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1 Introduction

Successful laser treatment of port wine st@W9 birth-
marks in human skin is based on selective thermal damage t

Abstract. We report on application of pulsed photothermal radiom-
etry (PPTR) to determine the depth of port wine stain (PWS) blood
vessels in human skin. When blood vessels are deep in the PWS skin
(>100 um), conventional PPTR depth profiling can be used to deter-
mine PWS depth with sufficient accuracy. When blood vessels are
close or partially overlap the epidermal melanin layer, a modified
PPTR technique using two-wavelength (585 and 600 nm) excitation is
a superior method to determine PWS depth. A direct difference ap-
proach in which PWS depth is determined from a weighted difference
of temperature profiles reconstructed independently from two-
wavelength excitation is demonstrated to be appropriate for a wider
range of PWS patients with various blood volume fractions, blood
vessel sizes, and depth distribution. The most superficial PWS depths
determined in vivo by PPTR are in good agreement with those mea-

sured using optical Doppler tomography (ODT). © 2004 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1784470]
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face for an appropriate period of tinfeens of milliseconds

cooling remains localized in the epidermis while leaving the
olemperature of deeper PWS blood vessels unchanged. Selec-

the targeted blood vessels. The ideal laser treatment should!Ve €ooling allows subsequent laser heating to raise the PWS
cause irreversible thermal injury to the PWS vessels without temperature above the threshold for permanent blood vessel

injuring the overlying epidermis. Due to melanin absorption, photocoagulation, while minimi.zing epidermal injury. The ef-
heat produced in the epidermis, if not controlled, may cause ficacy of C,SC depends primarily on selection of the cryogen
serious injury, resulting in permanent complications such as SPUt duration and delay between the spurt and laser pulse.
hypertrophic scarring, dyspigmentation, atrophy, or indura- Accurate knowledge of PWS depth on an individual patient

tion. Recently, cryogen spray coolif@SC was introduced basis would provide the necessary information to determine

to cool selectively and protect the epidermis from thermal theP?Jﬁ);Z?jaLﬁc?tgtr?grunzta?ur;aJiigpn:tn(;’I(Dj?fgyis A noncontact
damagé=* When a cryogen spurt is applied to the skin sur-
g yog P PP method for depth profiling of layered materi&isPPTR has

been used to determine the depth of subsurface chromophores
in tissue phantoms and PWS blood vessels in human®skin.

*Current affiliation: Institute of Optics and Electronics, Chinese Academy of
Sciences, P. O. Box 350, Shuangliu, Chengdu 610209, China.

fCurrent affiliation: Oregon Health & Science University, Dept. of Dermatology, While conventional PPTR using one—wavelength excitation
OP06 3181 SW Sam Jackson Park Road, Portland, OR 97239. . .

*Current affiliation: Carl Zeiss Meditec, Inc, 5160 Hacienda Drive, Dublin, works well for depth determination  of deep PWS

CA 94568. (>100um), the technique fails to resolve blood vessels ly-
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ing in close proximity to the epidermal melanin layer. To ATeed2)=ATep(2) + ATpwsi(2), (1)
overcome this problem, a two-wavelength excitati@WE)

approach was recently introduced to determine the depth of&nd the.correspondi_nggPPTR signal is, due to linearity of the
superficial PWS blood vesséfsin TWE PPTR, infraredIR) PPTR signal formatiofi} composed as
emission signals following irradiation with respectively 585-
and 600-nm laser pulses are recorded sequentially from the Ssgs(t) = Sepi(t) + Spwsi(t). 2
same position. Considering that melanin absorption coeffi- At 600 nm, we assume that the temperature profile in the
cients at 585 and 600 nm are nearly equal, while those of gpigermis and its corresponding PPTR signal component are
hemoglobin in the blood vessels _dlffer by afactor_ greater_than approximately equal to that at 585 nm, since the absorption
two, PWS depth can be determined from a weighted differ- 54 scattering properties of the epidermis and dermis do not
ence between the PPTR signals recorded following excitation change significantly between the two wavelengths. However,
at these two laser wavelengthts. _ we allow that the temperature profiles in the PWS have dif-
_ Determination of PWS depth using the weighted PPTR forant shapes at 585 and 600 nm, because of the complex
signal difference is based on a first-order approximation: the i fuence of size and depth distribution on heating of indi-

PWS temperature profiles induced by 585- and 600-nm laser,;jqa| blood vessels. We write the temperature profile at 600
pulses are nearly proportional. Practically, this approximation q as:

depends on the temperature profiles in the PWS layer induced

by pulsed irradiation at 585 and 600 nm. These profiles de- _

pend on the amount of epidermal melanin, as weIIF;s size and ATeod 2)=BATep(2) + ATpwsd 2), ©
spatial distribution of the blood vessels in the dermis, which where coefficient accounts for the small amplitude differ-
determine the effective absorption coefficient of the PWS ence between the epidermal temperature profiles at 585 and
layer!>*3 Since the blood absorption coefficient at 600 nm is 600 nm**2!

