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Treatment of port wine staitPW9S birthmarks in human skin by pulsed laser irradiation requires
the knowledge of the maximum epidermal temperature rise and PWS depth for an attending
physician to select the optimal light dosage, irradiation wavelength, and cryogen spray cooling spurt
duration on an individual patient basis. Pulsed photothermal radionieR¥R is a promising
technique to provide such information. In this article, computer simulations are performed to
evaluate the performance of PPTR depth profiling of the laser-induced temperature rise in PWS. An
iterative, non-negatively constrained conjugate gradient algorithm is used to reconstruct the
laser-induced temperature profile from simulated PPTR signals. Human skin is assumed to contain
an epidermal melanin layer and a single homogeneous PWS layer in the dermis. The influence of
structural, experimental, and algorithm parameters on the temperature profile reconstruction are
discussed. Accuracy of the maximum epidermal temperature rise and PWS depth determined from
the reconstructed profiles is statistically analyzed. The simulations show that when the melanin and
PWS layers are physically discrete, a good reconstruction can be obtained and the maximum
epidermal temperature rise and PWS depth can be determined with accuracy sufficient for the
intended clinical application. Measurements and reconstructions from PWS patients are performed
and the results are in agreement with the simulations.2004 American Institute of Physics.

[DOI: 10.1063/1.1753671

I. INTRODUCTION 595 nn) produces a complete fading of PWS only in a se-
lected population of patienfsWe believe that this happens
primarily because of the inability of the physician to select

PWS show a normal epidermis overlying an abnormal plexugptimal treatment parameters on an individual patient basis.
of dilated dermal blood vessels, as shown in Fig. 1 Epider-seleCtion of treatment parameters for each patient should be

mal melanin concentration, blood vessel size, distributior?@S€d on determination dft) maximum epidermal tempera-
along the depth direction, etc., are important anatomical an#!re rise immediately after laser irradiation due to melanin
physiological characteristics that vary on an individual pa-absorption; and2) PWS depth. Knowledge of the maximum
tient basis, and even from site to site on the same patiengpidermal temperature rise allows the physician to determine
The pulsed laser can coagulate selectively PWS by inducinthe maximal light dosage for PWS destruction while avoid-
microthrombus formation within the targeted blood vessels.ing epidermal damage. Knowledge of PWS depth is needed
The treatment of PWS by principle of selective photo-to determine the optimal irradiation wavelength and cryogen
thermolysis (e.qg., using a pulsed dye laser operating at 585-spray cooling(CSO spurt duration applied prior to laser
irradiation. CSC selectively cools and protects the epidermis
Present address: Institute of Optics and Electronics, Chinese Academy §fom thermal damadé and has increased the therapeutic
Science_s, PO Bo_x 350, Shuangliu, Chengdu, Sichuan 610209, Chi”%fficacy of PWS laser treatme®hi. However, in order to
electronic mall: beli@ioe ac.cn aximize the benefit of CSC, determination of the optimal

bpresent address: Department of Dermatology, OP06, 3181 SW Sam Jacl! :
son Park Road, Oregon Health & Science University, Portland, OR 97239spurt duration and delay between the spurt and laser pulse

Port wine stainPWS is a congenital, progressive mal-
formation of human skif=* Histopathological studies of

0034-6748/2004/75(6)/2048/8/$22.00 2048 © 2004 American Institute of Physics



Rev. Sci. Instrum., Vol. 75, No. 6, June 2004

Pulsed photothermal profiling of PWS 2049

general limitations of PPTR profiling, and Smithiesal >

Melanin
~ Epidermis discussed the limits on the position determination of a single
\: & @ ® ® °® o0 discrete laser-heated subsurface chromophore, there has been
)/\./\._7\. no detailed analysis of PPTR on human skin containing both
an epidermal melanin layer and subjacent PWS layer. Since
Demi @D epidermal melanin absorption is inevitably present in PWS
L,. a» skin and limits laser treatment efficacy, determination of both
PWS - maximum epidermal temperature rise and PWS depth is im-
Blood portant in clinical implementation of PPTR. The present
Vessels study addresses the accuracy of maximum epidermal tem-
Subcutaneous Tissues perature rise and PWS depth determination using PPTR
depth profiling in presence of an epidermal melanin layer.

