a potentioneter

cdfnect ecF% Quipt from theé’gmﬁaé Jsdﬁ?ﬁ’@ driyes; tﬁ%ﬂ%%%’@’b en fhr‘?é’”b%ﬂtlfﬁ%hl ar
gain (9) eadnlRPRBHI49s bbﬁnwlaahraﬁms e Eeghswsm?mhé. ﬁ.erdw@.uvxffarshhe in
turn, can be determ ned usi n%aunown corneal pachynetry techni ques. Once the

cor neal tmrmﬂmgsl‘i%lsmg@trw LEDs 88ps88baare therehyouminatedaniwhemthelaniaks i s

1 st r ey sepaanEs Jof CRnhS FleeCER8RCR AetuiOh BB Koonlh 18 Beresing, oo

connect i NgraBerfttt [8US ibprogerC Hdch ellubhin@fn hedrlytihdicdtewhat cofrestive dcrionshould
pachynetry Eparat us 193 to a buffer ci rcwt 195. The buffer circuit 195

cdAvert s hetekemot@feause; wihep she LED B8 dssiluminatedgpe FOReiYE RCHRISIS PERSEIY-Wi t h
the detected t k

particul ar, th{(g'}litg ‘i%z?dsto tﬂg%{ét'%dng Gces %gge}'t}e thrl%%&g{fgﬁaﬁ? %ﬁpﬁég}rﬁ%l on
i's zero, xﬂﬁgﬁh&@ﬁxclad@ahmv&guglg rsaab&rw,mnrmtmlﬁdnhmed@hecﬂneﬁs 48/50aed
thi ckness is |l ess than the nornal thickness, produces g}lq gain

(g) |ess apmlied nandaddad byanaddeciddyg Thesoutmt frtom e pdder 1i4§ lgmsataew'qdﬁa
nor mal k | | | ,%@ |
whi ch cowp@n@gg@é‘g@‘rﬁ ‘HQW"*@S? lrdle nZﬁ ﬁfé%sq 4] ﬂllis un s? gt(r)%h?ﬂgf& st% | ar
ceof i gur adamenmptlifier b@ is sethectedao ppansiatss 4 asulcahmﬁlad:nngtmqﬂlﬂar 48 flyers sndz e,
ocul ar rigi dlty, and the |iKke. cl> | eyel s, of corneal ’@rv%re rF1ch 30
are hi gheamnlifies thopyrmiof theutgul Yoltages Homdhe light sepsos 48 OYBrB N be
greater igjahn f&f‘n GiflEr :ﬁé’ﬁ' meﬁspﬂgaqs%e FOR-URBHINE WA RrRhA dfl Al dpplanhdGin
normal . Typic each increase In on

comparator 150 The inverting input terminal of the applanation comparator 150 is connected

to a reference voltage Vref,. Preferably, the reference voltage Vref, is selected so as to equal
25 the output from the filtering amplifier 148 only when the predetermined amount of applanation
is achieved (i.e., when the reflected beams 60,62 strike the light sensors 48,50). The output
from the applanation comparator 150 therefore remains negative until the predetermined
amount of applanation is achieved.
The output from the applanation comparator 150 is connected to an applanation switch
30 152. Th applanation switch 152 provides a positive output voltage when the output from the

applanation comparator 150 is negative and terminates its positive output voltage whenever
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PCT/ US97/ 154%® W@9%4opt er of corneal curvature is associated KCNIS37/8548% mm
Hg increase in pressure. The intraocular pressure rises 1 mmHg for very 3
di opters. The gain therefore can be applied in accordance with this general
rel ationship. In the case of eye size conpggsation, larger than nornal eyes
would require a gain 5 which is less than one, while smaller than

nor mal eyes e. For patients
with' st|ffew%hﬁﬁ%%ﬁﬁgaapgﬁ%@rn@%d#?ﬁ giﬁﬁétcﬁreneggg?gr}“%én | ess than one,

but for patients Riefenabhothesutpe itcem thelagppttnamcsssthdhel 5gas corinscigd eeaaeapnlimnon

Select odf or PR 155 whigh Bl FORRES heaine e srruncy SHONE: GEdnp maljoR s bebn
sel ect ed autméoc% iBYiaC AR &MPW.@@@@ aweHévef{het nRE%ﬁﬁJNm d%%rﬁdn?n

to a known keratorret en cohpensating r cornea vat ure,
knowns bi onettae ap@slmtmnmyatmaltsangmﬂby disappesisze. Despite not being

illustrated, it nder st odtha the system jncl udes ower
mechani sm f or sel ét‘l cﬁ}b'@!“it SFH%C 13%@ Sﬁ@ﬂ%ﬁlﬁ%&%& rtgéég/‘a’f""em
househol d AGGUh¢ %Etrcu'kéy 32 which, in tum, Q&ﬁfd@i hg%nﬂf genBiatd @bsyie of g%ﬁiﬁ%ttﬁé’

w |l now be descrl In|t|aly, t he cont act vice 2 Is nounted on t
corneal sur fprogressively inraeasiog cument in thageil 30 Theoureent produding eincuitay B istontriolied

f f th | | h [
| enses The i AT SPhSHIRISB A 1 SRCHRl EaMpra P L fepntvatesd by SR AN g 158
i ntejgection of tfig mgm@ql%%a%%hnﬂﬁ; i gagh bhwmrdﬁs?@xmsﬁ %ﬁh@@WltagZé@H e

the I'ight 75 provided inside the tubular housing 64 is illum nated
facilitate \réerab activateshe mn/sthe switels B36amd icorremgradueing eirtuitry 3. iAvfitgeinpat 160

h al th d,, Ne th
i at | ons B PRmETS oGt BETS tsblappiat alehaR e Shef shhantabh Syl
bot h exi st. ﬁb%oﬁaénw&aamﬁmrb@spat%ﬁ@ thd"ﬁ’ﬂsﬁﬂbut%@ rBMaing bbeiGvd i the AND-

i ndi cated corrective action. Once proper alignnent is
achi eved anqatenés pnabjedr ataleast] Wntlhstainm& toxthet firsh enpae el0t hdlcweavent wbmever the

apparatus 6 an the ont act .de tio I s acti ed
ana- [he apsieiemas SoR b spaRies atiEredle HBeitits B phati Podif voifat®
produci ng ClanldaIngéxy predent| &t theSRAPSE from afel hp‘;ﬁidaﬂﬂn switeh C152),efhe ANDIHSte NI5S
circuitry 32 generates the progressjvely increasi current in the COI| 30.
The progr es SERRSIVptes ey @EENhEfodusing fircuirg 32 ot te s syl 156 ner easi ng 30
megnetic 1 el d i Aylkiofiidurtd e RRIREAD' SE RNk BURGASHIY ATROREL fod Iled.

in turn, causes axl a Facenent o he nova centra pi ece towar g

the cornea éthey ANDigaee t62 froeideng pesltMe outpiifrdiag e 6hiG4vhen a push-action switch 164

PCT/ US97/ 15489 41 fie ogf S re ul sive effect on the nmagnetical]y responsive
el erdtht 26. isqressed and;ogly Wheas "aﬁ%"r‘r%"ﬁtd%‘f:e?r\%mﬁiﬁ‘ébﬂ the pEoper ayialffigtance;from, and

produces a py fi@perty hitghedl boff & fACARarNRrZ0ftallY Witk te WenfaRiol %Bpsratus 6 and the

detecting arrangement 8. The current producing circuitry 32 therefore cannot be activated

unless there is proper alignment and the proper axial distance has been achieved. In order to

achieve such operation, the output from the AND-gate 134 is connected to a first input of the

25 AND-gate 162 and the push-action switch 164 is connected to the second input of the AND-
gate 162

A delay element 163 is located electrically between the AND-gate 134 and the AND-

gate 162. The delay element 163 maintains a positive voltage at the first input terminal to the

AND-gate 162 for a predetermined period of time after a positive voltage first appears at the

30 output terminal of the AND-gate 134, The primary purpose of the delay element 163 is to

prevent deactivation of the current producing circuitry 32 which would otherwise occur in



the refl ected beans 60,62 begin to swing angularly toward the |ight sensors
48, 50. Suchweesmbsedi spl acenent and i ncreasi ng appl anati on coptT/OBES154831 |
both refl ected beans 60,62 reach the 5 | i ght sensors 48,50 and the
predet ermi ned anount of applanation is thereby deened to exist. At that

I nstant, the current producing circuit 32,is deactivated by the input 160
to AND-gate 158; the speaker 154 is nonentarily activated to give an

audi bl.e indication that appl anati on has .beepn_.achjeved: and.the intraocul ar
P essure | SERINLIR FHENE eGPy Aigs ObiiE PUCEE e B0 63 uis sha el
10 stages Of dgpRGibnl Ate ?F&@H@frﬁﬁ@& Fér!ﬂﬁﬂoiatﬂﬂe ls|ﬂréﬁiabﬁtsﬁﬁcﬁmgduﬁﬁntb the

i ncludes various preferred efements, it is understood that the present

i nventi on negxilpemaemoentedf tigienthav ar could Bkhdp 2dhiEve| e direddtenmirads ampgnt of
exanpl e, the %Etecting arrangenment 8 may utilize various other elenents,

i ncl udi ng APBIEAYS which are typically utilized in the art of barcode
readsng. Wth reAgdordifi€ioliRe prieftred SirdhiirgMsited ih Eiglitedd; mishfighment And iRprdper
provided with a 15 barcode-|i ke pattern 300 which varies in response
t o di spl aceaxihsepefatiomef the oeritdct deviget2 with pispecs ta ghe acRiation ep@aratub baed dateting he

preferred pattern Q prior to displacenen f _the novable cent.ral pi

6 Cana FAaanEeTY & Aol pshehn e R £ EpeRE 168 pnd BinsE MR Von'sh Bl R g R,
anount of arHy digl%ﬂrqmiaﬁd gpéuker 86 aréRonsRt&Lrd @sponsive 6¢ BR AINID parec{ 69, €The
woul d i nclude_a barcode reader_ directed generally toward the contact device

2' and capabNP-gatedéBdis aminverios Rt sparrctad forthe pushyertion switch 64 3ad apetherer n
3004,A terﬂﬁﬁdt%&ééect tolgt&’}aﬁf‘@%'g?teﬁlﬁures 9A and 9E, the contact device

2' may be provi W a mul pattern 310 which varies in response

to di spl acenent Theréfoee, mhenlthecpuskiattiod switchs B64Lis activategl, the ifvertinhinpat tetminkly
illustrates the preferred color pattern 310 prior to displacenent of the
novabl e cerffthf e 149 prevemis|apoptivg ytage feqrm appearing il the euipus fremehe AND-

preferred N A SRt ] t p ' L Seti
i oved. TR B A R ek (o8 P P PRl Bl PSR eton,
for em tti rsgvitah Bommaaivated,giny pbsitiee wbltage apany effthe 8ir€e mpuoksao det @Rtgate W wiil

receives a reflecgted hea r he pattern 3 and. detects the reflected
ol 58 'to adeRYaiF M ABERAPS aa B ek Pows o e QA R Besbeael dnneredis,
to detect tfien ol IR AFEEhePORL giEesMOr2A4E] TE NEHADR Rafs 9 728 743 78YinUai) ava0
a two di mensional array photosenhsor that senses the |ocation of a reflected

beam of | i ghtir inpapsaespecireenerhnedted ta thetlEPs 186G hebAEDsLS, 1, knhEEEIsB8g88b.i n
magnetic figld.can then be used. to 98/ 09564 . .

Pt Usor) 155Re7B. etk A6y S il LADSESR-ERb, 251100, 407004, seyere e Qs
di spl acenmergateof 70 proditeéaliositive Blpat ya'ta%@e Tife. spli@eP N 86,1 alresW€ wilkBe bbiVated
alternative enbodinent illustrated in Figure 10, a mniature LED 320 is

i nsé®ted i nwhenever aynenecaf the LEDs 882,88t98, 1904034104 petivatedrwaibilecthe pugh-pition by

ultrasonic 5. [l |ternatively powered by el ectronagnetic
waves. The s%’lstf%r%tsﬁégs}gy‘g?d%ﬁ%va?nedgi ature LED 320 is determ ned by the current

fl owi ng through Tdring Aévatiorite lbierd2frodhitiff  cidclitrlyU32), thevytgue frome thalcaetelty a
variabl e e g rcuiny 32 1 conmécted to the ol 30,  The Soil 30, inturm. is Sonnceted to a
current-to-voltage transducer 178. The output voltage from the current-to-voltage transducer
25 178 is proportional to the current flowing through the coil 30 and is applied to the calculation

unit 10.

The calculation unit 10 receives the output voltage from the transducer 178 and
converts this output voltage indicative of current to an output voltage indicative of intraocular
pressure. Initially, an output voltage from the filtering amplifier 142 indicative of the axial

30 distance separating the contact device 2 from the actuation apparatus 6 and the detecting

arrangement 8, is multiplied by a reference voltage Vref, using a multiplier 180. The reference



varies the variable resistance 330. Accordingly, the intensit | ]
fromthe m nW9OESHED 320 i ndi cates the magnitude of the mvﬁfﬁé’sgéﬂ%'

pi ece's displacenent. A mniature, |ow 10 voltage primary battery
340 may be inserted into the contact device 2' for powering the mniature
LED 320. Wth regard to yet another prefernged enbodi mrent of the present

I nvention, it is understood that a tear filmtypically covers the eye and
that -a surfaggudoeRElep tepi@sstts b ABtdnbe EQMbF RO BRYstaR. SEhe Ll piitefiorh iRl moltipliér 180e
i ntraocul ar pressure. Accordingly, the contact 15 device of the
present i nveistthensquarideiyabmpltipaer k82 toreneste auputautveltaga jadicative Bf distapessqypeed
material in o ,der to decrease or elimnate this potential source of error
I't should bel ))t ed that the drawings are nerely schematic representations
of the preferred ?H@%@&ﬁ(ﬁrﬁr&n tﬁé‘ﬁhﬁ ﬁéxel82t|§1ﬂxeﬁ%?ﬁlﬁed@b%ﬁﬁmﬁﬁ&nﬁﬁalTolﬂﬁ divider
preferred enbodi nents and physical arrangenent of the various elements is
not |ismted 18&4.t Tae onferchputsteimihal sifithe émde\'/ahsﬂcg@lm the outputveltaggdndinativesnfd

di mensions wi ||l becone readil ar ent th f QF i n the
art. The s z%“’é?mt r@nmaﬂr@%@w?ﬁ%ﬁe nstibet 08 186 4R 1B Yt Sol pcPpis] oo
for use in agj %@Htiv%ﬂth%' cubrefd iRk IasL 3¢mkrmw $¢ thd dtiaaﬁquasﬁedqwi)ce
can be made wth srra | er dinensions for use with infants and patients wt

eye |id abnornali ﬂ”hesautmevqitascémnw@mwdn@é%mthsn appléedfioed; BRMtinligr dB6. (Trbe

i ncl udes a han end| 2 ou

and connect e@“ﬂ‘?gqrg% téph&s *pc'f? Fﬁ’ﬁaﬁ?«,ﬁo&' éqaf%“%epg&eyaés)%gé%ﬁ% 2'% ?ﬁ #QQ“QA
pl acegent onrge Péfe&%e %urtig%cvréfeccﬁm éhdt 30 b onverkibh fidier foaBehweritigoihe Gaivedf
up therefromto support the act uatlon apparatus 6 above the planar surface.

| NDENTATI ON @61 to a value mdlcatxvmg' forsaimNewtnns being 2ppligg %@5@}%@5 cggtgql Pigce 16
illustrated in. egt
by o ool s e e Sihed w0 TR SuliP GolliBe HRRE TGRS 56 M hAGRHE HaiBliGe 81

PCT/ US97/ 154ffcehia N@adus bélgg hmlred(bguheamowbrhs santral pmcqot@agmm thermadnezor ce i s
appl i ed against the cornea using an indentation ecause of the

force, the indent Nexbiheievipakvelfage diom the myftiphes lt%ﬁ\éls g&ﬂ‘ﬁg? ap ippyr, tsTaHnal gk 2
cor n‘g@r ﬁ: al |tﬂ aag('ilﬁ TRQ%t?#ﬁﬁﬁﬂ?%mtxﬁﬁ‘é?Hegﬂvﬁ% fﬁkerel: gany &?ér&f)ke%l’ch%éevkéﬁ 0

t he ponse rm ne orce novvn I nversely
proporti onal The réference voltage Vﬁe:tybca'respbmﬁsm£cahbmmmchdn§thm for hﬁen‘ﬂ:rmgaforce (in
vari ous known tables which, for certain sta{}]dard Si zes 8 indegl% ;}

devi ces and Newiagakta pressurg §in Passels) depending,on thesprface.ares githemeya cfemr piece's

i ntraocul ar ' RN e Hividdr U8B thefePbre indicative
i ndent ati on, R{bﬁgamgagﬁl'gnégtggtk?gl @g? Ee)(k:kgd VAIHEE he cgnt (;IIC'[ devi cg 2 rfet;?lclt [ lons
as the i ndensfht pressies/(ire Pascals) beoid iekérted, bytthecmmea éraganpstcthumnntgsxd_@of the movable

circuit 32 is swmtched to operate.in an in lBtatlo node. g switched to
t he i28dent at ¢etrahpiges 14 ngrespanseta di ﬁ@ﬁ?ﬂ@f’h@f F MAayR eggntgq_l”gmcp € a

predeterm ned andgfie Fhe l’Ers bPlthe B5meP de%@ndsTﬁ'ﬁ‘oxpf}ﬂds‘ﬁPﬁéérhféﬁdof the

6B lext
amount of current corres d‘ﬁ 0 R%e amount of current needed to produce
one of the afubstanpaly ﬂanedmst auddeiMd theoputput voltage from the divider 188 is indicative of

intraocular pressure only when the comnea 4 is being applanated by the entire surface area of

the inner side 24. This, in turn, corresponds to the predetermined amount of applanation.

25 Preferably, the output voltage indicative of intraocular pressure is applied to an input
terminal of a multiplier 190. The multiplier 190 has another input terminal connected to a
reference voltage Vref,. The reference voltage Vref, corresponds to a conversion factor for
converting pressure in Pascals to pressure in millimeters of mercury (mmHg). The voltage
output from the multiplier 190 therefore is indicative of intraocular pressure in millimeters of

30 mercury (mmHg) whenever the predetermined amount of applanation is achieved.

The output voltage from the multiplier 190 is then applied to the display 167 which



The predeterm ned anount of current creates a magnetic field in the

actuati on ampa9swsss 15 6. This magnetic field, in turnraxaisezas4she
novabl e central piece 16 to push inwardly against the cornea 4 via the

fl exi bl e nenbrane 14. Once the predeterm ned anmount of current has been
applied and a standard force presses agai gt the cornea, it is necessary to
determ ne how far the novable central piece 16 noved into the cornea 4.

Accordingly, when neasurenent..aof intraocul a ressure by indentation.is

oot red, ot hEroeeda VEER HpOD e irack bl ARSI fooBl BT DS Surdl 11ERR) Ri{FRRk e
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beamemtter 202 and a beam sensor 204. Preferably, |enses 205 are di sposed
i n the opti intreopar presaureeTespordsibe e peessure yalup gssogiatediuisinthe dgslo putpouvoltage

b ' | Sy ' f ol h
movabl o centPane gt 3987 e tdilor il Gt Whaarth Rl sore ML bR plasle? .
nmovabl e centilaé upbedetedting o deapeint the dutpik veltigedrdin alie MURiplidh £o( ePrefersbils Qhe

204 is positioned so as tq receive the reflected beam 30 . 208
whenever t hBieRen; ig automaticallyrgsed #Naf ta My sypsguent smeasyrements of ntrageplar pregsutsper
aligpment with t | . f he .pr |

a0 T gnment | ar XABTR Pl RE6RBAE he Gy TET)FEEAD forin % 18 BBENHk ThA thE
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mechani sm 40B 496 Hustrateshindrigura d ovhiple sive 8 yisualdngigation of pagsseregarges which,
achi eved, t e rd Lrst portion of the novable central piece
16, as ill u@tq?g\t‘gée‘i%g&ﬁ?éguﬂ?gg%{%ah pt(')n reflection 5 of the beam 206,
the refl ected beAmiidated abdeesthe ifliststedpcaldulation aditt Iifeinbleden sparacer arddOdistinen

Fi 11A, the.first ' IS ,l t he b 204 t .d.th
i o s de mhRples ARk AnTeo. 190 and e e, B, for Fond e itputvoltag Milspibe <
central pi egfulRnPREPERSulpRf Soltigd lifditative erﬁﬂﬁcﬁﬂiﬁbﬁssmé ﬁx%illi@ﬁ)e%gs bPirRreury

Increase in distance is illustrated in Figure 11 '

ince the 1
movabl e cenfmmHgpi Bhresepratm amst distings amultipliersgnd dividetscaerppderablypracdded so that

progressively. pore to the | eft . L he vabl e centr.al, piece 16. The .

P et od pealiStsin {8 sislens SatachPistdheatRé AOpRemERl Fo b ArgrShiptely Jpeing the

second portefirenddivolages Vref,! Weefl, 8fref,@hdfoh&/réfl.r Ris Wetst6dt, hdhevérethiat Ghasar

204 is arra&ged so as to detect the shift in the refl ected beam 206, which
B

shi 0 i s prefibe sysishes chagctesisties epaicmsame (5. e sutddcsrea ofthe inner gideddands

Preferably, ; . r i € | ' S|
beam det ecttc})'% h@fééﬁﬁ}sgwc%lrg%%g@% %u?%ttjtdg‘\g/%%? a%%'ﬂgp g%tgﬁ{alﬁé{r\lﬁp f’ ?g&'? h%ewde
det ect ed | rdeeting irahgdniér BY bh teibnbérsioh 42809 N cRidigk it & lihilg Eoepiiin!
210 which progressively filters nore light as the light's point of

. 9!
i nci dence rB@tesderivedfromehpenmbinationiof epch gfithe ather conxprsinsfactprscap beuseshalong

with a single multiplier or divider to achieve the results provided by the various multipliers and

25 dividers shown in Figure 6.

Although the above combination of elements is generally effective at accurately
measuring intraocular pressure in a substantial majority of patients, some patients have
unusually thin or unusually thick corneas. This, in turn, may cause slight deviations in the
measured intraocular pressure. In order to compensate for such deviations, the circuitry of

30 Figure 6 may also include a variable gain amplifier 191 (illustrated in Figure 7A) connected to

the output from the multiplier 190. For the majority of patients, the variable gain amplifier 151



In Figures 11A and 11B, the optical filter elenent 210 conprises a filter
with a 20 WO 98/p256¢ essi vel y i ncreasi ng thickness so that |i gRET/HELHISARP

t hrough a thicker portion has a nore significantly reduced intensity than
|'i ght passing through a thinner portion of the filter. Alternatively, the
filter can have a constant thickness and prggressively increasing filtering
density whereby a progressively increasing filtering effect is achieved as

the point of ji agggaﬁ% NESoht i;%oflﬁl 2RO Vil Blin bApID 191 tﬁé}efofr% %Bﬁfd- hﬁ@g

When, as illustra i'n Figure e reflected beam 208 passes roug

t hi nnest por tesssmtielly nd effenpon ¢izd odtpi’ntfmmehemahiplimUO( e.g., prior to
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recei ved by the cmmtﬁ,m@ﬁf{g)@mm&uﬁaec@@mam 'Fﬂihnpﬁﬁih'gﬁﬁykﬁ&ﬂnmkﬂns
based on the displacenent associated with the particul ar output voltage,
det er m nes i derrqeptrolieg the gais ofip wariablegain amplifiertfaeexample. p pptentiomegercpnpected to
menory. | ocati r ri I I pdi . | | .
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tables. Since the tahles indicate which 1 5 . i ntr.apcul ar pressure.

corr esponds qaesy BwhﬂF%?%ﬂi thacknessis éF@mdrttH%gm gompd P%Hmaﬁ) ﬁg@@ess
16, the conp ' Hf o : &S Srdibet erm ne intraocul ar pressure
by nerely det%e%sn%uﬁ%%ﬁ, &%gﬁmé?@slgu?ﬁ&%ord?@s)gonds with the distance travel ed
by the novabl e cemiltenlatipsly aeillidratettie Figuse B) the grindgpmey be selected attomatioally by

al so be used to calculate the rigidity of. the 20 sclera. In
partiZul ar, coRNCSNNgagPuERYL fip @thvggg@meél Wﬁzﬁw B kDOWR PAFYMSIYARParatisl3

appl anat | on Rk 1430 nt B8 LECIH 18, dotdrAQRL hetkciBA BSNEGRkness 1o 2 i

i ndent ati on. erences ween raocul ar pressures detecte
the two net heigsal ussotiated éth thedétaded ticknesshdevihiendodne tie' rormabeatneal thickness. In

particular, the gain signal produces a gain (g) of one when the deviation is zero, produces a

gain (g) greater than one when the detected comeal thickness is less than the normal thickness,
25 and produces a gain (g) less than one when the detected comeal thickness is greater than the
normal thickness.

Although Figures 7A and 7B illustrate a configuration which compensates only for
corneal thickness, it is understood that similar configurations can be used to compensate for
corneal curvature, eye size, ocular rigidity, and the like. For levels of corneal curvature which

30 are higher than normal, the gain would be less than one. The gain would be greater than one

for levels of corneal curvature which are flatter than normal. Typically, each increase in one



Al t hough the foregoing description of the preferred systens generally
refers towo 8809564 conbi ned system capabl e of detecting PCEFUSITLS48Y
pressure by both applanation and indentation, it is understood that a
conbi ned system need not be created. That is, the system capabl e of
determ ning intraocul ar pressure by appl‘ﬁ)nation may be constructed

I ndependently froma separate system for “determ ning intraocul ar pressure
by j..ndent%';ion apd vice versa.. 30 . ) . MEASURI NG
HYDRODYNARHQBESTR! sppeghaurvaiire; ix asociztsdWithd P38 P B, incrzase o Praswienin
may al so RN ] ] ey el : 8 iad i
het tsoy HbBbisk bRedr risf T i Rp ff veby 3 di ‘ye?%’%-e??g 2éif therefo re can be, applied in
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device is pl acdd e RGRISYE SEF CAMPRRsAHOR. fatger PaBMOrm | sy=s VAW, reair: 48R0
devj ce COWREirSS Test MRanCoHel Hhfle SMicE that ridrindSdyes WRflld reqiiteda! b whic T gheater
2A-2D. Next, at Teast one movabl e portion of the indentation device is
noved i n tieanaond. t he cornea using a first predeterm ned anount of force to

achi eve indentation. of the carnea. Wien the indentation.device is the
contact devi ce?:?f Pi‘tf?@tsﬁ’ﬂe‘aﬁq'%r p@?’f PW“@BW@W’ &ﬁéa'ﬁ&/&fﬁ téa%gﬁ?’&’éff fa5i ece
16. 10 : ; | ot Rfdtiear rggﬁq Eoates det ermi ned based on a
first di ngtﬁ%nés \t”;tg\fgl edd‘{ﬁz)margd thethg rneggb;}l ttﬁﬁeﬁer?g\?abl e portion of the

i ndent at i on dewscwhelucompenagsingi forcomeal shickhass,ithe gain maydetraanviiie selegted far of
force. Preferabl. the, intraocul ar _pressure is, determne sing. the

af 8t ement Fﬁ‘ﬁb 8 agégt 8 ﬁ]a}tgwaé\ée?}é ;&l'n‘f rﬁaﬁb"\aﬁ ;Lrea%eiﬁf%r a‘gf"é‘&ﬁﬂ% H‘P!y“%q’ﬁ‘a‘g‘mga?ﬁeo n.
Next, the aﬁga&ahlseamﬁé bieséntGfivehition o8 &Abwh ikerutsitstec@hésconyinttingfoc cerheslat ed
in toward 1 the cornea and away fromthe cornea at a first

pr edet er nicwgture.apdér @ kngva bhiemeter wherbeumpensatngdoeeyeisiiéd anount of force
during novenen he. . r ' ' t
from the eyo.  TRePLel ERE RGOSR it & JpISiefint hilehojslihl AORHH poth 0Bl
to or greglechantshfor bdiectively powdringdrd SeteinnBihggitheinbatefied o liomselold A€ current.

under st ood, however, that the second predeterm ned anpunt of force me be
| eks than the fGnesatioppEine PEfsiedatrcuiiiy wall now be describgd. ngially, thegantact device
reci procati.o ' r CONt 1.1 |y
ot oxceod ouliEl B oL RA ALY bhlACadtEnd) SRAANREI ERRIME SRR S
towar d t hef fherdveneals innggsentinlhy the spime chait aus omexaitianad wohtacifledses. CEhé pategaihen
achi eve indentation of the cqrnea. . A second intragcul ar pressure js then
det er mi nelpokssrgugh f}Ef' %eéHBlrFéBq'ﬂ ?‘B'l%a%?caé the IAIFACHOD Bpﬁ‘e _°"°ss'?‘6‘\‘7\§a?’ﬁ‘°§ ﬁ@ﬁ'&"oﬁhﬁea
by the ”Dgahl @o,wfuaa%omlettm hadsrg}&ua A nd8YinE futslitir H3dsiAp B4 isGRbinRRAteftot he
third predeterm ned ahpunt of Torce. This second intraocular pressure is
al X0 pr ef Gacilithte vistadizationeof the icrags-hhies afdthemefiedteshimngs 4t ehrdugh alignment i8i ng
I nt raocul al{ resgqlére by indentation. Since intraocular pressure decreases
as a resuftereRy B g i ntraocular fluid out of the eye during the rapid

reci procati on @fext e PRGREECIRRANE Bovidel ifdicaliBREEPnlsWlightbat 8F RRStobradxial

distance should either or both exist. The patient responds to such indications by taking the

indicated corrective action.

25 Once proper alignment is achieved and the proper axial distance exists between the
actuation apparatus 6 and the contact device 2, push-action switch 164 is activated and the
AND-gate 158 and start/stop switch 156 activate the current producing circuitry 32. In
response to activation, the current producing circuitry 32 generates the progressively increasing
current in the coil 30. The progressively increasing current creates a progressively increasing

30 magnetic field in the coil 30. The progressively increasing magnetic field, in turn, causes axial

displacement of the movable central piece 16 toward the cornea 4 by virtue of the magnetic



30 unl ess the eye is so defective that no fluid flows out therefrom
the second i WO28®O/64r pressure will be less than the first i nPFRGSHT LS
pressure. This reduction in intraocular pressure is WO 98/ 09564
PCT/ US97/ 15489 47 indicative of outflow facility. Next, the novable portion
of the indentation device is again rapidly gyeciprocated in toward the
cornea and away fromthe cornea, but at a second predeterm ned frequency
and using a fQu. d ' |
cornea, he fEfsrp RS O] BE By Repb N GHHS, HURTRN dbiLnt OF
equal or greakemotdbiicehirsl pieve 16prpdiedes progreseivelyrinenessing agplanason bof the sornea 4,
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.
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fluidis thefdﬁspﬁcéeén? ?gdr ﬂgkeatsisg gg@?ﬁag%f)atmé uﬁﬁﬁam&%{earbwﬁ@ 5682 3LaR the

preferably continues sec general Iy not exceed 10 seconds
i n durftion. light sensors 48,50 and Thepredetatmisedamoum of iapplandtionads therdby deemedita exist.
toward the cornea using.a fifth predetermn ned anount force ta.agai

achi eve i ndedt3pat vt tthﬁéugﬁ?‘rf’é_g‘.i“"ﬂ%‘?“é’aft{}gr’? g%f‘cflﬁ?tregfb?mer‘%%% rtgg'rbgg’:ﬁﬂee
|'s determ “%5&4&%&9&@ 5ty b hénélirSiipRGRatkd 88V Esh 2R thdidaBor Bab S5bldktibh Ras
nmovabl e portion of the indentation device during application of the fifth
pr edet er nm nedeamachiavedyAnd the aréraottlar pressure is stored ifiithe tiefrfogy denaees3 aand is Hisplayed
preferably cal cul E’&el% between the first, second, and third distances, which
differences RPAISPRYiIOHiive of the volume of intraocular fluid which |eft
the eyg and theref Qeldaghibad hycin RBb AN hefibbd Yafioud brefeired
under)s/ ood t hat tkfg{hglugi?g}egénb?eegg%g% tfleg%tfgrtgfeand : ast ndi stancgls1 Pr%ly ee
used, and i nelenients; dgarchdersoadsthantherresess arvgntion oey heharchidvéd esing vardous other

between all thre i stances._ In fact, ,the difference between any two of fhe
20 i sindagus Glemas; RoE ExEmplEn s F HBE ARAST BN TeR A IEL g othd

outflow faci bjelnén@Nidciubmgdfirichedhidh bfealypRAGSuMREE @ theheofitafodardading.

paraneters of the method and the di mensions "of the indentation device
change, the rel at Witl neferénse tgiFigurep®i and88; ¢ contrcyidewise i2omay daproyédesawith g

Tobrell 53 bR e RSN R ST a5 Bl A B RO Bl B A
carried out uygi BuABA NKISRitedHe Brefelrag Battdih 36D priorith dRBlaBérhért GEiHRMSovable central

di aneter and a conputer equipped with a data acquisition board. |n
particul ar, pisee trandiFigurgSRcshaws she prefeped pattempiQayhengthe predpiegmined amount of

digital-to-a . Ay % . |
ci feur try. 52 PPRA Tl SHEaY thk 8kl A5G hel s WeB1nbERPE BBl repder
second, and Hirdcted geherdity eyward ¢itk cbintdcadedce 3 afid asdpableadfdptdcting tii diffiéredoas ) tha0
converter. These signals are analyzed by the conputer using the

af or edfent i onbﬁc?%qmti%éﬂ@-p between the differences in distance and the

outflow facility. Aﬁ@ﬁﬁﬂvew,] al llistraP33h ?i%lxl%s ohRfid 9E, the contact device 2' may be provided

with a multi-color pattern 310 which varies in response to displacement of the movable central

piece 16'. Figure 9A schematically illustrates the preferred color pattern 310 prior to
displacement of the movable central piece 16', while Figure 9B schematically shows the
25 preferred pattern 310 when the predetermined amount of applanation is achieved. The
detecting arrangement therefore would include a beam emitter for emitting a beam of light
toward the pattern 310 and a detector which receives a reflected beam from the pattern 310 and
detects the reflected color to determine whether applanation has been achieved.
Yet another way to detect the displacement of the movable central piece 16 is by using
30 a two dimensional array photosensor that senses the location of a reflected beam of light.