lower than that at 585 nm, 600-nm light penetrates deeper into By assuming a linear relationship between the two PWS
the PWS layer. Beyond a certain depth, the induced tempera-temperature profile§ ATpywsAz) = aATpws((2)], they can
ture rise at 600 nm may become higher than at 585 nm. If the be determined by eliminating the epidermal contribution to
weighted difference between the induced temperature in- the overall temperature profifé:

creases involved in the TWE-PPTR analystsecomes nega-

tive, reconstruction of the PWS temperature profile is prob- ATses(z) —ATeod 2)/ B

lematic. To resolve this problem, we propose here an ATpwsi(2)= Ry : (4)
alternative method to determine PWS depth from PPTR sig-

nals recorded respectively following laser excitation at 585 For reasons of brevity and clarity, we omit determination of

and 600 nm. parameter and only consider the numerator of Eg),
Outline of this article is(1) depth determination of deep
PWS layers, where we compare the PPTR results with those ATpwe2)=ATsgs(2) —ATgd 2)/ B. 5

obtained with optical Doppler tomograpH®DT);}*~1 (2)
depth determination of shallow PWS layers where we analyze
the validity of the first order approximation previously de-
scribed; and(3) when this approximation is not valid, we
present a direct difference analysis method to extract PWS
depth and compare the results with those obtained using ODT.

The weighted temperature differendd py{z) in Eq. (5) is
proportional to the PWS contribution to the temperature pro-
file at 585 nm, and thus enables determination of the PWS
depth(i.e., the top boundary of the PWS lay€Fhis tempera-
ture profile can often be reliably reconstructed from the cor-
responding PPTR signal

2 Theory Spwe(t) = Ssgs(t) — Sgod 1)/ B. (6)

PPTR measures the temporal evolution of IR emission froma  When a conjugate gradient inversion algorithm is used,
laser-heated test specimée.g., human skin IR emission accurate reconstruction of the depth-resolved temperature dis-
signals are then used to reconstruct the depth-resolved temdribution constrains the solution as non-negative at all
perature distribution immediately after laser irradiation using depthst® From Eq.(5), ATpwgz) may become negative with

an inversion algorithm. PWS depth is then determined from increasing depth as laser light at 600 nm penetrates deeper
the reconstructed depth-resolved temperature distribution. Ainto the skin than at 585 nm. When the contribution of nega-
non-negatively constrained conjugate gradient algorithm was tive temperatures from deeper PWS to the weighted PPTR
found to be well suited for reconstruction of temperature pro- signal differenceSp\yqt) in Eq. (6) is negligible, PWS depth
files in laser-heated PWS human skit§2° can be reliably determined. When, howevATp4z) be-

We assume PWS skin contains an epidermal melanin layercomes negative at a short distance from the most superficial
and a single vascular layer in the dermis. The laser spot di- boundary of the PWS layer, reconstruction from the corre-
ameter at the skin surface is assumed to be large relative tosponding PPTR signal differenc@s{t) becomes unstable
the relevant thermal and optical diffusion lengths so that only and PWS depth cannot be determined accurately.
one-dimensional thermal diffusion along the defith axis is The weighted temperature difference can also be obtained
considered. Immediately after pulsed laser irradiation, the by a different method, where the temperature profiles at 585
temperature profile in PWS human skin can be expressed asand 600 nm are independently reconstructed and then used in
the sum of the temperature increases in epidermal and PWSEQ. (5) to computeATpywd2). As in the original approach,
layers. At 585-nm excitation, the temperature profile is optimal value of the parametg is determined by observing
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' ' ' ' ' temperature by averaging the calibrated IR signals d@#r
2r lteration Steps: | X 64 pixel region and used as input into the inversion algo-
< - 50 rithm to reconstruct the initial temperature profile. Details of
> 9F -- 100 . the reconstruction have been described previotiSly.
2 —200
S e .
'g 4 Results and Discussions
g s . 4.1 Deep PWS Layer
s A PPTR measurement is first recorded on the hand of a PWS
(o A A R P - . patient where the blood vessels are relatively deep. Figure 1
00 02 04 06 08 10 12

shows the computed initial temperature profile induced by a

Depth (mm ) laser pulse at 585 nnfpulse duration: 1.5 ms, fluence:
Fig. 1 Reconstruction of the temperature profile on a PWS site where 6_‘]/C”_?)! reqonstructgd with the non-negative conjugate gra-
the epidermal and PWS layers are well separated. The iteration num- dient inversion algorithm and 700-Hz frame rate. Although
ber is 50 (dotted line), 100 (dashed line), and 200 (solid line), respec- the maximum temperature of the PWS layer varies slightly
tively. when the iteration number is changed from 50 to 200, the

reconstruction is stable and PWS depth is determined to be
~210um. To verify the PWS depth determined by PPTR,
we also measured the same area with ODT. Figu(asahd

