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"Skin problens are pervasive in society. People suffer fron1cond|t|ons3JUNZm5
ranging fromthe cosnetic, such as benign discoloration, to fatal

ai l ments, such as nallgnant mel anomas. Treatnents range from cosnetic
"cover-up" makeup to surgical excision. In particular, the renoval (or
“skin peel") of an outer l|ayer of skif is used to treat conditj
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separated fromthe underlying corium (derms) by a germnative Ia er
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undul ati ons. The basal cells produce a continuing supply of k

whi ch are the m croscopi c conponents of the epiderms. Specialized* s
cal |l ed nel anocytes, also reside in the basal cell layer and produce the

pi gmrent nelanin. Al though sone of the nelanin mgrates toward the surface
of the skin with the keratinocytes, the greatest concentration, of nelanin
remains in the basal cell layer. The uppernost |ayer of the derm's, which
is adjacent to the basal cell layer, is known as the papillary derm s, and
t he papIBL@&;Q @pe in width from25-100 um separated by rete ridges

("val l eys™) conparabl e wi dth. Renoval of the epiderm s elimnates
superf|C|aI sun damage, including keratoses, |entigenes, and fine

wr i nklin vaI of the nost superficial portions of the derms, i.e. the
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is sometines referred to

In particular, the removal (or “skin peel”) of an outer layer of skin is used to treat conditions such
as.acne, age spots (superficial regions of excess melanin), shallow lesions (e.g. actinic keratoses)
and aged skin. Figure 1 depicts a cross section of normal human skin. The depth of the outer layer

or epidermis, varies, with ranges typically from 50-150 #m in thickness. The epidermis is

3

separated from the underlying corium (dermis) by a germinative léyer of columnar basal cells. The
epidermal/dermal interface is characterized by undulations. The basal cells produce a continuing
supply of keratinocytes, which are the microscopic components of the epidermis. Specialized cells
called melanocytes, also reside in the basal cell layer and produce the pigment melanin. Although
some of the melanin migrates toward the surface of the skin with the keratinocytes, the greatest
concentration of melanin remains in the basal cell layer. The uppermost layer of the dermis,
which is adjacent to the basal cell layer, is known as the papillary dermis, and the papillae range
in width from 25-100 um, separated by rete ridges ( “valleys™) of comparable width.

Removal of the epidermis eliminates superficial sun damage, including keratoses, lentigenes, and
fine wrinkling. Removal of the most superficial portions of the dermis, i.e. the uppermost papillary

dermis, eliminates solar elastosis and ameliorates wrinkling, with little or no scarring.
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as a "laser peel." C2 laser radiation (in the 9 - 11 Cmregion of the
‘infrared) is strongly absorbed by water (contained in all tissue). wﬁgﬂJU%
the energy/unit volunme absorbed by the tissue is sufficient to vaporize
the water, a mcroscopically thin layer of tissue at the surface of the
irradiated region is rendered necrotic; (see e.g., R M Adrian, "Concepts
in Utrapul se Laser Resurfacing," URL -
http://wwv. | asersurgery. cond physicians. htm (1996)). The skin is
coagul ated on the surface of the region irradiated by the infrared beam
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Andr ew Bw\/s;@pqlg @b’@sm ng Conplications from Laser Resurfam ng- Deep
scarring and insuffi‘cient follow up are anong causes cited," Dernmatol ogy
Times 18, No. 9: 50-51 (Sept. 1997)). One problemwi th the pul sed CO2

| aser i st thah L e.radiation absorption depth is not shallow enough.
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- 3 JUN @08&Ig) absorbed; and a pulse duration that is short compared to the time for deposited energy
to diffuse into the surrounding tissue; (see e.g., R. J. Lane, J. J. Wynne, and R. G. Geronemus,
“Ultraviolet Laser Ablation of Skin: Healing Studies and a Thermal Model,” Lasers in Surgery
and Medicine 6: 504-513 (1987)). The short pulse CO, laser, with an absorption coefficient in
tissue of ~1/50 um and a pulse duration of ~10-100 ns, leads to a reduction of collateral damage
as compared to a continuous wave (cw) CO, laser or lasers at other visible and near infrared
wavelengths. But clinical results on patients treated for the elimination of wrinkles with the short
pulse CO, laser show an abundance of undesirable aftereffects, including erythema (red, inflamed
skin) and crusting, with the possible formation of scar tissue and dyspigmentation. (see e.g,,
Andrew Bowser, “Addressing Complications from Laser Resurfacing- Deep scarring and
insufficient follow-up are among causes cited,” Dermatology Times 18, No. 9: 50-51 (Sept.
1997)). One problem with the pulsed CO, laser is that the radiation absorption depth is not
shallow enough. Another is the deposited laser energy is not sufficiently removed from the



surface to conpletely prevent collateral damage. As a result, this nodality
~for "superficial skin peel" can be relatively painful, often requirihgUN 2005
general anesthesia and a prol onged recovery period. A newer treatnent that
is gaining in popularity uses a pul sed erbium YAG (Er: YAQ | aser,

emtting radiation at 2.94 gumin the infrared, where water absorption is
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Revi ewdreiugk Y AGgLaser AblgorNavantagous\iirgety,” Lary iNGurgeto@id)Nedidht bough  t he
depth of ion is shallower and the skin is actually ablated rather
than j us#pggﬁ%?%d necrotic, the ablation depth and the depth of
coagulated skin limts the precision with which the Er: YAG can renove

epidernpl tissue W thout damaging the underlying papillary derms. And
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ine €s are not eradicated as effectively. Dermatologists and cosmetic surgeons are finding

the Er:YAG laser preferable for younger patients who have superficial skin damage but less

wrinkling, while the CO; laser is thought to be preferable for older patients who want to have fine

wrinkles removed around the lips and the eyes (see e.g., Betsy Bates, “Dermatologists Give

Er:YAG Laser Mixed Reviews,” Skin & Allergy News 28, No. 11: 42 (Nov. 1997)). Although

the depth of penetration is shallower and the skin is actually ablated rather than just rendered

necrotic, the ablation depth and the depth of coagulated skin limits the precision with which the

Er:YAG can remove epidermal tissue without damaging the underlying papillary dermis. And

while pain is lessened, many patients still require some sort of anesthesia during treatment and the

application of a topical antibiotic/antimicrobial agent following treatment to prevent infection

during healing,



appI\i cations. See e.g., US Patent 4,784,135, issued 11/15/88, entitled "Far
~U traviolet Surgical and Dental Procedures,"” by Blum Srinivasan, agjynN 2005
Wnne. See also US Patent 5,435,724, entitled "Dental Procedures and
Apparatus Using Pulsed Utraviolet radiation,” issued 7/25/95 to Goodnan,
Wnne, Kaufrman and Jacobs. The need remains for an apparatus and net hod

whi ch provides for skin resurfacing #n a painless environment with

exqui site control and markedly decreased norbidity by elimnating erythem
and scarltisridpo gpperplly knpval inthearntoede filtmvialet wpyimathlsseator medibndn@fendslii Ng
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and depth control, resulting in mniml damage to I'n surroundi ng and
under | yicAtled el Rresadures eyl Appamtysr @segPulsaddintviolet mdidtiass asuddsgoneecds.

There iq_}jgljﬁj awgﬁgad Qf_an aratus and process which enables a
controlle rgrr}bv eogakl%réana 35%85% s down to the papillary derm s, adapting
to the undul ations of the papillary derms. The present invention

address?@iesuc a need. - 3 JUN 2005 Summary 5 In accordance with the

af or ement® SREHreReEg dor anipparats and method which previded farskingesutfacing gys painiess
(cal | ed egviRafiERbp 1 carry oyt an inproved '| aser
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m nimzing collateral danpage to the skin underlying the treated regi on. An
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source t eal qgat ire(gnlﬁ.on the dIr<i n %?d determining if a skin |location has been
abl ated 't a a8 VeRRon #eidrepses thesgRtedSour ce is preferably a |aser, for
exanpl e: an argon fluoride (ArF) laser having a wavel ength of
approximately 193 nm a krypton fluoride (KrF) |aser having a wavel ength of
ere 1§ also a need for an apparatus and process which enables a controlled removal of the

epidermis down to the papillary dermis, adapting to the undulations of the papillary dermis. The

present invention addresses such a need.



approxi mately 248 nm a xenon chloride (XeCl) laser having a wavel engtBh/Usf 505
~approximately 308 nm a xenon fluoride (XeF) |aser having a wavel ength of
approximately 351 run-, or an Er: YAG |aser. The present invention has
other features which limt the depth of ablation by utilizing feedback
fromthe physiology of the skin, nanely the infusion of blood into the area
of excision when skin has been ablatgd to a sufficient depth to produce

bl eedi nGsunli@ry Nf usi on of blood can act as a "stop” to prevent further

abl ation, ther'eby effectively term nating the dernabl ati on. The bl ood can

t hen be renoved by washing it away w th physiol ogi cal saline solution,
cleari nqntagé;n rea ftgr further treatment. One version of the present

i nvent i on Ut T sed 1 healrpmentiopegineeds, dhes pregent {nversionis disrstedibe o systéron
char act gedlktiaCDesnibhitdd$ tiji e e | €4.SKi ,0.a sufficient
depth to produce bl eed?ng. A s%g%%m@gg%@%&%s l%gﬂtﬁ\}ellt ioéﬁle Sgﬂhr W th
a di f f erREseniiBVeEaHemFialsoahmgeted toad prbéess [Berhalgitidal thatleadshs olet, ipRRise removal

char act efi Sk A1S.then utiliz t enetrate the blood, heating it '
suffici Z’E%ﬁ‘{ffd% 81“}63‘5%16 [TYpguzing @%ﬁfﬂ%@@a&e ‘Pﬁ]ée Hibwlerlying theitregted aegierquent

bl eedi ng, yet leaving the tissue with an intact ability to heal w thout
the formation of scar tissue. An exanple of such a system wherein the

| aser | S\hgrample of asurgical systerefor compymgses: haging dagubsadfitgpredehgiiierSioUr ce

havi ng i 1.fe | engt h t.han e ArF | aser ,and a rel atively high
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bl ood atfluang! K Bnd X behtloDEREHaRRMm, cGipth i i cpagul ating
light source, in response to the det gg??{gzlggﬁogﬁgo%Pgﬁ%&gn%ﬁ%%%s ?‘ﬁ% t
Tocat i oFoME nyn thy gkig gadyddteniinigg ifiaghin le@tipr bas teeh ableted td4 yasien

fluori dge%dg_r F) laser having a wavel ength of approxi mately 248 nm a xenon
chloride (XeC ) |aser having a wavel ength of approximately 308 nm and a
xenon fluoride (XeF) |aser having a wavel ength of approximtely 351 nm

The preslsinﬁJi i nvention has still other features which provide precise
| at er al ‘dRdBYSPYIGe Sonelpsbly a Ipwer.fon eamplet drearesi duondes Arl) Iber hevimyed down t o

the papigavaleygtd6f z{Bp%m%QMyQ% i & Q]eypyo%%ogaé i ) ﬁger having a wavelength of
approximately 248 nm,; a xenon chloride (XeCl) laser having a wavelength of approximately 308

nm; a xenon fluoride (XeF) laser having a wavelength of approximately 351 nm; or an Er:YAG
laser.

The present invention has other features which limit the depth of ablation by utilizing feedback
from the physiology of the skin, namely the infusion of blood into the area of excision whén skin
has been ablated to a sufficient depth to produce bleeding. The infusion of blood can act as a
“stop” to prévent further ablation, thereby effectivély terminating the dermablation. The blood can

then be removed by washing it away with physiological saline solution, clearing the area for
further treatment.

One version of the present invention utilizes a laser having a relatively low blood absorption
characteristic, such as an ArF laser, to ablate the skin to a sufficient depth to produce bleeding. A
second laser, such as a uv light source with a different wavelength and a relatively high blood
absorption characteristic, is then utilized to penetrate the blood, heating it sufficiently to coagulate




the papillary dernis, so that the papillae are not penetrated even thoggU
the epidermis is renobved in the adjacent rete ridges. This |l ateral N 2005
depth control may be acconplished by using careful observation, assisted

by spectroscopic detection, to identify when the epiderm s has been

renoved, exposing the underlying defms, with spatial resolution
appropriate for the spaci ng of the ndul ations of the papillary derms.

The | at &r%llooglncl dept ontrol of the present invention is one advantage

over prror art>f stentbirediag, yeylearingehpdissregritisansniactubilenc hieal t her mal
damage iwﬁthblhﬂhéfoﬁﬁ&'lfonlﬂﬁgéjr N4 A9 the ablated region that renders this
underlying tissue denaturedl and coagul ated. For exanpl e, the use of

current CO2 lasers make it difficult if not inpossible to determ ne how

deep th enet rated based on real -tinme observation and/ or
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col or, per mégthtgl ng reg‘lng t?ﬁ’g E@APH% Hehtisgprepin re\?\ﬂ‘fé’tsﬁé’rtg? frdection af bloed has
proceedﬂdt gieentshén loedtioact depth, e.g., to or just beyond the

epi dermal -dermal interface. Another exanple of the present invention
includes a neans for controllably abal ating the skin by detecting a color

change pe@ipl&y er I/der ounda control mechani sm
could be aplégeoef?% wég%lgﬁgrq(ﬁh uﬁ‘ﬁdﬂ‘f qﬁ%ﬂﬁ?ﬁé‘mﬁjﬁ )dwenhaying aght sour ce
i1 1 um neeveleggthhe apjsiorimatel@l 248 nih agdnoR B oNORABt 26! BLviaVH %] % dput and
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t he sec@ﬁ’&mﬁ"f’%tﬁi[y%g)g@%énd arenonfloada Giel) laswhaving g va velbrgil bfegiprairgatally to the
system3aughng the light source to be inhibited at a given location, in
response to the second light source at the input. Exanples of the second

| i ght source include a visible light source; an infrared |light source; and

an anbignt light s not h exanpl e of the second |light source is one
whi ch |rfsm o{esﬁgtrlgy gf‘%/s“ﬁ]i 3’3"’ ggowlﬁélapwdémrwﬁﬁprahmmpm cantgol,

rel ati vyekyittingihe ¥pidemmit 1ok B¥ofddR gl the?)){f?xﬂary dermis, following the undulations of
the papillary dermis, so that the papillae are not penetrated even though the epidermis is removed
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in the adjacent rete ridges. This lateral and depth control may be accomplished by using careful |
observation, assisted by spectroscopic detection, to identify when the epidermis has been removed,

exposing the underlying dermis, with spatial resolution appropriate for the spacing of the
undulations of the papillary dermis.

The lateral and depth control of the present invention is one advantage over prior art laser peels
operating at wavelengths which lead to thermal damage in the tissue underlying the ablated
region that renders this underlying tissue denatured and coagulated. For example, the use of

current CO;, lasers make it difficult if not impossible to determine how deep the ablation has

penetrated based on real‘-time observation and/or feedback control.