Capacitive and electrostatic sensors, as well as changes in magnetic field can then be used to
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which, in turn, provides a visual indication of outflow facility.
Preferably, the nmethod further conprises the steps of plotting the
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graph of the differences and conparing the 5 . resul ti ng graph of
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the foregoi ng description utilizes an e i ment of the contact device 2
whi ch i ncTbeisige ffthemonplle sental piese. for enample, fasshegmodified derussrintanmalont act

device 2 ofbibanaP AN IHRN00d alack 180 S350 tmdddNGRY dblich BinfiRbions
limted t6é such an arrangenent. Tndeéd, ere are
for use with infants and patients with eye lid abnormalities.
One preferred arrangement of the present invention includes a handle portion extending
25 out from below the housing 64 and connected distally to a platform. The platform acts as a
base for placement on a planar surface (e.g., a table), with the handle projecting up therefrom

to support the actuation apparatus 6 above the planar surface.

INDENTATION
30 The contact device 2 and associated system illustrated in Figures 1-5 may also be used

to detect intraocular pressure by indentation. When indentation techniques are used in



5 many vari ations of the contact device which fall well within the
scope of the WP&8AP4| nvention. The contact device 2, for exanBFEUSHHIS$
manuf actured with no fl exi ble nmenbrane, with the flexible nmenbrane on the
out side surface of the contact device 2 (i.e., the side away fromthe
cornea), with the flexible nenbrane on the |55| de surface of the contact
device 2, or with the flexible rrenbrane on both sides of the contact device

2 ar shapemerHOBE By RS o BIERER0E, it b ABTER P

novabl e cent r dberRatRmaiedite. aBdcahE@otCmE H6re,f tBE indehiafi6h HOVcd e} towird the comnea,
addition, as illustrated in Figure 12 the novabl e central p| ece 16 may be

formed with aindpminsthegosmgazas itayrls. sEhe distange travelisd by den indentation desiee intmthe
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any di storti oftratalar Erekéi@e cmadoa&h%@emﬁﬁra vaﬁbﬁsqmwnl tabley/ whichefok iR 8fafidrd
central portion can be filled with a transparent solid material. Exanples

of such transtizesefindentation dewicesrand standard forees, prirejate the distancertzaveljedand intracpular
hard acrylic, rgsﬁglc polymers, and the |ike. According to a preferred
arrangenent, g ass having 20 an i ndex of refraction substantially
greater than that Dfutlifing fherimsaatb& atthhgentent fdrandentutioncthe aidvableicemralfpidce gbtof
by the cornea when the lig passes through the contact device 2.
Preferably, tthe qonaek d@)‘flcer %ﬁrﬁe@mw the fnqen@ngn deges. sInpddisioay therfasrent producing
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pi ece 16 may rh@deglﬂﬁtcﬁﬁeéi@roducmg cwdtmwdﬂ:ﬁﬁﬁﬁslaﬁ&fe{e@mtﬂeﬂ AmoaNEsf dufirefif hedughChe
el imnate extraneous reflections fromthat surface which m ght otherw se
interfere w tilGSerEhe Rspdesermingd amoush of AUrTeRt CREASPORIRIREhe pmoypPayarenbReeded

detecting arr, SIR [ m t e various conponents of
t he cont act c!g\r}lgce gtog?-ébgrsag&g{? sk ﬁl%’gtlon wi t hout departl ng

to no
fromthe scope andIlegpredetenmined hmomnerf eunterit nneeteh a oagnetit field iBthe actuation apparatus

under st ood therefore th s exist f |ntercon ectl t herw se
mai nt & ni ng th ﬁ*ﬁﬂ? al{eléjlr-m ‘P’@ng%‘?ﬁt ‘Eq’ig rﬁi‘?F&b‘I éocpegfmar y @guinstghe
the rigid anp le A3fbrane W9

PCT/ USS7/ 15485728 nﬁ flexible e 151m°vxhe§@'lc‘>%§ﬁ€?'°d°te rpined ampunt of current has been

are used, formappliedrapd e standhaed forbesprasses againgt the goniea itrisihepessaprioateterthingayovh éar the
attached to an bot h f th nmbrane(s) 14 using any known

Nl i bl
att achment t SRGVAPK.FERITaliReR 1BmaNEd NG the, PR Endi ng and the |1 ke,

Al ternatively, whegccordingly, whelfhehSuftémBheofiiRdYcaREe prebsura b indefdtiod rseues.red the
conponents may be |nterconnect ed or otherwi se maintained in a wor

rel at2®nshi p systemtilustratedun Figure! mmlmunc}uc&s walistanch defection mmgnmmhngetmmg)
t he substantia i.d,,apnul.ar Instead,, the substanti.al
annul ar - nonb iR el BY R Vbl Gosbial peES | epol RSB LR TR BRrAR 4990 B
bondi ng the gRERARRRSIO 8P Se@HHExlﬁﬁ lintPdUfar bhfswre BSJetRAGRL 85ta¥bd {rSveilRg by the
rigid annular menber 12 is sandw ched between the
movable central piece 16 in applying the predetermmed amount of force.
A preferred indentation distance detection arrangement 200 is illustrated in Figures 11A
25 and 11B and preferably includes a beam emitter 202 and a beam sensor 204. Preferably, lenses
205 are disposed in the optical path between the beam emitter 202 and beam sensor 204, The
beam emitter 202 is arranged so as to emit a beam 206 of light toward the movable central
piece 16. The beam 206 of light is reflected back from the movable central piece 16 to create
areflected beam 208. The beam sensor 204 is positioned so as to receive the reflected beam
30 208 whenever the device 2 is located at the proper axial distance and in proper alignment with

the actuation apparatus 6. Preferably, the proper distance and alignment are achieved using all



10 menbranes 14. Al though the novabl e central piece 16 may be
attached twoldgpedghexi bl e nmenbrane(s) 14 by gl ui ng, heat - bongi-Peso7AaRsket he
like, it is understood that such attachment is not necessary. |Instead, one
or both of the flexible nmenbranes 14 can be arranged so as to conpletely or
partially block the novable central piece 16 and prevent it fromfalling
out of the hole in the 15 substant%dal |y rigi d annul ar nenber 12. \When
t he .af orenmenti oned annul ar version of the flexible nmenbranes 14 is used, as
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fromthe novabl e central piece 16 and are slidably received in 25
respect i véragyie®ves 16B. The grooves 16B are formed in the rigid annul ar
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16, it IS Q?{f(%txﬁ)mm%%entral 'chT@.t THE r%?ﬁ# l%'ehaﬁfc io%cihérgforégﬁiﬁp%%fitthecl@ﬁ be
created by reversing the cornti guration suc at the grooves are located in
t he novabhmi steikes 204 quiacsecorikioportich whithads rsthe féfeoftthe ekt pbhthoni n- from VO

98/ 09564 ) o PCT/ US97/ 15489
51 the subst antibgibegm segsar 29 isareangad 50 as to detegs;the ghifl ip the r@ﬂ%ﬂg‘ Brapp306 68

include T ggichisfiils GoBRBh to &Uﬁﬂg@&n@n{‘ AL LovaRE LR pHOL 5. BHrabSihe

position t he central ‘pirece 16 towar ed starting
polsi t i on. beam seniskrtZ04 inchidessarcintessity Gespomsivei heainudetecthir 212 whicH prodtess amioutmit ur e

s L
keepi ng t BemBM\A0IWhidhié ivaymersl@oém?m dsthb hi@ﬁ's?gint QF irchiRnémBvés Frdm e

substantially rigid annular nenber 12. I'n Figure 1 the substantially
ri gi d annomeportiehief therfiiter to an oppogiteipodtion. r adi al |y i nwardl y extendi ng fl aps

128 at the out ¢f eSMIrLeTFa%hat 1, Y08 WpREa RIER Hierhdy 00 oBorkle fiter wigh e, o

af orenenti oned an prefera Spose

i roger  si d?ro@?es%h@lyﬁn&i&is tthigkheds §d tHadl lightpassihg tRoEAT a thickePpéiitiohHak X maie
portion of the nmenbrane I4 extends radrally inwardly past the walls of the

ri gi d annsigeificantiybeadueed ittensityr heanchighti prasing rthesugh Hiethinnen partione af tha Slters and
the flaps e centirag*‘t iecgsl fromfallli Qut fﬁ%‘e.the
r

R e T B A ERGoLY HRARH
density whereby a progressively increasing filtering effect is achieved as the point of incidence
moves across a longitudinal length of the filter.

25 When, as illustrated in Figure 11A, the reflected beam 208 passes through a thinnest
portion of the optical filter element 210 (e.g., prior to indentation) , the reflected beam' s
intensity is reduced by only a small amount. The intensity responsive beam detector 212
therefore provides a refatively high output voltage indicating that no movement of the movable
central piece 16 toward the cornea 4 has occurred.

30 However, as indentation progresses, the reflected beam 208 progressively shifts toward

thicker portions of the optical filter element 210 which filter more light. The intensity of the



15 The flaps 12F may al so be used to achieve or facil]
actuation of WAl e central piece 16. In a magnetically }%@%93&?439

enbodi ment, for exanple, the flaps 12F may be magneti zed so that the flaps
12F nove inwardly in response to an externally applied nagnetic field. Wth
reference to Figure 14, an alternative enbgsli nrent of the contact device 2
Is nmade 20 using a soft contact lens material 12A having a

progressi vel uadged Bah %Stthér@?d?é?%%céﬁé@'bﬁbdo?ﬁorﬁuy @6 thé HRPEALSRGHN GE thémovable
cylindrical hole 12B is forned in the soft contact |lens material 12A. The
hol e 12B, howetrel pieckod€ tawardeshectrdneant.i repce thRABigoHIN Fespansive keamy drtectpegd2

material 12A. L|nstead f.

port ion 12C %?A‘{Cﬁ%a%g‘?t? ug\é%l{kg"ctp r%ens&ﬁgloet?‘?g?&%%i%%gs 'br%gg é"%%"hp Utrlf()hage
pi ece 16 is JHcrdageLprogtdseiablyas thd displadefirntiof the hidSablarvented piece 16 md‘reéses alphy,
the thin portion 12C1s no npore than 0.2 mllinmeters_thick, there

al l owbng t hepuﬁma/@lteget&nmtap i ensity respongvekeamedesecion? nis thesefors mdlﬁ@r@fmftth@n
when noved a alﬂ@f% e1 cl os Cgﬁl{?mtom of the hole toward the cornea with
very little EPER TS S SMERY portion 12C. Preferably, a

substantial l'y ri opreferaBiAlthRIcoripiiatsn fottion BOY D fespdriive 36 thecafrentgstoigtiigd Sireuitty
contact material 12A to define a nore stable wall structure

ci rcunf er ent32a$d thagranga dhe predefgmingdhamount of forge isTepplied, the Pyt vpltage; ferm the

U0 98 /5582'6'4' Hedm W2 Brob 51 JTOYRBV & AL EHhpubdtfRh Porton"TR8E Tt Borhlftatil forfi6Rthen,

PCT/ 1997/ 15438:dh the displagimentasscoidied witnthe me.rlamutﬂ:ﬁquWagé efetdrmines ampaoccsies
Hydrogel , silicone fleﬁlbLe acrylic, or the |Ik? |s understqod t.hat,
any ot her sressiEePrefRraRly.dnememOTyd iiludes 2 meraeRyi boan FarsioRRE S uReingisaye
any conbi nat nbranes nmay be added to the enbodi nent of
Figure 14. f’?’%lg rﬁ&! agl:mava e central piece 16 in Figure 14-is
illustrated as beMB@, ehengbmputabon portioni 199 prefierdily shas catcedsato anyleolrbmcal):yharpe
may be utilized. For exanple, any of the previous|ly described nov

central pi ea@asnst@a\}ooapepdsqnefq fahe afsmqnasaw knowm 1abigs| Bincg thedaties lag c%tﬁé?"h"’h

ol at & (not - T TiosRaEfigsgife fehindthd bataiiaiicls WhuBlel bFRRPOAe e ibes

the novabl e l6erthé aﬁonmuwmnlﬁon?ﬂhemmhﬁlead derednine inmavoaiar priessuno bgbinerely
tral 10 ) 16 ld h II d

CE Ll o, P e s S B B B R

cornea to engance the flattening effect of the novabl e central piece 16;
however, it is understood that the transparent plate can be |ocated on the
out si de surface dfhetslyetenovﬁmeewresemxnmnupnm als6 tefusgd s pdaxlawthhoa:gnypﬁ&!e

m)v | e central |ece nd the .h i n, the subst.anti a ann

157 858ndh RTiedan W esteat Bl wosikio Yeusunanipodiar prdsstl by 3phithition’
11 ust r at ed ameaw u3€d fooas?érﬁm%%msfyﬂrega&re bg%déamﬁﬂs THeldiffetertR6 BEHleeR the
that the conplenentary shapes are not Timted to a cylinder, but rather can
i ncl ude any isteapelanhiessurpedetectsd by ithié twp ofethtade wwajdi then bpemdmvemfetbe sglgra’s

Wi th respect. fLﬂ?t its surrounding structure. It is also understood that the
novabl e cen{®§"¥pi ece 16 may be mounted directly onto

Although the foregoing description of the preferred systems generally refers to a

25 combined system capable of detecting intraocular pressure by both applanation and indentation,
it is understood that a combined system need not be created. That is, the system capable of
determining intraocular pressure by applanation may be constructed independently from a

separate system for determining intraocular pressure by indentation and vice versa.

30 MEASURING HYDRODYNAMICS OF THE EYE

The indentation device of the present invention may also be utilized to non-invasively



20 the surface of a flexible nenbrane 14 w thout using a

subst ant i al W) Jgjogéed annul ar nenber 12. Al though such an arrapgpgRetiseef i nes
a wor ki ng enbodi nent of the contact device 2, its stability, accuracy, and
| evel of confort are significantly reduced corrpared to that of a simlar
enbodi ment utilizing the substantially rigid annular nenber 12 with a
progressively tapering periphery. 25 6 Al t hough the illustrated
enbodi ments of the novable central piece 16 include generally flat outside
surfaces wimeasurs hydredynamics of anr gye melyding outflow fagilityr Tl metliog: of the noesertent

exanpl o, caRvrReD Bl coRpnt e AP g B RS ol ouor

surface to enhangeoediff @b fa fafcktey, ahdndeftatioh devivé isiplddae i bbntaitwich the cbiiRa.
outer surface of the substantlally rigid annul ar menber,12. The novable 30

central pi é’csefeta&ly hedpdenatipsevics cOmpEsesthe coptartiievice R istratad i Figwes k angt
surfaces defipgd at its inner and outer surfaces, the inner surface being
t he Surface a t he cornea and the outer WO 98/ 09564

PCT/ US97/ 15489 3exd Uitflamse ohe mvyable epostitmf ofake iidestationld@sereis ahdved dnveywdrd €He
the cornea. Wth reference to Fi gure 1 t he npvabl e central piece 16 may
al so i ncl udemga berg & fist predeterpuredamaug @f‘cfp:csﬁp achjevg indsptatign ob theraprngae When

Th 16P. i f bl t t endi
o LS P A ZIRREP o o
nmovabl e 5 central pie@Blial pi ece 16. ALTERNATI VE EMBODI MENT FOR MEASURI NG
| NTRAOCULAR PRESSURE BY APPLANATI ON Wth reference to Figure 16, an
al t 8 nati ve enbd¥iipEsacular pressurely thep detepningdbased oy Fﬁ‘\@lﬁ%@ﬁ travelpd toveard thepy
I t d
POt or bl y catfen; LB, HEvAE TorRiCor HIEIREhGHAR UEUE BTHGE aBBRtadR of me i

t r anspar entpreietéinnitied pmothpef fofeC Mréferdbly, ahé inracdulftrpredsunecis detentlines nimg thee
schematically illustrated coi|] 30, ,qQf the actuation appar at us includes an
iTon core 3fRemennonat sYSSTR EPrideterminig intraosyle RIeSSRESRYCBAEBINATe coi | 30.

The iron core 3Qf,phed Aoy pbﬁﬁn%tﬁ%&ma&{dnme%@hm R fo lb?&&té’eﬂﬁt&éard

(approximately 6 millinmeters in dianmeter) wh perm ts "t he ‘passage of
| i ght t hr otlghcarnea and)awa)ofremabﬂcama at sﬁrspemlnteynmdu freqwency fand weing @rsseond | 3

and L4 therei [ n rder stemto ccessfully. the
atrengt h oPredtisnlcpRRutchE, Es HoPing Vs (BhA SIS RORA Y petPg force
central pi ggeack@lad HQM' dit BdnStHefdye] Ghe sbédndHRtRiinthedabovnt of foréd i3 Préferapr
at least the full range of intraocular pressures encountered clinically
(i.e. 5-50equal 20or greater thgn. thﬂﬁcs(orpmdt:gprmmedhmounﬂ afdorcat dtiisaintdenstoatl lmwever
enbodi nment traoc ressures ra l.to

can_ be evartihEaBRoH REreRRRLEaRt R G est af 47 e prsde@thipte pROGH"Y
appinat e agfdriast The Fdtiproédtivacwhith ppéfembly’ contintty fHES sdtonds) @Howlt igénerally not
reasonably strai 8htforward desi gns and i nexpensive materi als as will be
denonst r at e¥cesy 1P1seconds indwratigncal cul ati ons:

The movable portion is then moved in toward the cornea using a third predetermined

amount of force to again achieve indentation of the cornea.
A second intraocular pressure is then determined based on a second distance traveled
25 toward the cornea by the movable portion of the indentation device during application of the
third predetermined amount of force. This second intraocular pressure is also preferably
determined using the aforementioned system for determining intraocular pressure by
indentation. Since intraocular pressure decreases as a result of forcing intraocular fluid out of
the eye during the rapid reciprocation of the movable portion, it is generally understood that,
30 unless the eye is so defective that no fluid flows out therefrom, the second intraocular pressure

will be less than the first intraocular pressure. This reduction in intraocular pressure is



25 It is known that the force F exerted by an external nagnetic
field on a HRI809%dgnet equal s the magnet's magnetic di pol e RSFARITES4EI
mul tiplied by the gradient of the external field s magnetic induction
vector "grad B" acting in the direction of the magnet's dipole nonment. F =
m* -grad B (1) The magnetic dipole nmoment m
for the nagnetic version of the novable central piece 30 16 can be
det erm ned ' wpimg formula: m= (B*V) /u[err]

(2) o gg?%%g%%g?o&tﬁb GG, |

PCT/ US97/ 15489 5Nent)ehemdvabie phaioneafitbe imdentation idevice iscagair rapidiy rexiproéated in
surface of one qf .the poles of fhe vabl e central piece 16, .Vis its

Vol U, andiRIERrhe FETieR and RGP e Cames Bt & 2 Srodnp GEsdeterininesk ffeavenssnd
val ue of 12ugds 3 fobith GrddbeltRREN 4 bf foftel g floviiibet Eor 9PRL RS
Al ni co rmvagﬁrgg%gorlljt rgréd]gtleeceéa/é |sBO. 5 Tes g olv¥ 5d1! ° dl%%g&rrr‘g%agﬁéer
cent sal pi epredétgrhined ambhntodfiferce ipreferably equal ioa gedatar then the segond ipdedeferimiried

its initial volu IS hi ned a , 1ts, volu V =9.8 cubic mlljneters
(67 & 0] eyt Ok firce. Tk Bpdersiash BOWEVEE, thE thf B0Eh pEROBIEGNineH BMRURHALfGTee FAY
yi el ds the ; ' . S [ '

ey, <beiet e SEnd AR U lige B R ARBBEM berdtcRt B Hleby
t he speci fi foatéedost fodm tieeyec tThis reoipraqagion awvhish also preferdbly continued€bes sedoads,

The magnetic field gradient "cgrad B" is a function of the distance x
measur ed f r Siouidgenerally ot exceedt0 facandein i itioR- appar at us and nmay be

cal gyl ated as fo : agd,B5q 4 vertthyNmoy I i :

{[()?gL) [err] +RAD?%€¥I\?T’[ag{er ?o 'J-ﬁﬁf x{ §PHC$E$§ err]v cf?rﬁ rlpﬁls-? %e comea using a fifth
2*L wher e Xpriedetetmenexhgmerinit of farse sypagain dchieveoddentation obthecormsa. N i s t he
nunber of turns jn the coj.l's wr | is the electric current, carried b
the wi e, L 1o« Feshalvg Bttt Hahonfet pressyfe s eerPraRer basedind 4 e itesoerpwel |
30. The pr %waf@dxe\eaHeS%KI&wmb#%@p&ﬁb%ﬂ&riﬁdén&tm%@ké 8GARG hplicRIENIOSH B Nt
are: X = 500, 20 i =200, 1 =1.0 Anp, L = 0.05 neters, and RAD =

0. 025 net erfifth-predeterminebammowd @f faroevever, that the present invention is not

limted to thes referred paraneters. sual errl, =.12.57 *, 10[,err
Honi§ et or | TheTie fieFracs RS BEF pERnt altbieita beluBEL Ine nE 2hony. poliGhd o
movabl e cenrdiéadced)ivwiiich differérfeed £ Miéativéfbfﬂiéaloixﬂﬁb of infrhdtillar fRidivRich nEm iHe@ye d
preferred val ues as paraneters_in 25 Equation 3, and the above

result for andsherefimgare alsmindivativer 9fthe quiflayy fastlity: lids undasstopd shat she difference

di stance x s ' t A e t,ral pie [ th 0 of t.h
mgnet i o adiuerohe B and ik Rt e oeh 1T HistebBE b 108 neBr Bl e
cornea 4, whewdifferéndes bebeehitl thredlditincesV I Gact, thé differéhoe Betviden aip\aB! of the
central piece 16, can be placed conveniently at a distance x = 2.5 cm

(0.225 m) fdiganceswill suffice he actuation apparatus, it is noted from Fi gure

16A that  the megaediisaRt YAk Hohib Yehed SRS FRIR) Ynd e JerQGa NEHE-ORSs

varies when the various parameters of the method and the dimensions of the indentation device

change, the relationship for given parameters and dimensions can be easily determined by
known experimental techniques and/or using known Friedenwald Tables.

25 The method of the present invention is preferably carried out using an indenting surface
which is three millimeters in diameter and a computer equipped with a data acquisition board.
In particular, the computer generates the predetermined forces via a digital-to-analog (D/A)
converter connected to the current generating circuitry 32. The computer then receives signals
indicative of the first, second, and third predetermined distances via an analog-to-digital (A/D)

30 converter. These signals are analyzed by the computer using the aforementioned relationship

between the differences in distance and the outflow facility. Based on this analysis, the
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PCT/ US97/ 154fPodntasesni s force is then conpared to Flerr] whi Clhcirfusofisagsr ce
actually needed to applanate a cornea 4 over a typical applanation area
when the intraocular pressure is as high as 50 nrm Hg. I n Gol dnman tononetry,
the di aneter of the applanated area is ap I‘OXI mately 3.1 nmand therefore
the typical applanated AREA w || equal m“r[err] . The typical nmaximum
pressure 5 of 50 nm Hg can_ be converted to metric form_ yielding a
pressure ofcOFIPYLRECEANE AR BHPPAgnal ipdicative of %tﬂew fagility] dihe putime pigaalis preferably

e 1 10 54003 bl LR S RS it
cal cul at ed magnePrieferably, tirhethod further onhpns'eh Ehef seps of ploting the diﬁ“@érrcks bcttveen

becones clear that F| errﬁ]i i.,s, l.ess than 1 t he avail abl e magnetic
driving forthefirst, spresde@pg third diganses 1o ﬁfeper%sraabeaéts differenses arsheamparing the

The St uat 1SS BAEH, & GREEARIE A & £ Bfthol 8 1b Yol Ty rfogffhctl 9

i nvention. dutﬂovsfaumﬁt&rrepmént h’&tmdltifte@.algfveﬁh@ﬂve\fe@rmfg ungereItRE tht GRSdiffedentOr
what ever reason (e. OVI de nore di stance bet ween the contact device 2
and the acthgiweesth ag\tﬁi 5 distapees\may; ksyssed,and in thi smmt@@ Neggssany 1o use
mani pul at e it 1

Sat 1 5 act oﬁtéﬁf*?%%"&@%t%#m (b, itk In ke, 190 dBR-LAERERNGH ab o5 S0 THT,
act uat e t helissancebhill affite.al piece 16 in a practical way, the magnetlc

actuation force h ssoci at ed netic field) should ipcrease from
zer & reach a nEéFﬁg{?PfYr ﬁxe @[edgtegpnggg'equ%ap &¢rond prrdstermined frgquency are,

20 %ﬁ?’i’ e BBy S [.on
appar at us t eretor e%l;‘)lr eferably | nn%elggg I‘%:el]:l}r}(’:u(i@t ry lg’nﬁg?eég\%\%}ésrs&gtﬁ?g%&z
capabl e of cambeuiseg, though frequencizgabele\Wv bHepe ate geangrally lede desirable dedauasiyherseress

range t hrough a. fai.r | ar i nduct or.

'si ngl e- pul E&%& t?ﬁeqfé%%/f)‘f?scg’T5(9°9'(§I“f°&6‘e£’?)'3ﬂg‘r“°§ﬁﬁé?"ﬁe%‘é‘rf}’ffé“‘if‘?ée velmEar ge a
capacitor C thr onﬁhfoenﬁh@éw&auﬁ@ﬁarabm omecéisqﬁeefabm leaRae/ideCthe | sicond
grounded while the other 25 ("high" side) ray be at a 50 volt DC

pot &ht i al . ptmterm"@ﬂﬁf ampwy qfffOtcneansiat@aéhxrd) prqd&tenbmeé @mouot eﬂfomal; a:rtquhly
ond a canpreRr PR} haifed e S HLEFARIHR o pY o foréd 1 s naBody, heWegeR ey

simlar tOotmtremlbﬁﬁnpsswﬂpmfam ardnéhbd theUfresknt thegifodds abelukﬁtécﬂaa thel fofspoltig
electrical current for such applications as obtaining I arge pul sed magnetic

fiel ds and peaferred relasiopshiped | aser power systens. By 30 appropriately

Che. capac tor | duEbrfihe Id'E proRardd L 8 pfe WRARA e AR prddbferilich aoued BRE ©f
gengy at ed @y bletsiepip 0iC1dNEWtdnénd 0.0 IONRBASH) 2R} second predetermined amount of force is

PCT/ US97/ 15489 56
between 0.005 Newton and 0.0075 Newton; the third predetermined amount of force is

between 0. 005 Newton and 0. 0075 Newton; the fourth predetermined amount of force is

between 0.0075 Newton and 0.0125 Newton; the fifth predetermined amount of force is

between 0.0125 Newton and 0.025 Newton; the first predetermined frequency is between 1

25 Hertz and 35 Hertz; and the second predetermined frequency is also between 1 Hertz and 35
Hertz. The present method, however, is not limited to the foregoing preferred ranges.

Although the method of the present invention is preferably carried out using the

aforementioned device, it is understood that various other tonometers may be used. The

method of the present invention therefore is not limited in scope to its use in conjunction with

30 the claimed system and illustrated contact device.



coil 30 to thereby operate the actuation apparatus. It is understood,

however, thatV@ e application of a current pulse of the IBGHUREEEIObed
above to a large inductor, such as the coil 30, will not necessarily yield
a zero magnetic field after the current pulse has ended. Instead, there is
usual Fy an undesirable 5 residual magpetic field fromthe iron-core

30A -even though no current is flowing in the coil 30. This residual field

i s caused by nagneti Lasi PrEREONHSEC ic force

on the novabl e centr%%éﬁﬁm%i?%:g 'S ﬁot Wam ed. e%mr ef ore,

the alternative emithdugknhe foregaingldescription utlizes e samsbddimernt exf ahe) goritli device 2

magnetic field, outside the actuation appar.atus ter eration thereof.

Such zeroing which "Pfi-’dfﬁa &lemble “fﬁ“%ﬂ‘ﬁéd %W%ﬁ%@% ?fztBE GoRast e goﬁ poeadly

to the iron Godeetinal{il B iVentiHRABEfitikéd S &h ah Mainiint! rdBED AL hoe
ement . can be

known and are easy to I np one, tor exanple, by reversing
the cwrent many heiationd ofithopemntatievicetwhich A8 ovellavithin thet ssopmgfithe possent Tineention.

easiest way to do_this is .uUsj a step-do t ransf orper, where_ the i nput
TR Sl s dal 3N sgutack Saeh Nibamold ey be and acr T Wb 0 f5eble rerahighe,
VAC and s lgimn the ﬂwssxe%aﬁdrxnmé%&i&e%ufs%om& Eénta@t%vi@é@r(‘ﬁ%% fife sl ik

of the transfornmer 1s connected to the col . The actuati on apparat us

t her ef or e naffrointhé cateed)ywith thecfiexibile membeane wanke inside sidacegifeheedmact device 2dr
source used fQr copdycting appl anation neasurenents and a "denagneti zati on
circuit" for btht ﬁif“ﬁﬁé"%ﬁﬁ%?'&&#‘éﬁ&s BES‘FI‘EQ‘“G@? ‘fe"?ﬁ?%- mredi ately after
each gppl anation ﬁ'ﬁm : i ! 5F38€90 IHAVE] d
nor e r’sb;(;eci ficall y&?sr?’ Iélhfgl?regﬁ 7!'Het e tglqstﬁﬁa%\% é‘ngog? nﬂéxt a’a?e\gélﬁér@h%’ thus
appl anati on pérmittingEght diee pasa mndibtberedhdirectlg to el mavabld ¢eptrakbpieceshsardthe cornea for
Alignment is very inportant because, as indicated by the graph of Figure
16A, the forE"l\é"%‘i‘E‘r{g‘E@{’By the actuation apparatus on the novable central

pi ece 16 depends WPiiditfBaCAs ilikrhfd® il Figtreak! 8 méVable centraliéde! 16QASy be formed with
addition to the novable central piece's axial location with respect to the
act uat i on appsimilananngler dhapecsoithat)a, transparemtepentral porgen theesof meealy containgair. This
novabl e central .pjece.16,al sp depends on its |ateral .- di,recti on) and.
Ver s 1dal (o HP BTN e EP SRR Soppe dpion A PPt L AR O AR Wit
tilt) wth rgsResding fnyl diStopdt il todlé SoriRdct db@cAg!t Uat i on appar at us.

Considering the variation of force F with axial distance x shown in Fig.
16A, it is clear Abematively; thgttransparest\ceniral pastion £an bedfiled Mgiths p drangpasent solid

positioned in ¢t -dir FOon p“h ageuracy, Q 0 +/ r
reliable nea%tfggrbﬁf‘%? P lglﬂr’vﬁuglr' Yy, %r?'#csgﬁg ﬁ’ea?e%'l&lasr’ré‘f@?e %‘}ly?ﬁ%y%r&g%%gh}es glass,
WO 98/ 09564 hard acrylic, plastic polymers, and the like. According to a preferred arrangement, glass having

PCT/ US97/ 15489 57 preferably 50 mm_the location of the novabl e central
pi ec@016 wi t2n indepafirefraciqrosypsiantially grertet thagthay of the sprpenisitilized to eahange

| ongi t udi nal o : | I LB bR 1 310 4t/
(a region \/\,i112§3?}é(§ét'tE ﬁ§§%rg§¥t?f% c o{'l?é glxvéé?g{éfh 'glll% conél?%{r@? cé?ta%‘%mfgizf ,Ifge{%ra'm,
| ongi t udi nal theXndex & refraction for the glasfiid preatef tlinhel . 7heorhpdared tothd fipicabindex of

central piece_ 16 depends on the c¢qsine of the
refraction of 1.37 associated with the cornea.

