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Thermographic and Histological Evaluation
of Laser Skin Resurfacing Scans

Bernard ChoiStudent Member, IEEEEric K. Chan,Member, IEEE Jennifer K. BartonAssociate Member, |IEEE,
Sharon L. Thomsen, and Ashley J. Welc¢tellow, IEEE

Abstract—n general, ablative laser skin resurfacing procedures hyperpigmentation can appear anytime from several days to
have shown good short-term efficacy. However, the mechanismsseveral months postsurgery and last for months or even years.
underlying laser skin resurfacing remain poorly understood. Hypopigmentation occurs less frequently, but some patients do

We performed a quantitative study to investigate the thermal L . - . h .
response of skin to CQ laser irradiation. Raster scans were exhibit a lightening of skin color in treated areas. Persistent

performed on an in vivo rat model and radiometric surface €rythema occurs in nearly all patients and resolves typically
temperatures measured using a thermal camera. Temperatures in six to eight months.
approaching 400°C were measured during the scans and re- A more crucial problem is the highly subjective nature

mained above the initial skin temperature for durations longer of laser resurfacing. Factors that may lead to disappointing

than ten seconds. Analysis of histology sections showed that the It t . licati includ tient-t tient
epidermis remained partially intact after three passes. To explain '€SUILS Or {0 Serious complications inciude patient-to-patien

the observed trends in the temperature response and histology, Variability and the dependence on the surgeon’s experience
the dynamics of optical and thermal parameters were investi- and technique. An operating protocol used successfully by
gated. Water vaporization played a key role in governing the one physician may prove to be inadequate or deleterious with
response of the_skln to subsequent laser passes. Char format'onanother physician; quantitative explanation of any observed
and pulse stacking altered the thermal effects. discrepancies is ciif‘ficult
Index Terms—Animals, biomedical infrared imaging, laser ab-  These discrepancies are in part because laser-assisted skin
lation, pulsed lasers, skin, temperature measurement. resurfacing is a dynamic thermal event governed by the
penetration of laser radiation into the tissue and the rate of
|. INTRODUCTION AND BACKGROUND heat generated by the absorption of the incident laser light. We
NEW generation of CQ resurfacing lasers have beenbelieve that a better understanding of the optical and thermal
introdugced that reportedly va orizge tissue using hi response of skin to CPlaser radiation will improve our
po y vap iSIng gunderstanding of clinical results. Any framework for analyzing
energy short-pulse duration radiation. These clinical lasgr . . o .
. . . . ; ﬁ}e thermal response of skin to laser irradiation must include
systems have been studied extensively in animal experimejits ; ) - )
and human trials [1]-[18] he effects of potential dynamic changes in tissue properties
S S : during treatment. Absorption of 10/8M-wavelength radiation
Although significant improvements in appearance have been S : : _
X S ' Eroduces a rapid increase in temperature that is a function
reported [3], postoperative complications reduce the eff|ca0¥ the radiant exposuréf, [J/cn?] of the laser spot and
of the wrinkle removal process. The occurrence of scarrirtlﬁe local optical absorptioon coefficiept, [cm—1]. The skin
:ngti[?neirc]dlizgt?onn'trt]r?indglfit: (gf thim;ﬁ:j dslmae?e“ da)ng r?]nora fributes that may change during the course of pulsed CO
N 9., €yelid, upp aser treatment and subsequently affect the thermal response
prone to scarring than other facial areas. As more resurfaug discussed below
procedures have been performed, the number of reports o '
scarring incidents has increased significantly [3], [14]. Similar ) ) )
to any type of external wound, areas that are resurfaced ArePynamic Optical and Thermal Properties
prone to infection. Skin discoloration can be a problem, espe-Prior to onset of heat conduction and ablation, the sur-

cially for patients with dark skin [4], [19]; postinflammatoryface temperature rise produced by a laser pulse with radiant
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250 B. Thermal Diffusion Time
|
_ . The 1/e penetration deptid of COs laser radiation in skin
g 2 ,,.,..w” is about 20um. The associated thermal diffusion times
£ ,0”’
X 4 ,0"' 12
o 150 N r=L @
h(,;' i .0”. 4o
‘?j: 100" o * native skin where! is the characteristic length [mm] and the thermal
' o diffusivity (a« = k/cp) [cm?/s]. When spot size diameters
50 & are much larger tha#, it can be assumed that= 6. Using
R the thermal properties of native skin (Table I), the thermal
0 T ; T e )

diffusion time of hydrated skin is approximately 7@8. This
value is much greater than the 1p6- pulsewidth of the
laser used in this study; however, there are other factors that