Accordingly, the present invention has yet other features which provide a feedback control

mechanism which utilizes the optical characteristics such as the color, appearance and remittance



Furthernore, the present invention has features that serve to automagquyl—?%
“renoval of skin, wherein the ablating |aser beam can be scanned accurate
and repeatably over a designated area of skin under the control of a
conput er systemwhich utilizes real-tine observation and/or feedback to
control the depth of ablation at each location. The areas to be scanned may
be designated by an adjunct visibl e al i gnnent | aser, enploying an input
device tQ s the alignment beam over the area of skin to be treated and
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t he desi%lgd ldséb& Still another exanple of the present invention is a
robot / I"§EEY%% FPmige oK & dempad layes: ng a canera for visualizing an i nage of

the locations ont he skin; a conputer, coupled to the canera, the

Furthermore, the present invention has features that serve to automate the removal of skin,
wherein the ablating laser beam can be scanned accurately and repeatably over a designated area
of skin under the control of a computer system which utilizes real-time observation and/or
feedback to control the depth of ablation at each location. The areas to be scanned may be
designated by an adjunct visible alignment laser, employing an input device to scan the alignment
beam over the area of skin to be treated and recording the beam positions for subsequent
automatic scan of the ablating laser beam over the same scan domain. Alternatively, the area of
treatment may be specified by recording its image with a camera and designating on the digital
image the locations to be treated.

An example of an automated system having features of the present invention includes an
alignment and recording mechanism, comprising: a visible laser emitting a beam illuminating the
skin at a location coincident with the ablating light; means for scanning the beam across the

locations on the skin; and means for recording scanned beam positions, coupled to the means for



cor‘rbut er having an output for displaying and an i nput for designating the

«+locations of the skin to which the laser is directed. Preferablys; JtJuf 2005

robot/ |l aser system further includes: one or nore rotatable mrrors, the
mrrors positioned in the light source path for controllably scanning the
I'i ght source; one or nore notors, coupled to the mrrors, for angularly
rotating and feeding back angul ar po&itions of the one or nore mirrors; a
second light squrce illum nating the skin being ablated, wherein |ight from
the sec & S?Ttsug%?ﬂ\d@é automgieisdan pbelr #ddtingdightiddukecacmscthd 1dcationstdaghabl at ed
| ocati ongja photodetector having an input and an output; the input for
receiving the light fromthe second |ight source; and the output coupled
to the system and providing a feedback signal to the system for inhibiting
the pulsed light.source at a given |ocation. Preferably the robot/I aser
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Anot her exanple of the registration mechani'sm conprises: means for
rel ating points corresponding to an area of skin in the patient frane of

referen 0,.,a change. in . positjion, to the sane area of skinin a
pati ent q??ittrég&ggy &E@Pg %88“18}1@5%“"]'3’8&5%4"%%@&& °|t Hsi§®s pqupked. to thetlighhot her
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each location in 2D canera inages an
computer having an output for displaying and an input for designating the locations of the skin to

- which the laser is directed.

Preferably, the robot/laser system further includes: one or more rotatable mirrors, the mirrors
positioned in the light_ source path for controllably scanning the light source; one or more motors,
coupled to the mirrors, for angularly rotating and feeding back angular positions of the one or
more mirrors; a second light source illuminating the skin being ablated, wherein light from the
second light source is scattered/reflected/fluoresced from the ablated location; a photodetector
having an input and an output; the input for receiving the light from the second light source; and
the output coupled to the system and providing a feedback signal to the system for inhibiting the

pulsed light source at a given location.

Preferably the robot/laser system includes a registration mechanism for relating coordinates of a

point in one patient coordinate frame of reference to a corresponding position in the robot/laser



of 3D points in an i nmaged space that map to it. Another exanple a

. robot/|aser systemof the present invention includes: a canera for-3 JUN 2005

visualizing an inage of the |locations on the skin; a conputer, coupled to
the canera, the conputer having an output for displaying and an input for
designating the locations of the skin to which the laser is directed; a.
flexible optical fiber bundle having an output end and an i nput end, the
output end being attached to a mask for affixing to the patient and the
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Furthernperﬁsere there are many other applications of this invention: (i) The
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on biopsy sanples; (ii) Localized Tungal i1nfection oenal I may be
treat ed Befingdime digdfakimage.né ewtredof siyi antht patidne desi red depth wi t hout
damagi ng underlying tissue; (iii) Burn eschar (the result of a serious
bum) nmay be renoved by ablating it with the Dermablator, follow ng the
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skin is incapable of repairing 1 followi ng even m nor surface cuts and
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Another example a robot/laser system of the present invention includes: a camera for visualizing
an image of the locations on the skin; a computer, coupled to the camera, the computer having an
output for displaying and an input for designating the locations of the skin to which the laser is
directed; a flexible optical fiber bundle having an output end and an input end, the output end
being attached to a mask for affixing to the patient and the input end adapted for receiving the
light source in a predetermined manner; and a removable mirror located adjacent to the input end

for viewing the skin through the fiber bundle using the camera.

In addition to serving to remove cosmetic defects, i.e. seborrheic keratoses and lentigenes, the
Dermablator/Dermablation can provide a modality to treat other pathologies of the epidermis,
including Bowen’s disease, exophytic warts, flat warts, lichen-planus-like keratosis (LPLK), and

actinic keratoses. Thus, this invention provides an apparatus and process for treating a wide range

of common skin conditions.



epi dermal | esions renoved by Dernmabl ation without conprom sing their
“fragile dermis: and (vii) Eyelid lesions at the tarsal margin, such “asJUN 2005
hydrocyst oma and Chal azion (sty), may be treated with great precision,
resulting in mninml damge to the eyel ashes and mnim zing the |ikelihood

of notches or other depressions in the tarsal margin that can interfere
with tear flow and nucous distributi®en on the inner surface of the eyelid.
An additional application is to use rmabl ation to renove a basal cell
carcinoma. Here, the lesion can be selectively marked with an exogenous
agent th .des contrast between the .lesion and_surroundi ng healthy
tissue. %as aﬁgééﬂgﬂﬁergﬁfec[f’%ﬁﬁ%er ApRiicatiqns of this inxentigng ﬁ‘b%%ﬂfF?‘?ﬁﬁ‘l’ﬂPf%ﬁlal tissue

i n bi opsyapsiitity SNEREmIateinHNdNE Bsdbe 8 B Qerkal,” 14 SRLEWith o i iR the
tissue with chemicals. Such histology is used to nake the di agitosrs” of
basal cefiiheten G pafisnt pron biepsyisepplps; (1Bkackhided Junggbinfeticnof thetoapsil medbe

direct! yQfedt L ant vi di a Vi.si 3; e differentiation of the basal
cel | carcino ,bgﬁ%g%%gzgﬁ fogtq?g}?dﬁgfeﬁ epa E}OB{‘&WW&WQ“ HHplet or to
remove t @) Biresiohar @he fosuli ofiarsefiosBubid ey B 14A6REBy abladnWNidPRle 11 Bri ef
Descri ptb%[ tgf% Dr awi ngs These and ot her features and advantages of the

pr esent atgnfollpyme s wimeblapuemesn of ey eselear end stoppingatregctslobdtionias sédre ar t
by refergngs 8] - ription with reference to the
acconpanyi ngtﬁ r Ziaugﬁé?%&eaﬁg‘?%?’%g&g%g@‘& asngéﬁﬁli) TS Y Fd%‘go@ggy &)c?ﬁn’(‘)tflatf’%‘r nal

human skwith elingatien & sdegéatly SnductDmbaafisid, he., AP PRbRCHTE NS Wil 6L Bfkakdl into
accordangce wth the present invention; Figure 3 depicts a form of tlﬁe

_appar at us® YRt F §etay (NhPatieets Pathinkastanpt of wiRbinfebere fe g1 ARSI trelegur e 4A

depi ct's vaith 86 PAkr &Qﬁhéﬂ?&g %BM&dL%A&M?%@ﬁBE 081 SRS IRl Sa%igcié%%)é%%re ctly

with the patient in accordance resent 1 nvention,
depi ct s @mictahessoice Deanaipanateesnposes thelabigedmamainbinef snetland melebhg draser
i nyention; Figure 4C depicts a form of
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renote ngehia lﬁhcﬁﬁ&ﬂl@oﬂ@ﬁﬁﬁﬁ’@ﬁ&eﬁ’ ﬂm&whné Bfen %iﬁér%mfaée%%@%tnid%yunds, can have
epidermal lesions removed by Dermablation without compromising their fragile dermis; and (vi1)
Eyelid lesions at the tarsal margin, such as hydrocystoma and Chalazion (sty), may be treated with
great precision, resulting in minimal damage to the eyelashes and minimizing the likelihood of
notches or other depressions in the tarsal margin that can interfere with tear flow and mucous

distribution on the inner surface of the eyelid.

An additional application is to use Dermablation to remove a basal cell carcinoma. Here, the
lesion can be selectively marked with an exogenous agent that provides contrast between the
lesion and surrounding healthy tissue. Basal cell carcinomas are differentiated from surrounding
tissue in biopsy specimens by standard histological treatment, i.e., staining the tissue with
chemicals. Such histology is used to make the diagnosis of basal cell carcinoma in the biopsy.
Staining agents can be applied directly on the patient, providing a visible differentiation of the
basal cell carcinoma, such differentiation being used to guide the Dermablator to remove the

lesion with minimal collateral damage.



Figure 5 depicts a formof the apparatus including the surgeon interacting
+ wth the patient via a renote nechanismin accordance with the presénl'UN 2005
invention; Figure 6 is a diagram hel pful in explaining the operation of the
apparatus of Figure 4C and Figure 5; and f Figures 7-10 depict exanples of
‘an apparatus constructed in accordangg with the present invention. - 3 JUN
2005 12 Detail ed Description By way of overview, UV |ight renoves thin

| ayers @Qf. thssue at rate that depends on the fluence F of the light.
There ignﬁ;{)ﬁsf@?ﬁ'&‘&?ﬁe i{®Mg3  and areas at the surface of the tissue
that are irradiated with a F exceeding Fu, are ablated to a depth of
approximately I /Cmfor each (short) pulse of |ight. The unablated tissue
under | yThfge arbothetjfeaterns andndvivages| eftiecpreseatinadision il Sestine dppgbit 88He b
damaged it h, of somewhat |ess thap,1 . essentially to sub-cellular
dept h. OIEﬁ‘%@esggF‘\’}gh‘f ‘?‘bﬁf g%ﬁ‘f“é%%&" (e Ripraedeiailen chseription Withirefeiencs to ghed af t er

t he | asdccqupa®idghRdwings vileyn:an ultra-thin, sub-cellular layer of tissue
at the margins of the ablated region that experiences damage. Thus,
collateral damage is intrinsically mnimzed. The surgeon or nedi cal

practi t; r sour.ce of light delivering F> Fa and a delivery tool.
The soull;lgg}%nl‘idﬁﬁit%%g% cgosfg 5?“1@\’/09 ’boﬁ'inggar‘?aé‘ss > such as an excimer |aser.
Different excinmer lasers emt radiation at different wavel engths, which
abl ate I;‘i ssg{re to different depths and with different Fm Well-known far uv
exci mert BYESrdepigtsiadhEm phibe apraratercoastn@bl ingpcorisbe with 8@Sresent infnFoat 248
rim and ArF at 193 rim All excinmer |aser systens have been shown to be
capabl e of emtting pulses of far uv light that exceed ablation threshold
“for  hunaguednigpiatsianain of the spiirathehnbtdictd if KbddrdanbOWIER 2 (HERhGhSRnABneXxanpl e
of an apparatus having features of the present invention. As depicted, the
delivery tool mght be a "pipe" 205 through which the Iight beam 210 is

t ransmig; AN d BB SOERSF R abd s M j |.e st.eerin irror 215
to di rectg.@tgh.e begam around cgkgﬁﬁgmgwg&grﬁgﬁ%gp%%gcw s’?eﬁ%’éwghgﬁesystem
such asPauepign 2@@rdanck with the2&emtintehtorgel i very end, to shape

Figure 4B depicts a form of the apparatus including a means of scanning the laser beam in

accordance with the present invention;

Figure 4C depicts a form of the apparatus including the surgeon interacting with the patient via a

remote mechanism in accordance with the present invention;

Figure 5 depicts a form of the apparatus including the surgeon interacting with the patient via a

remote mechanism in accordance with the present invention;

Figure 6 is a diagram helpful in explaining the operation of the apparatus of Figure 4C and Figure
5;and

Figures 7-10 depict examples of an apparatus constructed in accordance with the present

invention.



the light beaminto the desired pattern where it irradiates the tissue.
*“Figure 3 depicts another exanple of an apparatus having features 0f'3h@NZ%5
present invention. As depicted, the delivery tool m ght be an optical
fiber, or a fiber bundle 305 term nated by a hand-held tool 310 that the
physi cian or technician can mani pulate to deliver the Iight beamto the
skin area to be irradiated. F@ferrinéznOM/to Figures 1 and 2, the delivery
t ool of _Fi ikgan be adjusted to focus the uv irradiation beamto an area
smal | ipqﬁhﬁl &Py t he cross-sectional area of a rete ridge of the 3
JUN 2005 13 epiderms. Then the beamcan irradiate the area until the
epiderms is conpletely renoved, before the beamis scanned/di splaced to

an adj aBgntayaf eervitie/ @V tight proeadhindayess sfeRartaed ratd Matldgadsd B fie ANGH. 3F €2
of epi def'gl ggﬂg% to the dermis. In this way the contours of the i1rregular
epi der m8! P'HEBMaI s iet tiugshold dhense Ronlead ajens ot thessfane of tBytiswatinit ag t he uv

| aser baaMi-R&T 0 f Lk thi nner |y epiLderms w Il be
removed, with dgget‘ Eﬁegglﬁlgi%narglﬁtg%edmporar% ?‘%@W’m‘ﬁ@&ﬁwg I8 GREDI | ae of
t he pappPilbaefiligherHiesmatisteditisduchadetyspumaed;acsht Fhe aBRtediateaRBLQNS < aspect

of the resent Odénven i on enpl oys a unique detection schene to enable a
or eci selSMEBAESMEge] ORsierih SFompwhaidess thia lesm.creventiallhiasubretibbimicpdnd

t her eby SucesBl MpBOpuIh fSRS ahill | S i 1e. .Far .exampl e,. the nedi cal
practitioner can wat ch t he aa@ﬁgl?aggmsl’ﬁ%};ee sf\ggd% eédgegﬁsetﬂ@g@?mo‘?o i%e der mal
ti ssue. Wiptteinnubioplilgr lagerfof Gshpaekthe ontgimd of teaias fglonIhit Bx@Siedces

phot ode I Runt ear the deliyv end. of the laser tool can detect
the fi Erlzg'(tﬁ&g(agbpeaf %lgager%lr“%ﬂ}?ﬁ? 5 TW&?&Q{M% i the syrecpn prmpdied| practiseradi ng a

‘signal  hdedt a sstreW B ligheddiVeriRUFES F, LA hARRE tB§2 isplaced t he
adj acent area, or cgﬁsi ng the | aser b%amt%, e ??]1%?%1?%6%1%&%&1}\9
bl ockedP¥ptstleser. suchastan|exeimer kistre Differentadéinte msers smitirsdihtaned ditRran adj acent

area. T. etectqr. .can u ambient light to see the
spect r oglg\éeg%hgihg%%‘ﬁﬁ ﬁ@%‘g ugsyerte 5&%@ : H%‘Nhgjdﬁefﬁ%taﬁ'vt- eVelltkhownfartuye
sur f aceexefméredgE®ins inddeOrEIas '3§Pﬁréit, xﬁér ARbg sk LM IO b t&grg%%%aace of

the pignented epidermal tissue. T phot odet ect or” can enpl oy
appr opr 18t &lkexpimer laser syjeteras hawe betrastgenitn bs prpableal emittizppul{@ st opPROSeH: t 0

e 0 ot on PRl OF RO T b G Sl e orlEeR SR8 Therar ea beam of 1
light that is scattered

Figure 2 depicts an example of an apparatus having features of the present invention. As

depicted, the delivery tool might be a “pipe” 205 through which the light beam 210 is transmitted

from source to tissue, with an adjustable steering mirror 215 to direct the beam around corners

and an adjustable lens/masking system, such as lens 220 and slit 225 at the delivery end, to shape

the light beam into the desired pattern where it irradiates the tissue. -

Figure 3 depicts another example of an apparatus having features of the present invention. As
depicted, the delivery tool might be an optical fiber, or a fiber bundle 305 terminated by a

hand-held tool 310 that the physician or technician can manipulate to deliver the light beam to the
skin area to be irradiated.