1t is understood that the outer surface of the movable central piece 16 may be coated
25 with an anti-reflection layer in order to eliminate extraneous reflections from that surface which
might otherwise interfere with operation of the alignment mechanism and the applanation
detecting arrangement.
The interconnections of the various components of the contact device 2 are also subject
to modification without departing from the scope and spirit of the present invention. It is
30 understood therefore that many ways exist for interconnecting or otherwise maintaining the

working relationship between the movable central piece 16, the rigid annular member 12, and



angl e between the coil's longitudinal axis and the tip or tilt angle of the
novabl e ceigsalosqai ece 16, it is inportant that the range theT/psyi/isagy s gaze
with respect to the coil's longitudinal axis be naintained within about +/=
2 degrees for reliable neasurenents. In order to satisfy the foregoing
criteria, the alternative optical alignngent system 10 facilitates
preci se alignnent of the patient's cornédl vertex (situated centrally
behi-nd t he novapl e central piece 16) with the coil's |ongitudinal axis,

whi ch pr eé*}es‘éefglP’P@?fn‘ént can be achi eved i ndependently by a patient without
the assi st ance yifendnt bAMWI flexIBIE Infeiibrirfes 181a7d A8d or BEAhHIE, tﬁ@%@osﬁnﬂﬁ&sx‘%@na' :
The alternative optical alignnent systemfunctions according to how ITght
refl ects ammhlat ember 12 qanbe atichedito driyene or bath bf the fiéxible mefmbrane(s) 1daisingahy

inplicity, the follow description of the alternatiue optical alignnment
Syat em anbiopingacieR ohaie uch Rt shiher bratgading aod s ke, "Rlavebt vder
the novabhg, GRRfpEmeRbAGEs $4 FARRRA IR KontRkits ma) Hel infiicdtitetB® of BEfeMyise Of

the optical system primarily because the transparent central portion of

t he novabmmaintanedimbk weorkiog rdétionship; witboutiHayingte diregsly attach theflexibleomembeane t he
behavi or optical rays. passi.ng throygh.the . npvable central 20 | ece
16. Al so, ?%&&Fﬁ‘é’sﬁﬂ?gy&&%nﬁ‘ﬂﬁ‘%@ﬁ‘éﬂq% brgpeéd,?ge %’gété“ﬁ‘@”é&%‘gm%’?% core
30A and i {3 pi§ BOfetAtAbeliter tROB/0 EGHI hehbrints 1 B@ bshdiAg tHetémbragesablog@ment
beam (descri bed hereinafter) passes through the bored hole 30B and that the
| enses L3annther ghouttkeinpariphedessvhile the rigid anpulsrimemhert 12 BeBndwished between the

Aé i1 lustrated inI%:i gure 16, a point-like source 350 of light such as an
LES is | ot i ‘he focal plane of a positive (i.e., convergent) lens L1.
The positive | aRfiodgh themavdbRIteREal Piecd 36 hidy € attadHRd fo &e%%ﬁl@fnehb%&%gwm
the source 350. The col |i mated beam passes through a beamsplitter 1 and
a transni by glyingeheatdonding, and|the iike,dtis bodenstood that gech attachmgnt is not hrsassary.

Cransm 1+ SRRy BBt ine tvtenentignfi Rt bntl schlied 5o 338 3BRplctll o1
pl ane of partigiisblbék thEsovablitentralysiedeaAbsdndpréventit ffon fllizipeownt off thelilein theice

again and enter the patient's e¥e where they are focused on the retina 5.
Taé pagid annular member 12. When the aforementioned annular version of the flexible

PCT/ US97/ t. e ' . bV, L ent as
= poi nt - | PEiAnet ' GRS A NE D EPEh bty LB FREE 568 dbne SRR AT 5
t he cor neinlat kastfone ®f the aanulaw feibie membraress 1d icpreferdbiyesmailen eiznthat of the hole

pr eappl anatj on curyvatuyre, ag sho in Fig. 18, and are r.etyrned back to the
Dot ont - Sndhesbgammal HEE anh ot dd oithHATAE R 68 TATIOR LS LHA SR o o
5 T A%SbR Rerttanee] 4 8¥erips With RimGableadndl pictRIRS sHd thefeby PreRals the
reflection which guides the patient during alignnent of his/her eye in the

i @6t r ume nmowuablegentralipiecel 6 foimbfatling eut phithe thele in thecubstaatiallywigid snnulas megtberct ed
by the co%ex cornea 4 and pass fromright-to-left through the lens I A are
made sonewhat nore convergent by the lens L4. Fromthe perspective of |ens

L3, these raysAgpR@fhedif FRRARR A Qb kit $itbepil tRE nfRaBlcehPAFi&RE 18ifdnie

focal point.
falling out of the hole in the substantially rigid annular member 12 is to provide arms 16A

which extend radially out from the movable central piece 16 and are slidably received in
25 respective grooves 16B. The grooves 16B are formed in the rigid annular member 12. Each
groove 16B has a longitudinal dimension (vertical in Figure 13) which is selectively chosen to
restrict the range of movement of the movable central piece 16 to within predetermined limits.
Although Figure 13 shows an embodiment wherein the grooves are in the substantially rigid
annular member 12 and the arms extend out from the movable central piece 16, it is understood
30 that an equally effective arrangement can be created by reversing the configuration such that

the grooves are located in the movable central piece 16 and the arms extend radially in from



10 Therefore, after passing through L3, the rays are once again

col li mat ed aNO 8409564 t he | ens L2 which focuses the rays to a pEHUSHASINe
surface of the beamsplitter BS 1. The beamsplitter BS] is tilted at 45
degrees and consequently deflects the rays toward a |l ens L5 which, in turn,
col lifates the rays. These rays then strikesthe surface of a tilted
reflecting beamsplitter BS2. The colli mated] rays reflected fromthe beam

splitter BS2. enter L ' ﬁﬁ”fﬁ them onto 15 the smal |
aperture of éﬁ%%“‘%lstca%ﬁagh@%%?e}é I'C el?Unctions as an alignnment sensor DI1.
Ther ef ore, when t IReefotablyertie grvonesl 6B insluge epitiert ylementysdh aamirddtard springs, which
current is produced hy t al i gnnment sensor. D1. The aljgnnent syst i S, .
very sensiti @’@SM'@"PFS‘F\@"X“ ) ‘%WH{Y@W&;&“{ taning,po ’h?ﬂﬂgﬁg”"

of the alignggntyhd 96A H4FinkBdé sttaﬁ?{:l){)‘@a#d hﬁ“ﬂi{nﬁFﬁt }vﬁgels- wmhks's%%ﬁcahm@me itgbf

It.s fiducial "position is“conjugate the sma ght-sensitive aperture
the sijicon Zfction betwegnthe anhoHted and thetwills oftrengroovesi68Bl. ectri cal current is

obtained fromthe _align t sensor , onl en the corn 4 ig proper )
aligned with respddgure @ER’@“W&?@E‘&"W 3(:‘%1‘°FPF‘$ rW°‘ia§g§F’étFérpéﬁ9F3}6r#B‘%}Htf@B‘8
at the end o 'lieﬁ\, o f T :
the | enses skgangﬁhﬁlkgm g%tgﬁ E)drug?‘ g?d;%?{/lﬁégﬁe n’%‘ﬁ%ggég’?%t the’hﬁ%%jsbsﬁ%hauy
whi ch pref er aigid afimsiaramémber 12| ie poividedf with) tadidily idwardly extending flaps AQF at the outer
el ectrical circui tef pabl e, of operatin al i gnnent, sensor D1 is

strai ght - f or Sktece IgHIaR MEMHET 4. n%ggft*gq FEMATHORR fwlag Jacmbrages 14 is
W i ho}tbé ' any Elée?eﬁ?ﬁfn? Pfﬁ?t%gd bn RRH-RY 8{1‘% gr ﬁxe@gﬁg%tfaﬁlm%hm frlelBet wef’%?%]rgbly,

det ec noi node, a voltage si orresponds to t
i ght |evel arpdriien sf thecraemiané a¢ exteapp esdiallysiawasily pass mied walisesf dieaigid annular

spanni ng the diqde' ermnals. Ordinaril his vol tage sign s . too sngll
for display g)rerr&gbgga et heggpmbination %ﬁﬁgé@&ﬂ@ﬂﬂ%@ﬁ? ,an(# gxeitjéarpsblg keeps the

anpl i fied mapy,aH1EedntraliedtB8 Hdnt ARingShil Sf heShdIPIrtht 5@t IRRASEE AnANRY mbmBEr
circuit. Preferably, the alignnent Sensor Dl is utilized in conjunction

WD 98/ 09564 12.

PCT/ US97/ 15489 59 _wi th such an, anplified photodi qde circuit..Preferabl

the dfr cuitry conﬂﬁﬁ@& Wéﬂsag?{j?ﬁ?éﬁt“@m .c%itaqe.sacréx‘ap%gg@e%ovggﬁt%htral
aut omat i cal | y;eaetygyatig 4 Hagasichinl belaRBPahEddimet B ahiple/ P Faps Cll2FCinap be
via the sensor D1 the existence of proper alignnent. If, however, the .
out put f r om magnegizédysothatithefapsdRF miowe inwardly infespoaseto antxternally applied magpgtic
properly al igglﬁd, the circuitry preferably prevents activation of the

actuation ap atus.- In this way, the alignnent sensor D1, not the patient,

det ermi nes when t Withhefersats @ Figpe 34, ainlaltettative datbodiament bfthe cAftatndévicel 218 made
above, the optical alignment systempreferably includes an, arrangenent faqr
gui di2fg t he wsing 2peft gentrsidensimaerinb A2 Adravingsy pregressieely decrensing thickugss teward iish

To. “The ar r anySreirgurntefs  AckitdrRbaitys 2B Ctorfed FATRS poleiee Thi FRAHOA

posi tion hi stheholeleB] hewaleftdoadadt axténtl éitirely thtouglfithe 86t comact lbfs material 12A.
particular, the lens L4 is nade to include a piano surface, .the pi

surface bei nisteadethpdpts s 2yclosed begem defingd by aithia RestiorekC pEtheriodt caprass dens
mgn! ‘;:jego'm”@gggrr@i ) gg\f’ 'f}%{a mBYRd cefftral pRc®b W hisPRER s8N GithiRthé h8f2 128, and
25 preferably, the thin portion 12C is no more than 0.2 millimeters thick, thereby allowing the
movable central piece 16 to achieve applanation or indentation when moved against the closed

bottom of the hole toward the cornea with very little interference from the thin portion 12C.

Preferably, a substantially rigid annular member 12D is inserted and secured to the soft

contact material 12A to define a more stable wall structure circumferentially around the hole

30 12B. This, in turn, provides more stability when the movable central piece 16 moves in the hole

12B.



15 center of the iris. This point source image is due to the

refl ecti orwofsndsssi ncom ng al i gnnment beam from the curved cecrresdriissssf ace
(called the first Purkinje image) and its subsequent reflection fromthe
mrrored or partially reflecting piano surface of the lens L4. Preferably,
the-lens LA nmakes the reflected rays pargllel as they return to the eye
whi ch focuses themonto the retina 5. 20 Although Fig. 18

shows t he eye | ali ne o that e e focus central
| ocati on onyt h\é\ﬂ&!ﬁ'{ggég aLng ‘%%Fmsé( eg ogglsilicons.disxible of
the eye toa Fd?rthém& it Q&n@b{s%fd'tﬁﬂ) %%%Eﬁﬁﬂl@ﬁtehﬂls%ﬂylbel%w fn%dhmgeor

of the cor reflection, and that venents of the eye’in erther t

z directi aningidated dmdc,t mycﬁombimtxen phflexible mbramslrwtbemddedmgbeenbbémmo
the right/l.eft o T.h nt.. t erf

anal | g PIEEET . RUIOER s Dable gryat piese LA BaRnt 5 sfEer g heinBamdiiu ng
hi s§ her exexssﬁrm&gtoémtﬂahraﬁpoﬂieﬁeﬁmm wmuhzeah@&@x&hplewwopfhetﬂa&nsmﬁa'
reflection is as sharp as possible (x-positioning) and nerdges wth th

poi nt i nagissaﬁbedmvabi%gmmﬂtpleccgh@ “l(wld&Ufﬁqeosl tioni ng) which passes

1 ht th 1 1 F 4
Seed oot haye SRy R BRRUE Wit of B moumble Sptkal Pges 16 tney BE madkReddine

est abl i shigging apmﬁﬁaréyt msﬁam%a@f(nmnsst%edoldﬁah Yefides G B teraAbp IO DY tonONCE
alignment is achieved, a logic signal fromthe optical alignnment system

act i vat es surfaca®fahe mghle central piece 16. When modified in this manner, the movable central

Us9a7/ 15489 ul se ci,fcuit” n tur actuati on
Fohrat o Prek, 1S Wanlf et s RnthlyHintshad Flieatdhel o PafeRRlE e, BrlSsipirety
at the pathofé sErfiRi$Eskitioned RMAESthe c8akh hdy ehlfinc@ el ﬂﬁ&eﬁﬂ? leffBtt QF tiRlAsabit 01
sec. The effect of this increasing field is to apply a steadily increasing

force to tchetralpiess| 1§, beweverl itps uadersteod that ithejtranspateat platercan batpeated omtheur n,
causes the ?s?cf r%%?fa? of the movabid cfeth?%%%?f'lgﬁ &%%&&‘9' y over time. Since the

size of tRE ARSL PONCATEA TS pr 0 the force on the novable
central pi ece ]Aﬂtl(dﬁgﬂ the mesablecentfabpiecd 16 @f thethude inrthé ammhﬁiuyp:ﬁ@aawmar

(ICP) S fou et ning the ratio of the force area appl anat ed

bylt he fomed bef riyzoameﬁie% ey it ther saft gontagy) leps matenal LIRS Bf pigd agrhaving

el ectricalg t ﬂlﬂ% el

alternati veﬁg%tdﬁgqy | ncFlesélgé é?ﬁig%h grrslfazt{oldc}ﬁﬁsgﬁ?gr D2. ﬁaﬁ‘}eg%egg& nortays

t hat are liefitedad eacbylmdnn blhte'aﬁlppbmlaclade any stapk vehiclf permitasliding 6f thetmalvable a
virtue of .the flat surface presented by the

general ly P | | el
appl anat ed ‘L‘Bﬁﬁéﬁe °F5§/‘§s%‘é’é’sm‘f"|“8ﬁ?"l‘?‘§m to-left through the Iens

L4, they are fogusnd dﬂdbﬂtd%dttﬂﬁ th@ﬂxsvme B&ttfal piecs 16 Hiah be'n%dn&dtd?ﬁc{lfﬁﬂt'o
pl ane of the lens L2. Consequently, after passing through the |ens

rays are thecwrfagapha Betiblemeambtanmi wnboutg:emam substantially aigid @ﬁmbemmlbpt 2.t er

S S | d
boam ool | ASGER S BR apabeimelt defings 2 warking SmbRIifiEik.ohint Ramaeh Gk Bitfch
focuses t hgy ilifyy fcchfticf aﬂ& Vbl Elcotnlsit %%ﬁﬁﬁﬁ&ﬁtl@?&”\:&ﬂ:éxﬁﬁf&d B3Rt (;Blesugﬁﬁm

splitter BS2 has a small transparent portion or hole inits center
al | ows t hembodigent ptdwaa;@e@ﬂbs:maﬂsalygd@mmlar mewberlZswith a(pmgressxvgb'rtgpenmf

preferablﬁ q\?m*r) The lens L7 pertains to an appl anati on sensing arm of
the alt er RERRFEY embodi nent .

25 Although the illustrated embodiments of the movable central piece 16 include generally

flat outside surfaces with well defined lateral edges, it is understood that the present invention
is not limited to such arrangements. The present invention, for example, can include a movable
central piece 16 with a rounded outer surface to enhance comfort and/or to coincide with the
curvature of the outer surface of the substantially rigid annular member 12. The movable
30 central piece can also be made to have any combination of curved and flat surfaces defined at

its inner and outer surfaces, the inner surface being the surface at the cornea and the outer



20 The focal spot on the beamsplitter BS2 is in f I

pl ane of t ¥O PORSS4 7 Consequently, the rays energing from t?ﬁffpg%?gg@ are
once again collinmated. These collinmated rays inpinge on the mrror M,
preferably at a 45 degree angle, and are deflected toward a positive |ens
L8 {focal length of 50 mm which focusessBhe rays onto the small aperture
of a silicon photodi ode which defines the appl anation sensor D2. 25

It i-s undekgirRedeingahe gmem@ad?mrm&@mnﬁh&mma 4 slightly off
center tend to be reflected away fromthe Iens L4 when the cornea's

curvat ure renai Mithnefirence thBigureHdweheanovahle cepipalprerei ISy ase nshde azsatrallye

£ornea becqnes i ncreasi . flat, no of the ra ar ef | ect back
oo tne’ T SRESse POt N6 et B AR G Bormehy Hfe RMMPeinficbt pRfERly RSt
therefore ppeteAdAS theanthspdrem ol wateriabin tovaed the ofrieaabtte defitef ONeadhSAbIRY

t he appl anation sensor D2, which 30 el ectric current is proportional
to the deg?@'éfabﬂiea%bq’-anat ilon. Preferably, the electrical circuit utilized

by the appl anati on sensor | S ' 9564

PCT/ US97/ 15489 61 sim | ar %%@5@?%@?@%% sensor D1. The

el ectric signal i nViBASURENGINTRAGCUBAR PRIESSUREB YARFLIANAFIONe conbi ned
with signals indicative of the tine it takes to achieve such appl anation
and/ or the anouMithoreferapgectatFigyirilSnan aliprnative embadimeant ghthe sygtemifer mepsuring
force) use ' TN S aTaiel L On-

I nf or mat i oﬁ“’t@gﬁ@%gbﬁéégu th% %«%?Aeﬂr%%aé\gg 't?ﬁlgwlqﬁ% tpggc??t??%r I;‘)l}eeglsureivg?%"lr‘lsgyaf'ﬁééu
equiat i on PpefadablgafitizessthAnessionlbfthieaohtaci deyicer 2 whiclf imcindes o pransytaremt abntedl eps
for the actuation apparatus during a measurement cycle: 1) Wile the
actuati on BYP&Patus is OFF, there is no magnetic field being directed 10
toward the cont ' t ' : | . ,
the mmgneti o f1 ARk apf alicrhattihuiind, HENRRaREAR Bbliind oot A BHRET
posi tion, adeatipatapparanstinliidestan ifoni qre BOA fhreanhaing\thelmignetia fieldproduted by

apparatus. Unti] the _eye is properly ali qned, t he m}gnetic,fiel d remains
zero. 15 the coil 30, Thg)iregm&gre 3QAPEeterably hasen wxiafly greendings dags: Hpist 398y | y

d b : . _ ' _ : . .
ot a1y 1 e i P e i B n ol
Duri ng t hecdare 38Apadiatsd pefmithmountingfttworenseskkagdpAtheceinat el y 0. 01 sec.),
the force on th vahl e. central piece also pncreases steadily. 20.

5) I n"r esponse ToORALITBF SHLPRJo RFFRLE BHEEB ol Engt ol e pAdete frfe
surface arf‘p?aliéﬁ b}th@c&%@&ﬁhéﬁio@&lﬂ@&enﬁrﬁl ﬁi&% 18BN Be afffidibrtto lRpplafate patients'
increasingly flattened. 7) Light fromthe flattened surface area of the
cornea i s gomdagovesdt leasnthedull raogelof intracicnlgr pressuregeneonnterad chnicallydce.s5-fhem a
predet er m hed anmount of | anati,on has been achi.eved., Since the anount of
T aRe rer 1Bk direRidis Gt BuRR itforR® cBpROnRR H s PORSre] GoaHe T o
of

1 to over 100 mm of mercury can be evaluated using the present invention. The forces

necessary to applanate against such intraocular pressures may be obtained with reasonably
straightforward designs and inexpensive materials as will be demonstrated by the following
calculations:

25 It is known that the force F exerted by an external magnetic field on a small magnet
equals the magnet's magnetic dipole moment m multiplied by the gradient of the external field's
magnetic induction vector "grad B" acting in the direction of the magnet's dipole moment.

F=m*grad B )
The magnetic dipole moment m for the magnetic version of the movable central piece

30 16 can be determined using the following formula:

m = (B*V) /u, @



25 the flattened surface area, it is possible to determ ne exactly
when the prwodeseesstned anount of appl anation has been achi evedi/uga7asedoabl y
a circular area of dianmeter 3.1 nm of the cornea. It is understood,
however, that any dianmeter ranging fromO0.10 mmto 10 mm can be utili zed.
8) The time required to achi eve appl anat i;an of the particular surface area
(i.e, the predeterm ned anount of appl anation) is detected by a timng

ircui.t which i .of the 30. . . | anati on det ecti t.
Based on'pr i or SURI themagnticidussion o RRET RntePEpiR:E ahpBSofthr BORE RE e
converted to an nim&e%giggg piice 18t VAP aY L SKinie! S%FY(i€the thgnk O PainehBifityl dfiRee

required to WO 98/
PCT/ US97/ 15489 @pacappiicnizasea \eluepafcli2i3c* 40 EHentyfrethi.gher the i ntraocul ar

ressure, and vice versa. fter the edet er nj hed anpount . anatj.on
}Os achi eved, thé Wﬁ'ﬁﬂé’t"‘ﬁ‘@ O?i)Be"(‘J'“?@"F‘L‘FrCHp MR EOvE fcﬂféaqi%f?ﬁ%géﬁlaooaf lrﬁg%s ure
I's then di 4l AUeshIDKediral @?9% HZ8 b QhickA38 ofth Imdi 4 Gidinlefer BFS Rm, and 50% of is

prefierably turned conple y OFF for a period of 15 seconds so tha
aut omat i ¢ imitieb volanre istmachiobdawdy, its molumed’ =tk ditie millimeters(Qt8&t 10T cutiie meters.

tient' i | i d i d tgod, ., h that t i.rcuit
oy r e nSERPHSAERS fhesd shEg P Eantdor 23T BRIV WE R ot} ohl HideE¥, ey
be achi eveq,agyetgatﬁgélgﬂ@mt,aﬁmmm£omagum,spar(l1\4au,9{e. The data provided

by this automatic neasurenent cycle then may be used to cal cul ate bl ood
flow 10 Using the forggaing caleulations, thewpecifidapipns ofithe agreationcappanatysrean beFF,

|1, .circui : d b ter 1 ds. hus_b f
the Fext niEaPELr I TREPAGUSH FAUFY 68 EL SRR A tesR Cartracron
t he vari oUshesttHFiteSof e dcdheutivY SpifaiuRand Bty WeicaBulattd28 gsllovd: pressure by

appl anation, the followng are illustrative exanples of how such
cali bration can be achieved: 15 Initially, after manufacturing

the variou ne * e&g?n 1R ﬁ)i a5t ﬁgD?m re the conponent
oper at es p?‘(')agéﬁrgl)g‘? ?qs[p e eﬁg{wl?‘ﬁa u eg veﬁélifyl n tﬁat there is free
pi ston-li ke novenent (no tw sting) of the novable central piece in theg)
contact device; verifying the strlictural integrity of the contact device
durlibng routine handling; eval uat izné- the magnetic field at the surface of
t he novabl e cen ' ' : i j i i 2ol
nonent (when rragjr}\‘g'ltci)E(zisg}geteﬂt}é F{o?é\g'l%%eﬁt}ﬁ"ﬁ?g)ggﬁ%\?eép ??;ﬂrﬁgn%& %’ﬁbgr?g%erﬁé(%‘tqrh Fcal
current pul se whoitswice, ¢ stthseledise corpnetdrded byethel wirkdt isabe leagthsoftthecoil 30, and
magnetically re sive el enent of, e novabl e central piece, has an
appropriate peamwp?ﬁgéls _élh"d'iﬂ‘la:{d?on, and ensuring that there is no
"ringing”; verifyl pQfeie® vihids BAh¥sOparhmersif tRdIRIraGd¢ bBodimeftdre: Xt 500,
renovi ng any residual magnetization in the iron-core of the actuation
apRér at us W= 200, I = IhAmbderr O0f meters, ambRAD 7 §.025 meters. Itiihundesstoed,ihowever, d
as a functjon,of tinme along and.near, the |ongitudinal axis of the_cgq
Where tne. HBUEE PR mepRifors BREITR] 1o DEsmAERyY Berapewh ks el ki and
plotting gi@UHBnSfmaed Unction of tinme at several x-locations (i.e., at
several distances fromthe coil) ; and positioning the nmagnetjic central
pi ece (contact dBgfose)F exertedbythei magnietie agtnasinn appamtysianche giqvable centi! pises nal
Sﬁ: :eg”gpgféd hi! g%&ln@?go}n@q\;agggq GsifS e Foftentioftd Shefertd§ VaRits 3 patalferélia N
25 Equation 3, and the above result for m = 0.00390 Amp*(Meter)2 . A plot of F as a function

of the distance x separating the movable central piece 16 from the pole of the magnetic
actuation apparatus appears as Figure 16A.
Since a patient's cornea 4, when covered by the contact device 2 which holds the
movable central piece 16, can be placed conveniently at a distance x = 2.5 cm (0.025 m) from
30 the actuation apparatus, it is noted from Figure 16A that the magnetic actuation force is

approximately F = 0.063 Newtons.



30 the actuation apparatus. Next, the optical alignment systemis
tested for MOPRMISEéheration. Wien the optical WO 98/ 09364 PCT/US97/15489
PCT/ US97/ 15489 63 al i gnnment system conprises the arrangenent illustrated in
Figures 16 and 17, for exanple, the follow ng testing and calibration
procedure may be used: a) First, a convex g4 ass surface (one face of a

| ens) having a radius of curvature approxinmately the same as that of the

cornea is used t oyl Bitshdd Qafpafdd&d BN, iviiclSis te¥ofoeuctually neea;egltﬁ%h' 2hte

Preferably, this glass surface I's pl acé®Tn a m cromet er - adj ust ting
arrangenent at¢anep 4 heer tygickl apipleakticnarsa wfhen ibhe iptyadcularipeessure is as high as 50 mm

m ter-aqqgj t ti : t 1.t t at i bout

(tip @t o P GoldREr BrpBft Hedrodenrr epunmed gt s ppiamasp {y B ot
det ect or Dl sGBRACIHEYyfilal appISnAt GUAREA WAl 6l 7.88n8h% . ThHetypRAY Asxithm® predire
surface located at its design distance of 25 nmfromlens L4 wll be

perfett|y aldf§Aeun Hgiganbe converted 19 mitriafiaxmpyielding a pressuret ¢f . 06§ N wians/mimé.
read- out neter. fier perfec | i gnent .i s achieved, the alignnent

det ection arTFEi’&rYQMtFIﬂ@d B&Et"ﬁ’h %IgetF “E@Eﬂ“%ﬂ“’tcfﬂ WHEEAvARR  degrees of
freedom (tip/tilt/x/y/z) and curyes arpppkired hpELach degree of freeggm
to thereby define the system s se"ﬁ‘%"l"tivity to alignnent. 15 d)

The sensitivity tAftexrimatherssticaldubltitbtom diypas .30 Newtate s Cosypatiog drecsatoatatédn

Do Ll TRRRE A A L BB A
posi fd on.  ekhelANAM thignerid HRifSfdfdelF THeYefBfe, tHetnAlimGRTERE nS?!&édﬁH‘aﬁ Rn#e the

changed as needed by such procedures as changing the size of the aperture
in the sili comep#drdotrasdelangressirefdateoninationsaseasilymchigved using the actuatiort apparasus

D1, and/or changi an_apertu op._at lens L4. Next, the detection

ar r angenent 3{'@"%’58@883‘}‘ P}‘:‘F%Eé??%'ﬁé’rfsﬁer‘bw."ewgn the detecti-on arrangenent
conpri ses the opl s ahdel@bStihhtOIF a afdafe? J61ER HecorhésikésaigFor WhitegeH reasbi.(e. g Olo
exanple, the followng testing and calibration procedure may be used: a) A

flat glass ®ravidgdaoredistance bgtweenihe cgntagt devife2 #id the AeyatioRAPPATatys) thyvaneuser
of 2 - o | | : nd
b5 B, ace PRIt Abe HighibliRubE alFSH b Guftbdlh Meedl D AR HTLAMY TR
(whi ch defi sstisfatorgamangenenapertures with diameters ranging fromo0.5 to 4

mm and whi ch has _an outer dianmeter the sane as that of the rod) is a[ran%ed
so as to partial K ogdeger theactpation apparatis togaoperly astuateshe maviablecgpirg) piece 1

oL a0ee o HPhRBBHRE vup S et oo AGeld O SHIRE fukflhc 518 9680
mount i ng ar ineAgRedtm &l raaah armixirhamainodbiout VM 1asees ahd ithentreturhtbaclamol zero in
20 approximately another 0. Ol sec. The power supply to the actuation apparatus therefore
preferably includes circuitry and a power source capable of driving a "current pulse” of peak
magnitude in the 1 ampere range through a fairly large inductor (i.e. the coil 30).
For “single-pulse” operation, a DC-voltage power supply can be used to charge a
capacitor C through a charging resistor. One side of the capacitor is grounded while the other
25 side ("high" side) may be at a 50 volt DC potential. The "high" side of the capacitor can be
connected via a high current-carrying switch to a "discharge circuit" consisting of the coil 30
and a damping resistor R. This arrangement yields an R-L-C series circuit similar to that which
is conventionally used to generate large pulses of electrical current for such applications as
obtaining large pulsed magnetic fields and operating pulsed laser power systems. By
30 appropriately choosing the values of the electrical components and the initial voltage of the

capacitor, a “current pulse” of the kind described above can be generated and supplied to the
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appl anation sensor D2 is then connected to a voltage or current neter,
while the rod remains |located at its design distance of 25 nmfromthe |ens
L4 where it is perfectly aligned (tip/tilt/x/y/z) by maxi m zing the out put
signal fromthe appl anati on sensor D2. 526 Alignnent, in this case, is

not sensitive to x-axis positioning. e) After perfect alignment is
achi eved, ¢HE3%iq BRrAEKOPPEate heRGWHAHOD IParadEh of the positional degrees of

freedom (tip/tilft e t OF 8aC om
t hus defi ni ng tk]te{s)s%/&sé{e@n? (gd?glgﬁ}séi{'%/rr \?;}a? §/I$et lg’g%l %pggﬁ% [ o?%ag\.ggegn? Ii)? ﬁle g)?lgl;ér’]gﬁlgs
obt ai ned f gésctibed \4Bove us h)large AndhicRirefuchrshé icolt 300 Wil asefdceskatlyefield of zero
appl anation) at the face of the rod. 10 f) The sensitivity to

al i gnment inggnetienfieldrafier abie corrent pulsg has gndeds [nstgady there isrusually aniundesiable

appl.anation . sur ' dep ' t . ts_obt ai. I n
e 5af or enEAPTS RS EAT o T RARER S bt Rhieh £8ubrs i Raimg B, S
al i gnment  pppasRLalFeldds caised BEmagretio/hysterdfs ahd evoalited ) productal REgrend force
arrangenment is then changed as needed by such procedures as changing the

si ze of t hen theanevable Gentral Ripge 15 whansugh pfensa s 2% wastedor D2 15 and/ or
changi ng the ap s§ap . | Q. ' Urther
calibration andflﬁénr%oﬁf’r %h%n%l(aezﬁugglglr:ren S 8@1‘%& é&gléa?sia@&ﬁ%% Haegﬁsf E?%%e\/r\gl:%ﬁ@?er
t he af or enpRgretiReRbld alisieahé adtusith dpparatuihfier operdiisrethelvf e Shieterersiag ich ge OUt
on the individual subassenblies, all parts can, be conbined and the system
t edled as RIAVidgd by sAearsnshizng qispit cannecisd tp sheiron-gpredde| eat ed ani mal eyes
and ten enucl ea GO sTa Y| I i es.
The procedures %&%{rﬁm eye t;gtgzgnggﬁg%ﬁlgg%%nzﬁm%hngg&e?og@%ﬁ 235:3?16
non- nagneinpienhait dércan beaivine,fav exwnpde, by mevensing thervurmgnt/ihitibthcadbnepeatadly invhile
cornea and, part, of the.s leﬁ@"ﬁ A ngagauge nee Ie.attachgd to agshort i ece
of pol yet HYACEASNE fibmAgRifude. s easieet ayay 10dp thiy 15 Y Piee 3 HARASWP RrBRfgrmr ghere
scl era angpg wugiﬁsvdae BiRE6idH! Yo REbeR l%pd{zsamm 3farfs faeat«}h& mﬁgesomwg@ Jnlae,%

eI

l ens and iris. ports are drilled in the cannulas about 2 mmfromthe
ti g5t o hel gradilly dampengd ¢ zero voltsk angevhsre thecoutputrafithe tognsfarmet isiconnectddetoshe
This cannul a j.s attached to a pressure transducer with an appropriate

di spl ay el . A normal saline reservoir of adjustable height is also

connected to thehPa@bsibreagparifiisiteRiors Ml MeLisdeStR Powdr irolil, Aghaly] £ single
pressure applied to the eye by this reservoir is adjustable between 0 and

50 nm Hg, pulisg” perrend sewrce usqskfor senducingapplanation measurementpandatdemagnetivationt | v
ith the pr t ransd 3 . ify t .
For cgoi g Seato: (8o HE agnite fielq of fhe. coil 3b TnleBlay Sa¥CHAcarlithuip A

appbanat i qRiedsgrepigat.er can be used to independently nmeasure the eye's WO

98/ 09564 . . , o _
PCT/ US97/ 15489 45 illustrated ip digyeedand morey specififially e iFignre ok7, tthe ajtemavei r .
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t r ansducer Alighfenpis brydmiporedt becahse] #dndidatdd Byhthe gaph pfFigireA8A, tie force exerted
by the actuation apparatus on the movable central piece 16 depends very much on their relative
25 positions. In addition to the movable central piece's axial location with respect to the actuation
apparatus (x-direction), the magnetic force exerted on the movable central piece 16 also
depends on its lateral (y-direction) and vertical (z-direction) positions, as well as on its
orientation (tip and tilt) with respect to the central axis of the actuation apparatus.
Considering the variation of force F with axial distance x shown in Fig. 16A, it is clear
30 that the movable central piece 16 should be positioned in the x-direction with an accuracy of

about +/- 1 mm for reliable measurements. Similarly, since the diameter of the coil 30 is



corrected if the two nmeasurenents are significantly different. 5

The reservoi rwoI8@8%d to change in 5 nm Hg sequential steps thECTASPHLHE? ar
pressure of each eye over a range of pressures from5 to 50 nmHg. At each
of the pressures, a nmeasurenent is taken using the system of the present

I nvention. Each neasurenent taken by the pregent invention consists of
recording three separate tine-varying signals over the tinme duration of the
pul sed magnetic.fi.gl e three. i ; § ] '

oi 110 piggergifi Sge D AR AR ol okl Bl BN resbel i thd Jgid'?
(t), 2) the vditdctigss Glegpépediiciaritonhé longitadindliaxis of tivecdih30)ashpliditatrhaiftained to
detector D2, |abelled APPLN (t), and 3) the voltage signal as a function of
time from t hewishin ghanm (aagicn Where theymagneyq figkd|isfirly gonstan) qfithe eoil lgngituginal
associated w each neasurenent, are then acquired and stored in a
conput er equi ppeéd with a nulti-input "data acquisition and processing"
board and rel at ed Findllyysinee theForce on the movable €éntrat pizpe: il & depérids\on thercysirelofihes

to be done with the data including: 1) .recording and storjng many signals
for subsequerangiedepyesy she copls lanaw%w} s andthR sipor tlItr?@qu @Jﬁﬁ? moyghle 8@%{4 pisce

3) nunerical 8ssi $2%he danii i ' A .
pl ot tH fi na’I%E I?iss‘ﬁ’?’?’g&ﬁ}‘gé’%ﬁ’; g sét‘%%l %%F@‘”{éﬁg‘f”%@g?@ %ﬁ%&%@%‘fdméla%f
and 6) | abel ibegndiln@indd twith{reatipit # egrees for eelidble meaturemientsi th its

associ ated i ntraocul ar pressure The rel ati,onshi p between

urel” 20 .
the three tinme-varlpiofdersioyratisty Hisdtoregoingeriterin, e adismagive optigdl alignmegtssystem

1(t) kg an i ! [ S I W ' : pl. .
ool B BRSNS B BN i e
appar at us. Thhovabdlegtentral piete 16)xwith skentoild loyiginalivsl axis, vhizh predsenalizamesnednt be
to anot her except for mnor shot-to-shof variatjons. t) s 25 .. a
"reference" \RaMEYSiRdensadsely bya patiephwithoy Le HaFEn6T a;gr;;qul_m_eé{c?l I5FIician o\
(t) are corrpq,regq,@a?eﬁ} Ldagd further below 2. APPLN(t) is a dependent

out put signal. APPLN t‘? has a value of zero when I(t) is zero (i.e. at the
very begi nni ng of Thealtemativerdptipallalignmentsjstern farctiohs advording tooliow lightpBects arsl.