0 20 40 60 80 100
water content [%]

Fig. 1. Plot ofus/pc as a function of tissue water content. lengthen the effective relaxation time beyond 709
If the laser spot size is much larger than the penetration
TABLE | depth, the laser pulse can be approximated as an instantaneous
OPTOTHERMAL PROPERTIES OFSKIN WITH 70% \WATER CONTENT infinite plane wave [23]. The surface temperature is instanta-
Parameter Value neously raised to a higher temperature. The temperature decay
| transientAT(z,¢) in degrees Celsius as a function of tirhe
I, 594 cm \ N
and depthz is described by
k 5-10° W/em/°C 5
AT(zt) = Ho O (5)
3.45J/g/°C Zyl) = —————F——
¢ & 2pc/ ot
o} 1.019 g/em’

The solution of (5) at thé /e penetration deptfiz = &) and
at the corresponding thermal relaxation tiite= 7) gives
where W is the water mass content ang, , the water- 52 H, .
independent absorption coefficient of skin, , represents the AT = AT<Z =o6t= E) P (6)
absorption coefficient for fully dehydrated skin. In native skin, p
the water-dependent absorption coefficient is assumed to bét ¢ = 107, (5) becomes
sufficiently large to ignore thg,, , term in (2); in other words, 52 H ol

i - W. ATy, =AT(z2=6t=10— ) = ——2 ¢ *
for fully hydrated skin,u, = W - fig 0. 10 < 4a> oev/107 - 62

The water-content dependence of three key thermal param-

: =0.78AT. (7)
eters can be described as [21]

In a similar fashion, it can be found that at= ¢ and

p=(6.16-10"2W 4 0.938) ! (33) ¢ =100, ATi00-, is equal t00.35AT-. Thus, relatively high
c=25W 417 (3b) temperatures will occur at times considerably longer than the
k=p-1073(0.454W + 0.174) (3c) commonly cited 695-90@s diffusion time [24], [25] for CQ
' ' laser irradiation of skin.
where k is the thermal conductivity [W/citC]. Fig. 1 is In this paper, we set out to examine and quantify the effects

a plot of the ratiou /(pc) [see (1)] as a function of the of pulsed CQ laser radiation in a series bfvivptempera;ur_e _
tissue water content using (2) and (3a)—(3c). The absorptig}?asurements. The thermal response of skin to |rrad|§1t|on is
coefficient of water is assumed to be 848That a wavelength cpm;l)ar(_ed Ito th? extenrt] of Eupse?uent Idamagtzldeplctedd N
of 10.6sm [21]. It can be seen that an increase in tissue wat{%'lf:ssog:ccg nsae;ti'(?r;'a;]r :s Ft)hgtSIr%i rgigl}f isrtehe ISCEEZIeanIg
content results in an increaseyin/(pc). Thus, for a situation thermal a};ameters of gtJissue y P
in which (1) is valid and for a given radiant exposutg,, P '
irradiation with a laser pulse will result in a higher temperature
rise for hydrated than for dehydrated tissue. IIl. MATERIALS AND METHODS
The initial water content of viable epidermis and dermis is In vivo experiments were performed on “Fuzzy” rats (Harlan
approximately 70% [22]. The water-content-dependent opticBprague Dawley strain) anesthetized with a mixture of Ke-
and thermal properties of native skin containing 70% watémine and Rompun (4: 3 ratio, 0.1 mL/100 g body weight).
are listed in Table I. The depth of anesthesia was monitored periodically by check-
Note that the temperature change described in (1) representsheart rate, breathing rate, and the toe-pinch response. The
a maximum value for the peak surface temperature obtaineair on the backs and flanks of the rats was removed by
at the end of the laser pulse. If heat conduction, watshaving followed by application of a chemical depilator (Nair,
vaporization, or ablation occur during the pulse, then mudarter-Wallace, New York, NY).
of the deposited energy is dissipated and the peak temperaturBnesthetized “Fuzzy” rats were positioned on top of a
will be much lower than that given by (1). heating pad. Multiple 3 cnx 3 cm regions were marked on the
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Fig. 2. Sketch of the motion the operator used in performing a given scan."‘ ..
This pattern mimicked that of a recommended clinical treatment. The laserfCaliN SWQ‘:L
spot size was 3 mnx 3 mm and is represented by the small square on BEFS0 ;

the diagram. Repeat scans began at the same starting point and followed t "-_V'_ L
same pattern. .ﬁ‘%‘_«.}.‘ v