Referring now to Figures 1 and 2, the delivery tool of F ig. 2 can be adjusted to focus the uv

uradiation beam to an area small in comparison to the cross-sectional area of a rete ridge of the



fromthe surface of the skin. \Wen the dernis is unveil ed, the scattering
“w |l change in intensity, providing a signature for the detector thag WI}UUS
be used to scan or shutter the | aser beam As depicted in Figure 4A, the
skin to be irradi ated 405 can al so be defined by covering the area wth a
maski ng material that bl ocks/absor bs/{’eflects radi ati on except at the
desired location for the tissue ablation. The masking material 410 coul d
even beeﬁggﬁ\]iso dabl e. terjal and_ fabricated with variable -
t hi cknetsh:, so'IrHa{ gi)%adﬂﬁﬂb‘% ateithegiea Wil theapistsanis anaynpidiely nat @b Aefpa d
abl at esthelbeam isndarinetihigs plaasd oA lati aal i §lea | roded .entirely through the
mesk. Thus, different areas of i ssu%a\/\%ﬁ{%ﬁ?érg%‘%\%e’ﬁf%?‘ieﬁ?lat%@ees" of
radi at i OH" rB?B{ﬁPéquQJSaioé@sIO&fedbnniat Bothiskiay thé édntouk et telGRbRQf the ablation
controlégﬁ&ngyl/&e e | fabrication of the erodable nmask. The mask - 3
JUN 2005 14 coul agg{eﬁgn%rcgﬁﬁﬁ%ﬁlWQW%BK‘W%gmwlaseebwnamss an

f | uor estremef shipan thihatanie by &Hid@m ISR N | zabl e signal when the
mask W%no%n er oded, sucrﬂy?i gnal cleasirngo‘gg?‘gglgﬁépéhsprfﬂéw f migrprs the
&

entirely fenipdlagmf thaperitarsdeves.y, t he "maski ng” coul d be acconpl i shed
by applying a "sunscreen" creamor ointnent, e.g. zinc oxide, to cover
areas where tissue ablation is not wanted. This sunscreen woul d have to be

of suf fAtwahhe dissusted és mosndetdidield, oh®aspedt of I pELGH I ERRFIC BN 0NN 4 O the
robo aser system (0]

underlyd'ea,%i ksicﬁ dug)l ng, t he treatnent.

scan an bl At iR e<mrbls a prscisely eentoued remqynkafitissley TaoetideiniSiehs niparer  of
pul ses ahd tieadi id Qetkd Qe ea of. ski.n bei irradiated. Figure 4B
‘depicts an exanple of su%ﬁmag%F%%‘ofsl‘?lg%eer#%rfﬁlgﬁghg\?inﬁéwmﬂﬂ@semant he

pr esentVatshibeeblaind sithfor tirabpgyants of whitedlefrAd tREueS %Qn&tiv&@f ey Frelam in
a cath h{ﬂnwc%e %T\%@gi splay. The anount of energy, ’ nun%é?coB °

pul ses, delIvered JadMRIeFdorspetmteddreanshe dglivery entlof tha&mer tbelann Hetedt TR |
enough fisx apfratanadlof VIRRS QAR5 A . .be applied to each |ocation by
varying the nunber of times t esqjtgr%glé&?@@%égﬁ Pt ?Hﬁhﬂ‘ta@@t}caﬂbpa@manced
speed 51° ‘295 8tien focherlisplaced ethe adjhadni dibd, oAdduying @ld INQF b@n] t%rbggﬁ%b&@ot%nt of

ener gy bRRkedkhan rificing. precision of depth control, an etting close
to the desired er%‘ig’?%‘ﬁﬁﬂ%ﬁ?“@&@e@w%l@eféwn@@mmb@acmerpmwdmmt

pr ogr eS¥l uselambicns Hglhtas ede tROG@YoscdHi M A i sed pr.eci sion of depth
controgwan al | ﬁjvvn(fg the sur g_eor?c{ﬁri\e féfkh{eég%%ﬁ?r%%%q}e@ef ﬁlgﬁﬁsﬁatﬁ?ﬁeqf%n
desi r ed"*d8}3e5 o5 fherdeqmigdn panpsvison to\light duatteredvitor ticgrefloc T @RS R/ AT Y t he

| aser
epi@érinl Gsul Athe photodetector can employ an appropriate filter to detect a change in spectral

shape (as opposed to brightness) when the dermis is unveiled. In another example, the site of
irradiation can be illuminated by a low power, visible or infrared beam of light that is scattered
from the surface of the skin. When the dermis is unveiled, the scattering will change in intensity

providing a signature for the detector that can be used to scan or shutter the laser beam

As depicted in Figure 4A, the skin to be irradiated 405 can also be defined by covering the area
with a masking material that blocks/absorbs/reflects radiation except at the desired location for the
tissue ablation. The masking material 410 could even be made of an erodable material and
fabricated with variable thickness, so that a homogenous light beam crodes away the material and

ablates skin under the mask only after it has eroded entirely through the mask. Thus different

areas of tissue would receive different “doses” of radiation, producing areas of treated skin with

the depth of the ablation controlled by the careful fabrication of the erodable mask. The mask



bet ween scans, one scan coul d consist of one |aser pulse for each | ocation
of irradiated tissue or many pul ses for each location, the number of 3 JUN 2005
pul ses being selected to renove tissue to a desired depth. One exanple is
a stationary laser 415 emtting a beamthat is guided by a

conput er-control | ed nmechani sm As depicted, one such nechani smcould be a
pair of mrrors 420 rotating on ax at right angles to one another. The

m rrorscoc&ged be cogérol | ed by notors (not shown) having position encoders
that enapl e PPeeaYed with p markdy ggtegiaheigos thraserat dyer thet wawld lges acdearlyot at i on
430. Thec 18s iR r andard. AD,__ DA circyitry
interfaced with %gﬂcvg%gutergs 2‘%6%%3%%3%&%’?2%%% él?geeaﬁ\?g-aﬁgmaélthes@?st re.

The not'§s ekEshksedddrifrongtat Albangively] tie Smadkdies“Reela$s asaonPishdd B HpPYing a

i nf or mag re‘:aﬁ”crf' ne control. This systemis preferably engineeréd to be
capabl e of accut at& “pYeinent fiengno pxife & soxerareds shisredissudnrblationns ne waintedi n 25m

at a typiicainsiremngfduld Rive tGBEEr sQfficRnPihBindst So BANE gs%t §<§H§F§ty§c?d§§ﬂ%lﬁggl

not ors, mechani cal accuracy, and distance from targe

over al |t° fieduiieing skipdurmgithetieatraentt he robot has been calibrated, and the. -
3 JUN 2005 15 forward and inverse kinematics are known with sufficient
precision to neet these accuracy requirenents. The system (exanpl es of

whi ch a tdarishash bl @ b Scallaf BSLARY s B8 k@de@ifverﬁgpgké(iée%ﬂé&%@{‘f | aser

beamw th the required precision at any |ocation on I 'regu surface
of t he "SRIbAT ofpiylscs ipregetblacation on she artreof skisdemgamariatedyFitive 4Bakpforsay, USi NG

sever al ipl ihques. . For .e | e he surgeon. can_affix a physical
mask orexa%p}li;lgl%§ g?gﬁct%f%@%%%{ ﬂséeg@?avgﬁgg%ﬁﬁe? bEtpe present mypntiony dhe angloay info i r r or
ang| es afrastensodrcéf anleizchentaasiaapathoidRy mﬂvﬁ@ﬁﬁ%}&ﬁ- THY dn§dulad e\ﬂgljg%,;/ort he

S

sur geon ould set the extent of the range of the mrror angle
inter a@PF‘ﬁ’@‘ %W"‘Eeft’ Helierdidung ene ssan (onapss) of the lasegibeam isemall epugh shefhites such

as a kg fisle JORUSE Loy sLLCK, the surgeon has fixed the scan
ar ea, hg&?gn veri fy F%%phﬁwol %k%t%%%‘?ivﬁ ‘e‘lﬁé‘ﬁﬁgﬂgbﬁfﬁ&‘?%%ﬁ&aﬂ%e | aser
syst emseannsd alm cosirasy forvenharebd sped bf tissddvesioad]) N02ol1A EniBMARADelQalEeVi ew t he
region _to be.scanned %the laser. |f the scanned area’is not appropriate,
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sufficient for tissue ablation at these at1o
increased precision of depth control and allowing the surgeon the fine control to zero in on the

desired depth of tissue removal. Whether the surgeon chooses to vary the laser energy or not
between scans, one scan could consist of one laser pulse for each location of irradiated tissue or
many pulses for each location, the number of pulses being selected to remove tissue to a desired
depth. One example is a stationary laser 415 emitting a beam that is guided by a
computer-controlled mechanism. As depicted, one such mechanism could be a pair of mirrors 420
rotating on axes at right angles to one another. The mirrors could be contrélled by motors (not
shown) having position encoders that enable precise, digital designation of the mirror angles of
rotation 430. The motors can be controlled through a standard A/D, D/A éircuiny interfaced with
a computer 425 running standard servo-control software. The motor encoder information provides
the necessary positioning information for fine control. This system is preferably engineered to be
capable of accurate positioning of the laser beam on the skin to within 25 Am at a typical target |
distance of 0.5 m. The control scheme, encoders, motors, mechanical accuracy, and distance from

target all affect the overall precision. We assume that the robot has been calibrated, and the



the systemcan illuninate the area to be treated with light visible to the
~~human eye or to an electronic detector or inmaging detector array. IQiJ@N
visible light serves to align the systemby illumnating the tissue a tzppé
sanme | ocation where the ablating uv beamstrikes the tissue, when the uv
is not otherwi se shuttered or turned off. Alternatively, the system can be
a two degrees of freedom (2DOF) robd®i c device that can accurately and

r epeat agl scan .a | aser beam over a designated area of skin. The system
could b Oéaﬁfﬂ% IRy ieeraatios aietknown MathenffisEanpresisoy tongeet fhessadehacylel i very
end. | nrdfagehalthOW ng versions of the present invention, the robot/laser
system can be programmed to: (i) systematically visit every |location
within a designated area in succession (full raster scan); (ii) visit only
certain ocaEioRs of interest on the skin surface; or (iii) performa full

raster sCanw Wit Keemplesof whichiagrdeserited belawh isdweferg hlxtcepkbicatfipositioniig thieNasehe

brocedure. o § o Fane preciiln S0 1Bl 8 (ARG PRt seue 1o be -
3 JUN 2dbssurgeonican additlt @ suathediby texIpas by Usihf 8Seral SekBRSePhidul FHeSt O
| aser eperay. t hereby rempving a thin layer of tissue, with steps (a) and
(b) bei no wan &G WHESRERT 2K e iyscal mask of Rlate griieaplot/lSprystpindhatirdstriots the

yst ematuBabl it shiledr AN QAL OIbe! (e SHECRSRL Ry LIS, BEGLECLL "9

certain |ocations fromtissue ablati y use o are geeon
Ref er ri FRyhEAthe axtenFighe mnddof themirrarabgity bpseracsiyg oM ni:siE 3paRlE Of

emttin ifferent | aser be , uv radiation |aser for ablation and
a visi b%éq%sa g’lrsgll;lgiP&ﬁte?nﬁﬁﬁéc {2 a%’%ﬁ%ﬂé“’l{ﬁ?’ PrEIEYSAE - oRntedBesurgwnheefixed
shut t er thd scdnh@ea, bl CHLARIAS GRS istvdit Ué ﬂéﬁh_&i@}lhmg%ﬂgqgsg} é%%m cross the

or

~area of %lﬁfﬂ o he treated, thereby designating the area P RESP e m
control s s FHewssthe gurgeont th previewpthe exgicn tphy sianadd byakklas@r I@sKi ng

mat er i : ions 406 within the area.that will be illum nated
dur i nga%cﬁgﬁéa;rlg%al% ?gﬁﬁg ?:o na%tj@e\%ﬁrﬁ%% AP &ePREtioy @‘erp%@t gerdiysh errnee of thee. not

to be albatwedesciibel atesk ni ght be nade of a reflective material, thereby
directing the uv | aser energy away fromthe underlying skin.
Alternatively, it could be made of an absorbing material with a threshold

f or abl Btddaiiofak&Bdik ] in. t ot.her alternative is the
absor bi ng mat er i al émal%lﬁfd‘ %eél%c}ﬁivs}g% ?Aélr%’ﬁq'tu fchleng{%ﬁ&gsgetaﬁlaﬁmn "’t@é‘*%@ﬁ%‘%’ does
not er ode sestam edreillwannatdrtho e td beetreanealivithNGRt vistbleto S 1GBAR HOENS o he

shutt €T electronic detector or imaging detector array. This visible light serves to align the system by
illuminating the tissue at the same location where the ablating uv beam strikes the tissue, when
the uv is not otherwise shuttered or turned off. Alternatively, the system can be a two degrees of
freedom (2DOF) robotic device that can accurately and repeatably scan a laser beam over a

designated area of skin. The system could be a 2DOF robotic arm with a laser beam emerging
from the delivery end. |