The reason for,.this i,s that,when 1= here i.s. nQ. neti.c f.ield an

conseﬁﬁent I y,rem)‘nﬁﬁbh‘ﬁm?ﬁ s%;gace. For t}t;%ﬁl’cg 05%"?‘% %&B‘?lgovgggtdpgﬁnpﬁpnéeghe
As | (t) i nNncCrensBstiveoptichP Mignhidfr H¥te@ind Flgs B N3N do nat Péfer SpREIEARNTE theefers
so does APPLN(t). vIet%gils irrportaﬁt to notgg that the rate at whi cthPPLN(t) *
WO 98/ 09564 of the movable central piece's transparent central portion on the operation of the optical system,

PCT/ US97/ 15489 66 i ncreases with increasi I de ds on,t.he eve' s

't r aocul ar. Pmedy pRSE e ralitiatent S0 Boritm o i AETRIE Ferl e K3 finkismty
nore easily fafrangedysdsas\Hot b Bffekh tﬂdﬁdﬁﬁﬁﬂb%gﬁéﬁl&& £8inf thro@gip tHeSRovableasentral
appl anation force, it is understood that APPLN(t) 1ncreases nore rapidly
for a#P eye h@Ecaddba | ow i ntraocul ar pressure than it does for an eye having
a high intraocul arg,pr [ e e T R ) S

2t e rate that i o A EHE G st mpliciaiine 7doB horsHolF e HRA ot 30N GRA S

it reaches aagBhied BoredOR thb\dh if i8lindeRodRdtithalighmitahb&ve HeschibedhbfeidaRpr)
is al so a dependent output signal. Assum ng an eye is aligned in the setup,

the signal Apasseythiough thetborediholeiOB andithatthe lensesled anprbh4 ple mourted within the boredt
the Very  hole 308.
25 As illustrated in Figure 16, a point-like source 350 of light such as an LED is located

at the focal plane of a positive (i.e., convergent) lens L1. The positive lens L1 is arranged so
as to collimate a beam of light from the source 350. The collimated beam passes through a
beam splitter BS1 and a transmitted beam of the collimated beam continues through the beam
splitter BS1 to a positive lens L2. The positive lens L2 focuses the transmitted beam to a point
30 within lens L3 located at the focal plane of a lens L4. The light rays passing through L4 are

collimated once again and enter the patient's eye where they are focused on the retina 5. The



begi nning of the current pulse to the coil of the actuation apparatus)

The reasony@bgbddkgs i s that 10 when =0, there is no rmmiylgsjg'geid
and, consequently, no force on the novable central piece which would

otherwise tend to alter the cornea's curvature. Since corneal reflection is
what gives rise to the alignment signal, gs I (t) increases causing
appl anation (and, correspondingly, a decPBase in the extent of corneal

ppl anat | birenstted Seanis beEpiers AT BY e PetieD 5 p 2oist TR DGR ALY OV (1)
decreases With &5, o of thel r3Y GRiRhTeadh(the HEREOAHeLRd titin SHE cormeRt SRACH iRE

i com

pressure. Since extraocular pressure appl’anate nore ea5|?(yctﬂian eyes wth
hi'gh i nt r agivedgent MRS dieto the cbmed's pecapplanatidniaivatireGd shbwnde®igasesndme e
rapidly for an eye having a |low intraocul ar pressure than faor an ;:

e
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f or egoi ng, during sligamentrofthisdier eheinrthe enstrimehtoasgeill b2 deszribed hereinafter. gnal s,
APPLN and ALI in relation to the inpyt signal | is inversely .
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i nt raocul a | ' | e Wb NQ
the SLoPE DTSRI OOl fri AR Rors it By e L B ERRRL T,
25 of lehs L3 sthesecraysiappeyr td ¢oane fropea wittuahpoifitAibjeehNlocateduat the focal point.

nmeasur enent_data).  For the sake o revity, the follaw ng description js

Dt ed t o ThegelorkBRERpasRR (1Eoysh b € 13y3 e agqin rellimptrd a8 soter theens HE

voruon VeT aiRh oolel Mo AR 93 PIRUATHE dultitedr M Bea splIRETS1. THE bR GyidFPLN
I splayed on th or the 0

versus |' can be I a e conputer nonitor vari ous
measur enenBS1 (sailted atvS dbgfeeearehtonsequeatiy deflectsphe says tawarf arlersalch whicll, mvwemy

eye) and regression analysis (and other, data redugti,on,al.gotithns) c be
ool oyed | FPTRRIEYIOE B9 0F M o Ehon e hesarthce G 04 GEAGHTE bear Sptnct B2
PCT/ US97/ 188 liated 1alEreliQied RN tHERR M sHIHRP BS2 EhtEFlefSA WhRichRBElsed theRf lfR6 1 O
optimze this data reduction procedure. The end result of a series of

prd8sure nthgsmall gpserture of a giliegrephatedipde phish furatiops esan aligament seasenfal.

(det erm ned by 0 i &%i SSyr XN .

correspondi ng syr}??eetg eo%ﬂ%f%&’g%s} %%P%‘r“rsng goggﬂgaﬁée&%gegrﬁco plt%ﬁlg]s|5)r“()edsuen

i nvent i on) by the alignment sensor DNexThe dlighirieft systenols vesy sensitive betahse it éscec borfyal

showi ng SLOPE versuys intraocul ar t,pres.sure data,points as wel|l as a_best,
Se"éfﬂe are

fitting cubTABEEREm(gh theRroin amage of thealigpment light.due\ta the cameal zefiegtion Py

perfectly i ACi: Ty : ' Sor L he [ for

the 10 hun%?ar%H eyé‘gsgﬁ? u%‘%ylé’to:ﬁgég% ?bgﬁ%gﬁoze%%&'gﬁh lgfse{:s%ecﬁeﬁse g@héggi%

ut 2bi zed (photadiode)en thid maner, tahelearion) carsend isobtdifdd Toroithé aligrintent pensseorly

invention. | n practice, howeyer, the jdeal is 0 robabl y ,not

oal | zed. thevBs Gaes dis ropebrAlzagpith sespeckid By Pavit pbfehy Roet PRl o

the 10 pi gmgyfiRdlat :waﬁraﬂmpgsgnan ARnfakiH lagpaﬁms. Thi kel ﬁggﬁ,@ of il hebAdeE

versus intraocul ar pressure dala for the 1 uman eyes). Such superi nposing

general | y shosindis Fagy 17aare peeferably GALmBRExteiNoc tihe/lens L3 which preferably has a focal
length of 100 MM.

25 An electrical circuit capable of operating the alignment sensor D1 is straight-forward

to design and build. The silicon photodiode operates without any bias voltage ("photovoltaic
mode™) thus minimizing inherent detector noise. In this mode, a voltage signal, which
corresponds to the light level on the silicon surface, appears across a small resistor spanning
the diode's terminals. Ordinarily this voltage signal is too small for display or subsequent
30 processing; however, it can be amplified many orders of magnitude using a simple

transimpedance amplifier circuit. Preferably, the alignment sensor D1 is utilized in conjunction



and also indication of the reliability associated with the CALI BRATION. 15
Next, the daW@9B9¥He single plots can be anal yzed stati sti caPCFUSSHESBDr
pi g eyes and one for human eyes) which, in turn, shows a conposite of all
the SLOPE versus intraocul ar pressure data. Fromthe statistical analysis,
it is possible to obtain: 1) an averaged CAll BRATION curve for the present
I nvention fromwhich one can obtain the "nost |ikely intraocular pressure"
associ at ed Wtﬂsﬁ }{T%?%H{)ﬁﬁjed gﬂ%ia@l&l{% i2) the Standard Deviation (or 20
Vari ance) associated w any 1 ntraocular pressure determ nation made using
t he present i nvenPreferablysshenditcaittyycdnhectpd es eind alignwent semsorsDExp eghmgld so as to
"ability" to replicate neasurenents, and 3) .the _"r<lel I abi it¥," or " accurac;{'
of the presepitomatigallyjagtivaie the acpation @P?BWWFIBFFXSPQ"(A% IPg ¥} the sensor D
"st andar d- ergar:0f..1 he or 4 I S leet o &";ng

obt ai ned w tﬂlgt%xggtgél%soﬁgenreﬁéﬁ{nﬁt:’ slfg os%p%g)’gg{egquéﬁttﬂo%\klﬂeés?l gat 3{]'%'20"2%]
sensi i vi ty mficates thanhe lege is potgesperly alipaed) tiewirquirynpraferably prgvereagiivatiomof the
invention, to translational and rotatjonal msalignnment. ALTERNATI VE

EVBODI MENT FRgR:atonapparates. | Inthipwey,the-aliepmen srpsop DL nabherpetiees\desgrmines when the
Wth referen Fi B, an alternative enbodi ment for
measuring i n%r?%%%u dggy%ﬁgs‘égﬁg%ggm@dent ation will now be descri bed. WO
98/ 09564 As indicated above, the optical alignment system preferably includes an arrangement

PCT/ US97/ 15489 68.The al ternati ve. enbodi pent i ncl.udes, an i ndeptation

di st ance detgéﬁP!ﬂ'f‘ga'ﬁFzRﬁ KBNS MIENEHE agﬁ%ws@ém BSURURANG ué’eﬂ)‘Taé’&e’ﬁﬁ%'sa
novahle centtaly i ' . [ surface is illustrated
in Fiqgures Zﬁl%lﬁgsggé}ﬁ‘?ﬁ;éogﬁéa@ééé}msﬁlrg]&ghgel%o atlﬁg novabl e central piece 16
IS at | east parti The yrramgement illwverratéd in Figure 18 allows Zlpatiemde pteaiselg podition hisfter

detection arrangenent jncluydes two convergin enses L1 and L2; a beam
splitter leeyew%ma%wraﬁém dirgFiQnt p Phﬁl%aiabég‘r‘rfém Ly ?ﬁne&%&wﬂﬁ%ﬂ fl2ae h
wand a |i ghitrdet e no'—Qrﬂ‘a@r.SQQ%E imdBetridls [AREIRE b 1RE: Apkifhl RCivid 1bsaM

i mpi nging on a surface thereof. gure 20A il lustrates the alternative
enbodi ment pmagnifieddmagst efdisthenpuil withea brighapoiet stirce of lightlocatad spriesghere @ear the
Prior to actuatio t.he q.?t lent is aligned with.the,i Bdent&%i.on di stlance
det edfi on arFERIFG ORI NS TRISROME SRUTSE fBFBes dpe I thsrefigction gt thy incoming plignment

pi ece 16 is Yearpfiomh te dubfedi Refal REFRE (@hlldd Be FRRVEIrRinROina@B)Saddits Wlﬂ?cg{eh?

movabl e central piece 16 is so |ocated, the beamof light Tromthe qu
source LS streflection fram themirrosed onpagtiallpesflenting plane suréace of theensdeh Preferably, the

The. movanl e Eonripte] TR (B3 ol L Bechlif 16 e GE N BELES il BRETHE'

movabl e centrefima i ece 16 then reflects this beam of |ight back through the
converging lens L1, through the beamsplitter BS, and then through the
convdPgi ng | ens LAlthoyghihig I8 shows theeye well aligned so that the rays ye foqused at a central

Preferably, ,the i . det.ect LD.i scl.0cat e focal poi of the
conver gt ny. 1100HGiopsdhe SEERE R he it s, B i riirRiod (M haSlenltlhe Bre foliry pr
| i ght det ectadfayl(R-diSectioRPfrBin tAE laks T Bluz eheintlige BEitRe covied) réfléttion, and that

movements of the eye in either the y or z direction will tend to displace the corneal reflection

image either to the right/left or up/down.

25 The patient therefore performs an alignment operation by gazing directly at the
alignment light and moving his/her eye slowly in three dimensions until the point image of the
corneal reflection is as sharp as possible (x-positioning) and merges with the point image of the
alignment light (y & z positioning) which passes straight through the cornea 4.

As illustrated in Figure 19, the lens L4 need not have a partially reflective portion if the

30 act of merely establishing a proper direction of gaze provides sufficient alignment.

Once alignment is achieved, a logic signal from the optical alignment system activates



20 outer surface of the novable central piece remains at the focal
poi nt of thwooenyssagi ng | ens L1. Preferably, the indentati onrpOresesmsess
detection arrangenent is connected to a display device so as to generate an
i ndi cation of zero displacenent when the outer surface of the novable
central piece 16 has yet to be displaced,,as shown in Figure 20A. By
subsequent |y actuating the novabl e centrgP pi ece 16 using an actuating
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pressure, as Indicated above, "as we as ocular rigidity, eye hydrodynam cs
such as ouhasacmall trensparept pamtion orfhiolesiniitaicentef which allbws the diseot passage \of thei rays

Pt 25 BRI el 5 S S5 e P g oo

i nt raocul agengﬁgsﬁ,uaegheamem{ibe @abddigetont i nuous recordi ng of intraocul ar
pressure. Wth regard to the neasurenent of intraocular pressure b

appPanati on, thEhg deeaygipaty onetbertiepmi splitsetBSY ¢y it ﬂ%ﬁ@ﬂbpiaﬂécﬂfnﬁhqdé@ Lar

aherern ¢ neoteitity, TR AEERhe com RN Be Whid AP eBhaBa, TR0Y lfnated
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. a fpar atus can evaluate the anount of area appl anated by
a known f crasiivetens L8 P ocal length of 50 mm) which focuses the rays onto the small aperture of a

silicon photodiode which defines the applanation sensor D2.

Q

25 It is understood that rays which impinge upon the cornea 4 slightly off center tend to
be reflected away from the lens L4 when the comea's curvature remains undisturbed. However,
as applanation progresses and the cornea becomes increasingly flat, more of these rays are
reflected back into the lens L4. The intensity of light on the applanation sensor D2 therefore
increases, and as a result, an electric current is generated by the applanation sensor D2, which

30 electric current is proportional to the degree of applanation.

Preferably, the electrical circuit utilized by the applanation sensor D2 is identical or



pressure is calculated by dividing the force by the anount of area that is
appl anat ed. W9s#aseht of area appl anated is determ ned usi ng RERUSRI(ISER
means and/or filters previously described. A force equivalent to placing 5
gram of weight on the cornea, for exanple, will 30 appl anate a first
area iLf the pressure is 30 mmHg, a second ea if the pressure is 20 nmHg,
athird area if the pressure is 15 mmHg and so on. The area appl anated is

t herefore i nd|

PCT/ US97/ 1548%" ‘Fotoégat ‘ﬁfﬁ%gﬁﬁ g’lgng‘ére“ss’seﬁforDAl ternatively, intraocular
pressure can be n’PﬁéHﬂé@l‘ﬂlc @iﬂagnﬂ,dme lof HedarbNbEAPASRLIBN G2l BN R combined with
appl anati on techni ques. hi s enbodi nent, a flexible central piece

encl osed by gigralsindigative oﬁthc Heentsekesito ackinve such pmde@aniog and/ed thgnamaeuns of current

transparent r.t, of .the nmovable centr C

ni cr o- bal | od a}”"I“h '8 Ry RELSPEBL O E® %p]t'%efoﬁcre N p a%{’%% §lﬁ1ae°p|?ar?? ipg. fog this
bet wegn two gdihdtival ofbmfdranfion afan Weeqsed! tor delertinevilie inbraotllad piessur@@ising the
pressures in the tw balloons are equal. The central piece with the baFI oon
i s pressed ogppnen PresurefROrGHAr¢a. t he eye/ central piece |nt erface is planar
as determ ned by e e
previ ously descri edﬁg];o&gﬁg%m g%%dogﬁéﬁégdg Sgggﬁ%{ ,rég%g '{Iffgm éjd{n‘?né L]
pressure by mageriht fytie:an al ternative nethod can be i rrpl errent ed with such

an enbodi ment wherein the apparatus neasures the force required to indent
the cornea by a pheWeilerthe ﬁ@aafa%amaratvm%oh‘ﬁn@ﬁte i5Moj magnetistfielthbeing directed

deterpined b previ ously descri bed. The novabl e central

pi ecém S pre E’éa“[gé’égcf”ﬁ e&cszornea to indent the cornea, for exanple, 0.5
mm (though it is ynuhesihecdanioh apparatualid irmed)ON] the magnptid field inibisliyueadins at
Achi evenment of the 15 predeterm ned depth is detected by the

previ ously d88&ri bed optical neans and filters. According to tabl es, the

|t aocul ar | Pr eSSy BnbatdBadsn 3 ) BEGibN HE Btk fariol D AURE o the

anot her techniqu rese Inventi o at es
bal | i stic pracfiuatiph eppat@oer dlinngthb@:yé bseprbperly aighed, el magnetie fiekl reamimgeter of a

collision between_the known pass o he vabl e central i.e and
cornéd i s measuréd ‘{}]’I‘m @e FES SRTRRET b{fﬁ § a?’é’"laﬂéi]ty?ﬁnseg by tﬁ? gpté&aLghgnmem
theoreti cal Igengdr) Qﬁé’ﬁfa?ﬁ@%ﬁtf?éld Ydriven by & stealifl PRcieh@hig DeESiS ¢hffent }@ents% {rf¥da S

are exenpl ary paranete | npact accel erati'on The hovable central piece Is
directed at ftamzerornea at a well defined velocity. It collides with the
cornea and, after ont ac

avell d
back. The. t1 me- ved Durg e pGHef pE SR RIRFI R AHRRSPEHEL. 0.0 g haRe force

studi ed. Thenapehr0aBiIL B&xt?ﬁﬁld&:@lals@'1xﬁ9&s%edﬂﬂ¥.e a spring connecting to the
rigid annul ar nmenber of the contact device the corneal surface is hard,

the 2@mact time Gl responstitsy the increasing Sarce ph thetreovablernentrakpiedeathe susfaeptrea ohe
P2t 1T L RN s Sl A B PFRAELL L,
novabl e centr aI 1) €5t HrBmItRE Bitfent® sirfite ArdaBf M cornea is reflected toward the detecting
arrangement which detects when a predetermined amount of applanation has been achieved.
Since the amount of light reflected straight back from the cornea is proportional to the size of
25 the flattened surface area, it is possible to determine exactly when the predetermined amount
of applanation has been achieved, preferably a circular area of diameter 3.1 mm, of the cornea.
It is understood, however, that any diameter ranging from 0.10 mm to 10 mm can be utilized.
8) The time required to achieve applanation of the particular surface area (i.e, the
predetermined amount of applanation) is detected by 2 timing circuit which is part of the

30 applanation detecting arrangement. Based on prior calibration and a resulting conversion table,

this time is converted to an indication of intraocular pressure. The longer the time required to



posi tion. WO 98/ 09564

PCT/ US97/ 15489s/69564 "pact duration |Intraocul ar pressure nmay apSQusd9/15489
estimated by nmeasuring the duration of contact of a spring driven novabl e
central piece with the eye. The anmount of tinme that the cornea remains
flattened can be evaluated by the previously 5

descri bed optical neans. Rebound vel oci t)ﬁzThe di stance travel ed per unit of
time.after bouncing is also indicative of the rebound energy and this
energy is PPRIpRAte o epesifictases, the highei|ths inaaauarReessyiepangd YIehVeisa- nci pl e 10

of a Vi brating & SNEnite pedarSes Bhef o TbRtath SEENEL e AR EHANEY

changes i ntdrh¢hOFFefl ection are related to the pressure in the eye. Tine

The apparatus of the present invention can al be used, as indicated 15
above, to nmeasur@) TheintrpRgularpIesspEe lﬁalv@sﬁﬁpéaygégyaﬁe&dm meteE. el cireis are

h th : ' ' ,
't Pakes ¢ BEREROT ikl ety GFF) K 3060 oPISSRbRICRE hik'tnd Aofle””
the | over mgsurethé@ocle avill portssinimediately trepeatddifthe patiém's eyé renaliralighedi@fior m

t he cornea. Thus, the anmount of, tinme that |t takgs to deformthe cornea.is
pr opor t i onindersgoqd; Boweyer, that the circuits may remain; QN ang that 3 copfinuious measusementiofnal

uses and c Lt f ' ' r [
ot hods. of PASe{ b tkESu mi¥% RRRSERby LRMEHL MPRMbALA SelBraf EpAL Y cau
met hods i ngiovitiedtblyehis agtoafatic areasurementadycienbaninay bouset s balcujarblombiior ant
depth i ndentation techniques, constant pressure indentation techniques

condt ant pressud® HsImARRIVES SeRRINMSHIoL Beendyrned OTF. all siscuitssre Hiapsdhack ON
techni ques,nand oStk ARl i bEcoré MaB) #r B0 nbaThHAbAYREy, 1. conventional

I ndent ati on en conventional 1 ndentation techniques are utilized, the
novabl e cent r al Althaugh thére atesseperabmpthoil s forcalitratingsthe yanbuseléenmehenof thisystomn nea
and thereby artifi.cial Ig I ncrease the int r.aocHI ﬁ‘ﬁ' @r essupe. This artjfi ?i al
ncrease | 1P TEASUERE PIROcyal Rresire y anplangion. dhe flloRiug ke ilvteativs sxamplse of
30 t RAR s EFibratifs cid b sLHiRA¥es the eye, the pressure gradually
returns to its original level. The rate at which the intraocul ar pressure
f allbs depends olﬂmglw, wlen manufactyring; ther earieug sompanests, ieach comppnesy psgad to

PCT/ US971 le5nA§181rge the component operates properly. This preferably includes verifying that there is free

piston-like movement (no twisting) of the movable central piece in the contact device; verifying
the structural integrity of the contact device during routine handling; evaluating the magnetic
field at the surface of the movable central piece in order to determine its magnetic dipole
20 moment (when magnetic actuation is utilized); verifying that the electrical current pulse which
creates the magnetic field that actuates the magnetically responsive element of the movable
central piece, has an appropriate peak magnitude and duration, and ensuring that there is no
“ringing"; verifying the efficacy of the "demagnetization circuit” at removing any residual
magnetization in the iron-core of the actuation apparatus after it has been pulsed; measuring
25 the magnetic field as a function of time along and near the longitudinal axis of the coil where
the movable central piece will eventually be placed; determining and plotting grad B as a
function of time at several x-locations (i.e., at several distances from the coil) ; and positioning
the magnetic central piece (contact device) at several x-locations along the coil's longitudinal
axis and determining the force F acting on it as a function of time during pulsed-operation of
30 the actuation apparatus.

Next, the optical alignment system is tested for proper operation. When the optical



72 functioning. The drop in pressure as a function of tine is used to

cal cul at ed t mwo@Bn¥b4e or coefficient of outflow facility. ThePQI/USIWIS489s
i ndi cative of the degree to which a change in intraocular pressure wll
cause a change in the rate of fluid outflow. This, in turn, is indicative
of the resistance to outflow provided by thf’e3 eye's drai nage system The
vari.ous procedures for 5 determ ning outflow facility are generally

known. as tonography and V. i S _Lypi j
ool fter o BPRER sk orsed Bt W adaimil PIGAHA RAREGRS 76 ahd 11 So Brllnle. the
by rai sing thfglldvihg 26t and PAlRSRIshProedie miebeasedbl e central piece of the

contact device and _observing the subsequent deca¥ in intraocul ar pressure
wi'th respect to tiaeirskhe copysxaglass Surfeseteng fee 9f asienndaving ppadiss oheurvaiuge
of aqueous o } .0ty Vi : i l.
Thi s change :A%I) {/O%%Il}gta}‘r? %glecaglt%logﬁ %dé r%amﬁt,'%gd E’r flgl }aa?\%vaaﬁ%%{d a%l %‘g l%rgﬁ(%ce
correlsate volrefestiohanPecferablyl ekis was chafacgeds pHoed rint £ mifrometermdjudredr aoanting
equal s the rate of outflow The cha&ge in intragcular pressure during the

1

t onogr aphi c gFigpgemert dang ke longtudieal 2xis ofrither ailh ndhe srirometarzagiustsd mounting

pressure incre [ C ' / ] ' y . ue [ S.
Ger i ved t hon 2 FORDoS PPORFERREh SBed sty SO o el sl Minbifionn
t is the 1 S5x.y-zspgheration of the procedure, Pave is the average pressure
el evation during the test and can be neasured, Po is the initial pressure
and it is also nmedd Wil thadetepor Df capeciadeioct VelagkeFUrTEt MSter. e caRves glass
vol u and e i : lce W e P

t henn}gozl cul ag‘g’ga%s}%g‘t" h;ie?(-%?S otrjérg’wsﬁna:Ellg@i&ctofl tié Po- P)aﬁx Errllgz%ﬁ( (‘?El l %‘3\‘3%5 e’k: ﬂ{é%bﬁed
pressure in (figtikpiyge) B mbximdingsthebupt sighallae theaasdroedmered general |y has a
constant value of 10. 20 , . 2. C nlsaﬁant dgé)th i ndentati on Wen
constant depth i nd&Afis% pestect alignmeng isachiayed. thealignmegt detectionafrangement 1§ “detunedye
use of a vari f 3, Al j t . ' kaed
amount of || n R Y T PG e PR RO LA
t her ef or e codégrgepéftesdonat therehy defireahe bystdény's samsitivigy ko alignment. ndent t he

cornea by a predeteryi ned .anopunt.. . This a nt of indentation 25 na
be delgect ed usi ng dgpﬂec‘?ﬂ"s'mé‘%? ﬁlég"&eé'bivﬂnﬁlsheycm ‘fg%g?e ‘H'fgeirﬁelﬁfﬂ"ées in the
central pi ecgeprSdRiimyast n?e%?&r@r%&nt.& BiSd 8196 BRPbd Baskd R e VafiBn@YST thé RfaghtR B,

by approximately 0.5 mm The anount of indentation is detected by the
optical meansen theimpyabieeentrs! pigtensal functioncafipsiion\Wt h t he central piece

i ndenting the corn usian force eguivalent to a weight, of 10 qr a
0.5 mm i ndent at 1 off AEARE BksrraoRY Shihe PRt et SELGY theBesy ToRES e fyh
, I ntraocul aproBéRiresHs@haiging the sizeQf thHenpeituren the Bllca® phutbdiedd WAICA fliSctRs as the
average corneal curvature. Wth that anount of indentation and using
stand®rd di naligniment senser Phend/enchangingian @apertrestapngtdensiLdof fluid will be

WD 98/ 09564 . . . .
PCT/ US97/ 15489 73NFb 8 d8i§CHoRArargrRent i tested g BIPPPH QPR nl e s dstestion
under goes a graiemen!compriss thel dpiit£dak&iodf drrankerentolliftrafed|if Figusd PRdYr &taniple,
value after 2 to 4 mnutes. The decay in pressure is nmeasured based on the

di fference bdefRlUemingdesiing aed ealibrasien procedurefaiheisedn of the central piece
and the final |evgy Aaflm ﬁxgs?su?ifaﬁeefe.g?‘., GRE el o MU pBfishbd TEd) JitE PHSRRH: Sf

drop is due to the' retur
25 preferably 4-5 mm is used to simulate the applanated cornea and its surface reflection.

b) A black, opaque aperture defining mechanism (which defines clear inner apertures
with diameters ranging from 0.5 to 4 mm and which has an outer diameter the same as that of
the rod) is arranged so as to partially cover the face of the rod, thus simulating various stages
of applanation.

30 c) The flat surfaced rod is placed in a mount along the longitudinal axis of the coil in

a micrometer-adjusted mounting arrangement that can rotate about two axes (tip & tilt) and



5 pressure to its normal value, after it has been artificially raised
by the i ndgjy sldosgy caused by the novabl e central piece. A kpewisofisisy

val ue of decay is used as a reference and is conpared to the val ues

obtai ned. Since the foregoing provides a continuous recording of pressure
over time, this nmethod can be an inportant tool for physiological research
by showi ng, for exanple, an increase in dessure during forced expiration.
The pul se wave and pul se anplitude can also 10 be eval uated and the
pul satil e idaosiatein threeedimensiandl k-y-2 spasgnst ant pressure indentation Wen
constant pressurge.jndentation te L gues are 1 1ized, the intraocular
pressure is kepfi?zg%&pmn%sef’?%%gﬂﬁﬁC?Wﬁé&n%f’é@% PéFWﬁR&‘?ﬂeWb@?me

i ncr easi ng rddferfaisClocaed@ian &b dedign GRfMNES0AIS Inriffbrh @kRnOLY wHerd NGs BYFectifl
any constant pressure, the force and rate of outflow are 15 linearly

rel at ed acabgreidndtipiltity/z) by suaximizing therautpatr signad frase theTppplanstion sentonD2.
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di fferent techniques. According to the first technique, C can be cal cul ated

f rom ¢ wo c pesitionak degress ef freedom(Bpytilkirly/Atand icarves are plpitedsfor eech degresraf] ifwgdqr?
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(PLerr) - Hpsrdefiethe srstents SV 16 wibdrilh | IDaea Gr SRR WP Iy drhingd e dhe

pressure anghchskaied upenores (ice. diffiar degreBnéf applanati@)abthefa@ssfth€rdarhi ch is
hi gher than the first pressure). The second way to calculate Cis fromone
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i n epi scl eafokernentioned fes1irss andecalibration methuidt dssadieded vithithiealignmemedppgratusd P i s
ned using indentation tonomnetr const ant

the i ntraocul ar pressure .obt ai . 4.
pr _eis sur g apﬁl a_n&f T’Eﬁf%’éﬂtyc%ﬁgf apnlanatien defeetngBTAREMER;IS then Wﬁ?’}ﬁ?é 3s geeded
mmanet 1o Pbigh BlSFRREs 3 pRingRR b Eae of R yp fIEE WP RbneVf b hrfRL60 serl6i D2

| f Xshe cor medorn changing itlbeapedtuteostb (smatidiold) anthefbeamssplieeredBSA mat hemat i cal

formula rel ates.the vqlune of .a spherical segment to the radjiys of
o vat ar e on ¢ PEE Eer g Al an-Vath HEssOremenes can basagish b S iolows: Afer the

PCT/ US97/ 1 ppbRnehfioR&d @atmatrdaea/r@e@g?@t proddifRireOhVeTedh ShHrRE At lof thd krfhilidiiaed

based on the fornula V=Alerr (4*[err]r*R), in which Vis volume, Ais the
area of t hsbsssemblies, alixpacts cambe Rombinedand thd isystem ftesterd ascanintegrated: ynit. Jointhie

(this is the radius of curvature of t cornea).. ol nce A=wei ght/pressure,
Lhon' vouy ePIpPet A8 it ira et and Tk Biitichles BUREY riss Bt MipSBRE R IC
i n dohe el eghhaitneid! iTheprdeburedTor Bothfdfe §pes are the Gav¥ aThE éyed brel fSurtad MG@nand
can be nmeasured with a keratonmeter, P iS the pressure in the eye and can be

neasur ed umRBREticHholderseeashthaviag Asceatralconeping Wiieh exprsenthesomea A58 Iparzafithe

tononetry. S 0SSl t0.4C . di.spl ace d
the C val CEISP Gher BBt BERRBleReFd § R BLFLEp S IeniBing s el TR,
cal cul at edbehindl thedRgRAhicughrthé scleranghdi Gligey dblidndadvanted §6 tien tied tib ipasses

between the lens and iris. Side ports are drilled in the cannulas about 2 mm from the tip to help

25 avoid blockage of the cannula by the iris or lens. This cannula is attached to a pressure
transducer with an appropriate display element. A normal saline reservoir of adjustable height
is also connected to the pressure transducer tubing system. The hydrostatic pressure applied
to the eye by this reservoir is adjustable between 0 and 50 mm Hg, and intraocular pressure
over this range can be measured directly with the pressure transducer.