Using computer simulations, we analyze the influence of
structural, experimental, and algorithm parameters on PPTR
temperature profile reconstruction. Specifically, the maxi-
requires knowledge of both PWS depth and epidermamum epidermal temperature rise and PWS depth determined
thicknesst® from the reconstructed profiles are statistically evaluated and

Pulsed photothermal radiometfiyPTR"*?is a noncon- compared to the simulation input values. The purpose of
tact method for obtaining information on the spatial distribu-these simulations is to determine the optimal experimental
tion of the temperature rise in a substrate following pulsecParameters for practical measurements on PWS patients. Re-
laser irradiation. PPTR has been used to measure the subs@enstruction of the temperature profiles from PWS patients is
face temperature distribution in laser-heated BWS by  also presented and compared to the simulated results.
measuring the temporal evolution of infrardé&) emission
from human skin. Using an inversion algorithm., P.PTR sig—”' EXPERIMENTAL SETUP
nals are used to reconstruct the temperature distribution im-
mediately after laser irradiation. From the reconstructed tem- The experimental setup designed for temperature profil-
perature profile, the maximum epidermal temperature ining of laser-heated PWS skin was described in detail
crease, epidermal thickness, and PWS depth can be deteisewher&®”? and is schematically shown in Fig. 2.
mined3-2° Preliminary result§$~'8 have demonstrated that Briefly, pulsed laser radiation coupleddna 1 mmdiameter
PPTR is a very promising tool for determination of PWS multimode optical fiber is delivered onto the target after
geometry in human skin and may eventually enable physibeam expansion by a handpiece and reflection by a micro-
cians to optimize PWS laser treatment on an individual paprism. IR emission from the target is collected by a lens and
tient basis. imaged onto a liquid nitrogen-cooled 28856 InSb focal-

One obstacle to clinical implementation of PPTR depthplane-array camer&Galileo; Amber Engineering, Goleta,
profiling is that the involved inverse problem is severely CA). To obtain a high acquisition rateip to 1800 Hz only
ill-posed!® meaning that the reconstructed temperature proa 64x64 pixel subwindow is used to record the IR emission
file is not unique, and is very sensitive to measurement noisén the 4.5-5um spectral rang&’ A sequence of 500 IR
For reconstruction of the laser induced profile, an effectivamages is acquired in each measurement. For determination
inverse algorithm and appropriate regularization strategyf temperature depth profileaveraged over a skin surface
must be used® From previous research performed at ourarea of 1.%X1.9 mnf), each IR emission image is laterally
institution, we determined that an iterative, non-negativelyaveraged to yield a single radiometric signal value for that
constrained conjugate gradient inversion algorfthiwith frame. The resulting time-dependent radiometric signal
early termination regularization, is an effective method forAS(t) is used as input for an inversion algorithm to recon-
reconstructing the laser-induced temperature rise in humastruct the depth resolved initial temperature rise following
skin PWS'1® While Sathyam and Pratll have reviewed pulsed laser irradiation.

FIG. 1. Histopathology of human skin with PWS.

Optical Pulsed Laser Source

Trigger
Source

FIG. 2. Schematic diagram of experi-

IR- FPA mental setup. MP: microprism. IR—
- FPA: Infrared focal plane array. A/D:
l‘ : analog-to-digital converter.