In the following versions of the present invention, the robot/laser system can be programmed to:
(1) systematically visit every location within a designated area in succession (full raster scan); (ii)
visit only certain locations of interest on the skin surface; or (iii) perform a full raster scan with the
exclusion of certain designated regions within the full area being scanned. For each of these

scenarios, the general procedure is to alternate between (a) designating regions of tissue to be



admtting the uv radiation and uses that radiation to scan the designated
‘rarea 407. Followng a full scan, the surgeon assesses the irradiat e.ds ?ME?UUS
A masking nmaterial can then be applied to those regions where no nore

ti ssue should be renoved. The surgeon then repeats this process until all

l ocations to be treated have been ablated to the desired depth, with the
masked-of f region expanding with eaéh iteration. Since the |locations to be
abl ated. are dj stingui shed by a physical nmask fromthe adjacent |ocations
that ar 8995¢C BYR SBPHing thesarppions ofintprasitto seriensrey. dieréiy rerbengb édn L | Ng
al | phagesssed, whlh 8. [ . Visiting only certain | ocations
within the | arge%tdgﬁgg%gg C@geﬁﬁg%g%?u%ﬂrdo%%% I negnttbstcﬁg}p?ettl}'/ocati ons within
that |arger area fromablation by an "electronic shutter." Figure 4C

depi ct SS@err'lari%)iﬁn?l ge of . corrFut er-controlled robot/| aser system 402 in
accor dance WetH: CHRERANCAIBNISIIAG eYery lopation dpuseassion. vavle pratesting westadhi f f er ent

| aser bkaitons &olMiskdH Adt I . QR . visible,l gser for

al i gnnent. The surgeo%gﬁﬁyﬁﬁ%%hgéfﬁﬁé%'%ﬁ%ga tgcé%r%ﬁé’ 1%5’ be

abl at edrabgt/laser aystasm 40Qusicgpabbmaf eriiting twWid differentdedel beantshe 6 €radREah 1:98Sior The

al i gnme I an .b ol nted and ved to ,outline the |ocations of skin
to be téﬁekzlat%dg%?‘h,&ﬁ"d{ﬁflf gﬁﬁg‘l ‘JPE/f}l‘g&“BHbs‘gDHB v dahiation dasey source shutiseedahel i ed - 3
JUN 2008irdebniscorialeeviSibR ok eih 492 RRoSHM ik I Sin 856 wdiled BRUE, doVi ce 450
such as a.joystick , nouse, or force-torque sensor, can be’used’to '
transl a@eélé‘ﬁéngstﬁﬁ gea fordhhegmmpniromécheosmoTheomrgeontiendgplfes phesiéal eaPt OF S

omput er  TKlniRl 16 (BRI BRI Agb A we skt il Fhusheistrdang dient
l'ocat i ostdation soan but whiqhairé B6ttto rddsive'deatmbit] fd. hdtdSLOLIMEA | Bl nibhigcal 1 i ng
e.g.,

t echnol og(%lesf, e, d.., nmechani cal pointing devices. See
Comput eP15 A agrilEchte matcqals therebe diserting e wieseGinergy ewky Appltheatdetyiag sRussel |

H. Tayl Alergiti it it Th 41T Pr.ess . 5-19, (1996) (hereinafter
" Conput er  Su r\_lsglr’ 3}"30.(1%ec1g£ro§i)dr§§n ¢ gso%meg mﬁtr‘e%age“ﬂ%h qptﬁ{f’él?ﬁl‘i}gqﬁ?‘%lé“?%ﬁtﬂl thater
syst em trteffekiabl¥et amthan dramaprpeihe bboefitanRridl ikt MG et Bt Sithl €
beam poglLtians which have been designated bg\@t he surgeon for subsequent

" pl ayback PrOEREI9RE B0 &rodn plk thervyay) thrgugh the magls Newe dhe sutigeos upgedine shuttér, nes t he
| ocat i onEnittdiglue Wikalafbh Sid el ¥y Qi thEMkioBar b hodinshe
visible |light beamas a "dr avv% ngt' t Soéh.eto 938‘0%%@“%‘5%%%@%@%%9 ve B,
many i t¥tatiionsgeopngsseses Hictiiradiated eppa. Aheasking gammiab@ﬂ thtBebd &1lied to those
regions where no more tissue should be removed. The surgeon then repeats this process until all
locations to be treated have been ablated to the desired depth, with the masked-off region
expanding with each iteration. Since the locations to be ablated are distinguished by a physical

mask from the adjacent locations that are not to be ablated, minor patient motion can be tolerated

during all phases of the procedure.

Scenario (if): visiting only certain locations within the larger area to be treated, protecting other
locations within that larger area from ablation by an “electronic shutter.” Figure 4C depicts an
example of a computer-controlled rqbot/laser system 402 in accordance with the present invention
capable of emitting two different laser beams: a uv radiation laser for ablation; and a visible laser
for alignment. The surgeon can, as before, designate the locations to be ablated by using an
alignment light 412 to define these locations. The alignment light can be pointed and moved to
outline the locations of skin to be treated. Additionally, a phosphorescent material can be applied



visible light 412 to position the system The area of interest 455 can then
‘-be outlined. At this point, these |ocations can be previewed in vi s\jﬂbe
light or the system sw tched to ablation node and directed to deliverUN 2005
controlled treatment of these locations. Note that the patient shoul d not
nove fromthe tinme the surgeon desiglin,?tes the locations of interest to the
time the ablation scan is conpleted. The patient is then free to nove. For

the nexp plAifghatd.Aleqnew areas of interest can be designated, which may or
may not ovatgr Ih%p&uﬁ iod KSBIOH ST fodgask | AnEPULAsuios 120 Bichaea soyslégko mande, oThi s
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pr esentPréspiianncnbon, aobbaldsei $yseagitereiably (hdlides chtbuterioit®hilefor rg&?dﬁlg Qieg B) can

be regivisstiﬁr d to the patient by determ ning the three-di nensiona
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then t skt aMeR s 108 PRt noves. . The ul.t is that a
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syst emPaignymskindy awsingrthe visibtedipht baam asevemvigughl. t he patient nmoves, wit hout
active re-designation by the surgeon. This sane capability allows the
surgeon to build up a conplicated pattern of treatnent over successive
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f eat ur qove fr O?Hg‘]f. iy dherurgean denignates thedoaatipiscif énterest ts thegimarthe aislati@sicanat €

| ocat i edtplefed] THe§aRSt i@MeR free to move. For the next iteration, new areas of interest can be
designated, which may or may not overlap the previous locations, and the process repeated. This

procedure is repeated for as many times as it takes to ablate all of the designated locations of skin
to the desired depths. The surgeon is typically making decisions from iteration to iteration.

In many cases, the area being treated can require many iterations to attain the full treatment and
if the patient moves between iterations, the treatment region must be re-designated by the
surgeon. This may become tedious, slow and lead to inaccurate treatment, Thus, it is desirable to
develop a registration, well known in the art, between the area of treatment on the patient and the
coordinate frame of the robot (see e. g., Computer Surgery, pp. 75-97). A more detailed example
of a registration technique in accordance with the present invention follows in scenario (iii), but
briefly, the region can be registered to the patient by determining the three-dimensional (3D)
position of the area of skin surface to be treated. This surface area is then tracked when the patient



digital image 500 of a patient 505 on a conmputer display 510, rather than
*directly on the patient. This will nake the region-editing functions
easier to use. A canera 515 can be nmounted on the system such that~8héN 2005
area of skin to be treated is withinits field of view The systemis
"preferably configured so that a di %gt al image is available to a conputer
525 for display, inmge processing, nd interaction. To maintain a
correspondence between the area designated in the canera i mage 500 and the
area t HBVeH Ihe saultis dhat adomion ofyireptmentdisignited by theenrgs&0cantbieadmtifivdbyar eas
must b ' | [ ect 1q,one anot.her. (Regjstration is described
bel ow) .QheBiﬁ%gf}tﬁg?ﬁge\ﬁﬁo&?%\%%%ﬁ%né%‘éeﬁlﬂb%u(%ﬁ thie peticn énoé’g% i“g PECHYS gnment 1 ght
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appropriate i.nitial placenment of the systemrelative to the patient. The
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(or swj&gﬁ%&@uf L J can. f dto align,th aser system
with the canera i nagsgqg (ﬁl%)t\r?v&twﬁtgrabea I letnﬁalﬁgés?&éo n(r)r%lvrggl%?'ﬁnlhmaﬁg 2ef"wi th t he
abl at i negiow thatwdl bd ‘®lecoombalyenaskisd ¢offy” a nouse, joystick, or touch screen,

t he surgeon designates on the digital inmage the |ocations to be treated.
Wrking with this digital imge nakes avail able the full graphics power of

t he corfeuhdfio {if): sﬁﬁ&ﬂdt{é@l&fscﬁﬂ:ﬁxﬁim Q@Mh‘? uﬂ%ﬁe,‘[?lgbér bR % L8 [yaqngq SaticRipeh as

area grow ng, area shrinkKing, ver si o, I ning, color Scr nation,

etc. Thehwisnggothe mer Whanrcettaieddcatiors (fbe sihiphabodiithep albticans desiiddy atehs the

abl ating {etazg_er. .The _pat.ient ma thfen move. The process is then repeated for
addi ti OR&TT o Fer 2158 A Sepics a5 grgranips 3 §OPRH S ‘FFESQV Dagpblator systpehayieg e

| ocati dauread thé Sresdhd triventidA® ASHBRRA, éjs%}é:%m:z{he@esfglﬂgtt: 1d: Eﬁ?(fbts;sglﬂlt[ercieﬁ on a

conpl ete. Registration: Scenarios (11) and (111) can ca sone sort of
r egi st digitabHnags 508 he patientSQSouraiiongiues disply 41G cather than diretlcaothd pagdne f r ane

of ref gihancH i orr ondi n osition ip a different coordinate frane

of refer ence.l{'“%rtl3 tFs“?;ree ar i‘egﬁ?‘ig%‘“ﬁugwgeaﬁ‘Si B e'c‘gf?‘B%rﬁéagFﬂaDet goupedprEieof  skin

on t he syglehisedit thitithe b ofkir B tBated s ROSHE bR B SHREH i§ SreREHIP! at ed

to the arga % stEin defined earlier (before the patient noved). In
R0

scenar i°8 3t afhigitnl gnageis rvaglalblp fresicamputer §2 Yfor displayripegnpotessingbe

rel at ednd eht@RctRLE - Sk i hat .t he ablating l.aser beam
can be accurat el nggﬁﬁaellg.%hl c?])gr Fé erﬁdés?lgéeir)\eg&%eg ??r élvles & athfJ}e‘rhgﬁ%’Bgrflélnﬁegur e 6,
whi ch @é€Pind theareaethahpilkbeofcariried 580 Byrehs ablating laser 550, these two areas must be

registered with respect to one another. (Registration 1s described below).

By way of overview, the surgeon can use a visible alignment light to illuminate the patient and
carry out a scan in order to get an appropriate initial placement of the system relative to the
patient. The surgeon then records (“snaps™) aﬁ image of the patient. Then, an automatic (or
semiautomatic) registration can be performed to align the laser system with the camera image.
Now the patient must not move until a scan with the ablating uv laser is complete. Using a mouse,
joystick, or touch screen, the surgeon designates on the digital image the locations to be treated.
Working with this digital image makes available the full graphics power of the computer to
provide a richer pallet of editing techniques, such as area growing, area shrinking, inversion,
outlining, color discrimination, etc. The surgeon can then treat the designated locations using the

ablating laser. The patient may then move. The process is then repeated for additional iterations



reference and transfornmati ons between these frames of reference needed for

- registration in accordance with the present invention. To enable -7 | 0
registration of an area of skin after patient novenent with that sa QNJQ
of skin before novenent, one first defines that area of skin with respect
to a coordinate system"P" attached Hg the patient. That coordi nate system
is then reregistered by a visible trdcking |aser 605 nounted on the
robot/IQgﬁ%ié%gteg% relative to 660 the coordinate frane "R' associ ated
with the robotr) SEersrsienate lesgtionsy aljrtek until thesurgaen dternres dmp kicathegl Y
attachi rgmpkter al markers, or fiducials 610, to the patient, pointing the
tracking |aser beam 607 at each fiducial while the tracking laser is in
one nmounting position, noving the tracking |laser to a second nounting

positio ing t.he intin rocess, thereby establishing the 3D
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Syst em FONIBAIdRMeS selerepceRdp beznmmre,, the pEREcorEepindagy th BY aicd oMadh 6 e and
Bi ol ogy pMagRgh s P...307-313 (1995). In greater detail, the patient
coor di né}@ e fglgme péﬁferétpsdp%erﬁteod’s’i%ﬂn)tr@?y oo }feffgla?efiél‘h@’ieére@ of stgn defisied earlier

r ef er encleetdre thepakerit snded)o Mh BR8N, RA%a TRIE dbkheAf; Vect ors X and
z. For e%at%{?e, the x-axis of t(ﬂg )patient qoor%nat%gpfgg)r{rg ERfyRtobe a
vector {of FhAred ofiskia opythapagiont, sasthat thdablating fager beam @as B dratdlPigical f 2,
with f, serving as the origin of frane P. Additional fiducials m ght be
placed at |ocations f3 and f,. Wth the 3D |locations of the fiducials 610
‘est abl i SRaHdarscanafie (i@rvith refefendthy AGQB 620hith aePietRan FadtPle m&g s

. ) h es of
~orthogo ti be used to define y and z in terns o X and the
coor di ngb?éér%‘%cg n? ﬁ%‘@%ﬂﬁ&i’%ﬁ betvepn these frmpes of referergeingedediforabgistition in

or t hogoaabidandd With e QRIEMSvel iven 1 ds. and Penney, El enentary
Li near Al gebra, _gp. %41- 2&%,6“2’?[%#:% églgt-)lhgﬁglﬁf&\gﬁ%ng?sféj\w5ﬁ O%éﬁ@gﬁpam{“ (1988).
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then be.g ted |f straightforward manner. Any time the patient noves,
for ex aﬁpﬁéezp rao%ord[;uglz‘? PSR % ftashediothepatient. Thas copidinatstsyfteranethemanges from

Lo el et L0 oSy o AR e
defi ned ipaie framep ARY tigociatedwith ¢ 160@/laser system. Such registration can be
accomplished by attaching several markers, or fiducials 610, to the patient, pointing the tracking
laser beam 607 at each fiducial while the tracking laser is in one mounting position, moving the
tracking laser to a second mounting posit.idn, and repeating the pointing process, thereby
establishing the 3D locations of each fiducial in R through triangulation. The use of
robot-assisted surgery and in particular fiducial markers for registration is well known in the art.
See e.g., Kazanzides, et al, “An Integrated System for Cementless Hip Replacement,” IEEE

Engineering in Medicine and Biology Magazine 14, pp. 307-313 (1995).