30 In order to verify that the foregoing equipment is properly set up for each new eye, a

standard Goldman applanation tonometer can be used to independently measure the eye's



10 5. constant area appl anati on Wien constant area appl anation
t echni ques aye os9eses zed, the nethod consists primarily of evabanusymsasse
pressure decay curve while the flattened area remai ns constant. The

af orenenti oned optical applanation detecting arrangenents can be used in
order- to keep constant the area flattened t he novabl e central piece. The
anount of force necessary to 15 keep the fl attened area constant
decreases ar ' |- bt . : '

accor di ng ¢ pRali; MEGLEARS STkiE RELRLGIRE resdihEir TR Meefco PYAIE nith e d S,
mm appl anat irkg Gotdihdnadysieheideheéli sathpared tat a Qimultinesusly détenntihedrintfadeulihpressure
average corneal radius of 7.8 mm_ Using the formula AV/At=l/ (R*[err]P), it
i 5 possi bl e megsured by thetpsesurgransducer; Ady peehlemspengouptered with theceqipmant FaURSUS

recordi ng 01(‘88{%&%?%& Ryoelrnﬁggg%én% Qo :q%ﬁb;@ﬁre t hod 20 can be an

I mportant t researc evaluati o odflow 6. constant force

appl anat i on \When The péseAdir i Qs@Etoathahgeaints i Hg&hdj\idﬁﬂ@lssté}isehélhitdabi’tﬂﬂéfrbﬂere
sanme force is constantly applied and the appl anated area i s nmeasured using
any of the af 6reineys OVsHaTange PEaresaspt £am ? 60 Sdanmdde ofitasach vfahe Rressuren @e

be- cal cul at Eengetny el W chEher 5 FRPHiehlinydiion. Bagh PbipRpgeR tersy"

appl anat ed. Hspreleat thvkmadnesonkies cﬂ}@cdnlﬁfﬁf anves Bépatdte tiRavarping dipnakle dverhe GiaRkes
with time. This nmethod consists prinmari }/‘ of  evaluating a resulting area

augment at | ofuratien@f thipyleed magneyr dieldn T eghree signals afs: 18 e craeent Apwing 1p the coil
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Usi it he- T SF e PeBER b fhut & 4 Bt r A hodt PR, 23 (REPNARE KB o5 ARG
whi ch i s thef fifie from therapplapattnadetertor@2,Jabdiled APPLN (1)and 33 elee wdhapbeighdlasant
I nvention relate tq detecting the frequency response WD 98/ 09564
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vt Jong She’t r arit e sl i e R S B Pl 6r D retionsns
the intraocybifg MaMPSiphs oRButitqRiatreiatnll-2) BiplSing! dtadHsT thafighis Varsla e,

measuring the resonant frequency and a significant variation I'n resonant
frequency cirnuserishlproerssinggnd analyses iroanyovay thet isidesisask (A)aploting fipal resultsh &)
present inventi.on .al so be used with.the foregojng. copventi gnal .
dent at | orAHPLERR SRS BRRY i cpebiolies Bf o i BPauGuE e 4¥ R toesine =
cal cul at i onmbguf@RnttR WithSitsisddated intracBRY presute)n principles. Since

appl anation virtually does not disturb the hydrodynam c equilibrium because
it @Dsplaces a vEmerelnedshipbetwaen thetthies timet vaoying axgnale and insfadeulenipnessuce are as
accurate trr}ap i ntraocul ar pressure nmeasurenents nmade using traditional

i ndent at i ont°t®¢hni ques. Another use of the present invention involves a
tine rel ated wayl, gf) SBafdeperdedt puf §8dabWRRE & dchsiOichly @p¥pliel As RaFrbhtPulRd front he

resistance to outflow is detected by nmeasuring the o ) )
the power supply which activates the actuation apparatus. This signal I (t) is essentially

5

constant from one measurement to another except for minor shot-to-shot vanations. I (t)is

25 a "reference" waveform against which the other waveforms, APPLN (t) and ALIGN (t) are
compared as discussed further below.

2. APPLN(t) is a dependent output signal. APPLN(t) has a value of zero when I(t) is

zero (i.e. at the very beginning of the current pulse in the coil of the actuation apparatus. The

_ reason for this is that when I=0, there is no magnetic field and, consequently, no applanation

30 force on the movable central piece. As I (t) increases, so does the extent of applanation and,

correspondingly, so does APPLN(t). It is important to note that the rate at which APPLN(t)



15 anount of tine necessary to transfigure the cornea with either
appl anat i onyglogiogeggnt ati on. The tine necessary to displace, §@fusHIARIPE, 5
mcroliters of eye fluid would be 1 second for nornmal patients and above 2
seconds for glaucoma-stricken individuals. Yet another use of the present
I nvention involves nmeasuring the inflow of eye fluid. In particular, this
measurenent is made by applying the formfi®a F=AP/R, in which AP is P -
Plerr] 20 and P is the steady state intraocul ar pressure and Plerr]

i s the epi dndreases with instiepsisgd¢d derenthpe Hhe qY8's INTACKWALRIESFUIe: oPines eyes ovith lpw
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then be calrégpbmsees an dpptanpiictore, it Bundérswodithat ARRLN(SEhereases nite@ fapidly Gor an
ocular rigidity, or the distensibility of the eye in response to an

i ncreased ieye hayingu law ipsragsulan sessumedhanddaes foraneye having @ high intgaoguiay pressures

be cal cul ated | n ' ' . I L ngs
w11 onBie AREESH EURERRES APty B s RFE 1Rl B bRAIRBRA e ind RRHGRS
coef fi ci entprégbureGwtibit rdathesi rhaxiam vhnechRaeflll applbidtiod ¢ahieded The t echni que
for determning ocular rigidity is based on the concept of differential
tononetry, using-tMIGNERAT 2lse aependsaoytput signadi Aguning an eve ferligned ieihght s
or nore acguratgly. ' ' ' ' e I [

eading andesp: HersigHEWTIGRAT safIaELaht kdsRRE LG ARy BEGs F0IS @3 R ey
present i nyegitrighofthdicurentipdst tb thenmdil D the acihtichtapphratus)r Ehsteasonfdr s Bahdl
appl anation and indentation techniques, a nore accurate WO 98/ 09564

PCTIOUS97/ 1 5demI=fs thepeiis R magnetisthelthico canseauentlyi o foeecamthe anoxahlecipaisal piece
Measur ement, g, gl wbilh fomwlsgftermssaﬁpf ﬁe%hﬂﬁ'sgnﬁraﬁﬂgaﬁﬁaé’éor%ztl trEffecRbf R Dhar
I nvention can al so be used to evaluate henodynam cs, 1n particular, eye

henodynam givesrist tp thesdlighinentaignah ias bt oiadrekies wausitipeapplanstidn (aed cittesporinghy]

flowis the conponent of the total ocul ar arter, .nflow 5 ...that
causes a r ﬁ)‘}fﬁ%?se 5 the extgat plrorepal eyrxaturg r%é@ﬂgr%_@bjgé‘?""W‘éupﬁ#ﬂ? EEBERFS ar
pressure Vi‘érb"a?ﬁz‘ﬂ"abblaﬁa%ﬁ Hligiﬁfpﬁﬂh'rﬁ td Qodeat Halradtat Wiich 'NI:,IGN 9? décrbRkywiAf

arterial blood into the eye with each heartbeat. This bolus of blood enters
t hel5i nt r aosteasingit)aslepends ap the epcivintraecuiarpressurea finasgxtiaoauins pressyrei applapats e

in the intraocul ar..pressure.. Th eriod of intlo us a t.chi ng_of
the ey nalTe SHRHB S8 el HEBiupaasdoren R in Bllee iR A RIGH Ul
rel axat i onmofe r4}RdIPriey k® e heving a low MelabfBaropr@ssard tHati'for bR eyBhapig\d Bigh
pressure as the blood drains fromthe eye. If this process of expansion

during sysinttaecylaopressiics. i DhusoALIGRI(1) dgenepses frpmesnme maximum valre #p ratetbatos e
| axat i f the he t aj_n, pul t hem the bl
1o rat e Myt BbrpRRnite HicidlRoflerbrflrs Ut 8 Mago e wpi B plfapi 408

ratxg. The h@tdvehat intraocul ar pressure varies with time according to the
cardiac cycle is the 15 . _basis for neasuring pulsatile ocular blood
flow. The car di eoreyhe ferqaeingpisiodrarahat the rate phehageeielbash optpgt pignalg APPLN
present in ' C the tipe. varlati | nt e
N eh a frolTERGRN PRI S irif skl T Rl sMorthat B hEREHL R PIERIH
al | owi ng t TRerefosd, et heasurament o€ marackiulay ppdssurs usiag chd meseptiinsentionmayhdepend oml
human eye, the intragcul ar pul se_has a magnitude of pr oxi ely 3 Hg
and is praSeFEEmp t@;ﬁi&?ﬁo dhe “APPRN veesus A7 measurement agta (also, although probably

25 with less certainty, the slope of the "ALIGN versus I" measurement data).

For the sake of brevity, the following description is limited to the "APPLN versus I"
data; however, it is understood that the "ALIGN versus I" data can be processed in a similar
manner.

Plots of “APPLN versus I can be displayed on the computer monitor for the various

30 measurements (all the different intraocular pressures for each and every eye) and regression

analysis (and other data reduction algorithms) can be employed in order to obtain the "best fit"



20 As descri bed, nmeasurenents of intraocul ar pressure show a
time variati oNQ #9564 associated with the pul satile conponent FST/@97dP488
pressure. Experinental results provide neans of transform ng ocul ar
pressure changes into eye vol unme changes. Each bolus of bl ood entering the
eye i Acreases the ocular volume and the intrgocul ar pressure. The observed
changes in pressure reflect the fact that the eye volunme nust change to
acconnpdate ¢ 5 ' e 4:ntr I I |

artort al bl oot OuEaior e messfrimbile, HRE!cARGH <Ryt th 8Rler OloliRiak IV EEE, it
vol ume, but bpgeredéret NEhavehd sesalt dfhe seryes off presiuré imeasirempnite 28 differéemcingaseular
required to accomodate the pul se,vodlngme is _signifi cegnt and can

be .
measur ed. ThePESBHES G & icde ddstratingd, 8y 1Re AfOTGMERtIONegPrRssure trRRsdupen oxillebe a
i ntraocular p : i ) . IvStelt\F4he e yof
t he bol us of %ﬁ%ggggﬁgg%ﬂegggrﬁ%es H%ﬁ%xgé&’%)g?@edrygﬁ at | onsﬂﬁegﬁégﬂ%m)'
bet weers pressure cheryge singid plovksiprepacddfogeach age sthoeing/8IlOPE:edraus intsduetlar pressure

Fri edenwal d 1937, McBai n, 1957, Yttebor 960, FEisenlqhr 1962, M .
1065) .t he. pr S48 @biStRLYEH Sk A NG Curve Broumios gata. Jdealy, al curves ot the 10 pig
PCT/ US97/ 1548 7 L Ryi ERine tnsk £ thS il he 10
t her eby det er?ﬁ’e%ea r?%gk%ﬁglo%&?ﬁgé\;/nv? Tﬁgemglazég{'}t rB(:)é%n%tthe tonr(t)ESrr%t e?s%ugélg?cﬁgg e

i nst ant aneoushymaseyese I the iben! isorezieret cahyi oft the icnses nirabeotlized lfsimpethey alb gee the
vol une as a function e, ti derivative of the change in gcular, .
Vol ure s ¢ hesse) s LARIBRGATIONS fors e sr et RHian bt PRerics BUMaver i tieal s
flow. ]Hnder 5 Rafzegonditions, the rate of pulsatile blood flow

t hrough t he e@rgb%%%nhg eval uated fromthe instantaneous nmeasurenent of
i ntraocul ar pressuTkerefareotitlef the SUQRE dérguginsmabedlyr preskueenddty far thd 0 pig eyes is

Nto 5 bonpul SPSTHERES0ER Snale £ AHFATe ©7ahe POPBo MroEdat pies i 58 e
to obtain theg mﬁﬂﬁ%g%)arswmwsﬁmtpbgiﬁgg&&nﬁ }188s 8 "a@@ra‘g@%ﬁ?ﬁ.ﬂgﬁgg}sTYON curve,

determ ned pressure-volunme relati onshfp suc
Fri edenwal d eapdatisocindicationcafhevedliabilityBgciated withtber@ALEBRATHANI based on

VeBai 151057, & soriNofr s o6 Bilgh PRGHR eeare et e balbfope o il eyee aad one

change in ocubahuRiaSéds)PwhithOindtufl) B3R s aNchifipdsite ofAllUiRe - SLIOPRYershé Mtracular
nodel can al so be constructed to estimate the ocul ar bl ood flow fromthe 15

appear ance ofpressare riatamodiresr ther statistical apalesisr it is messibleoty ebtaie )san averaged
to paraneter f Y . e~ CUr i el S .
indirectly nescé};‘sjgge%‘&gpfﬁalge‘{u eirblt:l ﬁlerpg%%gf g‘&%ﬁ%s%%ﬁevyh ?gsh %-%ecsagg’p %’I threreglsoﬁf lellécly

quant ity whi dftradsulaf piresdufe” assdciate vithad mBEsuedibSIQOPE valuegl) théStandard Mevidiion (or
measured pressure-volune relation. The flowis then conputed by taking the
changd0i n volYariangahassocktednwithy @Ry ptrasguigy pressws sletarminatian mage using: \hg nresent

the length of, th [ i 4 . e b ng: I |

L engt b know st sy Blefeshimeionsdxelalfy i lodeichikidabhmeRls ife

pul sati | e corgyanentelighilifyh@&r0adturicyDbP @ dresent invemtich's OALIBIRATION i cdyHvhieh is

can al so be used to neasure the ocular rigidity, this paranmeter of

coefficient dpunstiipmya rstapdandrsrosof-themeanrnalysisoféhe dagd-nore preci sel y

cal cul at e indi vi dygl. i6: j 4 ' - '

the actuation apszii?I gfl gﬁggéﬁgﬁdg&g(ﬁ)ﬁnggw cljltsat\f/*lE (I%%&Zalﬂ gﬁé&l’jﬁe& %&g%ﬁ%{bﬁf’%@éﬁﬁsﬁgﬁ%%e
25 sensitivity of intraocular pressure measurements made using the present invention, to

translational and rotational misalignment.

ALTERNATIVE EMBODIMENT FOR MEASURING
INTRAOCULAR PRESSURE BY INDENTATION
30 With reference to Figures 20A and 20B, an alternative embodiment for measuring

intraocular pressure by indentation will now be described.



25 preferably include transparent portions, the pulsatile blood flow
can be dire@iddsmsed uated optically to quantify the change | pc3hise7/ixsss he
vessels with each heart beat. A nore precise evaluation of blood flow
therefore can be achi eved by conbining the changes in intraocul ar pul se
wi th changes in vessel dianeter which can be automatically neasured
optically. A vast anount of data about t R vascul ar system of the eye and
central nervous system 30 . can obt aj ned after know ng the change
h i i aocul ar - pTASHETBYRboUITHEY BAests DR GFapE SRFHOD SERRent Fc
flow The | DhaBpaic PHeRohtic? st Haa' ris\ableen bl oo WRIEIRbAY the ouffle
PCT/ US97/ 154fecei8illagtratext in iFiguiresi20 Amad 26B o The petside Gorfacempfehe mpyatide bamml pikce
symetry ma%/ serve as anl early sign of ocular or cerebrovascul ar di sease.
Pati ents af ﬁl'Fé’c’ééFt\HPftﬁlMi'gfiFé%‘%%, macul ar degeneration, and other vascul ar
di soeders may al-ggo: ; EARedkti QPG il Repsdd
eval lgjat i on of eyﬁgﬁﬂ%&%ﬁﬁ%ﬁmﬁ%@ usl ngg{;ﬁtgﬂagpéglaer gt ﬁsu of vt?cﬂgo prggzriegrﬁtim;eE 2¥knd
i nvention. I®;abeam splitter BSIThdighr saesetLS for emittinp arbeymaif dightieavirgedwideh w; and
artificially elevate intraocular pressure. Tpe %{ti ficial, el evation of
i nt r aocul ard kR detactor; LD Jasnorsiys 1o the diametes af 3 reflegied RRIT EORIRAING, PR 3rivEpee of
eye and brgjge.gdf sorders as well as an inportant tool for research.
Artificial elévation of intraocular pressure using the present invention
can be acconpl i Stigarei 20Alilstratenthevaitesnatite embodimgnt priante actuation lo€ theamovabie
device of the present 1Q. . i nvention is npdified i. hape for pl.acenment
on e ool GRS 61 RiRs t8,aushon K8 RtFanGeHienrs Wi tiF Moratig distance
descri bed hﬁfe%ki@@ﬁ:tr@ﬁ%enie%t b tHa® iRt sufadd &t&h@&o]?«abla %emm RfeRk 6 id1Bcdty AD! €
e

central piece 16 may | arger in size and is preferably actuated agai nst

t he scl er a thafogaigeint pbtheiconverging laas Li2,t Whercthe movghie senarab piete, &6 isrsolegatest, the

doscr ped. by of g HEFH: Sy okt S nierh FbleR B ARGl Richgl e

i ntraocul arcopvepgifgllefs LEtolimpinkaas #goinhen eHRTEMetive Ouiee urficetdfehe o wdN central
I nvention on the cornea in the sane way as previously described, but using

t he lPovabl eiesedér Ahe prflestive eptappiriace ofine mavablg eenrral pisce 16 then neflets tisckeam

deeper i ndept.ai.i0 Thi chni vant baual | f
the oye. wni LN R tgugh bRreSM R R T RSN e plim el BS BN 81 3Pl
contact deuheeomergingli@isdld yo btrik8apsurfacd of AwClighlidegectar LDi SPrdferably, the light
techni que, the size of the npvable central piece can also be increased to

i ndent a_ | dletgetor &:is legated a1k facalnointof thegpaverging leasch 250 that thegeflectsyd beam
i ntraocul ang, légtérsdﬁraesﬁrﬁzrcgfoﬂh%aisgx} %%Q&oraﬁbu % ecgmaWﬁé‘ﬁl}&sze% ddmafr »\ﬁlten the

t ranspar ent al portion, Icated a to facrlitate direc
vi sp@l i zat ionrer efrfach ef g encvable catiahgiecdviemains Retherfoca poink af thercessergiagilenshéi ng

i ncreased. When the intraocul ar .pressure exceeds the ophthal mc arteyial

diastolic pr essfr’&‘%rﬁq}é ‘Eﬁf@é“ H&P g'tsi?ﬂée Qﬁ_ﬁ‘“?& ma@emﬁ'ﬁd&&%’]"&\ﬁﬁd@é@%@g

rapi dly. Bloodefd, z%eﬁg}%%e Er?{ngfcwgﬂ'orggro'd?éﬁi%gﬁ%?ﬁh% SUtEr duPraBEAtheOT
ha hus, by a

hi gher than the opht m c systolic pressure. ow ng direct
vi sual i zat insovable ceftealrpi¢deri®l hay getselbe displaced, 2s ahdven inoFigetec?0li. ne t he exact

AU TR DE P N TR O N X

flﬁle,@s% Pr es preferdbly, likflaPRthd\aaibifg AEWHERS escHiBEd RRES the biltée BirtARB of tHém@labR\WS
central piece 16 moves progressively away from the focal point of the converging lens LI, as
illustrated in Figure 20B. As a result, the light beam impinging on the reflective outer surface
of the movable central piece 16 has a progressively increasing diameter. This progressive
increase in diameter is proportional to the displacement from the focal point of the converging

30 lens L1. The resulting reflected beam therefore has a diameter proportional to the displacement

and passes back through the converging lens LI, through the beam splitter BS, through the
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30 measurenent of the pressure in the arteries of the eye. Al so, by
pl aci ng a fiWa9898584i ght in a back portion of the actuation aFGArusdlEs4ahd
aski ng WO 98/ 09564

PCT/ US97/ 15489 79 the patient to indicate when he/she can no | onger see the
| ight, one can also record the pressure at &hich a patient's vision ceases.
Thi.s al so woul d correspond to the cessatioﬁ of the pulse in the artery of

the eye. The pressure ip.whi,ch vessel s, open ¢ I be determn by.

i ncreasing i P’ngl lﬁ?s g?_e"é‘gu‘tf‘é“ ﬁﬁ{%ﬁef S‘P%g‘"ﬁ"tﬂ‘é%g tsel Z’g‘@@tp%é éo_raFT? ‘fvﬁgr‘? diameter
gradually d yewﬁbm@ #A8 displhEehiiel bAthemovable ceRirflieted 6USinde thé BgtitetRtor LD
reappears. Thus, the intraocul ar pressure necessgi% for. vessels to open can

be eval uat eds resporisive, aysliaatediabpye, to the dizrmetex ofthe milegtsd lightheasy, reydisplacasment

e e o il ARt st AR Rl BBbAP ok i L

pul sagi on cgrmpbe optically recognized and the pressure recorded. An 10

attenuation of pulsations can also be used as the end point and can be
optical ly detect Rrefertidy.afhgakight udetestan LA o asphetoelqctric, icamyarter onpertest to ithe

b oduced: | TGN Bed Sty ARiceGRLapitit SRR REHL Yo B LASHAR o0 o e,
to the artifdiheér offie refiéeedilighi bearriaingiig Bcnhie lightrdetects Ly aThe trplagdelibe

same time that pressure is neasured. 15 Advant ageously, the
f or egoi ng, ttherefore prayidesarvisiahingicgton af displacemgnt hased Binthe gutaut veltagerfzem the

prevent visyaljzation Qf the back of the eye. In particular, the
ot 1 ot &8

af or ntio e wherein the patient indicates when vision ceases

is particular usefjdrnitiveBatthenduip Frammext afgl_ﬁxpaaéétbes,b They badidngedtd tthean
peri pheral vision corresponds to the diastolic pressure and fading of the
central vi siapangesieRe apdesgabedabione. oy prayiding an wdisatien ofiptraocular pressure bagggeon

pr esent inV(?ﬁ'é{ii?{ﬁacem'enFJ:ert\ﬁ@trrindwaeh:]‘aen!rﬁlt;{i@cg%l ar pressure, as indicated
oW Nng a

above and by a ng direct visuallzatihon of blood vessels in the back of
the eye, may be used for tanponade (bl ockade of bleeding by indirect

application of pressure) of henorr i rocesse h as those which
Qccu}s, for exanple, in diabet es@ﬁm%ﬁ&e@iﬁg on. The el evation of
i ntraocul ar pr es%ﬁn@raﬂ@lh@ﬁr’é&égg‘?ﬁ aak 'aﬁc?]ﬂlletﬂoa n‘iégc?s {trﬁ%?ﬁm% eHiyat€ irtABEular

det achnents. 25 et anot her use e present invention,
t he af or enmepressured anndinatediaboat,sas welhasbecules aigidity, ayealydiredymamidssuclpeeestfiow

f th fluid. | der t tfl inth f1uid,
the cont act Ferly aad inflasy e o ¢ TR ey smdgntaics e a5 heressivedt &b episderal
applied to 4bsCRUNRE. pulsaflePsR3 W80 THE anll as ABYARL bRy Bo aPificidlySias@aden

di anmeter when the pressure in the cornea equals the outflow pressufe. The
preszur e onintteecalar pressurs apmedas theemtinuoust dacording fof entra®oular pressupe.essur e.

The. om of ey bl fle bhS, Sk S BERBL HuSR T ok e, b °

result is agh@uipHbr séts TohRsedePal techniques for accomplishing such measurement, including a
variable force technique wherein the force applied against the cornea varies with time. It is
understood, however, that a variable area method can also be implemented.

25 The apparatus can evaluate the amount of area applanated by a known force. The
pressure is calculated by dividing the force by the amount of area that is applanated. The
amount of area applanated is determined using the optical means and/or filters previously
described.

A force equivalent to placing 5 gram of weight on the comea, for example, will

30 applanate a first area if the pressure is 30 mmHg, a second area if the pressure is 20 mmHg, a

third area if the pressure is 15 mmHg and so on. The area applanated is therefore indicative



WO 98/ 09564 :

PCT/ US97/ 15¢8%sReseenM s Law. Using these known fornul as, thep&piSomilsadel oW
(vol une per tine) can be determ ned. The change in the dianeter of the
vessel which is the reference point can be detected nanually by direct
observation and visualization of the change in dianeter or can be done
automatical ly using an optical detection &stem capable of detecting a
change in 5 reflectivity due to the amount of fluid in the vein and

t he change ¢kintrpeculaspresswear ea. The actual cross-section of the vein can be

detected using a s . i t T an brai.
henmodynam cal | y 3%‘%&‘@38% xﬂ ﬁé&ggﬁr g’??%x%r erb)f3 xgﬁa&ﬁ%’eﬁeu au %ﬂ%’mngﬁn'gtre\?%gg and
system Pat hupefuyiapthnation deshaiques. tInethida@nttiodimen) Dfléxibib eertfal pitoel edissed by the
synpat heti ¢ nervous system can secondarily affect the blood flow to the

eye. The eymagnet oftthe movable centrg} pieee isrused and thgransparent partof shacmovable eqpgral

with_high reactivity. The arterial ~f]ow . I N LS RLovi ded by

car ofi d ar 1OF GtidtsniRapeior This Webte i Basgl Bt BrBeplE 5 tplenfier,
degree anglraedh tRapheres balkinouf Jﬁéﬂl;ﬁl Yadilsvill Bt fist ifiha pRbfires iR thoiMaAbdloons t o
the carotid which neasures 5 mm.in dianmeter. Thus, nost processes that

af fect the drecqualo Thecentralipieogivith theballeonis presserhagainsthe eye uptilthe pye/central
Mor eover, the pu ' At.r ' used 15

to determ ne® ‘gleg‘@é%g{allagglbésg%se&&y ﬁd;uytthgg%g%{'wg{o‘r}\g&cx tg’? g'r"giswand due to its

anat om ¢ rel ati oARbD, withegdrd tdithe pravidush deséribd|antangsmeny Sihtol méaserep mtadtiler i N
the brain's vessels can be estimated. Total or partial occlusjion of the
vasdéll ar sypressuiethy 1ndestation; an ismative methadands implemeated xthwych ap embpdiment

bl ood fl ow. les|

ol ter the oultERnBafealERRhUARE RE rffliel T6 MR, (BETLAE b7 H8db e

t he eye. ThasinpaThislaoguntdf izdentation is deternaihedbysoprical meand s previouslyatessribef.
measur enent s between the two eégs and/ or a decrease of the ceR.traI r tiorgal

artery presSireovalleceutd plegsis prsscdiaspioshing Gamen sovndrt the eemes. fer pamels O
anpl i tude. 4 (maﬁgﬁ UG hiRRrdrBod thge JikQly dhy! differcRPM dadl bk G8EHD Ahietbmbrt! dtiheN)
can be evaluated by anal yzing the ocular "pul se anplitude and area, pulse
del 4§ and ppredetemmided deptbrim detectdde bythe praviously despmived\ophical mpedns andafiltesiss

o the charGeeraing i RS G PuBOGE miHT< Gt diied P pate Romlgfade i
sane system usedybo ah6her fhchfiqieWhiRh ith@ pedsert iVentibf fAGHiaeS BsCoNistht balliqke

during indentation can be used on the bare cornea to detect the changes in
vol une t hatprisciple. sAegording s thephallisae poncipithe pypmetes of geellision between thejnown

records the_variations,h30 . in,distance fromfhe .surface of ea
hat  occur I8t Phi TENEEchryrekpisee R s ZoAA B miedMel "TrEMELER BirbfSy e
\C/\f)o r %‘% ?Og g gé{hlaféu eRGreticallytR exprifeRalyRNEE Mtrabouldt predvife. ThofolloMengoare eRémplary
PCT/ US97/ 15samederschar act er of these changes, the blood flow to the eye can
be cal cul at ed. Vi’er Qctt clg'faﬁgr?rrent I oned technique of artificial elevation of
pressure, it is posSi {0 imeasure the tine necessary for the eye to
recover to its baseline arThd fbsableceaned] pidce iedirettealat the cornea at a well defined

velocity. It collides with the cornea and, after a certain time of contact,
25 bounces back. The time-velocity relationships during and after impact can be
studied. The applanating central piece may have a spring connecting to the
rigid annular member of the contact device. If the corneal surface is hard, the
impact time will be short. Likewise, if the corneal surface is soft the impact
time will be longer. Optical sensors can detect optically the duration of impact
30 and how long it takes for the movable central piece to return to its original

position.



i ndi cator of the presence of glaucoma and of the coefficient of outflow
facility. 5 WO 98/09564 The present invention may al so be useBCT/HSHEA4RY e
pressure in the vessels on the surface of the eye, in particular the
pressure in the episcleral veins. The external pressure necessary to
collapse a vein is utilized in this neasur nt. The method invol ves
applying a variable force over a constant area of conjunctive overlying the
epi scl-eral vein ungi ired end point is obtained. The pressure is
applied directly _g&'t'g@c?glgrg@%’{ssel itself and the preferred 10 end
point is when the vessel coln#fasasiar presarsiay aisb be festithated By preasiiring They db@tion
used, such as bl anching of the vessel which occurs prior to the col]l apse.
The pressure of the endofsoniget ofs speing dpivercmomgbleiFenteal Aigce Withithe exe. dlliel amaqunt
by the area of the appl i n I { LM i

for tononetry. The vess%ﬁ%gﬁo%ogﬁavehﬁ ?ﬁrﬁéﬁéﬁ“‘gbﬁ%ﬁé‘ﬁﬂe@aﬁﬁ%@ﬁ l|mr%
movabl ¢ central piece ugdstibed cpricdl-thead® bi om croscope. The enbodi ment for
this technique 15 preferably includes a nodified contact device which
fits on the scleraRguougdvelogd . The preferred size of the tip ranges from
250 mcroneters to 500 mcr [ j : e
achi eved either manually or Ogﬁ(g%t% ?egg"?@?‘ P E‘é@? 8fﬁrgle?§g;[lﬁ%nﬁ%ﬁﬁ%{ls&ﬁ\dncatwe
arrangenent, the actuatsfahe ribparidénesgy sndanisfenergyesipfoporibnaleotintyadtuRk ipZastiren
of the vessel through a tr,an_sgar ent back w ndow of the actuation apparatus,

and 20 t he tYWREUOP PEBFPEpse i s manual |y controll ed and recorded.

According to an autonmatic ar QRLI t2CLdes o Ses
config red so that, when theﬂgﬁnggg‘sgélrare§%sa§%n% Sg‘gebr% %/%t@%ﬁ%é%?ﬂ%edrsgn?% d(lf
change in a reflected |frefjuendycafia vibrdting element \un gomactdeils thebewhtady deeicé and the

tononetry, and consequently, the pressure_for collapse is identifiable
automatically. The end "ﬁﬂ‘ligﬂg ‘?P&P%Er\'@ﬁgm rﬁ%?"lﬁmgiaf"u‘?f?ﬁ?fﬁ? t?‘% Pgjgure in the eye.
di sappear ance of tjgebl ood stream one detected by 25 the operator's

vision and the other detected by an optical detection system Preferably,
in both cases, the contact dehe appanasuschfthepeedentinentiay caroalso be ubasl, ayv exdigpeed

curvature of the sclera,and the novable central pieceg, ich can.,be.a rigid
or 1B bl o materal - (bOVs MBI T as Gt inksn pp anagh e sogtean e dpee His,
may al so be used to proyle &ﬂ@hi-ghemeri g%gaggrwsufwéﬁmgy{tgé IREES aRes ®

built-in single chip mcroprocesSor can responsi ve
i ntraocul ar 30 pleéwguthe aveesu r@mthet sthevkandt thessoftadtheagoriea, thedgmanthed
to create and display a curve relatin gre sute to tine, &H}e rel ative

t Hsa"gs& efor.

position of the novabl dMEASRYIALPTERIER RRECT Lakes o eSO ds gus:

PCT/ US97/ 15489 82 i ndi Ga¢ GRoaR0dfimeé/fiaf'@t takesOBldefdtim €R{RFRdaqs pfopoeshaf il the
the detected position in conbination with infornmation regarding the anount

of cwdrent flow ng thrautggoeculaepressure.of the actuati on apparatus can be

rapidly collected and. anal yzed, by t.he m croprocessor ..to create the.

L or ement L oned curABHticgar st £ chbabiliic BEREC Bie R I3hHOT e, Hdrfivg meghods
M cropr ocessef measktiig ditlbwecilig (tdiRdghiphd)) 0 THEGR! aliWARitiv indthddécificlade the use of
created. In fact, mcroprocessor, technology may be used to create at | east

the af or enencomaipnebindestation tashniaes, sensiAnt depth srdegtation tephpiques gonsiant pressure
m Croprocessor . aﬁh‘? %?R%ung @Lﬁn%r?? gréé:ﬂﬁ'e %gglgﬁzltﬁmglg%uﬁaﬁs,f nstnt d181 applanation

applied. The resu asure an berecor
25 techniques, and constant force applanation techniques.