Image Acquisition
and Storage

PWS Skin



2050 Rev. Sci. Instrum., Vol. 75, No. 6, June 2004 Li et al.

Ill. THEORY AND MODEL 12 — 7 T

The simulated skin model contains an epidermal melanin
layer and a single homogeneous PWS layer in the dermis
Absorption of pulsed laser irradiation takes place in both
layers due to the melanin in the epidermis and hemoglobin in~ gL
blood vessels in the dermis. The laser spot diameter on th@
skin surface is assumed to be large relative to the thermag
and optical diffusion lengths so that only one-dimensional 2
thermal diffusion along the deptfe) axis is considered. g
Pulsed laser irradiation produces a temperature rise in they 4} -
skin and, consequently, an increase in IR emission. The rely 5
sulting PPTR signal is given by a Fredholm integral of the &
first kind'*

10+ .

As(t):LK(Z't)AT(Z't:O)dZ*”(t)* @) 0 e T oz 03 o4  os

whereAT(z,t=0) represents the temperature rise inside the'® Time (s)

skin immediately after pulsed laser irradiation at¢,t) is 20 . T x T . 7 r T
the kernel function. The noise term(t), an inherent com-
ponent in IR detection process, is taken as a zero-mean
Gaussian distributed function. The variance of the noise dis-
tribution is determined by the signal-to-noise rai@\R) of

the PPTR signal:

SNR=(AS(t))/{n?(t))¥?, 2

where( ) represents time average.
The profile of the laser-induced temperature rise in PWS%
skin is determined by density, size, and spatial distribution of &
blood vessels in the dermis, as well as the effect of thermal§ 5L 4
diffusion during laser irradiatioritypical pulse duration for ]
PWS laser treatment is-1 mg. Even though the laser- s u
induced temperature profile may vary dramatically among 2
PWS patients, no sharp edges would actually be present it 0 - 0‘2 L 0'4 . 016 Y 10
the temperature profile, due to the combined effect of gradua ’ ) ) ’ )
onset of vascular network in PWS layer, lateral averaging(®) Depth (mm)
.Over the_l._9<1.9 mnf skin ar(.aa’ and thermal dlﬁu_SIOn du_r- FIG. 3. Simulated temperature rise profile, corresponding PPTR signal, and
ing irradiation. In contrast with most earlier studies, which reconstruction(a) calculated PPTR signal with a SNR of 1a8) simulated
used discrete, box-like heated layers with unrealistic sharprofile (dashed lingand a typical reconstructiotsolid line) obtained with
edges#1®>212ye therefore assume a hyper-Gausg$ianin 100 iterations.
Eq. (3) is larger than 1 blood distribution in the PWS
layer®23 We further assume that the temperature rise in th
epidermal melanin layer has a hyper-Gaussian prpfilein
Eq. (4) is larger than 1 The model temperature profile im-
mediately after pulsed laser irradiation is, therefore

z— 201> 2n

ay

15 5 m

re rise (K)

etersn; andn, define the profiles of the two layers ang is

&he maximum absorption coefficient. By adjusting these pa-
rameters, various realistic temperature profiles inside PWS
human skin can be simulated.

In the simulation, the PPTR signal is calculated by sub-

stituting the assumed initial temperature ridd(z,t=0)

into Eq. (1) and adding a random noise tem(t) with vari-
ance determined by an assumed SNR vake. (2)]. The
PPTR signal is represented by 491 values at time points de-
B termined by the selected acquisition rate. Subsequently, the

AT(z,t=0)=ATy- exp{ - (

+ATgy «(2) exp{ - foza(z')dz’

o
_ ° “noisy” PPTR signal is input into a non-negatively con-
with strained conjugate gradient algorithm to reconstruct the ini-
72— 795\ 2" tial temperature profile. In the reconstruction algorithm, the
a(Z)=a0'eXL{ — % } (4)  temperature rise in the most superficial 1.0—-1.5 mm of skin