2(b) show the structural and blood flow velocity images, re-
spectively. The red and blue areas in Fi¢h)2show respec-
tively, blood flow toward and away from the optical probe.
Assuming that the refractive index of human skin is #.the

top boundary of the PWS layer is located at a depth of
~220um, in agreement with that determined by PPTR.
3 Experimental Methods and Materials These results demonstrate that depth of deep PWS layers can
The experimental system used is the same as previouslybe accurately determined using the conventional one-
described??® The ODT apparatus and experimental proce- wavelength PPTR method. Due to limited ODT signal-to-
dure were described in detail elsewh&é’ Both PPTR and  nhoise ratio, no PWS blood vessels below 400 are ob-
ODT measurements are performed on two PWS patients. Theserved.

first and second patients have a Ig¢skin type I) and high

(skin type IV-V) epidermal melanin concentration, respec- .

tively. In PPTR measurements, a PWS site was irradiated with -2 Shallow PWS Layer with Low Blood Volume

two sequential pulses separated by approximately 1 minute, Fraction

the profilesA Tpy<(z) obtained with differen.**?* With the
optimal B, the epidermal temperature rise minimized, without
inducing a negative temperature difference in the epidermal
region. In principle, this direct difference method should be
applicable to PWS lesions with arbitrary blood vessel size
distribution and volume fraction.

delivered from a tunable pulsed dye lagéandela, MA. The When the PWS layer partially overlaps the epidermal melanin
first pulse is at 585 nm and the second one at 600 nm. Thelayer, application of the one-wavelength PPTR method is
laser pulse duration is 1.5 ms and the fluence is 8 décnf. problematic and the two-wavelength approach is appfied.

At this fluence, no significant epidermal damage is observed Figure 3 shows the results obtained from the arm of a PWS
for both patients. The frame rate of the IR focal plane array patient with shallow blood vessels. PPTR signals following
camera is 400 or 700 frames per second. For each measure585 and 600 nm excitation, respectively, are recorded at a
ment, 500 frames of IR emission are recorded. Each PPTRframe rate of 700 Hz. The laser fluence used at both wave-
signal is determined from approximately 450 to 470 frames lengths is 5 to6 J/cnf and the pulse duration is 1.5 ms. Op-
recorded after pulsed laser irradiation by subtracting the back-timal reconstructions of the corresponding temperature pro-
ground level. Each frame is reduced to a single radiometric files (Fig. 3) are obtained using the non-negatively

Fig. 2 ODT images of the same PWS site shown in Fig. 1. (a) Structural image. The top bright line is the glass/skin interface. The scale bar represents
200 um. (b) Flow velocity image.
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. ) ) Fig. 4 Temperature profile reconstructions from another PWS site,
Fig. 3 Reconstructed temperature profiles on a PWS site where the where the PWS layer partially overlaps the melanin layer, and the

PWS layer partially overlaps the epidermis (irradiated at 585 and 600 weighted difference with the optimal 3 value (8~ '=0.88). The itera-
nm), and the weighted difference A Tpys(2) (solid line, labeled PWS- tion step is 30 at 585 and 9 at 600 nm.

1). The iteration number is 5 and 6 at 585 and 600 nm, respectively.
The dashed line labeled PWS-2 represents the profile reconstructed

from the weighted PPTR signal difference Spys(t). The iteration num- . e . . .
o o 8 Pvs (refer to Fig. 3, indicating a high blood volume fraction in

this patient's PWS layer. The 585-nm profile presented in Fig.

4 is obtained with 30 iteration steps, although no significant
constrained conjugate gradient algorithm at iteration numbers difference is observed when the iteration number changes
5 and 6, respectively, as determined using the L-curve regu-from 15 to 40. At 600 nm, the optimal profile is obtained with
larization method. 9 iteration steps as determined using the L-curve method. The

PWS depth can be determined directly from the recon- direct difference method can be used to determine a PWS
structed temperature profiles by using ES). In this direct depth of approximately 6@um (Fig. 4; 3~ 1=0.88), in good
difference method, the optim# value is determined by ob- agreement with the valué~70 um) determined from an
serving the weighted temperature differenc€py ) in Eq. ODT image(Fig. 5 recorded at the same skin site. The red,
(5) and ensuring that the epidermal temperature rise is mini- blue, and surrounding dark areas show the blood vessels.
mal and non-negative. The resulting temperature profile Compared to Fig. 2, the size of the blood vessels in this pa-
(B 1=0.74 is representedFig. 3 by the solid line labeled tient is larger than those in the first patient, indicating a rela-
PWS-1. tively high overall blood volume fraction.