In greater detail, the patient coordinate frame P is defined in terms of the fiducials 610. This
reference frame P is an orthonormal basis made up of the vectors x, y and z. For example, the
x-axis of the patient coordinate frame P might be a vector formed by a line from a first fiducial f,
to a second fiducial f,, with f; serving as the origin of frame P. Additional fiducials might be
placed at locations f; and f,. With the 3D locations of the fiducials 6 10 established in reference



passi ng through the fiducials (the "fiducial surface"). \Wen the surgeon
identifies an area of interest with the tracking laser, this beam3wWlN 2005
intersect the fiducial surface 620 at a set of |ocations 625. The set o
3D points corresponding to these intersections is fixed in the patient
‘coordinate frame P, even when the pah’bent‘ noves. So, to register an area of
interest after the patient noves, onlfy the transformation RTp for the new
positiop of the fiducials need be conputed. Registration in scenario (iii)
with a TeReRaCrase Siclmidy odhegonalizatipmyey botsed edgfiat p end z atsrmmsofyx and the

sim | aridi I il ). i,n, .the area qf interest is defined in
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posi ti O@Sﬁ%\g agg the locations of intersection 625. The nain erence is
that the ™o {ireRs 1o tiepdomatior R By betwaen deetteorfiamesl ofrpfetanca RPgmld®, i can usi ng
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to the bggpﬁg}g/t tg%}u%arre 660 is known froma calibration transformation
MIR det ef g "E‘f Gtarglatiodi cal procedure and does not change in the
course of this procedure. Those skilled in the art wll appreciate that

alternatively, one canera could be used by noving it to two different
posi t i oH$.argmplaniengstan theqationtfanpdéteftrase i dtiaedi) oonahaanpesnthushd prior to

the pro ) h .the relJationship is known between each | ocation
(pi X6l )&?%H% _ﬁ%"%%_“t&eaﬁ‘i"r“&&% ﬁ%ﬁ‘g gjldaﬁal %“ﬁtgceg)etwéﬁn Bpsurgennidentifigs atharea of cone)
that rneiptetest ifith tha ¥e0kidoh$er GREBEAN W?lqjﬁ{terse‘egtﬁg ﬁhlhb(?algfﬁrfag:@ 8% gtn%:%goft gea

images, a pair of stereo inmages is captured and nade accessi

conput eP°AIRBY 62 dtmyet ofdID Ipoinksrommspiondige tqthewe auteisegioheis finédjnake saRnbe used
to ident igucials 610 and to establish the coaordinate axes (x,Yy, z)
of the%é%%é%%?’%‘%%e%? whey éﬂ?é’ﬁ%‘?é“ E‘."_"?&ntﬁ_%g'ﬁi“f%}stfrr?né‘ﬁa Iigritagetthe - 3 JUN
2005 2Ipatientmespaabnherhafomatod 110 ysH (R ndwBSRBnioPtHe _I?@uoqgl's Feé-t)if betBiphidd! ma‘g]?S

(e.g., if one fiducial is obscured by the second fiducial 1n one’I'mage o
t he pai BN Borenarodin ivdthe aginges réasding digitploinages df the matient becmank | mage)

may be . eon based.qn hi.s.vi sual observati.on of the
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( Pr ent ifoendiaby themmelseston df BelafifysmertNhser h8 8 2hrfadeB20 g&isg?&ﬁed tﬁ%gﬁ Wgeon can
e

t hen designate .an area of interest directly on one of
elmogm%tduclglnposxtmns 610 and the locations of inters%ction 625. The main difference is that the

positions of the fiducials is determined by triangulation using two cameras 630 instead of using
two different positions of a tracking laser. The cameras can be mounted at fixed positions relative
to the robot/laser frame 660. Their position (the measurement frame "M") relative to the
robot/laser frame 660 is known from a calibration transformation mTr determined prior to the
medical procedure and does not change in the course of this procedure. Those skilled in the art
will appreciate that alternatively, one camera could be used by moving it to two different
positions. An accurate camera model has preferably also been built prior to the procedure, so that
the relationship is known between each location (pixel) in the 2D camera image and the set of 3D
points (within a cone) that map to it. Given this caméra model, when the surgeon snaps the
images, a pair of stereo images is captured and made accessible to a computer (not shown). Well
known image processing techniques can be used to identify the fiducials 610 and to establish the
coordinate axes (x,y,z) of the patient frame of reference P. Ambiguity in establishing the



i mges on a conputer screen, as described above. As in the registraLquszS
““scenario (ii), the system translates this designation into the area”0o
interest in the patient frane P. The systemis then capable of follow ng
this surgical plan, i.e. determning the set of robot/l|aser ablation

| ocations that correspond to the regtlon designated on the screen.

Al ternative neans to using the caneras 630 for |ocating the fiducials 610
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is being,used to control the delivery of ablating energy to the patient's
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Several safety features can be built into the UV Dermablator. The surgeon makes the decision as
to which area of skin to treat and how many pulses of light are to fall on each location of tissue.
He can then set the robot/laser system on “automatic pilot.”” But the surgeon will be watching the
procedure and can intervene at any time, taking “manual” conttol of the system. This 1s analogous

to putting an automobile in cruise control once a cruising speed is selected, but having the ability

to instantly take back control by touching the brake pedal.

Also, insofar as a computer is being used to control the delivery of ablating energy to the patient’s
skin, each location of skin being irradiated can be labeled and its history recorded by the
computer. Then, with a safety threshold set in advance, the system will not deliver pulses in

excess of that threshold without an explicit command by the surgeon.



flexible and abuts the patient's skin. The surgeon can | ook at the skin

" through the input end 720 of the fiber bundle 710, using, for exanplkg, j& %005
mrror 730 that snaps into position for viewing. This mrror 730 snaps ou
of the way for ablation, working like the mrror in a single lens reflex
"(SLR) canera. Wth the view ng m'rrgﬁ in place, a canera 735 can view the
patients skin, deliver its imge 750°to a conputer 740 and conputer

di spl ay,..745,_and the surgeon can mark the areas to be treated as described
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pr oceeel; ni > Q t he.i.npyt end 720 of . the fiber 710
ina pr ggg%}glrglnl‘?%ggn ez%gttoﬁge? 'tle@%c%gggﬁiwmwg&e pﬁg‘f“ﬁ igonﬂ?veatrtfff“%?uéﬂ?eon
i t er at impeedaree Asatepiced, the kystsnt idcludbeanipicdibeebirRile TRMPLHAG Wichhe

surgeonc'ls ) Use of this fiber bundle 710 elim nates the need

tisfactiop. _ | ( _
for r e-af“é%‘i%s‘?%‘ﬁsfsﬁ?%m@hth@a@rﬁnf whiley thegrtherigad gheimputrad g20 e scasne nf  t he
bundl e KoSSiatiH 1288 %Eark Y 9:“1@ rﬁgﬁ' I procedure. Process
- W Dernab?gggltgn: Theggﬁr{aat?g%&o skin %/Fpueg}gglllél}%dfeihggtw?rﬁgé% or dance
wi t h t Hiexible andeabutsi they paitentsskaa il eanmpeen epi ldek atahe ks sid@iphithidinpitRhaabo damage
to the #%eﬁt{eyl)n ldzm;i S a m ni mal .scazr tj ssue and er,%{t hema. Since each
pul se of "Uv 11 gt ¢ Enp U8, lauampiena murzer 130 that spapsdnto pegitien for wiewing: This
pOSSi blriniod 78®ab® butldh el QB KioH bt DR sinBRh @k 0 kin
to the desired gepl_tlh_arfd ér?l’gfgrmr el.ow% %&é‘g{ﬁﬁg‘%é@é@%@%%é‘?%% ,Sn%}%)e( (E’%{i IS
abl at eda6rag Wiphp vighvireomistes adplage, p ushere Gafrenceswy (v fiakicnte skif RIS its

t T gl 00 i ded f the abl at | _
B ool naepe7 308 aBoBlsRRF 1w QFFVEF g5PeRa®h eod BuSediin B9 e et tohe
first fueatedat deosibell goando BHPWONR tHedidhif Rk 780 Mblaced inaliAdbL] onal

adj ust abl e predeterm ned dept dependi ng on the patient's skin condition.
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Thus bliepag 'aﬁermdﬁﬂ_{:léfﬂy r fl owing at depths just below the basenent .
menbr ane. ce the abl gtl on process perforates a capillary wall, blood will ¥
perfuse -

Process - UV Dermablation: The ablation of skin by pulsed uv light in accordance with the
present invention can remove epidermal tissue with minimal damage to the underlying dermis and
minimal scar tissue and erythema. Since each pulse of uv light removes less than a cellular layer

of tissue, it is possible to control the procedure with great precision, ablating the skin to the

desired depth and no more.

In a preferred embodiment, the skin is ablated to a depth where bleeding just commences, with no
deeper penetration. So a process is needed to stop the ablation as soon as bleeding is detected.
Altemnatively, the process can be slowed at the first hint of bleeding and brought to a complete halt
at an additional, adjustable predetermined depth, depending on the patient’s skin condition.
Referring again to Figure 1A, the dermis, which is much thicker than the epidermis (up to 4 mm
thick), has fewer cells, and is mostly connective tissue or fibers. Blood vessels coﬁrse through the

dermis. The skin is vastly perfused with blood. The mean blood flow is many times greater than



intb the incision. For the purposes of this invention, blood differs from
**the surrounding derms in one very inportant way: the aqueous chl eror\m
ions in blood are a strong absorber of uv radiation at wavel engths tl: 3005
200 nm wth an absorption maxi mumat 190 rim This absorption differs
fromthe absorption of uv light by cel3s and protein nolecules in that the
absorbed energy is not quickly degraded into heat. So the "salt water”
that is theenmepen floomeossdy @ fskinl P dutitibh becth@Cktrnedud Bidod FEW ng{ uy |ight
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phot odet achnent energy to heat, but the tenperature rise will be m ninal
and of nPoraBOFRAHLH6LhIsQn i ali, | r orphology of the tissue (see
e.g., R J. Lgne, R. Lisnsiegﬁ?%f.?o%.dlwsnﬁ%n?ﬂﬁ.“&%‘f{@ HR I ¢ VeQer onenus,
U tr avi SIROFEREERS: UAbAquEoGIehtnrinGkdns jrf bIASEATE ¥ §GorRf abRSHbERI QY 9:9%1%8 1y 609-617
(1985); Wg%ql?nlg R%pi W tch,. "Electron Transfer Spectra and err

Phot ochent ca E‘fgfbegfv, R VB ngbsorRRne RS 4 490 M. Thiz-abSapchQUIy . One
way to tiadke tikchbasipaaeoly it Sy &hik 854 nlosid i.zontally, orient, the skin
surface being treated, an?ad?}; ect uvprogegllIg?]?é;{l\esiuﬁﬂlaﬁh“egB%’étfqdaﬂ“erﬁégﬁI%S’h of
the pholBeleY desmenedinte heatgo the. “galt water’Ahdt id e fajot askhpdreAbofBlood Ui PPt the

t ar get . ove.. As bl ood rfuses the incision, it wll pool
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t

penetra e ieprlgavings dilesirie afon driver solaltddatdenon difsolveasugecwger t he
punct at e5\Rh@Qly o5l skin bei treated varies in thickness,
differ ent]_dir eg?% ns ‘o ﬁ?gﬁsl%%compf‘ﬁegg? ahlqtiop gng) theppal diffugiontapesnibe degtdns of
penet r atWidrenceumter ibgtrab ahlosiad 4tyms SELEEmISE BIESEALRY oW kel aglon at
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poi nts in Ehe® BEFMEbIbS fsmaRerasis sielwlbbe tinimpliand binaesbagatice td he VRBTHEor he
obscur ed. Broc Can BSEe (Ao g R, BIRER Uiller P8 Wnfe, A 1ERTRAR 6O PO "
eronemus, “Ultraviolet-Laser Ablation of Skin,” Archives of Dermatology 121: 609-617 (1985);

and E. Rabinowitch, “Electron Transfer Spectra and Their Photochemical Effect,” Reviews of
Modem Physics 14: 112-131 ( 1942)). One way to take advantage of this effect is to horizontally
orient the skin surface being treated, and direct uv radiation in the spectral region. of the
photodetachment energy, e.g., an ArF laser radiation at 193 nm, at the target surface from above.
As blood perfuses the incision, it will pool under the influence of gravity, and act as a “block”
against further tissue ablation. Alternatively, the patient can sit in a comfortable position and the
punctate blood spots that appear when capillary walls are penetrated will serve to block further
ablation of tissue under the punctate blood. Since the skin being treated varies in thickness,
different regions of the skin will start to bleed at different depths of penetration, but the naturally
occurring bleeding will block ablation at an appropriate depth for each region of skin.



wi t h physiol ogi c saline solution, but such solution will continue to gﬁg ﬂi
«-a "block"™ against further ablation by uv radiation in the photodetach H 005
energy spectral region, e.g., the ArF excimer laser at 193 rim The
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“to radiation at the uv wavel engths,pf the ArF, KrF, Xed,6 and XeF exci mer

| asers. Figure 8 depicts a dual |aser system having features of the present
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exanpl e, a focused | aser beam 955 of small cross section (conpared to the b
ar ea oFigurafagipidtasmotier eeneple dfiggitemdn abordas Wil iR peksshiiveghigd A

depicted, evidence of bleeding can be detected using a visible illuminating laser 910 that is aimed
at the skin to overlap the uv radiation 955, this visible beam 915 scattering from the rough surface
of the skin being treated to form a visible “spot” that can be detected by the practitioner's eye or by
a photodetector 930 mounted near the tissue being treated. When punctuate blood appears, a small
fraction of the visible laser beam will reflect specularly from the surface of the liquid and a major
fraction of the visible laser beam will be absorbed by the pigment (hemoglobin) in the red blood
cells in the blood, leading to a great reduction of the light hitting the photédetector. This reduction

in signal can be fed back to the uv laser 950 power supply or to a beam shutter by a control signal
960 which terminates the surgical procedure.