(depending on PWS depths sought at 128 uniformly
Here, ATy, and ATy, represent the maximum temperature spaced nodes. If the reconstruction process develops instabil-
rise in the epidermal and PWS layers, respectively, wdjle ity it is regularized by early termination using the L curve
a, andzy;, Zy, represent the thickness and central position ofmethod*?* In this method, the Euclidean 2-norms of the
the epidermal melanin and PWS layers, respectively. Paramieconstructed temperature proflaT("| is plotted versus
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0.0 0.2 0.4 0.8 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
(a) Depth (mm) Depth (mm )
25 ' ! ’ ! ! ) ! FIG. 5. Simulated(solid line) and reconstructed temperature profiles ob-
tained with 150 iterations. The assumed PWS depth is approximately 0.2
mm. Dashed line represents the mean profile and the two dotted lines rep-
20} 7 resent the mean profile plus/minus standard deviation.
) - D=0.11mnf/s, IR absorption coefficient of skinur
3 =26.5mm %2 and heat-loss coefficient at the skin/air in-
‘; terfaceh=0.03 mnm 1.1* The reconstructed temperature rise
2 N obtained after 100 iteration steps is represented by the solid
g line in Fig. 3b).
£ i In the following section, we analyze the influence of
= various parameters on the temperature profile reconstruction
and determination of the maximum epidermal temperature
rise and PWS depth. Since the reconstruction process is sen-
. | , | , | , N , sitive to the specifics of random noise in the PPTR signal,
0.0 0.2 0.4 0.6 0.8 1.0 the calculation is repeated 25 times for each simulated tem-
(b) Depth ( mm) perature profile, to allow statistical evaluatigmean recon-

structed profile and standard variahcé the results.
FIG. 4. Simulatedsolid lineg and reconstructe@lashed linestemperature
profiles obtained with@ 50, and(b) 5 iterations. Central position of the
PWS layer is 0.35 mm and PWS layer partially overlaps the epiderma
melanin layer. The reconstruction is repeated 25 times. Dashed line repr V. SIMULATION RESULTS

sents t_he mean profile an the two dotted lines represent the mean profijg_ Influence of PWS depth
plus/minus standard deviation.
Since PWS depth varies on an individual patient

basis!™* we investigate how PWS depth affects the recon-
that of the residual vectofAS—KAT(™| for increasing struction. In the simulations, the parameter values used to
number of iterationgn). The iteration number that corre- compute the PPTR signal are the same as those used in Fig.
sponds to the corner of the resulting curve, which often re3, except for the central position of the PWS layer. The re-
sembles the letter [refer to Fig. 7 in Sec. Y, is selected as sults show that the reconstruction is very sensitive to PWS
optimal. If the reconstruction converges up to a large numbedepth. When the PWS layer is close to the heated epidermis,
of iterations, however, the process is terminated when thescillation builds up in the reconstructed temperature profile
difference between the computed and simulated PPTR sigt early stages of the iteration. Figure 4 shows an example
nals ceases to change between successive iterations, or aivhere the epidermal melanin and PWS layers partially over-
pre-set number of iteration steps. lap (with zy,=0.35mm). The reconstructions averaged to

As an example, Fig. (@) shows a PPTR signdframe  obtain the mean profile presented in Figa)dare overiterated

rate 1000 Hz, noise term: SNRLOO), corresponding to the and unstable solutions, resulting in a large standard devia-
model temperature profile represented by the dashed line iton. To prevent oscillation, the reconstruction process must
Fig. 3(b). The following parameter values are assumed in thée regularized. We apply the early termination approach and
simulation: ATy;=15K, ATy,=20K, a;=0.025mm, a, use the L curve technique to determine the optimal number
=0.3mm,n;=2,n,=6, ag=4 mm !, z,=0 mm, andzy, of iterations:*>?*The profile shown in Fig. ) was obtained
=0.43mm. Other parameters are: skin thermal diffusivitywith five iteration steps—an optimal number as determined