2

flanks and irradiated with a TruPulse g@ser system (Tissue i
Medical Lasers, Albequerque, NM) with a square spot size of( # _~%.
9 mn?. For the experiments, a pulse duration of 1@ and "*@*
a repetition rate of 8 Hz were used. The laser spot was raste;:? '
scanned in a continuous fashion by moving the handpiece=%=7
across the skin until the entire 9-énarea was irradiated ¥
(Fig. 2). The first row of the raster scan was irradiated by = ===+ - 27
moving the beam from left to right, then the next row was (b)
irradiated by moving from right to left, etc. The top portion_. i I .

: F:@. 3. (a) Normal rat skin. The thin epidermis (small arrow) covers the
Pf the Iase_r h_andplece was replaced by a spacer to allgWmis composed of collagen fibers that support the hair shafts and sebaceous
infrared emission from skin to reach the thermal camera. Thiands (large arrow), blood vessels (thin black streaks) and cells (small black

tip of the spacer was at the focus of the laser beam and flg): (b) Thermal Lesion. (Three passéh, = 3.9 J/cn?). Only a few
d K . di f remnants of desiccated epidermal fragments (small arrow) remain attached to
operator attempted to keep It a constant distance from tllﬂg exposed coagulated dermal surface. Round water vapor vacuoles distort

skin during each scan. Approximately 10 s were required fow epidermis and underlying superficial dermis (large dermal splits are due to

the completion of each laser pass. Radiant exposures v\fﬁ%le sectioning artifact). Thermally induced collagen hyalinization changes
. 2 . ) the collagen fibers to a dark-staining, glassy (hyaline), amorphous zone at the

e'the_r 2.4 0r3.9JcmA maX|mum f)f three raste_r Scans Wergyface (large arrow points to blue-staining boundary). The normally diagonal

applied to the same location, and time was provided after edelr shaft (arrow head) is pushed upright by contraction of thermally denatured

pass (minimum of one minute) to allow the temperature of tiiermal collagen. Cell shrinkage is not identifiable at this magnification. (H&E

. . . . . . sﬁlins. Original Magnification: 34. Bar = 100 pm.)

irradiated skin to return to a baseline level. The skin was wipée

firmly with saline-soaked gauze only after the first pass and not

after the second pass. The raster scan pattern, the numbemaiges were recorded with a Super VHS recorder and digitized

passes, and the wiping protocol were performed in accordare®l processed on a personal computer equipped with a frame

with a recommended clinically used technique. grabber.

Surface temperatures were measured during the entire irraAfter completion of the experiments, the rats were sacrificed
diation sequence with a 3+ band-limited thermal cameraaccording to procedures stated by The University of Texas at
(Inframetrics Model 600L, Billerica, MA). Images were ac-Austin Animal Care and Use Committee. The rat pelts were
quired at standard video rates of 30 frames per second (@dnoveden blog pinned to a support block, and fixed in 10%
fields per second). The image seen on the video displayffered formalin. Two representative samples for each set of
(i.e., one frame) was actually the combination of two fieldisradiation parameters were processed for paraffin sectioning;
separated in time by 16.7 ms. A close-up lens providedtlaese included a complete cross section of the irradiated region
working distance of 9.5 in and a field of view of approxand adjacent normal skin. TheBn-thick sections# = 5
imately 3 cm x 3 cm. Internal calibration of the thermalper sample) were stained with hematoxylin and eosin (H&E)
camera compensated for the presence of external optics. Bhe Masson'’s trichrome stains for light (LM) and transmission
emissivity of human skin was assumed to be 1.0 [26]. Thermablarizing microscopy (TPM).