1. conventional indentation
When conventional indentation techniques are utilized, the movable central piece of the
present invention is used to indent the cornea and thereby artificially increase the intraocular
pressure. This artificial increase in intraocular pressure forces fluid out of the eye more rapidly
30 than normal. As fluid leaves the eye, the pressure gradually returns to its original level. The

rate at which the intraocular pressure falls depends on how well the eye's drainage system is



or stored electronically in a nunber of ways. The changes in current over
time, for &¥@vgbedss 10 can be. recorded on a stri p-charpcesvonsisg .

O her methods of recording and storing the data can be enpl oyed. Logic

m croprocessor control technology can also be used in order to better
eval uate the data. Still other uses of tgf present invention relate to
eval uation of pressure in deformable matefials in industry and nedici ne.

One such exanple is.the use of the present invention,to val uat e
Soft i1 5 bnCEaERE AT g Gotint METBH 1 FORITOLET & 1Seh S pirited i f VaHE L
f undament a&oém.mdofoéuthswman@ ang @weiyisned,&aﬁ,emmwaég@&ym whieh a A change in

deformability of tissues such”as the brain, liver, spleen, and the
can be neamtracuilanpressyre will Qansesachangsinghe rateofifiuid ohtflove p'flhls,on timgis irtdidative
contact device t he prese

b ted. | th' d,.ih
Caventi on ELIRE GGt RUTIOPER Py e BrRS EiPagh 1 ETo( ey AP RS OchEss fohe
movabl e ceplitaliniaf outflow f&nﬁyarége%re 1Ly RAGwA a§%ﬁo@?®h lahd GRNCRAIRGE icﬁﬁ&to

project into the Surface a distance is |nverse proportlonal to the
t ensi on of expnessedirif aeresaofimidrolitgfst per ghintiteepes umillimesen of mefawrymilherC value is
present inyenti.on .can.als to eval uat and ant | %ﬁnthe ?hrmunt of

ci cat ri zat FQH MBI a?fl"}gyt?’fenmf)a(?r;ﬂlg%@:’ffsuﬁ‘é? © %vé (&0 P1ecs O fhe contack

be used tog&yRlanaloBsdrigithe sSnasfuenf d&bﬁ:ﬁsﬁaodu&rwmlﬁmespécmﬁm ﬂf&i
areas. The scar skin tension is conpared to the val ue of nor ma

skin t ensi devateitintsaoculeh nreqsu;re anereases the sate phaqueans @mﬂtJWewlmde AR pyn,giropides &nt s
burn scars all ow a ner | nt|f| t
of ol 7115 S Pl s RS e SRR bR Pl Bl BoiGeRtf 5, whieh
t he devel ogyRRte Wlurhe/ EtfankE e Piessuré Bhanlses npheala@vm@dbm@@@waw Bqualstfe rate of
eval uation of the tissue pressure and deformability in a variety of

condi ti onsméﬂ@w aghe a;)‘lamgbrmhmendarbprqgme dyungltbaltomgrmg preasdireaganwbe h

o 50° pose: SFtpliseH b fAnERfch MARR arrespure jperBRERE R Sioa e Ry ® tRRAs. ' °
ar r angenenthel OMi¢ie demedithe fesm thrdbllcdang SfRatie 5:=rmwthqpa,et1tb)bm whigced ther an
el ement t hat WO 98/ 09564

PCTPUS97/ 1dupaorpafl the PERregrEs. PRY&S she-averagetpressrs, clevgtion duringthe d¢sy andypan benape
and size CafhiedUssH, thwﬁﬁhl bR&siekhd L&?MEJ fie fuPécﬁfaE& AR ¥ dﬂﬁ'rélﬂ:efbkﬁ&eeﬁ% not

curved like a contact [ens. Yet another use o resent 1 nvention
rel at es t dnittabsndifinad velubees dad can berebtained Ifroualmdym lablesl The Flowt €Ftpof fhad isods

Causes. | orSAREEE o S BRBIR 17 GhLoA-BHL < AT Pt B DG REFRaln e eilersh <

in the maregls vich iR fRedsOredCinl 'pRh&hlyy RRAShGahtVaRQFUlpar pressure in
patients with corneal disease. For patients with corneal disease and who

ha®@ recently uhdensjamaleptirindedtatiananspl ant, a t hi nner and Iarger cont act
device is utili dandthlsFraFatFédev ecanb aﬁF eriod
of tine The deyPeconsient fepth pdeniation fRElathes fan pilze et myorpesaadiiee | n
patients VrRagaldfele Whisk ASecdslary to caw¥eiaCdertaRhtbdeReriRdd disbut oFﬁH&ﬁﬁfoa

| enses as part of their treatment.” The present ‘i nvention may al so
nodi fi ed tintheeye.i mapmw offthenesentiinveation lsnhcraquanmrﬁgumdeﬂ@wne measure the

o ov S| ARSI RGP RIS SRSl S B HE R
copf unct i GhRaybd Hetécted using optical means as previously described. The movable central piece is
pressed against the cornea to indent the eye, for example, by approximately 0.5 mm. The
amount of indentation is detected by the optical means and filters previously described. With
the central piece indenting the cornea using a force equivalent to a weight of 10 grams, a 0.5
mm indentation will be achieved under normal pressure conditions (e.g. , intraocular pressure
30 of 15 mm Hg) and assuming there is an average corneal curvature. With that amount of

indentation and using standard dimensions for the central piece, 2.5 mm® of fluid will be



digital pulse nmeter to provide synchronization wth the cardiac cycle.

Al so, by provWe98peses1 5 contact microphone, arterial predsIES%ashe
nmeasured. The present invention may al so be used to create a dual tononeter
arrangenment in one eye. A first tononeter can be defined by the contact
device of the present invention applied oversthe cornea, as described
above. The second tononeter can be defined by the previously nentioned
contact devi cGi Bl The i tebhiild bltnPbAS nfiSh Erd BB dSeHing afd itebels
usi ng the dual™Tonometér arrangenent, 1t 1s desirable to permt

| ooki ng i nto bffat £xnereadr lésh stefidyrtiates vali afeer Che 4oniniitest THe decaysn pressureiismeasured

actuated. Accordingly, .. | east the novabl eptral, piece t he cont act
evi ce. pl acedoasseonthdiEerenEe oswenh theaim 9 ths Bist PYPBATORGS the seral Brecaaudhe
can be observ | a8 1 ; | b 3 t

enbodi nment s oﬁgﬁl\#e\;ei;%%tléavgg aﬁéﬁ?@?ﬁ@h@?gﬁﬁk t‘s‘ﬁ%wf%){ﬁggg{;\%dﬂo \;gglfcre‘%ctggtr ?tléﬁn of
pi ece 36 in eprbsucowtinabrmet valos after it hasibeen ardificiatly caised by therimdentatiomcaused Bybthe

novabl e central piece 16 can he provided w thaout departing fromthe, scope
and spirit of momebleseatsalpiece.nidmomvgnormal yalue of docaydssedas g referenge anghis compared

central piece I a@rfédc%ﬂ'-&@ | . c[;,%ﬁg | . |

wth at | east &otﬁgv%?&togte exi gﬂérgoﬁdg{r%? 147 %'?: 8#%1158 %E{ﬁ%ﬁﬁdﬂghﬁ&%ﬁ&?c&r
concent ri cal | §merthia rgthdd rav bdbareimpenantadol foreptasiokigicall tesearetr by sigeving tfonéxample,
mul ti pl e novable central pieces 16 can be.conhjin wWth a

p e y of the
af or enent | one# NE&Rs§InRressyreAuRng farced expuationy puise wavgARL R sec’Ul‘ng‘ﬁiﬁt‘ﬁaBﬁl.so
Al t hoygh t he ' I | | | ude at | east one
mgneggcal fy »Bé)é%agglgaggéggﬁmgﬁﬁe 61588 HobE RuldtBF
PCT/ US97/ 15489 84 Aconstdnegrassuralddentatiobr al piece 16, it is understood that
there are many ot h\g;h techni ques far actuating.the nov blcg central g_iece 16.
Sound or ul t r asountYNGRFRASIEN BIRsSEREIAdRTRNAD tepiliques arsdtilzed; ARe ntrageuler prgssure is

actuate the TRpR rifbredif fhe thipreBE Hefd A thefeB§ imPdistngOhe forck 33 MR Gh
energy can be i?ggsttggr%yo, !e:aresc)d(l) Igt el&y ?r ar?spar etm!.= vgr‘si orf gf tehe m)\gablte ©

central pi ececonhrac fluig leaks out dof theteye.n At amycemstant pressenecithe fierce and eate ofioutflow are
response to the plication .of suche.ener Simlarl t nmoyvabl e centr al.
D obaliny ' be a0V deieisrrbrife 3 1R ARG MySineRy iabres’ ool TPirROR for GBI R i
In order to agldhdited Ssisdthad sty aldhifod B deséribed fBE Sonveitional idaéntMionRaBMBIrF."The
associ ated therewith would create an_electric field of |ike polarity,

t her eby causi YRismegisnlacemantas calaylatedyising) the tenemesny tehlesc cThefagilityr ofautfinw (Elmax
of the electrjc f] 0 . r i [ f
oxamie. 1 nol e TR dle oo fbrent oo p0E]  AehiinaB, e IR Biloud X o be

pi ece, and acsfgulkited floth Bwb RBfstalaSpresite tatlogadigic i differeRh prdstigks Yccopding aé ithe
t he novabl e central piece to a nmechanical actuation device which, for

exanmpk@, may dgeatar 6= {HANMMN -4dAY faY Bt  Pi)ieinavhieh hrerrespands tod measyramanatya

h i |im d in f bl . pi
1 an act uat (0 PERAT PG OREEAr o rBnREtor a SedmdresSoRdOhishas RgfeSedw
central pi ecendfirst piessare). UBRd sebordPpa 1 lcliulBR)C R¥rdaw BRCEIMEnt Predsuit tdhdgh#n and

shaft in the actuatign apparatus, which shaft is actuated by a magnetic
field or ot hé REERFREETS MeASAISSOT iptrapylaipprgssure BHYR rERIaRAtigp pPPeReh P Ao valize

Sﬁ I”f: La' P eCq Ay, BCIAR) QReRIPR 80 YBrbQid Yo for il iPLfisiéal vinBYY praflure
25 with indentation tonometry and P is the intraocular pressure obtained using indentation
tonometry.
4. constant pressure applanation
When constant pressure applanation techniques are utilized, the intraocular pressure is
kept constant by increasing the magnetic field and thus the force as fluid leaks out of the eye.
30 If the cornea is considered to be a portion of a sphere, 2 mathematical formula relates the

volume of a spherical segment to the radius of curvature of the sphere and the radius of the



generates the magnetic field. This, in turn, actuates the shaft and the
novabl e cenyogopéeace 20 agai nst the eye. Preferably, ptwEuserisagsi on
apparatus, the shaft, and the novable central piece of the actuation
apparatus are appropriately arranged with transparent portions so that the
Inside of the patient's eye renains visib*e during actuation. Any of the
above described detection techniques, inc 4di ng the optical detection

t echni que, d with the alt g tion .t echni ques,s, 25
A S0 the fEvITEe SEREPATIT YR Sy S rL Rt B TSI NERY B R
(not  shown), dinROBRYoRime! AGs the Beh 8 ihe dbdnent bidelarRiR i e r4ABAEEN cubvaturdisThe

inflated, the bl adder extends out of the hole in the substantially rigid
annul ar nenphere {thisis dhe s of torvatuor ofthe coimer). aSinge, Aziveiphtiprhsssrerthenf VEWs

f i f di ments utili tical arr f .
ot ermi o s SRIRVE e ThY SEhor anStisd: by vt orce B e Aol RPRRRHs ATE. R i e
30 5 i tuhante SR QRfkal i lcat BEFRagIr&d RAY KekAShele PHD I REsSUAL in the eye

det ermi ni ng when appl anati on occurs. The contact device, for exanple, nay
i ncl ude an aabecnr be ateaswed asingahe same dnethodias tdgseribied for convenipwd/apphdation

PCT/ US97/ 15489 85 hreak an electrical cirgcuit when th able central

pi ece movedONPRA: gtn'é e&%‘??@Qﬁ@’ﬁﬁ)‘Prﬁ: C'f‘lﬁtettﬁ% olyRE g‘ﬁ”?ﬁﬁg@&&?’yuf g7 srfigice
appl anat i o,cifie TRE{SIme HisplaBaK ifbidex@pld) @abeediE1Rl aCid Sdtbhd irtelvARANgSEd
to signify t%e occurrence of applanation. It is also understood that, after
appl anat i opldteesl asacfunctio, ofitime. t i ne which it takes for the 5 nmovabl e
cen} al piece 1 tonrett%;rggoltﬁ% starting position after term nation of

t he act uati ng f or E&"HM AT BSPPREF R i ve of the intraocul ar pressure. when

the intraocul ar Whescnstant aseaipplanatidittesihiq¥s are@ilized| thgpmethod konsists prinmrilyor e
quickly to the starting position. Simlarly, for |ower intraocular

pressur es, oftevahiaung |the peassyre rdecti cupygaphile thentiatipned ageacrempnsoconstant. The
its starti eyelpN . . | t C | d
o al so coRtyaaRnipieY oftal Bpdtifioh oRecRtiic Ehand kA b BaNE Al IENEGE

i n det er m goRgahhthereesfldatetied by tizanoNable geheabpiece. TR dniviint af fdcaheessary toe
present invention

f d with t t tral ' in th
present Iniention ey e Lor o il 2 Comenien conal pertlon toite
vi sual i zat 'vBPm?J dibilEcddiRbSBing o ttlpeedl fern( frohs % gghﬁiontipﬁn&ﬁﬁ.' ?opﬁlgﬁégée, while

the intraocular pressure is artiticrally incr usi ng the nova .
central pi eweapSaatingkentiadpieté displacesi4.@Fmm’ of volumierfor the seetagacoraeal wadivs of

ressure o he opti.c nerye eti,na, treous are thereforg readil
Dbeervan! o hingr ine W ko kGt AR 18 BowitiS ac dmaiais BoufiEh i the
measur ed sigaibrbed1 9eeS| SinceW ddhtihGARIEEGBiInE O fipkablire DverliirAd 'l pedvidéd, thie widihddhe
foregoi ng exanpl es descri be placenent of the contact device 2 on the

cor2fea, it casbeanénpertant tadhfor researchand gyaluakan efdloodfiovo t he present
I nventi on may be6 confi Er ed wi,th.a quasi-triangul ar shape (defined by the
substanti al 'y ri%FARSHREPSE 2PRIBEPT to facilitate placement of the contact

device 2 on the WatfEchsht for& SpRnatlid RchffRsARCRillzed, th@sneSfotck BtBnsidntlyt he
contact device 2 of the present invention may
applied and the applanated area is measured using any of the aforementioned optical
applanation detection arrangements. Once the area flattened by a known force is measured,
25 the pressure can be calculated by dividing the force by the amount of area that is applanated.
As fluid leaves the eye the amount of area applanated increases with time. This method
consists primarily of evaluating a resulting area augmentation curve while the constant force
is applied. The amount of volume displaced according to the different areas of applanation is
known. Using the formula AV/At=l/ (R*AP) , it is possible to calculate R which is the
30 reciprocal of C.

Still additional uses of the present invention relate to detecting the frequency response



be used to neasure episcleral venous pressure. Preferably, when IS¢l eral
venous pressuwe’q8 to be neasured, the novable centra?‘%&é@@l%gﬁas
a transparent centrally disposed frust oconi cal proj ection 16P. The

enbodi ment illustrated Figure 24 advantageously permts visualization of
the subject in through at |east the transparent central portion of the
novabl e central piece 16. Furthernore, as indicated above, the present

i nventi on mayofyhe @ybausitpaitdéntatitaasisetpy. eRsparticular, (flanessciladingsforde it b@pltéadxxmg
(for exanple, scar pressure.in the context of plastic surgery) 30

on surfaces oﬁ‘hem"lagl?sceﬁﬁjﬂéﬁ?@ 167He velasituef tf‘t}é\)‘i"(?@'ecﬁenﬁfh’em?ﬁe ipindicative of the

I nvention, SHse ! n
i 1l ustrated |§y ﬁ%ﬁ §esBWl t htﬁ%&gg?e Lfmgsy&%&gg‘lmea%gg%ﬂfcgﬁ g?tgﬁ}%‘ r%‘?‘ﬂer
may have vari w&:mmrof&hamablaeémwl pizce 16e By aryiyg thefrequenéy gfithe foree and by

ALTERNATI VE ENMBCDI MENT ACTUATED, BY CLOSURE OF THE EYE LID. 5
Wt h réf er enciacasyring e responss, the intrapcular prasuse Faf\ebeeq’fs'ameﬁeﬁhe 8yalyationgpn be made

| b
and ot on ge kg e e E PRl oL A sl i Pecliafl hr ey T Be
eyes to act asbtaihed mnﬁm:omoﬁghpmmslaapﬂsmel vate at | east one transducer

400 nounted in the gont act device 402 V\g’n the ct devi ce 4Q2 is on the
cornea. The met hodTAHBTEHER !E%ef!na&maiytaéﬁo erysed P‘é ﬁ?’f‘%F?‘h@“B?“%P@B@F‘@“
and ot her 10 hy n t n£,0 n
through the eecmf'q'é&t [ S;&lé}%% qg# era Eﬁﬁ{/ikﬁéests %ctﬁéggn{gén&ﬁdgﬁ%vés&%le& using
i nfornption tapplmation qﬂ:mq:ldsecsme mﬂ;p&ha@on’ Maﬂyrddkg%dtedfntlﬂi yhep hpdrodynaniid
respect to the cont aCL devi ce_. 402, which r cel ver % ét; gref rabl y nmount ed
in the frame eAvgitsium becaupe Bid‘%’gaéeﬁg? Yegemalyglims, p GaPsidsTed mose
faci litates UcblidhdiifRlohPbeRb mENSienbls fh08 Hlify uillbP HatndHbd lddhhiques
facility. The transducer Is preferably crom ni ature
pressure-sensi ti veAtothes dsecef tMQﬂeslchtamvaittoansvdvcaad timef nelatpdeway of mgasuring nhea

manner indicati,ve of physical, pressure . exerted on the trapnsduc 400.
ALt hough ¢ he TERERERe FSONBNTe I RATIGUAS 1he ARSaRAS 0 AN 5 SRectesh o Measurio b,
cabl e,5it 1S JBRhe 5@9&%&%% »fa:gag@eﬁfec\se{ex anfnaagg} \A%S;ﬁﬂmhan or mdeehs&ﬁeme

nanner to the receiver 404 which is renotely |ocat respect to
cont act devi cined@Ressaado displace; fop excample, édmbyohtemeofs:ygﬁaki va@ld be 1 seqoad forsemef

t he transducer,.4Q0 d and ormati on derived
fromthis datPA" E'btﬁa‘écflg% vﬁ?n%fi?f?ﬁ%r{o ?‘écc?"t?y&f'glf%‘dﬂ%xlgu 8 ng conventi onal
nmeans. Accordi ng tYetiaR6thed use bihe preeertt ifvestidiEiRvolvéd e ARARY e Usd® 6Péyemiid. aln
| east one pressure- sensitive transducer 400 which i sadg.ref erably activat ed

by eye |id clpegisularcihis measwismentcis made by applyingabe fommylad=ARIR, inwhick ARtig Pt P,
devi C§%402 ' ng&’”i%rghe %tgadfy s?ﬁ% &Qragaﬂ%nh;g eSife axldri’ O{sqﬁ% eﬁlgcl& l\} ?5% e;gregsur%fw ich,

the system tH Ion an queezing ‘o con

during eye | ifgt puippasenofdaiRaldtion, isconsidéredit @tbranndt DRI Rud the@ekistifte td Butflops fwhich
eyel id descends during_ blinking, it pushes down and squeezes the contact

devi ce 402, tytbe easiproct ef Gihat e hesalcdlated &v ircenised volymeimiay ean ther berpalpdeted.
i di d |
sl iding an Sq”eezl‘h@g; %Egﬁt irgiénuo%! 19@?9 Gégeﬁlﬂ‘sik 5{;%&6@%‘&213? SFn &’IB@B eésl%xw&

approxi mately every secon iVe end
of the preseftie dyd¥itrRipohse B Mm\inctesed imtAdCHlar preisudd. | Dite eeffidient bf afiistigidity can

25 be calculated using a nomogram which is based on two tonometric readings with different

weights. A series of conversion tables to calculate the coefficient of ocular rigidity was
developed by Friedenwald. The technique for determining ocular rigidity is based on the
concept of differential tonometry, using two indentation tonometric readings with different
weights or more accurately, using one indentation reading and one applanation reading and
30 plotting these readings on the nomogram. Since the present invention can be used to measure

intraocular pressure using both applanation and indentation techniques, a more accurate



400. In fact, normal individuals wearing a contact device 402 of this type
wi || exper WheRO%S6H WO 98/ 09564 PCT/US97/15489

PCT/ US97/ 15489 87 increase in the nunber of involuntary blinks, and this,
in turn, tends to provide quasi-continuous neasurenents. During sleep or

w th-eyes closed, since there is uninterggpted pressure by the eye lid, the
measur enents can be taken continuously. As indicated above, during closure
of the eye ' es a b conbi ned squeezi ng
and slidi ngva%tﬁpg%?g}g%cg%‘?%{ tlxée}:g‘g?gg?%& uring its closing phase.
Initially the uMeresureyentd ofintthescienptesshireousirigthe apparatne of theqresent inventioneRet s

t he upper edge of .the contact device 402, which is then pushed dowhward by
appr oxi mat @pqbeysad Fﬁﬁ"fag“aie ﬁfﬂw‘%ﬂlagncd’i ‘gtp&mfvé‘\lpaﬂ'eeﬁéﬁ’&gmgﬂ’ﬂ"ﬁﬁs ?‘@&ﬁjﬁﬁfmﬁ&t‘@’?i al
used to Magg.d ﬁ'@w.strwﬁg%fe Gehiar Bibod BEw SORE B6hp i sméQ&a%L@l@'afﬁgﬂWS
on the dianeter thereof. 10 When a rigid structure 412 is used,
t heiSe i s | thatdaesesmirbytirhicdietuatipn bftheamtnadchiar pressuaed Théintraoai!accpressare vagiest02.
When a soft  stryctyre 412 is used, .there is,a signi.ficani, overlap even
ur T g i With gAeh B ARESD R PURETE IR 2RI A S NP, 0 RS &/h pithgach

smal | exCUpilar Nfhif B0ha bF bibo chferd e ifPhBRAIL Qn&ﬁéstvdélg%htﬁéﬁnﬁé‘ag chighg'{'®"

slides ove e outer surface of the contact device 4 squeezin

coveri ng i tempbtary increasp dn tharmitrapculargiresstifeat Thefpetibé ofl irdlowt causexfa stteechify of the
structure 412 i rgat er than the lid aFertur or great qr t han t he carneal
di amoter , PESHBHRHN B PRAPIHAR NG rISe iR PrEseIrR flopvadtiyca EHEHEN 2 EREVIBRY | o
4030at theydhagd A 4¥anid 1PehB pkédWous PR&sirR\4e 'ﬂi?er!floéﬁ dfaiR R tRCdye d Wmﬁgxé&?s
term nates approxi mately at the coneo-scleral junction due to a slodpe
change of efbexpangion dhgingesystale ((bantmactien of thetheas} and csonbractivee duting deatole

(radius of ) _a clera (radjus of 11.5 . Al i oint th ont act
v co. a02trelefaine o S iesr ofrt it &Ssrfaip g ralf ierithe hidoR % e Al

I mobi | e aiferefefalvhange infeyeRohadetihesthppaeeade to cover it entirely. \Wen a
rigid structure 412 is used, the contact device 402 is usually pushed down
0.5 nmto 2 nm Berfasthatinteasalar nressuresmrieywith timeageerdingtathe gasdiag gydlesis theed,
t hg.cont act, .deyi L&Y RLGAl : . f '
conds to roisp Phpfifiiihe ot Bhd pood MR Dt byole WA RISk,
the smal | esf 0l Hz.NThé gresenaindemivirtah fieaslire ivd iihie Varidtiong of inraocilartpresssrewith be
zero vertical notion, Despite these differences in notion, the squeezing

effect is alreppacyshaisabove thedundagnental buipsmbessherbiredusasy pllowins the evaluption
t aken reg I ' e |

Sttt ur o it eESrdtie bEfeRotudbuitd Pt e idE iy o T inedlobll O has o
squeezi ng thagnitadeof sgpeoxionatehc? nohe Higand 490practzdlly synchronous withThecagiac byde.
mar.gi n nakes a e-entragt angl e of anut 35 degrees with respect .to the

colRea. A conbiAhOLHAIbSE. MEpUEIMEntY, ok iniTapcilar, Rieasuss SPOR & HRE MRBRLIMNGE 15 he

guC'SI'/C ngg; 14535%%5}& with\the P33 @ mponent of arteriat pressure. Experimental results provide

means of transforming ocular pressure changes into eye volume changes. Each bolus of blood

entering the eye increases the ocular volume and the intraocular pressure. The observed
changes in pressure reflect the fact that the eye volume must change to accommodate changes
25 in the intraocular blood volume induced by the arterial blood pulse. This pulse volume is small
relative to the ocular volume, but because the walls of the eye are stiff, the pressure increase
required to accommodate the pulse volume is significant and can be measured. Therefore,
provided that the relationship between the increased intraocular pressure and increased ocular
volume is known, the volume of the bolus of fluid can be determined. Since this relationship
30 between pressure change and volume change has been well established (Friedenwald 1937,

McBain 1957, Ytteborg 1960, Eisenlohr 1962, McEwen 1965), the pressure measurements can



88 near the rimof the eye Iid and of the orbicularis nuscle, are | ] ed
to the cont WO98#8¥dce 402 by the eye lid. A horizontal forcef 6?32(? rce
conponent) of approxi mately 20,000 to 25,000 dynes and a vertical force
(tangential force conponent) of about 40 to 50 dynes is applied on the
cont-act device 402 by the upper eye lid. fim response to these forces, the
contact 5 devi ce 402 noves both toward the eye and tangentially with

respect t hegeised té\bbialietheRbRifde ¢¥fa HERG SALIdS Eilthereby détbieniBy the BIG&d flow.
tangential nmotion and force are zero and the normal force and notion are at

a maxi mum The hohe¢ putpuglof theitanemeterdr thi, instanteneows poESuLE Grasbepeanyeited)intoe

contact device 402 against the e generat.es oug tion to.activate the

Cranaducer AR CHETER 1t R Nmaat = Tuetion of ALY TRE Bins g B oK hapid

nmeasur ement;g ok@adIRRE ik te'MReinstiitafeddy Pullmﬂe EehpsheansF RDbL@ar bievafdwt hender

surface of the eye are also capable of suffici entlgl def orm ng many types of
$

t r ansducer sthese conditions, dbes ragh pEpulsatile blooddlgm thepugh theyegnibsc evalnased Gomahe
During blinkin the eye |lid .e | |l _coptac ] .aC eyi ce
402 and t novubtpel® ps e i ibule pissSRE P Sraht ohabidy GRBREAn 8
cor nea/ t earthé intradb@ildl palse, ithe Ggnabiidhaketoadméttremaptse dipitlizddband fed into a computére
m crom ni ature pressure-sensitive radio frequency transducer 400 preferably
consists of an SMaEENRn BstHEmeRtsA{iBIMACHIar REESHIER EaILRe Wred ite abtaithaintsapculap

and or | of bo bR AREE of i ilfep e aBBtningt AL Rl it kefiShehip iRy 0
as imdi cat ewitialiby EFriedessalé equatiay {Fradentvald, d68Tea. A Amtienditicg! tvdal passtiesn ed

alternative enmbodi nent i llustrated in Figure 24, e ,20 )

endor adi 0s (ﬁ’fﬂ%""PﬁBP'Lfﬁé% hP!Rb‘iB[Bﬁ?ﬁ‘ér& Vr?ﬁ-l”&%@if‘“@ﬂ? IR Eﬁ?fﬁ“&’l’\“’%@é%?ﬂ@@&% ¥in a
smal | pel | g¢; t t I t | :
attached oﬁ%‘se{ng&gé%h?’chgl ls,'ﬁ(l:ﬁést)h%? afégr?%?lé%dz@ocr?ﬂg?rg? %@Hgg gg%‘r:lggfrjﬁ%éﬁ{ l(ranoeye
l'id brings adhangoinlceular eslemet 0 one another. Since the coils are very close

to each other, m nimal changes in their separation affect their resgnant
frequency. 25 In addition, a m°d%\l %méeﬁ?Wﬁth%ﬁemaF‘H}‘SPc‘ﬂliﬁ&ﬁ% fgw frofm A%
at pqy Con\é\?%ﬁ%e bR irtABcUli Preskile waQltbAR ! THEHOWRuARSs rdifted & pafRinRierOihadl

hat or cap y the patient. The renote grid-dip oscillator 414 is used
to i nduce eeuielfram thenelume change caned Thés cugis intirgctiyomeasanad sinceghe igfaoelar

these oscillations,is. indicative of. iInt.raocul ressure. Briefl

contact of Pfﬁé“fsvzh? ?céqu{eﬁsu{cﬁiec.;w&ghhﬁﬁg%ag%ggefgmgoay(ﬁuw cégr}gﬁtp%qﬂjgﬁ the
coaxi al 30 yse of the AlessdieiBFEIeSBiunt reafbi. STHeNoW S tHeh 3bMPiszd bytDkng theBhdfge
cl oser together. The coils constitute a hi gh-capacitance diStributed

resonant ciimeelime Nanakn (Y rain madtiphiechby & cengteotibst is tetatedtaitheelength ofithotme dsewyal

PCT{ US97/ 15 89 accorgdin o elatjve,coil s i . en.. o)
Foriach oRb e BARRCHR ik Mk uicidbly’ Ckbovm pifiiaidy GRS L Bred 1o
I nduct ance eviliieé ghe\pulsaile tomgbneMcoMRssvnkin blobd Sow e Since tife priesent inviention ini also.

By repeatedly scanning the frequency of an external _inductively, coupled
osci | | ati ngedeedta weasyre thaecular agidity, thisrarameter of| coefficwpughasula igidiByanAs ch

I's absorbeqsy;ntd}er to more precisely calculate individual differences in pulsatile blood flow.

Moreover, since the actuation apparatus 6 and contact device 2 of the present invention
25 preferably include transparent portions, the pulsatile blood flow can be directly evaluated
optically to quantify the change in size of the vessels with each heart beat. A more precise
evaluation of blood flow therefore can be achieved by combining the changes in intraocular

pulse with changes in vessel diameter which can be automatically measured optically.
A vast amount of data about the vascular system of the eye and central nervous system
30 can be obtained after knowing the changes in intraocular pressure over time and the amount

of pulsatile ocular blood flow. The intraocular pressure and intraocular pulse are normally



5 transducer 400 at its resonance is sensed through the intervening
eye lid tisedmsobs@assure informati on fromthe transducer 400PCHURYAAS4R9abI v
transmtted by radio link telenetry. Telenetry is a preferred nmethod since
it can reduce electrical noise pickup and elimnates electric shock
hazar.ds. FM (frequency nodul ati on) net hodz of transm ssion are preferred
since FMtransm ssion is less noisy and r %ui res | ess gai n in t he
nodul.ation anplifi i ri ng? ess pover

10 h .
transmi ssi oHMEREHE t%pa‘rlﬁlﬂfP¥esal Blsjffsaé@ﬂgélnlgf Ve r\ye{?alyaffw&ﬁ agﬁggﬂf)’fgn Plide

of the trang{laf beckraireNidbulariBieticd| PadleRB 2 HTBRA Wit WlabeidmaeilfT degeitative, Wadd
to acquire a signal indicative of intraocular pressure fraomthe contact

devi ce 402.othor vascains| disordess imay alsg B pydegesiarg equwarshioed flawend hengfip from

db . | L0 h b
15 0 alitio of SBmodivdics Ging b PbusRP £ B SRR AGRSR. (17 TY° *

poweged from a byl faicht inCEMiEEmERalsAbe Bsell @0 WRtifitially Rvaxe ditriocaldr prebivel The
acquire the signal,” however, involves at |east one of the aforementioned

passi ve pr estficial elevatiot of intrapeularfuesshee i5@0 impprant é@?it"aﬂﬁ dirgnpsis anchpIogpeSiker
source and erat u5| ner u source to nodify
the fr equerf%%yﬁ brain Rg?ﬁgf?eag\/‘bg ?%@lgg‘f%ﬁ%a ag%lﬁgr%% i gnal s indicative

of intraocul ar ogpifdialPEleddiohCof irtrdoaaiasl piesshl‘beuﬁxhgcnhermyseﬂodm\fmnahlm bend
are transmtted to renote extra-ocul ar radi o frequency nonitaqrs.

resonant f rasgoeplighesk intdiferent wayst AeaPréivg ie AReSYay, thentoptpct fl%Y‘C"eR%?Pﬁl Rresegl, o

di t { ¢
O otBrent i AP lsdndct i iapf for baEeril B Yl Ghint BEMBEFS. 18 arrangemen, |
transducer WReh GillbdRsdribas hereinafef tleiﬂuhﬁtftgmdﬁgtﬁei EH-ZD,ywlwtéxe Ithnadnovatﬂel céritrah

coils 41 5 nmounted near the eye, for exanple, in the etaggl ass franmes near
the recei venieasrl6may belamgsr t"{%@fd‘% Reeferplly jagtuated 2gainst thy,sclera i erdsy iyelpvate

eye. The u
St ance barsAbrBEREl BRfuke St BERR Rl o BTN A8 Y i Bputal Qetecton
Wi t hin the dyypeincsrevionsiikdegribédri ts thereof It is understood, however, that

the 30 external 1 nductjon coils 415, which essentlall serv as a
recdvi ng ant ennAngtier wayof prifigalincreasing the igirapqylasPEessulf s tﬁ?/%{ﬁ"énﬁ contact

i ni mi zes s Qe M %99
pCT) Uo7 1058152 56 e pERL h@ftion Gaing o B! in ik Bay BX pR{IBGY desclifhc Bub Sl
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resonat or s tg@molblScentral porfiGl6f the SHMASH devideds Piefurgist trasphre €A edondiag av this
vol tage. Although the foregoing description includes sone preferred nmethods

and 28evi cestecphmcmsctbc samefsheunpyablerrentaalipisca sen also berinsensedierindant afarepy asaand
| nventi on, otbvf’ é’é%a St Oogﬁécxaq Qgs)?gﬁt;%]}aogﬂaﬂ Bre %'el 'P';éftexedgl Qhé ERGtion

preferred m nirature

pressure sefphtdtie arsadha@ 4 trafisplicht @estralagortion, Usﬁﬁxdiﬁad:dmmné otb famlitite direct
cont act

visualization of the eye and retina while the intraocular pressure is being increased. When the

intraocular pressure exceeds the ophthaimic arterial diastolic pressure, the pulse amplitude and
25 blood flow decreases rapidly. Blood flow becomes zero when the intraocular pressure is equal

or higher than the ophthalmic systolic pressure. Thus, by allowing direct visualization of the

retinal vessels, one is able to determine the exact moment that the pulse disappears and measure

the pressure necessary to promote the cessation of the pulse which, in turn, is the equivalent

of the pulse pressure in the ophthalmic artery. The present invention thus allows the
30 measurement of the pressure in the arteries of the eye.