2052 Rev. Sci. Instrum., Vol. 75, No. 6, June 2004 Li et al.

20 — T tively large iteration number and the reconstruction con-
verges toward the simulated profile. This characteristic depth
is a complicated function of many structural and experimen-
tal parameters, such as PPTR signal SNR, magnitude of the
epidermal temperature rise, epidermal melanin layer thick-
ness, and PWS layer profile. According to the results of our
simulation, the characteristic depth becomes deeper with de-
creasing SNR, increasing melanin layer temperature rise,
larger epidermal melanin thickness, and sharper edge of the
PWS layer. With the previous parameter values, the charac-
teristic depth is approximately 0.1 mm. Provided that the top
boundary of the PWS layer is deeper than 0.1 mm, a recon-
struction can be obtained that is very close to the simulated
profile. Figure 5 shows an example of the reconstruction
with z5,=0.53 mm (PWS depth is approximately 0.2 mm
From the reconstructed temperature profile, clinically rel-
evant lesion parameters, such as the maximum epidermal
(@) Depth (mm) temperature rise and PWS depth, can be determined with
adequate accuradyefer to Sec. IV .

Temperature rise ( K)

0.0 0.2 0.4 0.6 0.8 1.0

20 v T T T T T v T

B. Influence of acquisition rate

In theory, a high frame rate is preferable to resolve high-
frequency components of the profile, especially in the super-
ficial skin layer’* Practically, however, higher frame rates
often imply short acquisition periods, as the number of the
i PPTR signal data points may be limited by the data storage
capacity of the IR imaging system or reconstruction compu-
tation time. Consequently, if the acquisition period is too
short to record the signal contribution from deeper PWS lay-
= ers, the result may be adversely affected.

Furthermore, high frame rates limit the integration times
to collect the IR emission at each frame, which inevitably
1 > results in a reduced SNR level. For example, our IR camera
0.0 0.2 0.4 0.6 0.8 1.0 has a da'_[a readout rate of7_1|®ixels per secondZ so the total
readout time for the 6464 pixel array is approximately 0.41
ms. The detector integration time, which must be shorter
FIG. 6. Reconstruction of temperature profiles with noisy PPTR signalsthan the difference between the frame period and readout
recorded at different frame rate®) Frame rate is 400 Hz and the SNR is time is, therefore, limited to 0.25 ms at 1500 Hz, 0.5 ms at
140. Number of itera_ltion; is 5@b) Frame rate is 1500 Hz and the SNRis 1000 Hz, 1 ms at 700 Hz, and lower frame ratéstegration
70. Number of iterations is 6. times longer than 1 ms are usually not used to avoid detector

saturation). Several sources contribute to measurement noise
using the L curve method. Even though the standard devian IR detection. For all prevalent noise contributions
tion is much smaller, however, fine structures are still not(Johnson, dark current and shot ngjsewever, SNR of the
resolved in the reconstructed profile. PPTR signal is proportional to the square root of the integra-

When the PWS layer is located deeper in the skin, theion time?®
magnitude of oscillation in the reconstruction becomes Figure 6 shows the temperature profiles reconstructed
smaller and a better reconstruction can be obtained usingith different frame rates, assuming the SNR is 140 at 400
more iteration steps. When the PWS defitip boundary of Hz [Fig. 6(@] and 70 at 1500 HZFig. 6(b)], respectively.
the PWS layeris greater than a characteristic depth, no ap-Theoretically, more details would be resolved using the
parent oscillation in the reconstruction occurs up to a relahigher frame rate. However, the associated reduction in SNR

15

T e sisar-T

-

10

Temperature rise ( K)
1

(b) Depth (mm)

TABLE I. Comparison of simulation results obtained with different SNR values in PPTR si¢gmaisber of
iteration stepsn=50). Input values are: maximum epidermal temperatureXibg,= 15 K, PWS depth-103
pm.

SNR 50 100 200 400 1000

*ATep (K) 17.7+2.1 17.0:1.2 17.3:0.7 17.0:0.6 17.5:0.5
PWS depth(zm) 91.6x6.2 90.655.5 90.0:3.1 91.6:3.2 90.7:2.8
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TABLE II. Simulation results obtained with varying number of iteration st€piSR=140).