-
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Thermal camera range = 36°C to 236°C Thermal camera range = 21.2°C to 71.2°C

1st pass . 370c

1145°C 44“(’\) 47“(1\

e o )

2nd pass A
175°k* 'y / 44°C
3 47°C
85°C e / v4
- <
3rd pass

195°C 37°C

Ty 44°C j'

(@) (b)

Fig. 4. Representative thermal camera images of pulsed @€er irradiation (2.4 J/ctn 8 Hz) of a 3 cmx 3 cm region onin vivo rat skin. Each

thermal image was obtained from a different sample. The peak temperatures can be seen in (a), and the residual elevated temperatures frorsegrevious pul
can be seen in (b). The image gray levels were inverted to improve image clarity. The rectangular-shaped shadow that can be seen in the images in (b)
is the tip of the spacer attached to the laser handpiece (see text for more details).

The following histologic markers of thermal damage were TABLE I
evaluated: 1) epidermal fragmentation and loss; 2) epidernMﬂAN PeAK TEMPERATURESMEASURED DURING RASTER ScANs (MEAN + SD)
and dermal vacuolization due to tissue water vaporization; Pass 2.4 39
3) cell and nuclear shrinkage, spindling, and hyperchroma- 219 4 25°C 335 4 25°C

sia; and 4) collagen thermal coagulation changes including
hyalinization and birefringence loss (Fig. 3).

Water-vapor vacuoles form in tissues as temperatures ap- 2 219+ 13°C 341 £33°C
proach 100°C. Rapid expansion of superheated steam in

(n=6) (n=8)

. . . (n=3) n=7)
the vacuoles will cause explosive fragmentation and loss of
desiccated tissue (“popcorn” effect). Individual cell desiccation 3 ur£10°c 3/ELT°C
and thermal coagulation of the cytoskeleton are responsible @m=3 (=3

for cellular shrinkage, spindling, and hyperchromasia. Hyalin-
ization (glass-like appearance) is thermally mediated collagen )
transformation from distinct fibers to an amorphous sheet #+ and 3.9 J/cm2 (Table 11). Using t@atest, the mean peak
denatured protein. Thermal collagen denaturation also caulggperatures measured during the first and second pass were
loss of the bright birefringence image of native collagen whélftermined to be equal = 0.49 for 2.4 J/crd, P = 0.36 for
observed with TPM. All of these histologic changes refle@9 J/cnf), whereas the peak surface temperatures measured
thermal injury [27]. during the third pass were greater than those of the second
A zone of collagen hyalinization that stained with a bluisRass lesionsK < 0.01 for both radiant exposures).
cast in the H&E slides formed the only distinct, measurable Representative examples of the thermal camera images for
border in the dermis. Thermal damage depths marked by tRRch of the three passes are shown Hy equal to 2.4
border were measured from the epidermal/dermal junctidfen® (Fig. 4) and 3.9 J/cfh (Fig. 5). The relatively large
using a calibrated eyepiece reticule. thermal camera ranges used to obtain peak temperature data
from the images depicted in Figs. 4(a) and 5(a) restricted the
temperature resolution. Therefore, native sites were irradiated
and a second set of images recorded using reduced temperature
The mean peak temperatures measured during the rastéges to resolve small temperature increases at the expense
scans reflect similar trends for both radiant exposures a@ff saturating at high temperatures [Figs. 4(b) and 5(b)]. These

I1l. RESULTS
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Thermal camera range = -101°C to 398°C Thermal camera range = 21.4°C to 71.4°C
1st pass ‘\
285°C 35°C ~ 47°C 37°C
150°C /
a9
; / g
- 44°C

{

2nd pass
- 35°C

B
¥
|

37°C

Irdipegs @\ 44°C
47C
/ 360°C /

150°C

@ (b)

Fig. 5. Representative thermal camera images of pulseg [@€er irradiation (3.9 J/cfn 8 Hz) of a 3 cmx 3 cm region onin vivo rat skin. Each
thermal image was obtained from a different sample. (a) Peak temperatures. (b) Residual elevated temperatures from previous pulses. The image gray
levels were inverted to improve clarity.

images illustrate the temperature decay due to passive skin TABLE Il
cooling. MEeAN DEPTHS OF THERMAL DAMAGE. (MEAN £+ SD)

A distinct cracking sound was heard during the first passfs 24 3.9
for both radiant exposures but was noticeably louder for the; 1949 um 39 +27um
3.9 J/cm pulses. After the first pass, a layer of powdery white o) )
debris was seen on the surface of the skin. No char formation
was visible on the skin surface. 2 30£6 um 61443 um

During the second pass, visible skin contraction occurred (n=4) (n=4)
immediately after impact of the laser pulses. After irradiation

33411 um 145 + 60 um

with 2.4-J/cnd pulses, focal regions of dark, desiccated tissue’
were visible; with the 3.9-J/ctnpulses, the irradiated areas {n=10) (n=6)
were covered predominantly with dark, desiccated tissue.