AY
Alternatively, instead of penetrating into the papillary dermis to a depth sufficient to induce

bleeding, the complete ablation of the epidermis can be detected by monitoring for the first
appearance of the white dermal boundary 925. The dermis is first revealed when the pigmented



response to detecting white dermal tissue 920. Such col or change can be
-~detected visually by the nedical practitioner's eye. Alternatively, _the

col or change can be detected by the photodetector 930 nonitoring thd JUN 2005
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area, in

mel ani n vt {Waich g %w&hwlo?%rde&gzﬁ%o%ﬁéwr?%c detlm:cf zfn;aauzslﬁ(cb fo? gelkeglaa%g% an array

controlled electro-optically, or eve ani ca

of  opade@nitaghe sutgital poeaduee.i nt o t he beam so as to bl ock sel ected areas.
The mask 1060 might be placed in the ablating | aser beam 1050 at a

| ocati on where the beamis relatively defocused, covering a |large area. At

such a IKigatilodepibe ahRE& exREARESD m&@yétgm@ﬁwﬂé feﬁﬂﬁ:& Jraw ﬁr&%ﬁnnsli etélﬁ%rg ?g%f ow

fluence so, as not to danage the nask. "At this |ocation, ‘each € t he
array caiPied, ¢ Bsgtsystemnyl O eapeapplpfeciaser heané@af beerhocubely lbige preaj ect i on

I - |.er. 1090 .th [ t he |jght ' th h
S R T e e T R e
In this bwam andehendid, eambetisel kHutthd 316168 hle@Foffie BAf: (MRS Koﬁ%@?ﬁa@%@e

e

projected to a correspondingly smaller area on the skin,” vyi Ing a
transve r°§8fdpP%‘a“§fP@?ﬁi Wia detestas 1PE0 of as aregiofidetectass, so dhat eash areafof theekin being

epi der malhdfaBln BRI diorMafiHaldieant RSP 1519 LASIERES, 11§ ! vence
which then inhibits or shutters a section of the laser beam irradiating that area, in a one-to-one
- “map.” Recall that the epidermis 1005 contains melanin while the dermal layer 1020 is white.
This mask could be controlled electro-optically, or even be mechanically shuttered by an array of
opaque flaps that rotate into the beam so as to block selected areas. The mask 1060 might be
placed 1n the ablating laser beam 1050 at a location where the beam is relatively defocused,
covering a large area. At such a location the laser beam 1050 will be of such low intensity and -
low fluence so as not to damage the mask. At this location, each element of the array can be
relatively large. When the beam is focused by projection lenses 1065 to a smaller area 1090 on
the skin, the light passing through each element will be correspondingly demagnified as well as
intensified. In this way the pattern of light transmitted by the mask array may be projected to a
correspondingly smaller area on the skin, yielding a transverse precision suitable for following the

contours of the epidermal/dermal boundary. In addition, the focusing increases the fluence of the



26 | aser beam ensuring that it is above threshold for ablation. In this
~way, the epiderms 1005 can be controllably ablated right down to th@JUN2m5
dermal boundary with great depth precision and transverse control, despite
the irregular contours of the dernal/epidermal interface 1015. In one

enbodi nent, the photodetector 1070 qguld be used in conjunction wth and
responsive to an illumnating |aser 910, as depicted in Figure 9. It is

known t lagdr bedif, aalki - croscopi.cal.ly as a nultjlayered
optical system sﬁ%lpgfgﬁggugﬁobﬂ%{%%m%i g’fsé@f’lﬂé’cfpg{;mnﬁd cqRegan
and Johbf @atrellably, atibiteh uighRiceasto et AWM danShaRbRE BpitPiecidd s k04 Whi ch
IS her@%v%pecc%r olrat ed herein by reference in its entirety). e relation
bet ween” sun urnan’o el B iregylar contowra o the desmalfenideninal iptegieenitoati on i n t he
skin is well known. This is because nelanin, which is present in the
epidermis and is nost concentrated in the basenent nenbrane, is a strong

absor bel B¢ embedimenio the photedatet@ g coulld bdhsed i @nfundiish With hdfe@lohQle tol N L e
spectr negt rQxi ely from350 nmto 1300 nm (which i'ncludes the
near U(\a/dnflpglghjn%gﬂg %rgngtggé’éf’(ﬁngitei’ﬂﬁeédﬂ‘h g“‘i‘?i9si1bllse,knf’%ﬁha&@1@%k§nm be@tdalmi and t he
near i nhaaoseopitdlRms ZQRLIAI L; ' an_..be nndel ed
opitdlly i My dr&y (Jﬁi@@l sgm (“I’elg%g\%hﬁgﬁ%g%;f h&omggaﬂ‘lgli%alée

generalg# §1 as an optically absorbing el enent e un rms
acts as2H°S drganad Jelat Pastisho Plonhiodieess WY | (1882)eChaeraaps sl 4% 1l Wikigh is

wavel engdiv i L fer remttance in this region is essentially due to
the r egulda%’ m}g I g&g%(g%{:e;@g}’ : eﬁ%ncgbt}ﬁsa‘if’é“‘%ﬁ)' Bh@“‘é%l"ﬁ befresen sunbum protsetral | y
i nci derandiizadeprec Af nleRn@EigBentARNGE HRAKENs R [ 30, 1070)) in
the rem.ttance of an e_g?t ernal (W, visi f)l e g@%%?%ﬁ%#?ﬁﬁ%ﬁﬁ%i ng
| aser, YUSUSPreigniin Sinepidermeio and ismeost camneniratedof tefbesdrehamenbaoatak Becdig

epi der ribSorb& ¢ o selectiv shutter the UV |aser or the
active nmask 10%%%'@%9;&?3%2%%@ WP%EC 1?5?4 ﬂ}ﬂ%{égﬁ@ﬁqﬂa%meﬁp@q@l 158198 canned

acr oss aphexmatey fiomi 350 nabiodBe0 nini@UE AndRE:s FRS KA %ﬁ% td Adbrﬂ,nq' §d N in
sequenqgsibela%rh af,0a cory esponding to  the Er oj ected i mage of one of ’the
el errent &1Rle fpm s ﬁggp(togppaxy}, amgd the mesranfraredyiem 60 evtted3Gynmp lietepitigistcas 1070
coul d thaermbdple@¥bkifailyng of,§ ' 1075 to shutter. the |aser beam
sel ectively at gt he Iygicgt i Eﬁ%ﬁggbﬁﬂggﬁé}g&er&wﬁ@ thederhying demisastsiang ar eas of
skin t K#fusp sflectopwhosintraittenke ih@eds@w'dleﬂierv@ﬂ'éld@@h.hlhé?ébid@ﬁﬂal%m%ﬁ%ﬁe only,
it is 'fﬁl?%ﬁ?&ssatt-aﬁg% nm 400 nm and 650-700 rim nelanin is highly p
absor ptive whi | & del i UaIdBs isetianrefiectsneg pt e piriace gffbe print-odefeet or woul d
be sel eotredlytiociddnabedm)t A StangORS Eobots B FHotddBrebE il hrer ease (or
decrease). in remttance for g@@ ° RYTT 16[7)0)%1 the

re nce of an external (UV, visible or infrared) illuminating laser, resulting from the complete

removal of the melanin-containing epidermis, could be fed back to selectively shutter the UV laser

or the active mask 1060. For example, the illuminating laser might be scanned across the area

being ablated through the mask array 1060, illuminating in sequence each area corresponding to

the projected image of one of the elements of the mask array. Scattered light detected by

photodetector 1070 could then provide the feedback signal 1075 to shutter the laser beam

selectively at the locations of the mask array that project to the areas of skin that have been ablated

to the desired depth. By way of example only, it is known that at 330 nm-400 nm and 650-700

nm, melanin is highly absorptive while dermal absorption is negligible. The photodetector would

be selected to transmit its control signal in response to an increase (or decrease) in remittance for

the wavelength of an illuminating laser emitting light in one of these spectral regions.



t he wavel ength of an illumnating laser emtting light in one of these
:-spectral regions. - 3 JUN 2005 27 Melanin, which is the pignent that ,cg|ors
the epiderm s, originates from nelanocytes in the basal cell Iayer.'3 2005
the basal |ayer is renpved, a new basal |ayer nust be regenerated in order
to provide pignent to the overlyi ng?';;pi derms. If the skinis renoved to
such a depth that the hair follicleS included in the region of renoval are

t oo badlMelgidAPORieh ist AN W id .t ch.as "seeds". for regeneration of a
pi gnent ed basal | ayer. lgnh tttﬁget%hllé’gﬁ tg%ig@léeg%sn"%‘?? esa%‘ﬂ’ég}ela%g)ﬁ@ Ptherbag#i t er
(cont ai rvell &wer. Mobethi hisat hager it fetoved, b WHRG 1k Must TH &eoberkEd FRREALS ON

nmet hod . ar at us . of he present invention advantageously provides such
fine de%’?‘ﬁ“‘?"?fﬁ@%‘}t ¢ s overlyangrerideris| Ifithel skan igamovbé to siplan depth trarthe hair

dest  uctbifeles ingRBL AT b B L1 ARG GAPAY %Fdl?ﬁarﬁggteh{‘rgaaﬁgfrﬁg?“r e Lo s

regeneration of a fully functional basal fayers §4%8h
mel anocyerdegenaistion ef aqfigperded lotisnigayer.ping nigrtiealed 23gidnNaill app&ik €ESmhdewhiter

ing-skin, | i cat f UV_Der mabl at t I
el | oa et St ol §F ARGun S iy ThaHY BEmmblatn Bedibhen Ry o

exogenotis mepent invatieh edag@becty f i | ogi_cal. .preparation
of bi opgg%r?fg ciLFr‘énsl. Thi s \%1¢ I l&!@ﬁ%@gﬁ@#@g Oﬁgé&r{f'ﬁf?ﬁg%g%?gﬁcgllflg%wﬁ%

dar knes opidpsirugtiesy reteniniog mablesind bapablerof ectingiang shead fohyeobhdag-of Then

t he sch Rfctche- n be used. to control the dermabl ation process, wth
a visi b?lg% as°3fh%§8$“hl fa? ru%ﬂ"}{‘gﬂg Sﬁﬁﬁ"t‘?@%ﬁé“%ﬁ&%?{@rwmﬁaalfgrramaaom tmt the

scat t er entobesihblserdunging sh@i ng measured to deternmine if that point has
| esion tissue or healthy tissue at the surface, and this nmeasurenent being
used to control the shuttering of the uv beam when healthy tissue is at

the poi i mehphiichash i@ an.can be.t %re over a designated area
contai ni n ?I%]'e basal” cgef’é?:b}%tﬁnﬁ%%r}ovghﬂs ‘fﬁﬂscfi?(‘;‘}gﬁ‘aé’d'ﬁe ‘ﬂ%“ FehsdEated cpor  a
suf f i ci entirshelabed bodn ixogemis Bt Unthérhical $16h AEBbRMskBOERG IRl M] B&%X@&b as
det erm QF@W?%’J the nmeasurenent signal derived fromthe scattered "visible
light. - NPSEBES. s piily; mark] thedesion witk arolemterand darkneentbet wig] pséwid
conpri Sedirast to surrounding healthy tissue. Then the scheme of F ig. 9 can be used to control the
dermab.lation process, with a visible laser beam illuminating the tissue at the point of ablation, the
scattered visible light being measured to determine if that point has lesion tissue or healthy tissue
at the surface, and this measurement being used to control the shuttering of the uv beam when
healthy tissue is at the point of irradiation. A scan can be taken over a designated area containing

the basal cell carcinoma, and this scan can be repeated for a sufficient number of iterations until

the lesion is entirely removed, as determined by the measurement signal derived from the scattered
visible light.



a pul sed light source capable of delivering a fluence F exceeding an
ablation threshold fluence Fah, wherein the Iight source is an U|tﬁjﬂﬂﬁ?fﬂ
light source and a control mechanism coupled to the Iight source, fo 05
directing light fromthe |[|ight source to |ocations on the skin and
determining if a skin location has been ajjated to a desired depth. 2. The
systemof claim1l wherein the light source is a | aser selected froma group
consisting of. an argon fluoride (ArF) laser having a wavel ength of

approxi mately 193 nm a krypton fluoride (KrF) |aser having a wavel ength
of approxinmately 248 nm a xenon chlorOkin{sXeCl) |aser having a wavel ength
of approxinmately 308 nm a xenon fluoride (XeF) |aser having a wavel ength
of approximately 351 nm and an Er: YAG | aser. 3. The system of claim 2,

wherein the il aser A surgitaWyktehPReFomdvigy S0S (cBMpkisingher conprising: a
coagul ating light source having a different wavel ength than the ArF |aser
and a relatively am‘@de'P%cﬁoalf%cﬁamhl@@f@ﬁhvftimge& flagias; F metac?hrig)an gaiataﬁpnl ng
t he appeara t L Ven 1.Ski ; means _for .switching
to the coaggﬁggﬁﬁahkggﬁg%%8@?%%}E@A%EQQ%gﬁgg&%gm?ﬁgﬂ%é@§€%¥%ﬁfm¥h bl ood at
a given skin |ocati mtrohme@hmiw,sctc&updedftoctha!lidghsscﬁu:éé, her dﬁ@ﬁﬁ’fg Biitdfroth e
coagul ating i ght source.is a krypton f]uoride r aser having a

wavel engt h é’#ilg?)oblf%%o rlr%f‘taélf)g}s %‘hg’er‘?ﬁin #d ‘lPﬁ?“g}}% i ﬁ?‘n {ﬂcéti“_?ﬂ hastheen plalated to
conpri si ng: atdesir&lodegtd.ating i ght source is a xenon chloride (XeCl) I|aser
having a wavel ength of approximately 308 nm - 3 JUN 2005 -29 6. The
systemof claim3 further conprising: the coagulating Iight source is a

xenon fluoripde (Xgh} s\ashroMinNG whedaY Bleqpt Bource is a laser selected from a group
consisting of:

an argon fluoride (ArF) laser having a wavelength of approximately 193 nm; a

krypton fluoride (KrF) laser having a wavelength of approximately 248 nm; a xenon

chloride (XeCl) laser having a wavelength of approximately 308 nm; a xenon fluoride

(XeF) laser having a wavelength of approximately 351 nm; and an Er:YAG laser.

3, The system of claim 2, wherein the laser is an ArF laser, the system further
comprising:

a coagulating light source having a different wavelength than the ArF laser and a
relatively high blood absorption characteristic;

means for detecting the appearance of blood at a given skin location; and

means for switching to the coagulating light source, in response to the detection

of blood at a given skin location.

4. The system of claim 3 further comprising:

the coagulating light source is a krypton fluoride (KrF) laser having a

wavelength of approximately 248 nm.