200
Number of iterations 20 50 100 200 (SNR=280
ATegp (K) 17.8:0.4 17.2£0.8 16.6£1.0 16.5:1.4 16.3t0.8
(input value: 15 K
PWS depth(um) 84.8+2.2 91.5-3.8 95.4-5.1 99.2-6.6 98.6-3.3

(input value:~103 um)

limits the optimal reconstruction to a lesser number of iterajarge standard deviations &fTgp and PWS depth. For de-
tion steps. At 1500 Hz, the optimal number of iterations is 6termination of both parameters from a single PPTR signal,

(as determined using the L curve techniguehile no oscil-  50_100 jteration steps is thus optimal for the discussed ex-
lations in the reconstructed profile occur up to a large num-

ber of iterations at 400 Hz. The mean reconstructed profile agmple. However, if the SNR is improved by a factor oftd
i i z. u i . . ) .
: . ) . 80), 200 iterat b d with t hi
400 Hz[50 iteration steps; Fig.(8)] is thus closer to the ) lerations can be used with varnances cut rough'y

. : L in half. These results illustrate the importance of high SNR
simulated profile, and the standard deviation is also Sma"e‘évels in the PPTR signals: a high SNR level permits the use
of more iteration steps in the reconstruction process before
the adverse effect of noise takes over, and thereby improves
o _ _ ~ the accuracy of the reconstructed temperature profile.

~ The clinical aim of the discussed PPTR depth profiling  tapje 11 shows the influence of PWS depth. The recon-

in human skin is to determine the maximum epidermal M ction is terminated after 100 iteration steps. When the
perature rise 4Tep) and PWS depth. In this section, we IDWS layer depth is increased from 0.1 to 0.2 mm, the stan-
present a statistical analysis of how structural, experimenta dard deviation of the maximum epidermal temperature rise
and algorithm parameters affect these results. To reduce th

discretization error, the reconstructed profile is evaluated aqeecreases. indicating that more iteration steps could be used

256 uniformly spaced nodes. The frame rate used is 700 HYP f_urther improve the mean value. For PWS_ de_;_)th determ-
and the corresponding SNR is 140 unless specified othepation, the relative error does not change significantly with
wise. The remaining parameter values are the same as us#fput depth, and amounts to 6%-7%. The behavior of the
in Fig. 3, except for the parameter varied in a particular teststandard deviation is similar to that of the epidermal tem-
Table | presents the results obtained with varying SNRperature rise; decreasing for PWS depth up to 0.2 mm, and
and a fixed number of iterations£50). When the SNR is stalling thereafter. It is worthy of mention that the results
only 50, reconstruction is overiterated and partially oscillat-presented in Table Il are obtained using a constant SNR
ing. (Four highly oscillating reconstructions were excludedlevel. In reality, however, the SNR of the PPTR signal would
from the analysis becauskeTgp and PWS depth could not decrease with increasing PWS depth, as the average PPTR
be determined.The results show that increasing SNR from sijgnal amplitude decreases for PWS located deeper in the
50 to 200 decreases the standard deviatiom\@gp and  skin. When the PWS layer is in close proximity to or over-
PWS depth by a factor of 3 and 2, respectively. No furtheqaps the epidermal melanin layer, determination of PWS

significant improvement in the standard deviation is ob-depth becomes difficult. In such a case, a two-wavelength

served for either parameter above SNEOO. It is important approach may be a more accurate methc;d to determine PWS
to note, however, that the differences between the mean d%—e {2627
termined values and corresponding input values are not sig- pAécuracy of PWS depth determination is also influenced

nificantly reduced with increasing SNR. :
Table Il presents the results obtained with different num-PY the smoothness of the edges in the PWS temperature pro-

bers of iterations and a fixed SNR of 140. The mean valueflle, determined by parameter, in Eq. (4). Sharp edges
of both reconstructed parameters approach the input valuggnnot be resolved due to inherent bandwidth limitations of
as the number of iterations increases, but the standard deviBPTR depth profiling. In accordance with previous studies,
tions also increase. With 200 iterations, the reconstruction igve found that the error in PWS depth determination in-
overiterated and partially oscillating, resulting in relatively creases with increasing, value.