Also, by placing a fixation light in a back portion of the actuation apparatus and asking



10 device, and any m crom niature pressure sensor that nodul ates a
signal from ¥P&PWS4 ransnitter and sends the nodul ated si gnal PeHUR &0y
radi o receiver can be used. Ot her devices such as strain gauges, preferably
pi ezoel ectric pressure.transducers, can also be used on the cornea and are
preferably activated by eye lid closure andydlinking. Any displ acenent
transducer contained in a distensible case also can be nounted in the
contact 15  the patéfMbGiicatd whehte/sh&Baihol ¥ipRE sdéﬁhﬂi?ﬁ,%ﬁ@cahﬁ@d&&éb&ﬁ&ﬁe Srbsupe
mounted in and used by the contact device. Naturally, virtually an )
{ransducer { mawhichis perients viston cemes nEhRakp suldieaTsespRRd Emihesessation of the @ulse in
signals is usabl e S t ' t | [2) .
changes i n procaneot 88 By SePEsERRR el CBFLA #ihd Sl BRE Anbasing
require noti gmtradculab @ra@suirt untibthe Putse dvappeaeriandsthen ghsdually Becreasing the intraocular
thermstor. Alternatively, the dielectric constant of the eye, which also
changes in r @sgssus untilshepulssgeappearsahlgissthe inraopdaRrgssusg peressgnuior ¥essels o open
i ntraocul ar pre Sure. In this case, a pressure- sensitive capacitor can be
used. Pi ezoel‘:@'&f’? Fea ‘é%ff?'pi ezo-resistive transducers, silicon strain gauges,
sem conduct or devVigig $mpdtéhnt fdfhotd thet thefbrédohg R siremate Gartbélp@fdrméd aBdnityically
bl'i nking and/or closure of the eyes. 25 o In addition to

provi di ng a wuewganeptipal defegtiomsystent, feraxamipleg by 2iming a dightsheam atgbepilsatipg dlood
measur enent s d |- S ] fodntr. 11 I | i nki

or wi th t ne- 588" THE SRR HRA fln SebpRRR el RN e SR AErButils 08
faciligy andagéduatiotfiiisatiei@icanbispbe anit Arthe endSoihhaRIdan\be optitdllytietstted. The
device offer a unique approach to neasuring outflow facility in a

physi ol ogi caPRPRAs#HE alsg ok diregt yisyaligation pﬁgﬂemaa&le dike epticpergpwhile an increased
external wei t d t ) Ot | sl ' |
Fashi on, 1t faedlaEsléfeprbflcdh Pl sl ShATRIEH chylll oBEirind Hitad the'bt
PCT/ US97/ 15488e ol thex areificiak inereesecia imrdoaulae preanss say\be evahngtedcatahé kameltime tthatf
the eye. Because the present invention permts measurenent of pressure with
the patient' Bres§HES IMEASUEEd t he eye Iids can remain closed throughout the
procegure and nea ) Ve Fabid i
S acggnpl i shed b?la? orce ETlfsﬁb stgﬁegggF’ﬁgs t1(:E Egsggée&??; S os%‘%#? ﬂ%ﬁe‘%ﬁ‘ﬁ%@é ogéé?ﬂu?s
about 60 nm Higt prielént Sisualizatioroofthe packwiche eye. dngagiculay, theaéeemedtianed prodedade

the eye and thus.evaluate oytflow facility. The inftraocular. pressure wll,.
decr ease. ovelDETcifh e RPIERmRIERSy YR SisiatRases.is PRrticulaE dsefil ig RaEReS With media

correlates t o} ( la | ot - & aTe TRV ; : |
Fruld 1o T or SeittRs O¥he il bFthe el i (Bhtesb it thPRstol fresdhtd ARCHUAR
t he pressur eofithk kented visinecoaespordis mo) the; systoliepressure.n patients with gl aucoms,
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lids. The prapQhig divet ASlaftdioNaf bI6&d veséclBin aikbabioBt thB ¢d! mdYRRULES FEmPénaE e
pressure and, since the signal can be transmtted through“the eye lid to an

external recilackade pfibleeding by indireetrapphication o€ grashure) gfibemornrhagipprocesses sich as
Tel emet 1y SYSL el Al olRASHY Bl Rl fure ChEFHEESE aSR008R, THIIS00R of
intraocular pressure may also be beneficial in the treatment of retinal detachments,

25 As yet another use of the present invention, the aforementioned apparatus also can be
used to measure outflow pressure of the eye fluid. In order to measure outflow pressure in the
eye fluid, the contact device is placed on the comea and 2 measurable pressure is applied to the
comea. The pressure causes the aqueous vein to increase in diameter when the pressure in the
comea equals the outflow pressure. The pressure on the cornea is proportional to the outflow

30 pressure. The flow of eye fluid out of the eye is regulated according to Poiseuille's Law for

laminar currents. If resistance is inserted into the formula, the result is a formula similar to



15 flow, tenperature, bioelectric activity, chem cal reactions, and
ot her i nporw@mg/0pségsi ol ogi cal paraneters and power sw tches R@EI/US7ES4RE] | v
control the systemcan be used in the apparatus of the invention. The use
of integrated circuits and technical advances occurring in transducer,
power- source, and signal processing techrh%l ogy allow for extrene

m niaturization of the conponents which n turn, perm' ts several sensors

to be-nount one onta evi ce ted for. e l,e |n
i gur e 26, BT IR {oie KPum fedpissethectoit of 0¥ oinié okt HaE) Rk g
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devite for nent on the cor ansducer capa

detecting ghaideddl tiangidsuariery. tThe ophthalnfic irrery H:’am:hswﬂ“emhmyrdnurat @0 depreude
a contact device for placenent on the cornea and having a mcromniature
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An obstruction in the flow in the carotid (cerebral circulation) can be evaluated by

analyzing the ocular pulse amplitude and area, pulse delay and pulse width, form of the wave
25 and by harmonic analysis of the ocular pulse.

The eye pulsation can be recorded optically according to the change in reflection of the
light beam projected to the cornea. The same system used to record distance traveled by the
movable central piece during indentation can be used on the bare cornea to detect the changes
in volume that occurs with each pulsation. The optical detection system records the variations

30 in distance from the surface of the cornea that occurs with each heart beat. These changes in

the position of the cornea are induced by the volume changes in the eye. From the pulsatile



20 cirgui I ned by the transducer. Besi des using pasg|
tel emetry tecw%@gg&as illustrated by the use of the above tr?i’#sf usgg%ss"?g

active telenmetry with active transmtters and a mcronmniature battery
mounted in the contact device can also be used. The contact device
preferably includes a rigid or flexible traBddparent structure 412 in 25
whi ch at | east one of the transducers 400 is nounted in hole(s) fornmed in
t he transpar egiiarsdtériofithigse chdnges, Rheblooa oy totthe ey¢ cantibrakuiate)0 i s/ are

positioned so as to allow_the passagee of light, through the visual, axis._ The
structure 412 pref ¥itinihe afasementioned techaique of artifiiab elevation &f Psssapredit toPasaiblerto
an outer surf £ | I } s F thi Feinn

t ransducer 408’%%5% bﬂequ%%ﬁcg' 3?9' éﬁlgén%‘eﬁbirgéoﬁﬁgd%ﬁgmﬁ ag‘g(%}rlll? 5%:%"%?\}%%15 an
402, with a tindirapaoftie gresehcosl gldconiacandiof tiny eefficiem of binflow facility. axi s of
the contact device_402. WO 98/ 09564 )
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the struct ur couyfs'of HFRR, HEERE! BR%RGuldh D EFRALA Dhifls, ATRERAR! brellure
structure 412nesessaheto doliepserat vein wutiizetbinahis ewaburements (he enetiéDinvelvesnapplying a

contact with the ir}ner surface of the ege lid during q’:qi nki nhg.and saq taat
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di aphragns of the transducers e_xReri ence notion in resrgonse to pressure, .
changes. The Blpaghingebthe vesrs! whigh fceyrs REE tathg collarsapilae prassyisf he end point is

I ncl udi ng mat ¢hi ' # s LGE LIke .
119, “Thoot 1 o dehbrRtheloy B4l RENOECk pliE e area of B pfiifactily cehffalhécd ih ¥ sl
t he cornea orway asés used farabporoethy Bhavessel maydei obsenved throughea yinsphrentgppldnating
The transducers 0 nmay, al so be positioned in a protysudi hg,wa oward the
Cornea | n s uanowRlgeHEL Blegs usite & STl Bamicostabt oRe smBdTet: fop R feshiique
COr negs Upon  eygfekdbll frchdes @ modifikd @bhct Bé\Ecd WA RS WnSthé ARlePR YFigh02)e. The
positioned in a protruding way toward the inner surface of the eye lid so

that the ant epreferrepaize ofthettiporangesfoom@sP miommeserp ke 8@Emidsgmetees. dyesestiap of the
with the poster,iot part being,covered by a flexipble menbrane all ow ng

i nteraction vﬁ“@ﬂ"’f’ﬁémé%? ﬁzg'&evgﬂgﬁhgﬁaqqa Y 81 '&tﬂV’é&aiyf | exi bl e menbrane of
the type used in fA&srdihgroQhe MiiliaPEedngeMeRS the TYuatibh apparitle isCoonfigered devdifest

402 for confort as_lqgg as it does not interfere with si‘gnal acqui sition

and 20 visughestion ofi the vesagl through 2itraasparemt dack winsonoef the actyatiqnoanparatise and
in a nner t tQr C t Y ed | ' 2 Lt
i s under st ooatgf ﬁtgrﬁgé)?c%@h‘?%rﬁmﬁ%&ﬁpyc%ﬁ{rgggfsag% r%%&%%t_ n'?\ M ﬁrdglj}%géefanb%t%ﬁﬁ%t&
Wi l e the preggaigementent bftitahdéteRANSYSIRACIE icORfizured $b thaf, HMRAGRe blood setLh iwfb

enbodi ments thereof, 1t is understood that the present invention is_not
limted to tHongerwisthiglithaseissa change in a reflected light beam in the same way as described above

for tonometry, and consequently, the pressure for collapse is identifiable automatically. The

end point marking in both situations is the disappearance of the blood stream, one detected by

25 the operator’s vision and the other detected by an optical detection system. Preferably, in both
cases, the contact device is designed in a way to fit the average curvature of the sclera and the

movable central piece, which can be a rigid or flexible material, is used to compress the vessel.

The present invention may also be used to provide real-time recording of intraocular

pressure. A built-in single chip microprocessor can be made responsive to the intraocular

30 pressure measurements over time and can be programmed to create and display a curve relating

pressure to time. The relative position of the movable central piece can be detected, as



25 by the scope of the appended cl ains. 94 CLAI Ms: 1. gCanceI ed)
2. (Cancel 89 980956AAmended) The device of claim 37, wherein F4TUSIT15489
substantially rigid annul ar menber has a maxi numt hi ckness at said hol e and
a progressively decreasing thickness toward a periphery of said
subst-antially rigid annul ar nenber. 4. Thg device of claim3, wherein said
substantially rigid annul ar nenber has a substantially cylindrical wall

defined ci rﬁ!ﬁi@ﬁ&ﬁ%'bbé‘ldslﬁg% piehl %@teenéswkﬁten% aﬁdim@%éee&éa positiohdh c&lnsm.on
bei ng slida di sposed wi'thin said hole in a piston-1ike manner. 5.

(Cancel ed) v@th (x(farmetlmdbegirdu@(thmambent)ofa:un(eﬁaﬂmsingdbroggh teoniledfatiy actua%
10. (Cancel ed) nceled) 12. (Anende The device of claim4l, an
further corﬁBPPEﬁ“l‘Pg %ﬁ%nmrdix CP‘][?é‘R?df) r?éﬁ@%%é’yc A TBICTQRIOGESSA41Q Create the
substantlalal&yreHeghgmﬁ%yvear menber and al so connected to the novabl e
central piece 1n such a way that a nenbrane hole in said annular flexible
menbs ane i s al i gindslunddritosdilct thecuseframicroprotesabr isept timited té itiee amagentent
magnet. 13. (Cancel ed) 14. Sé) ded The system oq claim44, wherein said
means for CUEEFRFYVERAT Fieat c{’i‘l ‘BF‘E%%"GF%‘SM teghnology “sﬁéﬁ‘bFﬂFaMﬁ%ﬂS‘f or

storing a yal r&ﬂbﬂii&%icx%uﬁfloé dpl@gpﬂ‘l Rior&ent lﬂcéﬁor‘h ?6 obds r@fepabwad

anount of applanation Is achieve and ans for g sal nount” of
force by a essnates the signdlaaridche folhdechat ésoappbed s’I‘hea‘esixltargmmumfnehtsruae bbaecorded
| ntraocul aror tro?g tLtJl[eceti'onicaI!y in a number of ways. The changes in current over time, for example,
10 can be. recorded on a strip-chart recorder. Other methods of recording and storing the data
can be employed. Logic microprocessor control technology can also be used in order to better
evaluate the data.
Still other uses of the present invention relate to evaluation of pressure in deformable
materials in industry and medicine. One such example is the use of the present invention to
15 evaluate soft tissue, such as organs removed from cadavers. Cadaver dissection is a
fundamental method of learning and studying the human body. The deformability of tissues
such as the brain, liver, spleen, and the like, can be measured using the present invention and
the depth of indentation can be evaluated. In this regard, the contact device of the present
invention can be modified to fit over the curvature of an organ. When the movable central
20 piece rests upon a surface, it can be actuated to project into the surface a distance which is
inversely proportional to the tension of the surface and rigidity of the surface to deformation.
The present invention can also be used to evaluate and quantify the amount of cicatrization,
especially in burn scar therapy. The present invention can be used to evaluate the firmness of
the scar in comparison to normal skin areas. The scar skin tension is compared to the value of
25 normal skin tension. This technique can be used to monitor the therapy of patients with burn
| scars allowing a numerical quantification of the course of cicatrization. This technique can also
be used as an early indicator for the development of hypertrophic (thick and elevated) scarring.
The evaluation of the tissue pressure and deformability in a variety of conditions such as: a)
lymphoedema b) post-surgical effects, such as with breast surgery, and c¢) endoluminal
30 pressures of hollow organs, is also possible with the apparatus. In the above cases, the piston-

like arrangement provided by the contact device does not have to be placed in an element that



15. (Amended) The system of claim44, and further conprising a_display for
di spl ayi ng saWV@9@¥84ocul ar pressure. 16. The system of cIa|n1E§T"é#%§&ﬁ%1
said display is arranged so as to indicate whether the intraocul ar pressure
is within certain ranges, each of said ranges being associated with what,

i f any, action should be taken in connectigj3 with the intraocul ar pressure,
and wherein said ranges are adjustable to conpensate for different patient
sensitiviti eg V%gaeamﬁeg%&gha I&rid! fraQﬁemfr I §RSdafe aﬂiszzé AFERARE, Jmthzmtﬁm
of claim 44, rein sal d novabl e central pi'ece includes a magnetically

responsi ve elsmmmpreferaabgmhgsﬂntasdmotwfmdjdeasd:onlamgensf sai d novabl e
central piece in sSpo ic field;, and wherein.said actuati.on
appar at us i ncl udeére eﬁ%&ﬂé "1”5"?‘ °§BT)P’%F‘W “‘é(%?dlrr&lﬁ‘%s iPLpYjdipg a banda Sﬁg %Ch can
central piecg %@ forTé*?enayas Q1549 bf frthe| Gladdomadh@ieirBased ﬁtﬁo@ﬂﬁf‘?ref;ﬂ?e aemémmgg
a fmagnetic fler I ncl udes a coi | and neans for producing an electrical
currert thr oug.lsesﬁ:rdejecndn <I>fn:0anqai vegesplagtsy eMgan Wemmbtommn@rs inrth¢ madcat are
pr edet er m ned unt o ppl anation is achieved,. said.el ectri,cal ¢

bei ng. pr opor EFDIRP HPa e TR apeA B PEGSIE ) LIS Lo pipee Eeiens
pi ece; and S%tﬂ cHﬁx@B%xsE% af@ WAbRale F&edtﬁhfrﬂ@@éhé"coﬁfe&ﬁ%ﬂfsﬁlahﬁﬁ'tMHﬁe? a® titger
for storing a current val ue indicative of anTanmount of current passing

t hr ough sai dcermadt deiens stilizéd and this contaadeviasrcamipe used £ppa longer pnmods:f siotei &hed
and neans for convertlél}g said current val ue Eagto an _i.ndi cation  of

i ntraocul ar PFEcHER facilgates measyrement)of intraprulsl presste,p Halights H4th C"(’Qﬁ'ﬁé?F?ﬁ)
22.  (gcancel ghln2 u.re(»éémg%q*)coma gt 8p#{ ofihdirMedmenther ei n said

al i gnment neans include an optical alignnent mechanism 24. (Canceled) 25.
(Amrended) or neasilihé prgsdnhinvension|nzay abpebs mdéiebyo nwrdmnm&lyaneassramfaryystrmma!
conprising: an indentati OR devt "5‘2 gerrent n. cont v(\‘l AN tﬂ e

and for indePFHE: Phi® REGY %tgstagéﬁle&%ﬁ HRONPYSH xagwocgglgcmqo HryHregrough an
substanti al | ydch Ghall $eblods veRBIDEThe yredendindentiohaly 86 bavisedsid rcbﬁﬁﬁct&‘d?ﬁpﬁld a
to match an outer surface of the cornea and having a hole defined therein;
and a novabl diggehpylss metes te pravideasynghranizationewithithensardiae cycle, o Adso, by pepviding a
m)"abi'ge C;ﬁgtego%kaci’m‘?c?@pﬁ% e pRREFE caibelhRbured.| FhdSreledPinGetich MG fisd Biused

corne

to create a dual tonometer arrangement in one eye. A first tonometer can be defined by the
contact device of the present invention applied over the cornea, as described above. The
second tonometer can be defined by the previously mentioned contact device which is modified
for placement'bn the temporal sclera. In using the dual tonometer arrangement, it is desirable
20 to permit looking into the eye at the fundus while the contact devices are being actuated.
Accordingly, at least the movable central piece of the contact device placed over the cornea is
preferably transparent so that the fundus can be observed with a microscope.
Although the foregoing illustrated embodiments of the contact device generally show
only one movable central piece 16 in each contact device 2, it is understood that more than one
25 movable central piece 16 can be provided without departing from the scope and spirit of the
present invention. Preferably, the multiple movable central pieces 16 would be concentrically
arranged in the contact device 2, with at least one of the flexible membranes 14 interconnecting
the concentrically arranged movable central pieces 16. This arrangement of muitiple movable
central pieces 16 can be combined with any of the aforementioned features to achieve a desired
30 overall combination.

Although the foregoing preferred embodiments include at least one magnetically



I ndentation of a portion of the cornea when the indentation device is

| ocat ed on WO98#886eca; an actuati on apparatus for actuating BETHSHLLEE e
central piece to cause sliding of said novable central piece so that said
novabl e central piece projects inwardly against said cornea beyond a
flattening of the cornea to thereby indent8 said portion of the cornea using
a predeterm ned anount of force; distance detection nmeans for detecting a

di st ance trayvel b [ vabl e .c ' : 9 I .
et erni ni no S ReEd oS ol B {0 o0 I LerhSf ot herelte TR0 el echmiqyes for
movabl e cenkgtabtifd e@eembiable spatnd idce BRi Somid de ukrasburridgenedtivh tethriques efor a

di splay for displaying said intraocul ar pressyre and indicating whet her the

i Nt raocul ar S¥AMPles GENbe usediiq AL 1OE movaple sengalpiecs. Isparticulan; thersoRis arltsasenipn
ao : . . ; ; R
shoul d be 't @&g@l 4R tbgg{}ée&@ eo%mgmelg gs?ggraxtegle%abeefmeeﬁm& ceRftd pidleyhich

ranges bei ng 0 conpensa erent patient sensitivities
to chsanges intuim)mcvesin tewapd deoreea ik fespdise to Yiet applicdtion lofisuch2énergyher ei n
sai d novabl e central piece includes_ a nagnetically responsive el enent .
arranged so as t '§maladmb%m§WrH¢ REPLEH Pisgs may By amvgiyeééwmraﬁarﬁife&@tmwns asitinse

to a magnet ieféc:ﬁ-ﬂca'c‘ﬂérﬁ@.”q WP?J %{) 'aczﬁﬁée%u@ﬂ 208 PR pRc Sarl Jb@é&;ﬂﬁ%&ﬁﬂ%{
for applying a nagnetic flerd to salid Rovable central pi’ece. . e system
of cl ai m 26assutieteditierewih evouithereatean ebaarric/field) ofilikeyspiarity Cthéteby dausing] rlﬂﬁlﬂﬂ'om
coil and means for producing an electrical current through said coil in a
pr ogr essi vePythe mavablsicrerahpiice Avan WW“Q‘&iSEUIﬁFéﬁgleéﬂqﬁfifefgg‘&munt of force is

hi d, I d ' : bgj | | 4 ce
SChiiBved, 521 0 OB abtioichfiles Bl Wy BRRRCIAONG o kforkEr AU ReE o
30. (Cancetheajovatile cehtmabpitnedariduaccordingitny fe3s desirgbieaasngenmegt, @iy fitahy coatdcting y
of the eye, sai

d method . \D 98/ 0956 . .
PCT/ US97/ 15%@‘%%6??&?1 @?‘i?gwtaﬁéeg‘f‘@‘ﬁé aGuatigp devier,whish, Ry eramAls. sprydemeter i n

contact W t BrivenGaB Bed:utikBY h Rffaidlgagast one portion of said indentation
device toward the cornea using a first predeterm ned anount of force to

achi eve i ndent at Asernativelyhthe contagtaevice may be eliminated in favor of a movable central piece

15 in an actuation apparatus. According to this arrangement, the movable central piece of the
actuation apparatus may be connected to a slidable shaft in the actuation apparatus, which shaft
is actuated by a magnetic field or other actuation means. Preferably, a physician applies the
movable central piece of the actuation apparatus to the eye and presses a button which
generates the riiagnetic field. This, in turn, actuates the shaft and the movable central piece

20 against the eye. Preferably, the actuation apparatus, the shaft, and the movable central piece
of the actuation apparatus are appropriately arranged with transparent portions so that the
inside of the patient's eye remains visible during actuation.

Any of the above described detection techniques, including the optical detection
technique, can be used with the alternative actuation techniques.

25 Also, the movable central piece 16 may be replaced by an inflatable bladder (not shown)
disposed of the substantially rigid annular member 12. When inflated, the bladder extends out
of the hole in the substantially rigid annular member 12 and toward the cornea.

Similarly, although some of the foregoing preferred embodiments utilize an optical
arrangement for determining when the predetermined amount of applanation has been achieved,

30 it is understood that there are many other techniques for determining when applanation occurs,

The contact device, for example, may include an electrical contact arranged so as to make or



determ ning an intraocul ar pressure based on a first distance travel ed
toward the coVR&¥M$4said at | east one portion of said i ndent aFFHVSHAM%R
during application of said first predeterm ned amount of force; rapidly
reci procating said at | east one portion toward and away fromthe cornea at
a first predeterm ned frequency and using agsecond predeterm ned anount of
force during novenent toward the cornea to thereby force intraocular fluid
out from the ¥k anSléctri&ut 6RAG WhATBE SHdVabREeaifEl Pice Ghovied b distAiRe BErrkHoRdInE 26
said first predeterm ned anount of force, noving said at |east one portion
toward the cahatodhichss nepessaryttp producezppianatiom ctheamaking ordreakinga theelgeshicel\carcuit
I ndentation af .the cprnea:..determnin secopd i ntraocul ar pressure based
on a second df teays EW%B@&ECPBM?Bc?ﬂga@E“ﬁﬁ%'by said at |east one

portion of said irl@@'ﬂs]@tu;'p@é?stggdﬂﬁ@_aﬂdegggflibalﬂa?@échﬂ'Ed,Qfxe ﬁﬁ{b@y}gé}i i'i:@iltkes for the

pr edet er mi ned anount o orce; againr y reciprocating said at |east

one poStion tmowable cantrabpiage ¢ tnreture te chewartingtpositior afientepnivdtioreofthe @dtuating
frequency and. using.a.fpurth predeterm ned amount of force during novenen

Loward e cdpifeamit o8 mndithEid o 1 BAOry S e R BhrL e pRACRu ProFRsRiA R the
eye, said foypdJabRr heiadpidtd 66l raliiy More fquicRlyas thestading position. SiallarBaifék lower
second predeterm ned anount of force; subsequently noving said at |east one

portion towarntraocelar pressuses, #itakesdoriger for the owwalkle aéntead pigap Ihito oftumdpdis stasting
agai n achi eve i.ndentatien Qf the cornea; determ nin third i.ntraocul ar..
resour e bas S HTa TTHERe.dne P HvRGoR B taaananien 2o elp oy B8 fafuiime
| eastypne porgfkiRimeVabieddedtralles! B in ARt @iirhd Widabibred BittabEdlhr Prassde. Sai d
fifth predeterm ned anount of force; calculating differences between said

first, second, andinficatediabeye,thespresentdnventipr maybedomednyith adtransparent egntral
t he amount of_.in uh d. whi eb. | e N .
i ndi cative of° %rf ?ﬁt? gé\?t?%céli fc%@. %g? t?%ri}sgﬁxj%gt[ ﬁ%rgragga %gf% %1&]; i ,2%3%? hf %Fmésr
conpri si ng t ksuslkeivonodf. thpliskside ofithiehsye difdrf exaamphes shd eptierervehovhile tisd intraocular
second, and third distances to a create a graph 100 of said djfferences;
and conpari ngresswe igeaiicialy isereesed;usme, hgtBavable eansrel prece, Someapl thpeeffests of
determne if. La I ! | ks . :
(roridedy A intased SRARHCHE! bickSek Ba il bpAYRbDE dekhd ABRUREEREN thorfore repdily
devi ce conpr obsergibler thesughc tthest presentir iveritiome dwhile  fatraseulanipressure [t measures
cornea; a transducer disposed in said contact structure, said transducer
bei ng respon§W¥‘}aP?P“|§ essure exerted on said transducer, so as to provide

o output %A MO SERAE 9 B BILES o GRRORMORE i e
t ransducer bplaesmeny ef thectodiart deyicel 0snthe cofndahie issyndefstabd that the contact device 2 of
20 the present invention may be configured with a quasi-triangular shape (defined by the
substantially rigid annular member) to facilitate placement of the contact device 2 on the sclera

of the eye.
With reference to Figures 23 and 24, the contact device 2 of the present invention may
be used to measure episcleral venous pressure. Preferably, when episcleral venous pressure is
25 to be measured, the movable central piece 6 has a transparent centrally disposed frustoconical
projection 16P. The embodiment illustrated Figure 24 advantageously permits visualization of
the subject in through at least the transparent central portion of the movable central piece 16.
Furthermore, as indicated above, the present invention may also be used to measure
pressure in other parts of the body (for example, scar pressure in the context of plastic surgery)
30 or on surfaces of various objects. The contact device of the present invention, therefore, is not

limited to the corneal-conforming curved shape illustrated in connection with the exemplary



34. (Cancel ed) 35. (Cancel ed) 36. (Amended) A nethod for detecting
pressure comppsesseqy the steps of: nounting, on a surface of ECTUSILR5M8DHf an
eye, a pressure sensitive transducer which is responsive to pressure
generated by sliding and squeezing of said pressure sensitive transducer by
an eye lid during closure of said eye lid,associated with said eye; and
acti-vating said pressure sensitive transdtter by sliding and squeezi ng of
sai d pressur sen3|t ransducer b id.eye.lid.durin f sai
oye 1 D3 pmbodtmests b erbe T eyt vagioks Sriehivapes oSt betieraly et briurdin
for applanating or indenting the cornea, said device conprising: a
substantially rigid annul ar nmenber having an i nner concave surface shaped

to match an outer surfaceALTERNATHEEMBADINMENTHACTUATEDdef i ned t herein;
a novabl e central piece slida i 1.3 hi ai.d hole and having a
substantially flat inner si de%%@%ﬁ%gyﬁc ing a portion of the
cornga when the Wgyrdereh tb Pzt 2531, TaH%ltEr%ﬂ&aem%éhtfo?%' Y tem TS
secured to said i nner concavée surfacé of the substantially rigid annul ar

menber, saidésdrbedi Thealtarndtive ragpauenun gnad owethashusey thevbrch and miotias gematdd Ibp thee i n

t he annul ar er and haV| one . tr rent .area. vi ce
o o et T4 Aarng Hhakine st SosutsietThe SRS 10 AR SAR AihlarPh aPoaratts sl EFNAR o
cornea, Saiaflled\oné &aﬂsamrr 1480 Ribunted id BHe conSddh Aevitd 408 Witen the contadtrievize 408 foer
havi ng an i nner concave surface shaped to match an outer surface of the

cornea and onahe epynes. %eénam ﬁ@ddctvrferfé@htateafrhe remorsagsitariag Af Pf&FSUEﬁ andoother

sligably di . =y

o8P0 ¢ PRPRSREH SBhA i3l et G ARTRAR ArAMRTHank ibhod hBrpPYe
| ocat ed on elebfrofiAENER; wis dTﬁamlnﬁu@ﬁ fansthitfed @€ Rchwred st a&ew&&%atrbxabdexy
transparent peripheral portion A device for placenent in

contact wi tplaced whmaecam@tm@amacmﬂmmﬂézmgv jeh recgiven 404gs preceratly mntqdan&le
devi ce conpri SI
Concave. sutPme A ofh SHPSF AR dlesy Ol BlbofFHRE s BYITHLANAAG of

hol e defi ne@lrct:hﬂreyenhd agltsuite MO VMbdsare: @t fatcikre smedﬁhlsyxucarapomférwl)t hu n
said hole and having a substantially flat inner side for flattening o
i ndbht i ng mg@mxn@wrquweé@aW§ VitneAuess < QPothat alters a) radigt fEeAusacy Hg"”édf‘ dea;

and sai d ”‘PA’%RL%GEE&} IeAbr gy CR prelGrd Aol BRBMRIRB agEnt ral portion. 40.

(New) A device for contact wth a cornea and for appl anating
or indenting theAmmugieﬁz,e s@aaldespeusa:feomah@trhssdugcr 490zahbe amm:nahxk:yted bgicable,

annul ar nmepher an inner. concave syrface ed to
Eﬁs prepen}ig %n Qy or passwéiy transr:rm'tehI in a wireless x?)anner fo H;% recelver 404 which

is remotely located with respect to the contact device 402. The data represented by the signal

a

20 response of the transducer 402 can then be stored and analyzed. Information derived from this
data can also be communicated by telephone using conventional means.

According to the alternative embodiment, the apparatus comprises at least one pressure-
sensitive transducer 400 which is preferably activated by eye lid closure and is mounted in the
contact device 402. The contact device 402, in turn, is located on the eye. In order to calibrate

25 the system, the amount of motion and squeezing of the contact device 402 during eye lid
motion/closure is evaluated and calculated. As the upper eyelid descends during blinking, it
pushes down and squeezes the contact device 402, thereby forcing the contact device 402 to
undergo a combined sliding and squeezing motion.