After the third pass, the surface of the skin irradiated at 2.4 11,0 depth of thermal damage demarcated by dermal col-
Jicn? was covered uniformly with brown desiccated tissu%gen hyalinization was measured from the lesion surface
whereas the sites treated at 3.9 Jcappeared dark brown (Table I1l). For a radiant exposure of 2.4 J&nthe mean
with small (approximately 1 mm in width) focal regions ofgepth of thermal damage after the second pass was greater
black char tissue. than the value after the first pag# < 0.05). However, no

Thermal images of irradiated skin recorded 33 ms [Fig. 6(agfatistical difference was found between the second pass and
and approximately 14 s [Fig. 6(b)] after the cessation of irradhird pass lesion§P = 0.24). On the other hand, for a radiant
ation show that temperatures remained elevated for duratighgosure of 3.9 J/chy the thermal damage depths measured
on the order of seconds. Skin temperatures just prior to ther the first pass and after the second pass were equal
second and third passes are presented in Fig. 7(a) and (I8),= 0.21), but the thermal damage depth after the third pass
respectively. Focal regions with temperatures below baselwas greater than that after the second p@s<0.02). The
(~25°C) were observed. The magnitude of the subnormgdermal damage measurements of three-pass, 2.4 Iésions
temperatures could not be determined from these imageg&re comparable to one pass, 3.9 Hdesions(P < 0.05).
the white false color represents regions of the target withIn general, thermal damage was found in all lesions with the
temperatures below the lowest camera range vah®1(4°C severity and extent increasing with radiant exposure and num-
in this case). ber of passes (Fig. 8). Water vapor vacuoles and fragmented
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[T

? Appfbximately 33 ms | Approximately 14 sec
| after irradiation after irradiation
65°C

§52C
25°C

32°C

Thermal camera range = 21.4°C to 71.4°C
@ (b)

Fig. 6. Thermographic images of skin cooling between passes. A radiant exposure of 39w#smsed, and the laser was set at a repetition rate of 8
Hz. Images are shown for postirradiation times of approximately (a) 33 ms and (b) 14 s. The temperatures of the last region to be irradiated [as shown in
(a)] are still higher than baseline at 14 s. The image gray levels were inverted to improve clarity.

Before the 2nd pass Before the 3rd pass

<21.4°C 25°C
25°C

<214°C

Thermal camera range = 21.4°C to 71.4°C
(@ (b)

Fig. 7. Skin temperatures just prior to irradiation (3.9 J¢r8 Hz) with the (a) second and (b) third pass. In both images, focal regions of tissue
are below the baseline temperature of °Z5. The actual temperature of these regions cannot be determined from the obtained images. The image gray
levels were inverted to improve clarity.

detachment of the epidermis were present in all lesions with IV. DISCUSSION

greater epidermal loss in the multiple-pass, higher energy-apjation of skin with CQ laser pulses has been studied
density lesions. Likewise, the number, size, and extent ®f several laboratories [15], [22], [28]. Walst al. [22] used
dermal steam vacuoles, which were present in all lesiorslinear mass loss model to relate their experimental results
ranged from a few small, scattered vacuoles in the ongith theory:

pass, 2.4 J/ck lesions to multiple 3Q:m-thick zones of

vacuoles in the three-pass, 3.9 Jichasions. Epithelial cell D =(H,— Huy)/L 8
shrinkage, spindling, and hyperchromasia were found in th . . .
epidermis and superficial adnexa, but no measurable bord\t%%sere D is the depth of ablation per pulse [Cmi IS

S : e threshold radiant exposure [JAmequired to initiate the
were present. These injuries extended deeper into the adn%%ﬂon process, andl is the heat of ablation [J/cHh From
with increasing pass number and radiant exposure. ’

anin vitro experiment on guinea pig skin, Walshal. obtained

Some thin focal patches of collagen birefringence changes, ,es of 1.09 and 4.26 kJ/énfor H,, and L, respectively.
which occur at higher temperatures than hyalinization, formedUSing (8), calculated single pulse ablation depths are 3 and
in some lesions, but were not measurable. After each of the,m for radiant exposures of 2.4 and 3.9 Jcmespectively.
three passes at 2.4 Ji€nhyalinization was present in patchesthese depths are in general agreement with incomplete epi-
along the lesion surfaces. It was sometimes difficult to distigkermal removal shown in Fig. 8 (first pass) for both radiant
guish between coagulated and normal tissue. At 3.92)/ttre  exposures. Exadh vivo ablation depths for single pulses are
band of hyalinization was fairly uniform after each pass. difficult to determine for crater depths of only a few microns.
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2.4 J/icm? 3.9 J/cm? A. Pulse Stacking