5. The system of claim 3 further comprising:
the coagulating light source is a xenon chloride (XeCl) laser having a wavelength

of approximately 308 nm.



of approximately 351 run. 7. The systemof claim1 wherein the control
mechani sm conpri ses neans for controllably ablating the epiderms _%I gmgm%
the contours of an epidermal/dernmal boundary. 8. The system of claim
wherein said neans for controllably ablating further conprises neans for
detecting a color change near or at the eppdernal/dermal boundary. 9. The
systemof claim1, further conprising neans for scanning the light across a
designated area of the skin. 10. The systemof claim1l, wherein the control
mechani sm further conprises: one or nore rotatable mrrors, the mrrors
posi tioned ith the Theglystesoefredamphfuntheocommesitg: ol | abl y scanni ng the | i ght
source; one or nor . Goupled to the myrrors, for angul.arly rotating
and feeding back ‘gﬁgﬁ%gg‘?a%%‘égﬁgﬁ ?%Or!i%ceolfs apypRoR, fluor ée %"TPS lager E%‘f‘gf;’ amefgngth
conmput er, coafpipprbximatelyes3sllinght source and the notors, for controlling the
notors and selectively shuttering the Iight source at a given |ocation on
the skin. 11. The systemof claim 10 wherein the mrrors conprise at |east

two mirrors havi ngrheay@endlofidhl 1 APHER he BRFoPRRERsm HBmple SEshefOf
1 BT Conput &t |

claim1, wherein the control nechanismfurther conprises: a

coupl ed to teeatrpllgty aklating die episternsislabangithetontairs vf &1 émderttabdéngihbowatarc e
at a given location on the skin. 13. The systemof claim1l wherein the
control nechanismincludes a feedback control nechanism conprising: a
second | i ght8.sour cBhei bystems rdtdlaitn 7hehakinnsaidimdaa8Sor 0o@rd1GIOABLARE Firther

havi ng an input and an qutput,. the |{nput receivin ,
scattered/ré Fﬁ’é‘tsgsdlpffluﬁgglé‘g%%‘iﬁmgia@?iorfc YHEeMar %réég'ﬁchllfieéjlﬁﬁV desmekleounday. t he

out put providing - 3 JUN 2005 -30 a feedback signal to the system causing
the light source to be inhibited at a given |location, in response to the
second |i ght9- sour cdieystemeot qdgix 1, further comprising means for scanning the light across a

designated area of the skin.

10. The system of claim 1, wherein the control mechanism further comprises:

one or more rotatable mirrors, the mirrors positioned in the light source path for
controllably scanning the light source;

one or more motors, coupled to the mirrors, for angularly rotating and feeding
back angular positions of the one or more mirrors; and

a computer, coupled to the light source and the motors, for controlling the motors

and selectively shuttering the light source at a given location on the skin.

11. The system of claim 10 wherein the mirrors comprise at least two mirrors having

axes at right angles to one another.

12. The system of claim 1, wherein the control mechanism further comprises:

a computer, coupled to the light source, for selectively shuttering the light source
at a given location on the skin.

13. The system of claim 1 wherein the control mechanism includes a feedback

control mechanism, comprising:
a second light source illuminating the skin;
at least one photodetector having an input and an output, the input receiving

scattered/reflected/fluoresced light from the second light source, and the output providing



14. The system of claim 13, conprising: an active nmask array, coupled to
the feedback control system for selectively shuttering the Iight SPYUN 205
at a given location that has been ablated to the desired depth. 15. The
system of claim 13, wherein the second |ight source conprises a visible

i ght source. 16. The system of claim 13,3gherein the second |ight source
conprises an infrared |ight source. 17. The system of claim 13, wherein
the second |ight source conprises anbient |ight source. 18. The system of
claim 13, wherein the second |ight source conprises a |ight source which
is both rel atfeediagk higghll ty tixbserchechusingalpd kgt RBlirce®) BhinRitaRd af £kath Y&laMon,
highly rem.tted by a_ der mal f.a})é/{er. 19. The surgical systemof claiml
wherein the lflirifﬁfm%&ﬁrﬂbeeseic%n‘h% sapreg Aldhe fPubyst em conprises a robot/ | aser
system further conprising: a canera for visualizing an image of the

| ocations on the skin; a conputer, coupled to the canera, the conputer

havi ng an ou‘t“put fidie systeml ofyelag 13apemprisingiput for desi gnating the |ocations
of the skin to which & er..J ' 0....The surgical system of
claim1l1 wherein thagl ?cﬁlgﬁtrh%guirr{:d ’icgh@a?técgg}}e fﬁ&?%ﬁkncqrﬁrg S 0T iﬁletcﬁ&ﬂy
conpri ses a shuettériny therighirsobime as b giyeh hecatias drat heetveh ablatedmdkie &RREd depth.
approximately -25 ,urn in dianeter. 21. The systemof claim19, further
conprising: a registration neans for relating coordinates of a point in one
patient cooridi nat erhefsyaem oTicldi@f 18] GReRir Be e Al IRAPLRUNINBRREL 4 9&'81@11% €
robot/l aser frame of reference. - 3 JUN 2005 -31" 22. The system 01‘ clarm
21, said regP8CFation neans further conprising: neans for attaching
fiducials to the skin; a novable tracking |aser, coupled to the conputer,
for recording 3D coordinates

: 16. The system of claim 13, wherein the second light source comprises an infrared

light source.

17. The system of claim 13, wherein the second light source comprises ambient light
source.
18. The system of claim 13, wherein the second light source comprises a light source

which is both relatively highly absorbed by epidermal melanin and relatively highly

remitted by a dermal layer.

19. The surgical system of claim 1 wherein the light source is a laser and the system
comprises a robot/laser system, further comprising:

a camera for visualizing an image of the locations on the skin;

a computer, coupled to the camera, the computer having an output for displaying

and an input for designating the locations of the skin to which the laser is directed.

20. The surgical system of claim 1 wherein the light source is a laser wherein the
system further comprises a mechanism for focusing the laser beam to a small spot

approximately ~25 um in diameter,

21. The system of claim 19, further comprising:
a registration means for relating coordinates of a point in one patient coordinate

frame of reference to a corresponding position in the robot/laser frame of reference.



of the fiducials; and triangulation neans, for establishing 3D | ocations of
the fiducials in the tracking I|aser frame of reference. 23. The Sy§3ﬁQN36
claim 22, the registration neans further conprising: nmeans for rel at 05
points corresponding to an area of skin in the patient frame of reference
subsequent to a change in position, to the sane area of skin in a patient
frame of reference prior to said change I n position. 24. The system of
claim 22, the registration neans further conprising means for accurately
directing the light source by relating points on an area of skin defined in
a digital inmage, to an area of skin on the patient. 25. The system of
claim 21, tgz regi.gtration ans_ further cqnprising: means_for attaching
fiducials t %the eysigmpficlaigge2 Lo spid Fegistrafign gleaps gthereonasising er and

nmounted at fixed pRSntif@MHackifl AHLMSs (@ tHeRRinf ObOt /| aser system for
recording coordinates of the fiducials; calibration neans for relating the

fixed positions ofe mpeablaivesking laser paupieshiottht espputes fist roording3 R coordinates
predet erm n b hEat.i transformation; and a camera nodel for mapping
t he reIatioggﬁ%gh@géﬁééﬁﬁeach | ocation in 2D canera i mages and a set of 3D

points in an i magedargpéatientrheins,nfapedtablishing2® lothgorsalfakd fiassils &V te@racRing
claim19, fl.il’th r co rfj sing: one or nore rotatable mrrors, the mrrors
posi tioned i ?lsefﬁémleiogﬁ? ®EBtrce path for controllably scanning the |ight
source; and one or nore notors, coupled to the mrrors, for angularly
rotating and feeding back angular positions of the one or nore mrrors. -
3 JUN 2005 -232 27 Thesgstemafslpimf22e thgirpgigtoationneans furtsnpermpiisigg:a f 1 exi bl e |
optical fiber bun i : t . i.n . € e t put .en
bging attached toqgﬁﬁgs I?%Pngp?ﬁgﬁ%g&?@ﬂgﬁgﬂg€§?¥%% aHb&ﬂH%%IH%@]aEﬁéﬁ
adapt ed f or refsomice sulpequeat to géttangoir mmsition, t the eate¢ avemofigldn in a patient frame of

reference prior to said change in position.

24, The system of claim 22, the registration means further comprising means for
accurately directing the light source by relating points on an area of skin defined in a

digital image, to an area of skin on the patient.

25. The system of claim 21, the registration means further comprising:

means for attaching fiducials to the skin;

a pair of cameras, coupled to the computer and mounted at fixed positions
relative to the robot/laser system for recording coordinates of the fiducials;

calibration means for relating the fixed positions of the cameras to the robot/laser
system from a predetermined calibration transformation; and

a camera model for mapping the relationship between each location in 2D

camera images and a set of 3D points in an imaged space that map to it.

26. The robot/laser system of claim 19, further comprising:

one or more rotatable mirrors, the mirrors positioned in the light source path for
controllably scanning the light source; and

one or more motors, coupled to the mirrors, for angularly rotating and feeding

back angular positions of the one or more mitrors.



manner. 28. The system of claim 27, further conprising: a renovable mrror
| ocated adjacent to the input end for view ng the skin through the fiber
bundl e using the canmera. 29. The system of claim 19, wherein the - 3 JUN 2005
robot/| aser system further conprises: a second light source illumnating
the skin being ablated, wherein light frogpthe second |light source is
scattered/reflected/fluoresced fromthe ablated | ocation; and a

phot odet ect or havi ng an i nput and an output; the input for receiving the
light fromthe second |ight source; and the output coupled to the system

and providiiy.a f{Eedsek Hlictanal 19 mﬁm_ﬁ_ﬁ@ﬁpﬁﬁﬂg ﬁ@E¥ibltr6ﬂ1icbilgmgermﬁdleuh|a6i?
| i ght source at a given,|ocation. 30. e systemof claim13, erein e
segond | i ghtansodlm%gn%?%?‘ﬂ’é’?u'a?&i thsioytnut gpd g@% Atigched ta g magh fir gfidxiag tothei n

response to gafigntapredeanpat @hd Rldapdd B -rec;'éli\ﬁrrg}fﬁé HPLO oGt alprém{%hﬁin%fit he

control nechani smincludes an alignment nechanism conprising: a visible
| aser, saidM8EF emtting a beamillum nating the skin at a | ocation
coincident with the ablating Iight; neans for scanning the beam across the
| ocations on the skin; and neans for recordi ng scanned beam positi ons,
coupled to S&i d nddesystem of sami27nfirthbocorsprisigguent aut omati ¢ scan of an

ablating |ight source across the | ocat.ions n.the skjin., 32. A surgical
system 19 or grgem)vi d'e@w%ile AP %?thg?&J%lceBhfost ﬁlqﬁub?ﬁg%éweévén%ﬁﬁéblnéh@r‘lgh

del i vering ahé fiv&@teadk wigaReidgeran abl ation threshold fluence Flh; a
second light source illumnating the skin; - 3 JUN 2005 -33 a control

mechani sm coupled to the pulsed |ight source, for directing light from

the pul sed ljoght sQUIGEhrRGALIORRRR thg'?ob%lf/ia@elasj}gteﬁxoﬂhh&] JO%P}JI‘IVSCSa:' bl ating

a skin location to . .
) a second light source illuminating the skin being ablated, wherein light from the

second light source is scattered/reflected/fluoresced from the ablated location; and
a photodetector having an input and an output; the input for receiving the light
from the second light source; and the output coupled to the system and providing a

feedback signal to the system for inhibiting the pulsed light source at a given location.

30. The system of claim 13, wherein the second light source provides an inhibiting

signal to the photodetector in response to the appearance of blood.

31. The system of claim 1, wherein the control mechanism includes an alignment
mechanism, comprising:

a visible laser, said laser emitting a beam illuminating the skin at a location
coincident with the ablating light;

means for scanning the beam across the locations on the skin; and

means for recording scanned beam positions, coupled to said means for
scanning, for subsequent automatic scan of an ablating light source across the locations

on the skin.

32. A surgical system for removing skin, comprising:
a pulsed light source capable of delivering a fluence F exceeding an ablation
threshold fluence Fy;

a second light source illuminating the skin;



a desired depth, said control nechanismdirecting the pulsed |light source
to deliver multiple pulses of directed light at the |ocations on tﬁej@klb[ﬁ
and repeatedly scanning the directed |ight across a designated area ™o e
skin; and a feedback nechani sm coupled to the control nechanism the

f eedback nechani sm conprising at |east ofre. photodetector having an input
and an output: the input receiving light fromthe second |ight source that
is scattered/reflected/fluoresced by the skin; and the output providing a

f eedback signal to th ont r ol. mechani whi ch i adapted for detecting a
change in the spect Fdl roiﬁ%?ﬁéa%ﬁm’b‘ioluﬁﬁfligl}? S“BH’@?‘F SQJge, for directing light from

scat tered/ r ahé palsarifidt uoires kedodiont b 1R BRAARSIING bnPYIREAobidhlo
source to be Inhibited at a given skin location, in fesponse to the

change. 33. aTHesigdsdepth, oRid pettral 3nechhasise diredtingl thghpulsduligle smira@nto deliver

ultraviolet |i e -h ystem of cl ajm 32 erein the |ight
source is a Lzlilggfre @2#%%? ggé(ﬁ?%?#’@ aartgﬁ ocaﬁ%rﬁsqns{hleﬁgmozrq rﬁﬂeﬁ?‘gﬁﬁcqqnﬂ}grtihﬁe
(ArF) |aser dimvicddight svaysslaangichated aRBRE teiskBE ghy 193 nm a krypton
fluoride (KrF) laser_ having a wavel ength of approximately 248 nni a xenon

9 .
chloride (XeCl) | a&deedback ngechapisve|conplet of themooktolmaneshynisns then feadbaekion

fluoride (X r i vel e of . appr.oxi mat e 51 nm and an
Er: YAG | as e?@cghfﬁ&?hcg ylg{ﬁgr%?%) cq%gipﬁ]g@ge%tgf g&m %IUQBL%/@%H ‘?Pé?:"ﬁaﬁie dirput
conpri ses nmeasesvihigilight froinr the lsadund it 3biirag thdies eRitdRIITeBedbPNGorbi8d BYNHOUT S

of an epider I_/dﬁr gal boundary. 36. The system of claim 35 wherein Said
means for cokth SR dBF YUt MOHGNE A fesdbackcHmmalite dhe peatiel meehatésnacwhicl ia

CPLOT SoonIndRfed fF Aheddie SPURRELIAN AR WRlcBPHAGN Yor BlengllS SYSRERAL

claim 32, wherein the seco source tonpris a vrs e’lrg

38. The systseatiendd/icklaéted/BRoresdedr by rih¢ hskins endrduding hhe palied dighdrpuiczen 88
infrared li.ght.spuyrce. - 3 JUN. 2005 -34 39. The system of claim 32,
wherein the ‘@8@6??@5%%%%“ %&%ﬁ%“%?ﬂ)ﬁeﬁg@ée i ERANERi ght sour ce.

33. The system of claim 32 wherein the light source is an ultraviolet light source.

34. The system of claim 32 wherein the light source is a laser selected from a group
consisting of: an argon fluoride (ArF) laser having a wavelength of approximately
193 nm; a krypton fluoride (KrF) laser having a wavelength of approximately 248 nm; a
xenon chloride (XeCl) laser having a wavelength of approximately 308 nm; a xenon

fluoride (XeF) laser having a wavelength of approximately 351 nm; and an Er:YAG laser.