Since normal individuals involuntarily blink approximately every 2 to 10 seconds, this

30 alternative embodiment of the present invention provides frequent actuation of the transducer

400. In fact, normal individuals wearing a contact device 402 of this type will experience an
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an outer surf %s&he cornea and having a hol e defined therei},la:;l.,‘fggf;lnﬁt89
novabl e central” pi éce slidably disposed within said hole and having a
substantially flat inner side for flattening or indenting a portion of the
cornea when the device is |located on the cornea; nmeans for actuating said
novable central piece to cause sliding of sa&pd novabl e central piece so

t hat said novable central piece projects inwardly against said cornea to
flatten or ingerhseSaklk mowter 6f in@luridio bliks end this an thriRamis td providd diakiidd@itinuous
bei ng configured such that an inside of a patient's eye remains visible
during act uat messurements. Dpgng sigepquwithceyes elopeda siope Hherg is uanersuntedprepsuge by the
cornea and foF ealPdOItl?enx%reéﬁg‘?r%m;— thl%tth éutr]l afSsRea, sai d devi ce conpri sing:
a substanti al X’ rrgid annular nmenber having an rnner concave surface shaped
to match an outer auyrihaRete@fabble dusingefsarcoftayieps the kohtactdédviceetb2t iriemioss a
102 a novabl e central piece slidably disposed within said hole and. havin

a substSant i al tgmbinegtsqueszing and glidingonotiancausedibyghe eye hdidwAng its dosing phase, Ipitially

t he cornea whgn the deyj I s.located on the cornea: i vabl e tral
i ece i ot uch T “BPs5 U0 EsceRes R MR o) 2o RRaf B0 et e TR BOSR A Eney
sliding of sayélidroabivhick ﬁnhé@um%ambuardtgﬁ?@ﬂs@nmbao.mgﬂ@é Rénrhi Thid distaice
magneti cal |y responsive el enent bei ngpci rcunferenti al I%asurrounded by a

transpar ent péepepdscancthe pieof siatarial wsed s meke the strgsture 415 af thetcnatast ¢avingf92 apd
the cornea an rmts reflection . of said light fromthe cornea back
t hrough said %F‘gﬁ%&fg?%ﬁ?%"e&%’gﬁ‘ﬁﬁ’?m g‘rt ion. 42. (New) A device for
pl acengnt in cont awthewatrigidstaRiufesl 238 dsddOthe i it Rdinitialiovariap ibdeden ik lid1gnd the

cornea, said device conprising: a substantially rigid annul ar penber havi ng
an inner conceRnrtacs devige #02hWhen & Goftatrustuema Luisarsedihesscis aonenificant ayefiap eyRe

havi ng a hol e [ : L Q¢ : e LEGE.: S '

within said h%‘rq‘i’@%'ﬁ%g’ﬁéa@?‘%ﬂéé gt ?gggﬁ/aaﬁ%mﬁpﬁag“gﬂﬁg@“?i sg‘gﬂ%gér{“'gi‘)gt e‘ﬁ"?’ﬁag‘,"
or indenting devicer 40D Bomiks tdieest ahdake efeclid ther slidesi ®er itie butensiafice of tHeecontact
cornea; said novabl e central piece [nc]luding a nagnetically respansive

el enent ar r andfdires#P2n54eszipE Aad CovEMEditndt & imperianh iR, astethatifthe, diametss of jthe
responge to | i L1 e i L RHPRE & : :
i ncl ug?ng anaséﬁﬁﬁfiarﬂrzr% neg,te‘ij\t/aatﬁ?\egldﬁ g‘ﬁg[%g?glr‘éayeéént raF%?ée{gF?ﬁﬁﬁﬁ%b%ehuP\ﬁﬁf%
a patient is mig) sottstrileethewippéreedgh of thewdoatact devicectReal thmbegirmingadfi achlinks

cornea and which pgrmts light to pasg therethrough to the cornea and
permits reflecti onﬁ?ﬂ‘ mg‘.éﬁrﬁc"?f’é‘ﬂ? C‘T"&Eﬁﬁ?‘ﬁ? @gfﬂwag“é@?mi" | atstgF gorneo-scleral
transparent GgRdtoaldué &04 9Bpe didnge of AW 13 BErE\h e Area 6f MidFsectBon Bkl Edrned
conprising an annul ar fl exi bl e menbrane connhected to said substantially

ri gid annul ar(radiusiod/® mmg and selers dradins ofd 1 Sonmh eAnthinipdiot the sontast geivise 40 reither
such way that., a nepbrane hol e i,n.sai d annul flexible.nenbrane.js
ol ondn"w ¢ h Cth & iERLRL ST SRCTE AT Feriog MooRle A e SR T Gifdld procesds to

cover it entirely.

[(®}= 0]

When a rigid structure 412 is used, the contact device 402 is usually pushed down 0.5
mm to 2 mm before it comes to rest. When a soft structure 412 is used, the contact device 402
is typically pushed down 0.5 mm or less before it comes to rest. The larger the diameter of the
25 contact device 402, the smaller the motion, and when the diameter is large enough there may
be zero vertical motion. Despite these differences in motion, the squeezing effect is always
present, thereby allowing accurate measurements to be taken regardless of the size of the
structure 412. Use of a thicker structure 412 or one with a flatter surface results in an
increased squeezing force on the contact device 402.
30 The eye lid margin makes a re-entrant angle of about 35 degrees with respect to the

cornea. A combination of forces, possibly caused by the contraction of the muscle of Riolan



44. (New) A system for neasuring intraocul ar pressure by appl anati on,

sai d syst ewooemgssitsi ng: a device for placement in contact WEHURHSea and
for applanating the cornea, said 103 device conprising: a substantially
rigid annul ar nenber having an inner concave surface shaped to match an
outer surface of the cornea and havi ng asd”uol e defined therein; and a

novabl e central piece slidably di sposed Wwthin said hole and having a

bstantially, fl.at i i de f fl at ' | j |1
he dovi ot BT B 1BHES S5 bR ot el SR bpd Sund o BEe o0, ©
sai d novahleieentiiadl RiffRohl S Ehoinalfdiee edmisctieslt) oT\appleximeely’ 20,000 &ce
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i ncl udi ng aftmaxizast closuse of the spa thmtangensial matien anfordernre agrg anditberoran! fasemns
conprises an optical detection systemincluding: a source of light for
enitting B"HrP "HEYHMBF MYt "t oward the cornea through said at | east

one transpar entTiy gftizohfdl Hd F6ricBRIF 201060 b @fs,0000¥hedpriefiing thel contaetldbaedk402
through the device by the cornea, when said device is |ocated on the

cornea, i ragainstahseye genrtateserough motiomte agtivae thedransgisen AR moynisd 1n the copiefea;
i gh ' i ek '
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0 pro outpu ndi ca unt appl anation. 45.

(New) A syiné QUifabebf theagelaiedsd cipable of bufficiprtbsdaforenity mapytypes of wansdeedrsior
system conprising: a device for placenent jn cont a&t Wi R‘Wa cor nea .and for
appl anat i relectradesc¥hiefoean bednpaunied indbe comtast dsvicg 404 Dypeg ng.|the gye idg are
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consists of an endoradiosonde mounted in the contact device 402 which, in turn, is preferably
placed on the cornea and is activated by eye lid motion and/or closure. The force exerted by
the eye lid on the contact device 402, as indicated above, presses it against the cornea.
Accordi}xg to a preferred alternative embodiment illustrated in Figure 26, the

20 endoradiosonde includes two opposed matched coils which are placed within a small pellet.

The flat walls of the pellet act as diaphragms and are attached one to each coil such that
compression of the diaphragm by the eye lid brings the coils closer to one another. Since the
coils are very close to each other, minimal changes in their separation affect their resonant
frequency.

25 A remote grid-dip oscillator 414 may be mounted at any convenient location near the
contact device 402, for example, on a hat or cap worn by the patient. The remote grid-dip
oscillator 414 is used to induce oscillations in the transducer 400. The resonant frequency of
these oscillations is indicative of intraocular pressure.

Briefly, the contact of the eye lid with the diaphragms forces a pair of parallel coaxial

30 archimedean-spiral coils in the transducer 400 to move closer together. The coils constitute

a high-capacitance distributed resonant circuit having a resonant frequency that varies
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The preferred method to acquire the signal, however, involves at least one of the
aforementioned passive pressure sensitive transducers 400 which contain no internal power
source and o'perate using energy supplied from an external source to modify the frequency

20 emitted by the external source. Signals indicative of intraocular ocular pressure are based on
the frequency modification and are transmitted to remote extra-ocular radio frequency
monitors. The resonant frequency of the circuit can be remotely sensed, for example, by a grid-
dip meter.

In particular, the grip-dip meter includes the aforementioned receiver 404 in which the

25 resonant frequency of the transducer 400 can be measured after being detected by external
induction coils 415 mounted near the eye, for example, in the eyeglass frames near the receiver
or in the portion of the eyeglass frames which surround the eye. The use of eyeglass frames
is.especially practical in that the distance between the external induction coils 415 and the
radiosonde is within the typical working limits thereof. It is understood, however, that the

30 external induction coils 415, which essentially serve as a receiving antenna for the receiver 404

can be located any place that minimizes signal attenuation. The signal from the external



substantially flat inner side for flattening a portion of the cornea while
t he device woeboesssed on the cornea; an actuation apparat us RGCRUSEI{16480i ng
sai d novabl e central piece to cause sliding of said novable central piece
so that said novable central piece projects inwardly against said cornea to
flatten said portion of the cornea; detegdy on nmeans for detecting when a
predeterm ned anount of appl anation of thHe cornea has been achi eved; neans

f d 1. NJ i nt. I . .
movabl e colParor it A s bR REREL <28 ar o R e s DORS arbication

sai d predetygd ghalgfls. amount: of appl anation; and alignment means for
I ndi cating whether said device is properly aligned with sajd actuatiqgn

y
apparatus and saVbewanden water.ntharsignalimay benssnsmiited, utingnmasulated, soundgignals

i ntraocul ar pressure .by appl anation. sajd s r+vSi NQ: '
pl acement b _aé‘é"nf%ﬁ ’ﬁf’ef%g‘ge“&!i‘ﬁﬁﬁ@é W&ﬁ%i@%‘r aréi%ﬁ%‘a?sgg'f s@:ﬂxg orr@snoglg%/drggﬁr{dﬁg
devi ge COMpLif3irBGonsive tPeHanBes idkémiperatdtTar@Vbla@é. Menber having an inner
concave surtface shaped to match an outer surface of the cornea and having a

hol e defined t helthoughahel foregaing dessription ingludps sanee prefegeed| methodsanddeviges i n
id hol d havi tant i - i.de f.ar -f -
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electric signals is usable.

Since the eye changes its temperature in response to changes in pressure, a pressure-

sensitive transducer which does not require motion of the parts can also be used, such as a

20 thermistor. Altemnatively, the dielectric constant of the eye, which also changes in response to
pressure changes, can be evaluated to determine intraccular pressure. In this case, a pressure-
sensitive capacitor can be used. Piezoelectric and piezo-resistive transducers, silicon strain
gauges, semiconductor devices and the like can also be mounted and activated by blinking
and/or closure of the eyes.

25 In addition to providing a novel method for performing single measurements,
continuous measurements, and self-measurement of intraocular pressure during blinking or with
the eyes closed, the apparatus can also be used to measure outflow facility and other
physiological parameters. The inventive method and device offer 2 unique approach to
measuring outflow facility in 2 physiological manner and undisturbed by the placement of an

30 external weight on the eye.

In order to determine outflow facility in this fashion, it is necessary for the eye lid to



therein; and a novable central piece slidably disposed within said hole
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movabl e cent PEthe pivertonmlde uggof integrated Siguits |3ad teshpigal adyangesgecurgng i frapsducer,
sai d predet epggnegh A0RURY Sfnal processing technology allow for extreme miniaturization of the

components which, in turn, permits several sensors to be mounted in one contact device, as

20 illustrated for example in Figure 28.

Modem resolutions of integrated circuits are in the order of a few microns and facilitate
the creation of very high density circuit arrangements. Preferably, the modemn techniques of
manufacturing integrated circuits are exploited in order to make electronic components small
enough for placement on the eyeglass frame 408. The receiver 404, for example, may be

25 connected to various miniature electronic components 418, 419, 420, as schematically
illustrated in Figure 31, capable of processing, storing, and even displaying the information
derived from the transducer 400.

Radio frequency and ultrasonic micro-circuits are available and can be mounted in the

contact device for use thereby. A number of different ultrasonic and pressure transducers are
30 also available and can be used and mounted in the contact device. It is understood that further

technological advances will occur which will permit further applications of the apparatus of the



appl anati on; said actuati on apparatus being configured such that an inside
of a pati enWO9889%4r erai ns vi si bl e during actuation. 51. (TEAWS/ 18484t act
device for detecting intraocul ar pressure, said contact device conprising:
a contact structure shaped for placenent on a patient's cornea; a
transducer disposed in said contact strugjure, said transducer being
responsive to 108 pressure exerted on said transducer, so as to provide
an out put qha%abnindicative of said pressure; said transducer being a
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closure of the eye lid.

In any of the foregoing embodiments having a transducer mounted in the contact
device, a grid-&i_p meter can be used to measure the frequency characteristics of the tuned

20 circuit defined by the transducer,

Besides using passive telemetry techniques as illustrated by the use of the above
transducers, active telemetry with active transmitters and a microminiature battery mounted in
the contact device can also be used.

The contact device preferably includes a rigid or flexible transparent structure 412 in

25 which at least one of the transducers 400 is mounted in hole(s) formed in the transparent
structure 412. Preferably, the transducers 400 is/are positioned so as to allow the passage of
light through the visual axis. The structure 412 preferably includes an inner concave surface
shaped to match an outer surface of the cornea.

As illustrated in Figure 29, a larger transducer 400 can be centrally arranged in the

30 contact device 402, with a transparent portion 416 therein preserving the visual axis of the

contact device 402.



means for det internal pressure based on the distance
Tl FERE TR,
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portion and wherein said distance detection neans conprises an opti cal

di stance detection systemincluding: a sour®% of light for emtting a
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t ransducer eddi%nﬁ‘?l%%fb%ﬁa‘ff‘d frﬁtgﬁﬁ@e?§4’(§@a ,%dco%asal d transducer, so as

to provi de an output si I catlive o ressure; said transducer

bei ng a passive trm&chbtyeeachmnsdgca 409$siixedto fheequaumyﬂ@hnstnch/awagshatmnly the
accordance with said pressure. 55. (New) A nethod for detecting pressure_as
claimed in cldiaphragns f i TANSINERTS E3PETIFRES ARQNAS lafrem%@%m Prepere: thangeh t 1By
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In contact w a cornea anating or |n ing the sai
devi cED conpr isatface oféthmntmaurematzi ng an i nner concave surface shaped to match

an outer surface t he .corn and, havin openi defi ne i n at
| east said inner c ’é@%‘dg‘iﬁﬂf g@ém‘%alsf’r&?d’ﬁg‘é“) ﬁ’g@ mrslt%f“d%ﬁi‘f'ﬂf‘ 08’W§b%§%!a=a or
within said,ueReRVAY on%aﬂ@t"ih@gmﬁr %yaﬁéeaaﬁth@'ewné | 2he trBRRLCcSS 400 'y also be

deform ng a portion of cornea when the device 1s |ocated on the cornea;
and a fl exi blpesitiemddriaaprateding edy tovaditbe comes incuok away $hat thepostériaripart flattens

menber, said flexibl nbrane havi ng.at | east. ape transparent a. 10

67 A cont actPURPRCE F COMER #PSB YRR ANHIS A S e e SRS SF et A0 fipy also be

thi ckpess at paatisneded pREruding wayltbAafEm intfek Yurfie lof &5 ) lid so that the anterior part
of the transducer 400 is pressed by the eye lid, with the posterior part being covered by a

flexible membrane allowing interaction with the cornea upon eye lid closure.
A flexible membrane of the type used in flexible or hydrogel lenses may encase the
contact device 402 for comfort as long as it does not interfere with signal acquisition and
20 transmission. Although the transducers 400 can be positioned in a manner to counterbalance
each other, as illustrated in Figure 28, it is understood that a counter weight can be used to
maintain proper balance.
While the present invention has been described with reference to preferred embodiments
thereof, it is understood that the present invention is not limited to those embodiments, and

25 by the scope of the appended claims.



t hi ckness toward an outer periphery of said nenber. 58. The devi ce of
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projects inwardly_.against said cornea t.o tphereby indent, said portion of. the
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detecting aglyqheaast one of a distance travelled by said novabl e piece and an
anount of deformation of said portion of the cornea; and a device for

det ermi ni ng i nt rothe devigsrafsiaimd, sadsfuthencarhprising/afiexihle membeeng sequwredicesaid
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In response to a magnetic field; and wherein said actuation apparatus

I ncl udes @™ evice for applying a magnetic field to said novabl e piece.
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field includes &a col
maximum thickness at said hole and a progressively decreasing thickness toward a periphery

of said substantially rigid annular member.

4. The device of claim 3, wherein said substantially rigid annular member has a
substantially cylindrical wall defined circumferentially around said hole, said movable central
piece being slidably disposed within said hole in a piston-like manner.

5. Thé device of claim 1, wherein said movable central piece has a substantially
transparent peripheral portion.

6. The device of claim |, wherein said movable central piece includes a transparent
central portion.

7. The device of claim 1, and further comprising:

means for actuating said movable central piece to cause sliding of said movable central
piece so that said movable central piece projects inwardly against said cornea to flatten or
indent said portion of the cornea.

8. The device of claim 7, wherein said means for actuating is configured such that the
inside of a patient's eye remains visible during actuation.

8. The device of claim 1, wherein said movable central piece includes a magnetically
responsive element arranged so as to produce sliding of said movable central piece in response

to a magnetic field.
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an el ectri cal rrent passing through said coil in a progressi
i ncreasi ng W&‘NﬁMI |This Shedt bins Belatrepidemed anount of force is g@t’*@?ﬂé&f‘sg
said electrical current onal to the anmount of force applied
by sai d novabl e pi ece. Ldevi ce as clained in claimbé6o.,
wherern said nenber includes 1 ndicia used tgy measure an anmount of npbvenent
of said nenber. 64. A nethod for non-invasively neasuring outflow of eye
fluid-fromthe eygp sarkk @RVREOLICAERS iSSi WherkiResaid epsgretical)! ASpogsive dRWERE is
in contact with a cornea; noving at |east one portion of said device toward
the cornea usirngnfarermalb'tsuprpea@dgwrﬁ thensparenimpertpherab pemion gvielt permits fight to pass
cornea; determnin Lotr u . . OF t

cornea by saitg‘ergtprﬁtgﬁgg tg%ce:&%gar %r?d’o%eqo §E%ﬂegu%g\gf%éé)@%ﬂr{?%gﬂ@%pﬁoﬁe\gﬁag%M&?‘]gh
sai d first prgidetsaspire® periphetaitporfiod. orce; rapidly reciprocating said at

| east one portion toward and away fromthe cornea at a first predeterm ned
frequency and f or dilndhe devierrefidlaim 95 whereinseid magsatically respensivelpmgnicomprises an

| east one portign of the.device toward the. 112 ¢ i .
pr edet er m ne&“’é‘ﬁﬁdﬂ?g%P wf“gractéaqsgara%vgcggﬁltrﬁ%m% grRasf 8’5&? %rp%ﬁﬁﬁﬁﬁ g%'?l % SBhuhite
I ntraocul ar prefesidt & l6@atatbrfie pRiCATSIdmel andwiich Pemﬁiwugmtdnwass thedethfoughas the
one portion of said device during application of said _second, predeterm ned
amount of f ocemea angpepmitsisfegtion Pgtﬁ‘cgﬁ)&?éﬁtmﬁbe cospes baek theeugh T#pareRy central
toward and avr\%gromthe cornea at a second predeterm ned frequency to

t hereby force re intraocular fluid out fromthe eye. 65. A device for

pl acenment in contagt Thé ldevdice of BRim &) Gnd Hirtkkd? dodipaisinggar anrulateffdxibie niehtbrane

cornea, said device conprising; a nenber having an inner concave surface
shaped to nmacemnegtad gusaid subsantialy ngid apmar sepmbepand aishepnnegied o Hisanevele central
defined in at; 0, id i ‘

of the menboPtaR b Eeinat PlnbARE ol BIER SEn it AR, BRALARE WRhed Windi
and havi ng atrandpatenntemtal yegidreof the amularimbgnétor fl attening or indenting a

portion of the cornea when thggdevi ce is located on th% cor ?ea', sai d
movabl e piece hadind systemyfrs; measuEng yintraqoyfes Ppssure by applanation, said system

comprising;

a device for placement in contact with a cornea and for applanating the comea, said
device comprising:
~ asubstantially rigid annular member having an inner concave surface shaped to
match an outer surface of the comnea and having a hole defined therein; and
a movable central piece slidably disposed within said hole and having a
substantially flat inner side for flattening a portion of the cornea while the device is
located on the cornea,
an actuation apparatus for actuating said movable central piece to cause sliding of said
movable central piece so that said movable central piece projects inwardly against said cornea
to flatten said portion of the cornea;
detection means for detecting when a predetermined amount of applanation of the
cornea has been achieved; and
means for determining intraocular pressure based on an amount of force said movable
central piece must apply against the cornea in order to achieve said predetermined amount of
applanation.

14. The system of claim 13, wherein said means for determining intraocular pressure

e




peri pheral portion. 66. A device for placement in contact with a cornea and
for appl an30 09564 | Mulesticiings AL ReMQLA, Sai d device conpri FOTGSIHIHENber

havi ng an i nner conca ed to match an outer surface of the
cornea and having an
surface and an outer sur

in at |east one of said inner concave
1dg menber; and a novabl e piece
slidably disposed within said opening and having a substantially flat inner
side-for flatigning or indenting a portion of the cornea when the device is
| ocated on the cornea; and said novabl e piece including a transparent
central porti onmeidry meardefor seoring a plaheeindicttivenof said actouni ofi farce ovhremasaichd

for applanating qr jndenti the cornea, said device conprising: a nenber
havi ng an R’Fﬁfé?’"ﬁ@ﬁm@’%ﬂgg%@agﬂé&% e(‘!"‘ﬁﬂt"éh an outer surface of the
cornea and havi pilﬁ !kﬁdﬂ S\t D o LotV Rcldr SitfichSddndersd dhid
di sposed wi t hi nrﬂ%g???ﬁ%\ﬁl a{'% aﬁngtgkggg?g%t?al 'y flgt I nner sni de fé)r
def or m ng amqumt bf fonceoto ihtnsoocutar pessswdeen t he device is | ocated on the cornea;

and an actuating deyice for usi ng saj vabl e .pi ece,.t ve, i nwar dl
agai nst said co -eﬁwvaremo?fﬁag'a? &I?vp?ﬂ‘{ MQBFWPH "Eﬁ)?rﬁié%’,?aygg’r" d"sF’g"’é’Er@aiagl%g
device bej measure an anmount of deformation of the cornea
during ac?hﬁgtg?cgﬁ?lpgeg.s‘}rgﬁx device for placenent in contact with a cornea and
f or appl anat i ngléorThersgeert bficaitrhkS, aheredrasaid displayl s\emaagesiosopasi te iindjcate winethbe r
havi ng an | nper concave surf.%rc{g shaped to ‘g,at h an outer surf.ac

t efy-ea

L SUhele surtace ol Lhe
cornea andMHERRORYIaS PHSTHES 1§ &P T HEF R SRS 4 5198°5,9 0% AP FIAH W Vsl n s e d

Wit hin saiiflajoh&icaHolid\deiken if UBAtedflbh diththd InfraodultPresshdeahpr deformng a
portion of the cornea when the device is |ocated on the cornea; 114 said

nmovabl e pi ece iwhdreitisaig rangeagraeadjesiable to comppansite forglifferent patienusageitivisies s t o
produce sl ihdi ng.of sai d _novabl e piece in response to a magnetic field, said
magnet i cal"O"ERILBHEPHAAERERt bei ng -

17. The system of claim 13, wherein said movable central piece includes a magneticaily

responsive element arranged so as to produce sliding of said movable central piece in response
to a magnetic field; and

wherein said actuation apparatus includes means for applying a magnetic field to said
movable central piece.

18. The system of claim 17, wherein:

said means for applying a magnetic field includes a coil and means for producing an
electrical current through said coil in a progressively increasing manner until said predetermined
amount of applanation is achieved, said electrical current being proportional to the amount of
force applied by said movable central piece; and

said means for determining intraocular pressure includes means for storing a current
value indicative of an amount of current passing through said coil when said predetermined
amount of applanation is achieved and means for converting said current value into an
indication of intraocular pressure.

19. The system of claim 13, wherein said movable central piece includes at least one
transparent area, and wherein said detection means comprises an optical detection system
including:

means for emitting a primary beam of light toward the cornea through said at least one

transparent area, said primary beam of light being reflected back through the device by the
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neasurable in its anount of npvenent to determ ne an anount of deformation
of the corneWOW®Ses A ﬁstem for nmeasuring intraocul ar BGTASITIHSEI by

. . his She . . .
appl anati on, said syste sfeeRepRcedeVvi ce for placenent in contact with
a cornea and for defor mn}j WIF sai d device conprising: a nenber

havi ng an i nner concave to ggtch an outer surface of the
cor.nea and having an opening in at l'€ast one of the inner surface and an
out er surfac r ' l ace |.d ' ed. W I i
openi ng and %@P%’g‘gg&sfﬂgg gﬁ%ﬁ?{?‘%l[% g’ltl Q%ncn(%béas ?’géﬁagbéﬁgﬁ'ggﬁ‘%@ n(;gfméf'!;I 6%??&00{

of the cor negppldnation bfithedewieacind | ocated on the cornea; an actuation
apparatus for actu sai d novabl e piece tgo cause sliding of said npvable

tin X
central piece so ?ﬁ_%ﬂt s PH%%%?OW [fisRed 9 PGPéqué’tqdrRﬁ_&F‘(ﬂf)}‘gab% 3P0 Pseguge an
cornea to defhghin § a@inQWaEi{/é)&Jﬂé aﬁuBﬁntCé}*dﬁgga?a@orget ection device for

detecting when a predeterm ned anount of ormati on of the cornea has been
achi eved; a devi c20.f The systemroficiaimip, iand flathen¢amprisingsightiag hreansifor indicatingwheh

of force said, povabl e pi ece nust . | y . agai nst the cornga i,n order .tq

achi eve sai cFajt IO APREANF0R FHI0 QPGP Fiesss 45% Propea AlignedrstiL i device.
measur ement devi ogy e sy e laltd 190 EAd iR botnprising SistlRtd filash Aimeih AREAPRE
in contact wwth the cornea is at a proper axial distance from sal

act uat i on appdicatingswhethersaiddieviet iscat iaqpropenaxiad disdce from/saidsactuation apparatus and

measuring int cul ar ressure by appl anation, said systemconprising: a
devi ce for pﬁaﬁi@%ﬁ%‘[‘mi'ﬁeagﬁnt act with a cornea and for deforning the cornea,

sai d device conprasi Mde spstéRBPehRimaY] & RAPthePBGh ﬁs‘?ﬁ%ﬁ%ﬁnﬁ i
mat ch an outer surfaceeofsthe cglr nea and hav{]ng %n ope |nng|r{'11§§tﬁ @gg@ﬁg%
of the i nnerwlethef azid denct ispropertyealignad with said fxtuatioh;appardtus and saib Idetepiierc means.

sl i dably di spose Lthin said o [ and .havi ng a substantially.flat inner
side for deform %ﬁhﬁﬁ'ﬁeﬂb?ﬂmrggﬂe%?‘ﬂéﬂdm nt meapsipripde py °¥'&)‘@5ﬂ? meRt
t he cornea; méthagifati on apparatus for actuating said novabl e piece to

cause sliding of said novable Pi ece so that said novabl e piece
24. The system of claim 13, wherein said actuation apparatus is configured such that

the inside of a patient's eye remains visible during actuation.
25. A system for measuring intraocular pressure by indentation, said system
comprising:
an indentation device for placement in contact with a cornea and for indenting the
cornea, said indentation device comprising;
a substantially rigid annular member having an inner concave surface
- shaped to match an outer surface of the comnea and having a hole defined
therein; and
a movable central piece slidably disposed within said hole, said movable
central piece being arranged so that sliding thereof toward the cornea causes
indentation of a portion of the cornea when the indentation device is located on
the cornea;
an actuation apparatus for actuating said movable central piece to cause sliding of said
movable central piece so that said movable central piece projects inwardly against said cornea
beyond a flattening of the cornea to thereby indent said portion of the comea using a
predetermined amount of force;

distance detection means for detecting a distance traveled by said movable central piece;
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projects inwardly against said cornea to deformsaid portion of the cornea;
a det ecti owodswesss f or detecti ng when a predeterm ned anounPCHPSHESE Mt i on
of the cornea has be®ins $tetiiHeyR@win Beplseadi d novabl e pi ece; a device for

determ ning intraocul ed on an anount of force said novable
pi ece nust apply agai ' in ggder to achieve said predetern ned
anpunt of deformation; and an alignnment "device for indicating whether said
devi.ce for QI acenment in contact with the cornea is properly aligned with
sai d 128%act uati on apparatus and said detection device. 71. The system
of claim 70, whgefRisnfos diettrmlningintradbculte\vresutebiseden the dispdrice ataveled dyrssid
mechani sm 72. An apparatus for neasurjng intraocul ar_pressure by

def or mat i amqvablei agntphRiecs:in sespRsSIt Stid gredgterained AMYRt f0T<Ce for remotel y
novi ng at | east artion 5 s ' : : a
portion of the Z or as?'Stgmgg%l%'&ilgg% evi%gwﬁablgggﬁé%? F’ﬁg" mﬁgﬁa IanﬁL‘i‘xchW“

pr edet er mMra@dnavirdiéther? hrralfied SRS to Produke biiding of saidimbesbldhesmrrabpibcecmeespoased a
device for determ ning intraocul ar pressure based upon an anount of force
sai d cont dAct magrgue ﬁﬁ'SSlmdappl y against the cornea to achieve said

predet erm ned anpu f f | : : [ :

it raccul ar - protp efsofialbRirsPlus thdudes méhns Todpling SmallfRE el said

I ndent at i GRovaBMN ceAtrhDpieddl acenment on a cornea and for indenting the cornea,
said indentation device conprising a nenber having an inner concave surface
shaped to matcr?7anT‘EﬂJ%Yéﬁe“‘sngq*ad@@60f”hFﬂ?@3cornea and having indicia on said
menber for nea ' 0 A t mgngq\er
according to nzsg@u@gﬂ%?gegeqbg g}“a%ﬁét%%é@& grfla %\52%@5?‘ ;é(gnlgltce
source. electrical current through said coil in a progressively increasing manner until said predetermined

amount of force is achieved, said electrical current being proportional to the amount of force
applied by said movable central piece.

28. The system of claim 25, wherein said movable central piece has a substantially
reflective portion and wherein said distance detection means comprises an optical distance
detection system including:

means for emitting a primary beam of light toward said substantially reflective portion,
said primary beam of light being reflected by said substantially reflective portion in 2 manner
indicative of the distance traveled by the movable central piece toward the cornea, to thereby
produce a reflected beam of light; and

a light sensor arranged with respect to said reflected beam of light so as to produce an
output signal indicative of the distance traveled.

29. The system of claim 25, and further comprising a display for displaying said
intraocular pressure, wherein said display is arranged so as to indicate whether the intraocular
pressure is within certain ranges, each of said ranges being associated with what, if any, action
should be taken in connection with the intraocular pressure, and

wherein said ranges are adjustable to compensate for different patient sensitivities to
changes in intraocular pressure.

30. The system of claim 25, wherein said actuation apparatus is configured such that
the inside of a patient's eye remains visible during actuation.

31. A method for non-invasively measuring outflow facility of the eye, said__,inethod
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comprising the steps of:

placing an indentation device in contact with a cornea;

moving at least one portion of said indentation device toward the cornea using a first
predetermined amount of force to achieve indentation of the cornea;

determining an intraocular pressure based on a first distance traveled toward the cornea
by said at least one portion of said indentation device during application of said first
predetermined amount of force;

rapidly reciprocating said at least one portion toward and away from the cornea at a
first predetermined frequency and using a second predetermined amount of force during
movement toward the cornea to thereby force intraocular fluid out from the eye, said second
predetermined amount of force being less than said first predetermined amount of force;

moving said at least one portion toward the comnea using a third predetermined amount
of force to achieve indentation of the cornea;

determining a second intraocular pressure based on a second distance traveled toward
the cornea by said at least one portion of said indentation device during application of said third
predetermined amount of force;

again rapidly reciprocating said at least one portion toward and away from the cornea,
at a second predetermined frequency and using a fourth predetermined amount of force during
movement.t"oward the comnea, to thereby force more intraocular fluid out from the eye, said
fourth predetermined amount of force being greater than said second predetermined amount
of force;

subsequently moving said at least one portion toward the comea using a fifth
predetermined amount of force to again achieve indentation of the cornea;

determining a third intraocular pressure based on a third distance traveled toward the
cornea by said at least one portion of said indentation device during application of said fifth
predetermined amount of force;

calculating differences between said first, second, and third distances, said differences
being indicative of the amount of intraocular fluid which left the eye and therefore being
indicative of the outflow facility.

32. The method of claim 31, and further comprising the steps of:

plotting the differences between the first, second, and third distances to a create a graph
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of said differences; and

comparing said graph of said differences to that of a normal eye to determine if any
irregularities in outflow facility are present.

33. A contact device for detecting intraocular pressure, said contact device comprising:

a contact structure shaped for placement on a patient's cornea;

a transducer disposed in said contact structure, said transducer being responsive to
pressure exerted on said transducer, so as to provide an output signal indicative of said
pressure.

34. The contact device of claim 33, wherein said transducer is responsive to pressure
generated by closure of an eye lid.

35. The contact device of claim 33, wherein said transducer is a passive transducer
having a resonant frequency which varies in accordance with said pressure. .

36. A method for detecting pressure comprising the steps of:

mounting, on a surface of an eye, a pressure sensitive transducer which is responsive
to pressure generated by closure of an eye lid associated with said eye; and

activating said pressure sensitive transducer by closure of said eye lid.
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