The time needed for the skin to cool after the three 3>cm
3 cm raster scans was on the order of seconds (Fig. 6). The
targeted area was divided into 100 disjoint 3 mm3 mm
subareas. Ideally, each subarea received a single pulse, and
the subsequent cooling time would be on the order of 20-40
ms [30] which is consistent with a diffusion time of 700-900
us for CO, laser irradiation of normal tissue. The operator
attempted to move the laser in a continuous sweep across the
area to minimize overlapping pulses, but superposition of the
temperature fields was clearly visible during analysis of the
thermal images.

Further evidence of pulse stacking is that during each scan, a
wide range of peak temperatures was noted. Some of the peak
temperatures shown in Figs. 4(a) and 5(a) have magnitudes
which differ by more than one standard deviation from the
mean peak values recorded during the raster scans (Table II).
We were not able to achieve a consistent measured temperature
with each pulse because of the pulse stacking. In reality, the
overlapping of pulses led to a wide range of temperatures and
regions that required long periods of time [several seconds, as
seen in Fig. 6(b)] to return to a baseline temperature.

One
Pass

Two
Passes

Three o
Passes i

243° C

B. Thermal Response of Skin

CO;, laser ablation of skin is considered to be largely

Fig. 8. Thermal lesions in rat skin. Epidermal and dermal water vap@yater dominated [26], [29], [31]-[33]. Although water has a
vacuole formation, epidermal fragmentation with detachment, and dermal s '

collagen hyalinization (arrows) become more prominent and uniform wi 0|I|ng point of 100°C at atmospherlc pressure_, pe"flk surface
an increased number of laser passes and higher radiant exposures. The t@geperatures well above 10@C were measured in this study;

splits in the dermis are artifacts. [H&E stains. Original Magnificationx31 this was due to the rapid superheating of the intracellular
Bar = 100 pm]. . . . .
water vapor and tissue desiccation. Temperatures associated
with ablation are not confined to the boiling temperature of
The ablation depths at low radiant exposures reported Water at atmospheric pressure [29], [31], [33].
Walsh et al. [22] are average values for a sequence of 130 After the first pass, the &m thick stratum corneum, which
pulses. is the skin’s main barrier against evaporative water loss [22],
When ablation occurs, energy provided by the laser pulf®], was removed and the underlying tissue dehydrated.
must go to: 1) an increase in local tissue temperature; Rhother mechanism of water loss was the ablation of water
increases in pressure due to tissue water superheating;itsglf; the tissue water served as the target chromophore during
latent heat of vaporization; and 4) losses associated with h€&, laser irradiation and eventually boiled off or vaporized
conduction and the kinetic energy of ablation ejecta. during the explosive ablation event. Water evaporation and
If all of the energy associated witH;;, produces sensible vaporization led to a decrease in skin water content, and hence
heat and there is no heat conduction, the surface temperatarget chromophore content; thus, the absorption coefficient
associated with the 1.09-J/énablation threshold i}, = decreased and penetration of the laser light increased after
182° using (1) and the parameters given in Table |. Threshokblation had been initiated (2).
temperatures greater than 190 indicate tissue-water-vapor The measured peak temperatures during scans (Table I,
superheating and local pressure increases [29]. Figs. 4 and 5) increased very little from the first to the second
The mean peak surface temperatures measured during ghes but increased significantly from the second to third pass.
first pass (Table 1) are higher thdiy,. Although the results of The surface of the skin was wiped after the first pass but
this study are insufficient to derive a complete energy balanemt after the second pass. Wiping the skin with saline-soaked
qualitative explanations may be useful. Some of the absorbgalize served to rehydrate the underlying desiccated layers of
energy raises the pressure of superheated vapor, increasisglie; the importance of this action will be discussed below.
both the boiling temperature and the maximum achievableAlthough the mean peak temperature measured during the
temperature. second pass was similar to the value measured during the first
Walsh et al. [22] irradiated a single spot with multiple pass for both radiant exposures, the peak temperature increased
pulses; in this study, single pulse was directed to a selected sif¢h radiant exposure. The increase in temperature with radiant
per scan. As explained in the following section, incidents @&xposure above the threshold for ablation suggested that
pulse overlap occurred during each scan, resulting in increagegortion of the heat of ablation was sensible heat. The
measured peak temperatures beydng experimentally determined heat of ablation by Wadshl.[22]
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of 4.26 kJ/ci was almost twice the latent heat of vaporization