Using the original TWE method, the PWS temperature The previously developed analysis is inappropriate to de-
profile is reconstructed from the weighted PPTR signal differ- termine PWS depth of this particular lesion. As seen in Fig. 4,
ence Spydt) [Eq. (6)]. The optimal solution is determined the weighted temperature differenc&®Tpy{2z) becomes
using the same approach and criterion as above, while alsonegative at positions deeper thar00 um. The correspond-
observing the convergence of the iterative reconstruction with ing PPTR signalA Spy,(t) is shown in Fig. 6a) (solid line),
different 8 values?! The optimal 8 and corresponding tem-  and the corresponding reconstructions with different iteration
perature profilgdashed line labeled “PWS-2" in Fig.)3are steps are indicated in Fig.(l§. Due to the influence of the
equivalent to that determined with the method described negative temperature at deeper positions of the PWS layer, the
above. The good agreement between results obtained withreconstruction from correspondingSp\ygt) diverges with
both methods indicates that both approaches can be used foincreasing iteration number, preventing reliable determination
PWS depth determinatiofr60 wm). In this example, nega-
tive temperature difference iATpywqz) is nonexistent or
very small and any adverse effect @ydt) is therefore
negligible.

Depth { mm )

4.3 Shallow PWS Layer with High Blood Volume
Fraction

In some PWS lesions, a significant negative temperature rise
can occur in the weighted temperature differedcEpy, o 2)

[Eg. (5)] at moderate skin depths. Figure 4 shows the tem-
perature profiles at 585 and 600 nm, respectively, recon-
structed from measurements on the second PWS patient, as
well as the weighted temperature difference obtained by using
the direct difference method with optimg@l~! value. The
applied laser ﬂuen_ce 8 J_/CTT?, and the fram? rate used to Fig. 5 ODT image of the same PWS site as in Fig. 4. The white line
record the PPTR signals is 400 Hz. The maximum PWS tem- shows the glass/skin interface. The red, blue, and surrounding dark
perature at 585 nm is much higher than that of the first patient areas show blood vessels. The scale bar represents 200 um.
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Fig. 6 (a) Weighted PPTR signal difference Spys(t) with 871=0.88
(solid line) and the PPTR signal corresponding to the positive part of
Spws(t) (dashed line). (b) Reconstructions corresponding to the former
Spws(t) [the solid line in (a)] with varying iteration steps, showing
divergence. (c) Reconstructions corresponding to the PPTR signal
shown by the dashed line in (a), showing convergence.

of the PWS depth. To further demonstrate this effect, we cal-
culate the PPTR signal corresponding to the positive part of
the temperature difference in Fig. 4 and then reconstruct the

temperature profile. The recorded PPTR signal is represented

by the dashed line in Fig.(8), and the matching reconstruc-
tions are presented in Fig(d. With the negative part of the
temperature difference eliminated, the reconstruction con-
verges with large iteration numbers.

5 Discussion

The results show that when a significant negative temperature
difference occurs iNMATpy{z), only the direct difference
method is appropriate to extract the PWS depth. Validity of
the direct difference method is based on precise reconstruc-

Accurate measurement of port wine stain . . .

tion of the temperature profiles at both wavelengths. The qual-
ity of the reconstruction depends essentially on the SNR level
of the PPTR signal and the smoothness of the actual profiles.
Studies using simulated data show that with sufficient SNR
level, a smooth temperature profile can be reconstructed with
satisfactory accuracy.

We note the two-wavelength excitation method is also ap-
plicable to cases of deep-lying PWS, though in fact it is not
necessary since the conventional one-wavelength PPTR
method provides sufficient accuracy to determine the PWS
depth, as demonstrated in Sec. 4.1.

6 Conclusions

We have analyzed the determination of PWS depthvivo
using PPTR and compared the results to those determined by
ODT. In situ measurements on patients show that when the
PWS layer lies deep in the sk{p>0.1 mn), the conventional
one-wavelength PPTR profiling method can be used to deter-
mine the PWS depth with sufficient accuracy. When the PWS
layer lies in very close proximity to, or partially overlaps, the
epidermal melanin layer, PWS depth can be determined by
using the two-wavelength excitation approach. Due to the in-
fluence of the negative temperature difference on the recon-
struction, the previously reported data processing technique,
involving reconstruction from a weighted PPTR signal differ-
ence, is inappropriate for all PWS lesions with arbitrary blood
vessel size distributions and volume fractions. The direct dif-
ference approach, utilizing the weighted difference of the tem-
perature profiles reconstructed independently at the two wave-
lengths, is, in principle, appropriate for any PWS lesion,
providing that precise reconstruction of individual tempera-
ture profiles is possible. The PWS depths determined using
TWE-PPTR are in good agreement with those measured by
ODT.
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