C. Determination of maximum epidermal temperature
rise and PWS depth

TABLE IIl. Statistical simulation results obtained with different PWS depths.

PWS Depth

(um) (input) ~103 ~203 ~303 ~403
ATep (K) 16.6+1.0 16.6:0.5 16.0:0.5 16.3:0.5
(input value: 15 K
PWS depth(um) 95.4+5.1 189.3-3.4 284.2+3.2 377.7%3.1
(reconstructed
Mean reconstructed 0.926 0.933 0.938 0.937

depth/input depth
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0.0 0.2 0.4 0.6 08 1.0
0.0 0.2 04 0.6 08 1.0
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36 . . . .
! ! ' ' FIG. 8. Reconstruction of a PWS site where the epidermal melanin and
PWS layers are well separated. The numbers of iterations aredted
line), 100 (solid line), and 200(dashed ling respectively.
vations are in good agreement with the simulation results
= presented earlier.
S a5t .
§ VI. DISCUSSION
-
f)\o‘ ] In summary, selection of the optimal acquisition rate de-
pends primarily on noise level in the IR detection system and
N=5 dimensions(and thermal diffusivity of the sample. For op-
a4 timal depth profile reconstructions, the frame rate must be
“r ) high, providing the required spatial resolution, yet selected to
P — (') 1' : é yield PPTR signals with a suitably high SNR and acquisition
periods long enough to detect the radiometric signal from
(b) LOG {H KAT-S 1)

deeper parts of the object. For the discussed experimental
FIG. 7. Temperature profile on a PWS site where PWS layer overlaps thsystem, we find that the optimal frame rate for depth profil-
epidermal melanin layeXa) Reconstructions of the temperature rise with ing in PWS human skin is around 700 Hz.
Qiffer_ent n_umbers of iterationgb) L curve indicates the optimal number of From the presented results, PPTR enables determination
iterations is 5. of PWS depth with an error of 6%—7%vhich amounts to
just 20 um at PWS depth of 0.3 mmwhen the epidermal
and PWS temperature profiles do not overlap. Since the de-
pendence of the optimal CSC spurt duration and laser pulse
delay on PWS depth is quite wedkthis error margin is

~ PPTR measurements were performed on several skigjinically acceptable for selecting the optimal clinical param-
sites from one PWS patient. Figure 7 shows one reconstruGsiers for PWS treatment. Another parameter affecting the
tion where the epidermal melanin and PWS layers arggjection of CSC parameters is epidermal thickness, which
overlapping®® Figure 7@ presents underiterateth€3) 0 can also be determined from the same reconstructed
overiterated reconstructions € 10). From Fig. Tb), which  qfiles® The maximum epidermal temperature rise, which
presents the corresponding L curve, the optimal number of determined with a lesser accuracy10%), on the other
iterations is 5, determined from the corner of the L curve.hand, serves mainly as an estimate of the maximal permis-
Although the maximum epidermal temperature rise can bgjple jrradiation dosage, but is not used directly in the deter-
estimated from the reconstructed profile, PWS depth cannghination of treatment parameters. Clinically, the maximal
be determined. permissible dosage would usually not be applied in PWS

On another PWS test site, where blood vessels ar@eatment, as good acute response of the lesion can be

deeper in the skin, well below the epidermal melanin layerachieved at significantly lower dosages.
the reconstruction is very stable and the result insensitive to It is worthy of mention that only random signal noise
the number of iterationéFig. 8). Both the maximum epider- was considered in the simulations. In practice, many system-
mal temperature rise and PWS depth can be determined aatic errors can also contribute to inaccuracy of temperature
curately from the reconstruction. These experimental obseprofile determination. These sources include imperfect syn-

V. PWS PATIENT MEASUREMENTS
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