@ 0.00020

of water of 2.25 kJ/crh E 000015 S

If the heat of ablation for the first and second passes are > ’,,,.....»ww"’“‘““’““'\
constant and (1) is a valid approximation of the temperature 2 0.000104
response, then the quantjty, /(pc) must be unchanged for the £ 0.00005 Native skin
temperature between passes to remain approximately constant. ; 0.

A lowering in local water content decreases,/(pc) g 0 20 40 60 80 100
(Fig. 1), which implies that the measured peak temperature £

: .. water content [%]
between the first and second pass should decrease. By wiping

the tissue with saline-soaked gauze after the first pass %9. Plot of thermal diffusivity as a function of tissue water content.
underlying tissue is rehydrated, and the resultant tissue water
content during the second pass may be similar to the tissue

0 0.7

water content during the first pass. If such is the case, then the g 0.6
peak temperature rise will be similar for the first two passes. 505

The absence of wiping after the second pass suggests that 2™
the peak temperature measured during the third pass should %0-4 \
be lower than that measured during the first two passes 3 0.3 Native aki
because the skin was not rehydrated by saline or by any other ~ § 0.2 e
means. However, our results indicate a marked increase inthe 5 g4
measured maximum temperature. £

L : ; . . g 0 ‘ ‘ ; !
This increase in radiometric surface temperature is related £
0 20 40 60 80 100