— 35. The system of claim 32 wherein the control mechanism comprises means for

controllably ablating the epidermis along the contours of an epidermal/dermal boundary.

36. The system of claim 35 wherein said means for controllably ablating further

comprises means for detecting a color change near or at the epidermal/dermal boundary.

37. The system of claim 32, wherein the second light source comprises a visible light
source.
38. The system of claim 32, wherein the second light source comprises an infrared

~ light source.



40. The systemof claim 32, the second light source conprising a |ight
source which is both relatively highly absorbed by epi dermal nel anin and
relatively highly remtted by a dermal layer. 41. The surgi cal sy§ggﬂyaﬁ
claim 32 wherein the light source is a | aser wherein the systemfurther
conprises a nechanismfor focusing the | asger beamto a small spot
approximately -25 min dianeter. 42. The systemof claim 32, wherein the
second |ight source provides an inhibiting signal to the feedback
mechani sm for inhibiting the pulsed Iight source in response to the
appearance of blood following a delivery of directed Iight fromthe pul sed

light source39.43. Phesys@nCe clainSIoe Whkin HRFBMOINAYighK sdurcEOIMrise BRbicaii Al F
| aser capabl e of delivering a fluence F exceedi nggﬁan abl ation thresﬂoég

fluence Fh, ®YSntrol nechani sm operatively coupled to the ArF |aser, for
directing light fromthe ArF laser to locations on the skin and
determning if a skin location has been ablated to a desired depth, a

coagul at i ng 40. ght E&wyctemhﬁ\dlaﬁ%x 32, chd sfeedirﬁi"lhligh/b/&&!ﬁﬂc_@@tgﬁlbriﬁihgl@ liglll]?so%rnge ‘L{Vﬁ&ﬁr
and a relat.yel i, |l god absor ption characteristic; neans for detecting
t he appear an‘ééo%‘?‘/regF‘%Qéi ?‘éﬁh?ha‘ﬁﬁom byigpidarmakimelsnin andaelasxely bghly sanittedibng
to the coagu ahmagaldoht source, in response to the detection of blood at
a given skin location. 44. The system of claim43 further conprising: the
coagul ating light source is a krypton fluoride (KrF) IaseL havi ng a -
wavel engt h of, apprgxi mately 248 nm -3 JUN 2005 -35 45. The system of claim
43 furt her c‘grrpr i s]ﬂ’r?gs.urﬁli‘?é s&ﬁﬁr&ﬂr}a&l?‘ﬁ’gn ORI Hhgrlight squrge Jeh biser whereinge

(Xecl) Iasersybiam ABtiRr ORPELEND e Rhn AP HotRlifS ¥ PReP Beam to a small spot

approximately ~25 um in diameter.

42, The system of claim 32, wherein the second light source provides an inhibiting
signal to the feedback mechanism for inhibiting the pulsed light source in response to the

appearance of blood following a delivery of directed light from the pulsed light source.

43, A surgical system for removing skin, comprising:

an ArF laser capable of delivering a fluence F exceeding an ablation
threshold fluence Fy,

a control mechanism operatively coupled to the ArF laser, for directing light
from the ArF laser to locations on the skin and determining if a skin location has been

— ablated to a desired depth,

a coagulating light source having a different wavelength than the ArF laser and a
relatively high blood absorption characteristic;

means for detecting the appearance of blood at a given skin location; and

means for switching to the coagulating light source, in response to the detection

of blood at a given skin location.

44, The system of claim 43 further comprising:
the coagulating light source is a krypton fluoride (KrF) laser having a

wavelength of approximately 248 nm.



46. The system of claim43 further conprising: the coagulating |ight source
is a xenon fluoride (XeF) |aser having a wavel ength of approximately 351
nm 47. A surgical systemfor renoving skin conprising: a pulsed |+@hyn ng5
source capabl e of delivering a fluence F exceeding an ablation threshol
fluence Flh; and a control mechanism opegatively coupled to the |ight
source, for directing light fromthe |light source to |ocations on the skin
and determning if a skin location has been ablated to a desired depth,

t he control chani,sm further .conqprising: one or nore rotatable mrrors,

the nmirrors Aggsi tﬁ&WéHStFW O?HLalrpiAgﬁ{mﬁ%rc?gP’@E‘S‘ﬁﬁt h for controllably scanning
the |ight from et icBul&RINIER: sURS i9h REEHTR GechURE BB ihat N
mrrors, for angularly rotating and feeding back angul ar positions of the

one or nore ‘everagd: ofgpproximaay08mm.coupl ed to the |ight source and the
nmotors for controlling the notors and selectively shuttering the |ight
source at a given location on the skin. 48. A surgical systemfor renoving

skin, compri4ng: I&xersyéts@d)flciaﬁiht43qﬁﬂﬁ&€éoﬁrgﬁai%e of delivering a fluence F
exceeding an ablation threshold fluence Frh; "a second |ight source

i 11uninating the skFfoagilativatlight saveestianixenen deurpledXefplastrdapinigsed | i ght
source for Jv%peﬁjk@]q?flag?{/&gf%tam%rlhe pul sed |ight source to |ocations on

t he skin and con a g ngngl‘ski n location to a desired depth; a
f eedback nmechani sm coupled to the control nechanism the feedback

mechani sm conprising at | east one photodetector having an input and an
out put the i‘Wput 4 gagice) sygtem {gntemoving skie cemmpBiag i ght source that is

et oL PO Srh rh  A Ee P U 09 2
: ablation threshold fluence F,; and
a control mechanism, operatively coupled to the light source, for directing light
from the light source to locations on the skin and determining if a skin location has been
ablated to a desired depth, the control mechanism further comprising:
one or more rotatable mirrors, the mirrors positioned in the light
source path for controllably scanning the light from the light source;
one or more motors, coupled to the mirrors, for angularly rotating
and feeding back angular positions of the one or more mirrors; and

a computer, coupled to the light source and the motors for controlling the motors

and selectively shuttering the light source at a given location on the skin.

— 48, A surgical system for removing skin, comprising:

a pulsed light source capable of delivering a fluence F exceeding an
ablation threshold fluence Fy;

a second light source illuminating the skin;

a control mechanism, coupled to the pulsed light source for directing light from
the pulsed light source to locations on the skin and controllably ablating a skin location to
a desired depth;

a feedback mechanism coupled to the control mechanism, the feedback
mechanism comprising at least one photodetector having an input and an output the input
receiving light from the second light source that is scattered/reflected/fluoresced by the

skin, and the output providing a feedback signal to the control mechanism, which is



adapted for detecting a change in the spectral shape or brightness of the
light scattered/reflected/fluoresced by the skin and causing the_gq@®%d
l'ight source to be inhibited at a given skin location, in respons TS
change; and an active mask array, coupled to the feedback mechanism for
selectively shuttering the light source_g§_a given |location that has been
ablated to the desired depth. 49. A surgical robot/laser systemfor
renovi ng skin, conprising: a pulsed |light source capable of delivering a

bl at i h ld flu trol
Techan s exfﬂ%‘ﬁﬂp S SeteBile o Aptet B D SobetAT GG o beltniam o theclikig
light from tmttma@mc{wgmor&@w tb?eﬂh@ kP ahl 08isiAP &Ee%ﬁégdnn s&l&@eerténﬂ%' ng

if a skin location has been ablated to a desired de mer a
vi sual i zi ng i#hibitadglea given Hen lasetion, omsesmnseh@tfslqhangeaanﬁ a conput er coupl ed

to the canera, the QRuL er aV|n t r pl a a i hput
for designating thelglagc“é |r%af‘?g hcé’ug tl%t h"ev\ﬁﬁeéﬁa‘ihgleﬁé@gﬁm’ rd? VRl
50. The systgmtefingihaili ?hl‘léi’)urcfelhﬁ h @ﬁfenqwﬁﬂbh Habas eeh pagla?etdrt@ttl'lé)dfbsﬂ@@?@pﬂfn.or
rel ati ng coordinates of a point in one patient coordinate frane o

reference to a corresponding position in the robot/|aser frane of

r ef erence. 549_ TheA?Mx%ﬁc%Ro% ﬁLg,l pgtg’g fos%lm%vgnegtgs'l](st ration nmeans further

conpri sing: ‘means | ng ucrals"to b SRIPRMS e pvabl e tracki ng

| aser, coupl ed to 4hdsadiphut@irce da@ﬁblé©€0élmeﬁﬁF3mL@ﬁ@Hﬂbﬂ@%§§1 gadf the
f|du0|als fri ul ation neans, for establishing 3D | ocations of the
fiducials |na ‘ﬁ@nttﬁrégbﬁ Ihfuencgdas franme of reference. 52. The syst em of

cl ai m 51, the I egi $14 Pt aBaNS! WobhEleiCOMREIGH RS pIeANS. f Al ShALLNG.

points corresponding to an area of pati en
subsequent t(hreatmglhgh;efra)m th@pul&ecbhghtts@utcbeo $eoaEiony 6@ thef skik aid téreAniRg €At

aid change .in position. - 3 JUN 2005
frame of r efk rc]z(ft(laon een a(t)blateé toa desprgd depthp

a camera for visualizing an image of the locations on the skin; and

a computer, coupled to the camera, the computer having an output for displaying

and an input for designating the locations of the skin to which the laser is directed.

50. The system of claim 49, further comprising:
a registration means for relating coordinates of a point in one patient coordinate

frame of reference to a corresponding position in the robot/laser frame of reference.

51. The system of claim 50, said registration means further comprising:
— means for attaching fiducials to the skin;
a movable tracking laser, coupled to the computer, for recording 3D coordinates

of the fiducials; and

triangulation means, for establishing 3D locations of the fiducials in the tracking

laser frame of reference.

52. The system of claim 51, the registration means further comprising:
means for relating points corresponding to an area of skin in the patient frame of
reference subsequent to a change in position, to the same area of skin in a patient frame of

reference prior to said change in position.



-37 53. The systemof claimb51, the registration nmeans further conprjsi ngﬂ
means for accurately directing the |ight source by relating points” SdUb 05
area of skin defined in a digital inage, to an area of skin on the
patient. 54. The system of claim50, the registration neans further
conprising: neans for attaching fiducialgyto the skin; a pair of caneras,
coupled to the conputer and nounted at fixed positions relative to the
robot/| aser system for recording coordinates of the fiducials; calibration

yat om 1 om 5 pr cqIRor AT ALY b oA EHGR JHRS, GHeHnE S ol
for mapping ideerakdy Aireanthine 10SE WEE0e %?%1akiﬁg$bi&@phrhn29ea CRMRMAdAFRAGS and
a set of 3D points in an inmaged space that nap to it. 55. The robot/[aser

system of cl@iBii#l4mage. e ahateaobpln osithapatione or nore rotatable nirrors, the
mrrors positioned in the light source path for controllably scanning the
| i ght source; and one or nore notors, coupled to the mrrors, for angularly

rotating ands4 eediTig sysRfkofMm 5, (HRA8EibirRbH Aank FAIRNRoRApriSAEE M rrors.
56. The system of claim49, further conprising a flexible optical fiber

bundl e having an Bégpor atfashinsdidusialsipdke sk, t he out put end beidngd .
ttached t k,f | X] e at i ent and the ipput end adapte
? ora(r:egei viong ?ﬁ: flipgﬁt&ts%rﬁ%@gi éno(ag}egrtgd@[eecfor%l%]éﬂ ar}‘fiam?élp{}%?it. ﬁﬁ@epgs)@?rgm

of clai m 56, refatilvt bethe cobquAldssi $18tenbfor estoXERE CodFilin@E of Baiddiandj acent to the
i nput. end for vi evvirl t he skin through the fiber bundle using the camera.
58. The system of quarﬁoaagme\mrfe; Aelafieg rthp otingda pesitiens tafnthfeucamenas to the

COnpr i ses: achGORANA <L irodPh hiRelolh gl BAl:AL RfhsRIhibE'Ad ab! ated.
wherein light fromthe second l'1ght source is
scattered/refl ect ed/dangcr escled férr mapping tablratadondhc deivesen @l locatiodUN 2005

camera images and a set of 3D points in an imaged space that map to it.

55. The robot/laser system of claim 49, further comprising:

one or more rotatable mirrors, the mirrors positioned in the light source path for
controllably scanning the light source; and

one or more motors, coupled to the mirrors, for angularly rotating and feeding

back angular positions of the one or more mirrors.

56. The system of claim 49, further comprising a flexible optical fiber bundle having
an output end and an input end, the output end being attached to a mask for affixing to the
—r patient and the input end adapted for receiving the light source in a predetermined

manner.

57. The system of claim 56, further comprising:
a removable mirror located adjacent to the input end for viewing the skin

through the fiber bundle using the camera.

58. The system of claim 49, wherein the robot/laser system further comprises:
a second light source illuminating the skin being ablated, wherein light from the

second light source is scattered/reflected/fluoresced from the ablated location; and



-38 a photodetector having an input and an output; the input for rec V|n?
the light fromthe second |ight source; and the output coupled to t° N 2005
system and providing a feedback signal to the systemfor inhibiting the

pul sed Iight source at a given location. 59. A surgical systemfor renoving
skin, conprising: a pulsed light source capable of delivering a fluence F
exceeding an ablation threshold fluence Frh; and a control nechani sm
operatively coupled to the pulsed |light source, for directing light from

t he pul sed |ight sou%ce to | ocations.on the skin and determning if a_ skin
| ocation has been &BN3PAECEIr BaViRe ph inpuljapd A optpyt; d ﬁFHHFﬁﬁé@ﬁHHW§ﬁ¥ehgm

including anfrodl thenNeEsHd NRIRNRMEEMand Uhd Qﬁfpu?%ﬂ%lb&'tQQh? %gé’tkﬁ' Q{@B}Q@?Oqﬁ%en )

said | aser emttlngabeamlllumnatlngte5|na a at1on ol nci

wi th the ablfgedbagk sigghlito theesysient for inhdtzinng thg pulsed hightwoaoreas 8 givea lbantiahi ons
on the skin; and neans for recordi ng scanned beam positions, coupled to
said neans for scanning, for subsequent automatic scan of an ablating

l'ight sourcesg@crosg stfpgal S&aIk RRTemONIng H8nSddntprising:

a pulsed light source capable of delivering a fluence F exceeding an

ablation threshold fluence Fy;; and

a control mechanism, operatively coupled to the pulsed light source, for
directing light from the pulsed light source to locations on the skin and determining if a
skin location has been ablated to a desired depth, the control mechanism including an
alignment mechanism, further comprising:

a visible laser, said laser emitting a beam illuminating the skin at a location
coincident with the ablating light;

means for scanning the beam across the locations on the skin; and

means for recording scanned beam positions, coupled to said means for

scanning, for subsequent automatic scan of an ablating light source across the locations

on the skin.