to char formation, which represents burning of tissue and for-
mation of microregions of charcoal. It is known that complete water content [%)]
desiccation of skin may result in the formation of char, anglg. 10. Plot of thermal conductivity as a function of tissue water content.
there is evidence that this phenomenon is associated with
superheating of nucleation sites. Video imaging by Verdaas- . )
donk et al. [32] and thermal imaging by Torres [35] indicatet?Ie specific heat of char has been estimated to be 0.67
nucleation sites that reach 35 and ignite during CW argon ¥/%/°C [41], or nearly six times less than the specific heat
laser ablation of aorta. of normal skin (Table I). A decrease in the heat capacity
The char that formed had a higher absorption coefficiefgdu@! topc) results in a corresponding decrease in the amount
than that of skin, which resulted in greater absorption & Volumetric heat deposition [J/cih required to increase
incident laser light [33]. Chylelet al. [36] performed studies the tissue temperature by °C. The heat capacity of char
on mass concentration of carbon particles in the atmosphe@harCenar 7 0.34 J/c?/°C) is approximately ten times
Using 10.6xm radiation, they derived the following equatiorf€Ss than the heat capacity of normal skin (3.52 3j6i@).
for the specific absorption coefficieat[m?/s] of carbon as a Thus, there will be a rapid increase in temperature for a given
function of the volume fractions of carbon particles in the @mount of heat deposition. If the tissue has been dehydrated
atmosphere by previous laser pulses, energy previously required for water
vaporization heats the tissue to excessive temperatures of
o = C(100¢)~" (9) approximately 350C. This decreased heat capacity results
o ] in a corresponding lowering of thermal diffusivity [Fig. 9,
where ¢ and D are empiricall determined constart§’ = increased thermal relaxation time (4)], and prolonged periods
491_, D = 1.98). By assuming that char consists completely %t increased temperatures.
solid carbon, = 1.0; thus,o = 0.054 m?/g for char. _ Thus, in these experiments, desiccated or charred tissue at
~ Ishimaru [37] described the following relation for determing,g g rface after the second pass acted as a heat reservoir for
Ing yq If o is known subsequent irradiation, which led to a significant increase in
fio = Co (10) tissue surface temperature and finally to an extended zone of
thermal necrosis. We hypothesize that the increase in peak
whereC is the molar concentration [mol/L] of the substancgurface temperature observed between the second and third
of interest. By using the char assumption stated in the previdi@sses was due to the presence of desiccated tissue that was
paragraph,C =~ p. Assuming that the density of char isnot removed prior to the third pass. Rehydration of the skin
approximately that of amorphous carbdn = 1.95 g/cn® surface after each pass would minimize or avoid excessively
[38]), a char absorption coefficient of 1053 thresults, high peak temperatures and subsequent large thermal damage
which is almost twice the value of the absorption coefficiemones.
of native skin (Table 1). The same absorption coefficient can The relationship between thermal conductivity and tissue
be calculated using (9) and the equations presented by Hafgter content calculated using (3) is shown in Fig. 10. The
and Querry [39]. decrease in local thermal conductivity due to tissue dehy-
The density of charred tissue is approximately one-halfation has been noted in previous studies [29], [31], [32].
the density of native skinpe... ~ 0.5 g/cn?) [40], and The observed peak temperatures follow closely the events
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associated with a decreasing thermal conductivity: as theen associated with gross observations of ablation of the
thermal conductivity decreases, the heat conduction rate to thegmal portion of skin [4], but thermally induced collagen
surrounding tissue decreases, and continued irradiation leadstraction is due solely to denaturation of collagen proteins
to a rapid increase in the surface temperature until burniagd dehydration of the tissue.
and charring events occur [29]. A study by Lasket al. [17] has examined the use of cryo-
Surface temperatures were monitored prior to each scgen spray cooling and laser irradiation for inducing collagen
Before the second and third passes, the temperatures of certaintraction in the dermis without removing the epidermis.
regions of the irradiated area were below the baseline tempefae results of our study have demonstrated that collagen
ture of 25°C (Fig. 7). This temperature depression was notexntraction is possible without removing the entire epidermis.
also by Harriset al. [16] during thermal camera measurement€ollagen contraction is estimated to occur at temperatures of
of in vivo human facial resurfacing. They attributed thi®5 °C-62°C [45] and results in tissue contraction. Therefore,
phenomenon to the loss of the stratum corneum and subleat conducted from the irradiation site to the dermis probably
guent evaporation of extracellular water, which resulted is responsible for the perceived contraction of the skin.
convective heat loss at the tissue surface. Jaffe and Walsh [34]
monitored the surface water flux with an evaporimeter after V. CONCLUSION
laser- and scalpel-induced lesions and correlated the decreaﬁﬁ summar . -
. ) T y, during clinically based raster scans of pulsed
in water flux with the reepithelialization of the wounds an(&o2 laser skin irradiation, peak temperatures approaching
found the two measurements to be in good agreement. Th '

guantitative measurements of water flux through the surfa}ﬂB0 C were measured. The importance of wiping with wet

of the skin after CQ laser resurfacing may provide importanﬁguze after each pass was stressed; the moisture from the gauze

o . . . rehydrated the underlying surface layer and thus partially
insights into the dynamics of GQaser wound healing. restored the target chromophore at 10m8. Although the time

between pulses was greater than the thermal relaxation time
C. Tissue Removal of the skin, temperature superposition effects were apparent
The results of Walsh and Deutsch [22] suggest that a radigite to pulse stacking during laser skin resurfacing scans. The
exposure well over 20 J/cmwould be required to remove net result of elevated temperatures was an extended zone of
the complete epidermis (6&xm) with the first laser pass; thermal necrosis, which could lead ultimately to an increased
clinically, radiant exposures range between 3.5-7.12as].  risk of scarring and delayed wound healing.
Thus, ablation cannot be the only mechanism involved inlt is extremely important that the clinician chooses an
determining the total resurfacing depth. appropriate repetition rate to avoid pulse overlap. Lasers
In this study, ablation depths at low radiant exposurésjuipped with computer-pattern generators operate by overlap-
could not be identified conclusively from an acute histologic#ing pulses during a single scan; the ablation rate and thermal
analysis; removal of epidermal tissue may have been dd@mage zones of these lasers require further study.
to tissue dehydration effects, ablation, or both. Ultimately,
the injured tissue sloughs off, and the depth of damage is ACKNOWLEDGMENT

determined in chronic wound healing studies [42]. HOWeVer, 1o 4thors thank Tissue Medical Lasers for providing the

the results of our study indicate that three passes of §Rer system, and Drs. T. Milner, J. Walsh, D. Harris, and S.
J/cn? did not remove the epidermis entirely even after Wipingvaues for their insightful comments and suggestions.
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