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Abs t rac t .  The relationship between photothermal damage to blood vessels of diameter, d, and 
laser pulse duration, tp, was verified in a series of studies using the chick chorioallantoic 
membrane (CAM). A total  of 879 individual CAM blood vessels (d=50-130~m) was irradiated, 
using a laser pulse duration of 0.45 or 10 ms. Laser-induced vascular damage was observed in 
real time, recorded o n  videotape, and evaluated in a double:blind fashion. Permanent damage 
was confirmed by inspection 24 h after laser exposure. Under the conditions of this experiment, 
only when laser pulse durations are approximately equal to the estimated thermal relaxation 
times (~) of the CAM microvessels can the critical core intravascular temperature, necessary to 
destroy vessels irreversibly, be achieved and sustained for sufficient time. Shorter pulse 
durations are more effective for damaging smaller blood vessels; conversely, longer pUlSe 
durations are more effective for damaging larger diameter vessels. 

INTRODUCTION 

The pulse duration of laser exposure (tp) 
governs the spatial confinement of heat and 
should, in principle, match the thermal relaxa- 
tion time (T) for the targeted port-wine stain 
(PWS) blood vessels, x is defined as the time 
required for the core temperature, produced by 
the absorbed light energy within the target 
blood vessel, to cool to one-half of the original 
value immediately after the laser pulse (1). The 
value for ~ is directly proportional to the 
squared diameter (d) of the targeted PWS 
blood vessel and inversely proportional to the 
thermal diffusivity [x=d2/16X, where X is the 
thermal diffusivity (taken here to be that  of 
water, 1.4 • 10- 7 m 2 s -  1)]. PWS blood vessel 
diameters vary on an individual patient basis 
and even from site to site on the same patient, 
over a range of 10-200 ~m (2). For blood vessels 

with diameters of 50, 90 and 130~m, x has 
calculated values of 1.1,  3.6 and 7.6ms, 
respectively. 

Only when laser pulse durations are 
approximately equal to �9 can the critical core 
intravascular temperature, necessary to 
destroy large PWS blood vessels irreversibly, 
be achieved and sustained for s u f c i e n t  
time. If longer pulse durations are employed 
(tp >>~), heat diffuses outside the vessel during 
exposure. The target specificity is reduced, 
resulting in thermal damage to skin struc- 
tures adjacent to the heated vessels. Con- 
versely, if too short a laser pulse is used 
(tp ~ ~), peak intravascular temperatures 
produce explosive vaporization of tissue 
water, or photoacoustic transients, which 
can result in vessel rupture. In such cases, 
repair mechanisms may revascularize the 
PWS (1). 
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MATERIALS AND METHODS 

The relationship between photothermal  dam- 
age to blood vessels of diameter, d, and laser 
pulse duration, tp, was verified in a series of 
studies conducted in our laboratory using the 
chick chorioallantoic membrane (CAM) (3). 
The CAM vasculature is located in a transpar- 
ent matrix (4); this allows direct measurement 
of individual blood vessel diameter, visualiza- 
t ion of blood flow, and real-time observat ion of 
photothermal  effects on blood vessels, such as 
vessel dilation, constriction, haemostasis and 
rupture,  using light microscopy (30 x ). Thus, 
the influence of the pulse durat ion of laser 
exposure in relationship to individual CAM 
blood vessel diameter can be studied con- 
veniently without having to perform light 
microscopic histopathology. 

The protocol for CAM preparat ion was a 
modification of a previously described tech- 
nique (5). Sterile Teflon O-rings were placed on 
the surface of the CAM, each demarcating a 
location where individual blood vessels were 
clearly visible and to which the laser beam was 
directed (3, 6). 

A flashlamp-pumped pulsed dye laser 
(Candela, Wayland, MA) was used for whole 
field multiple-vessel i rradiat ion and delivered 
pulses of durat ion tp=0.45ms (wavelength, 
X=585 nm). The beam was focused to a 5-mm- 
diameter circular spot of uniform light inten- 
sity. The optical energy density incident on the 
CAM was varied between F=3  and 6 J cm 2 
per pulse. 

A continuous wave (CW) argon-ion pumped 
dye laser (Coherent, Palo Alto, CA) was used 
for single-vessel i r radiat ion and delivered 
a maximum power of 1.4W focused to a 
0.5-ram-diameter circular  spot of uniform light 
intensity. The CW laser was pulsed with a 
mechanical  shut ter  and delivered pulses of 
durat ion tp=10ms (X=585nm), yielding an 
energy density of 7 J c m -  2 per pulse. 

Individual CAM blood vessels [d=50 (small), 
90 (medium), 130 ( large)•  10/~m] were irradi- 
ated, using a laser pulse durat ion of 0.45 or 
10 ms. Each vessel was exposed three times at 
the same site, keeping the time interval  
between sequential exposures at 30 s, so that  
the subsequent radiat ion interacted with a 
vessel that  had cooled down to ambient tem- 
perature.  Laser-induced vascular damage was 
observed in real  time, recorded on videotape, 
and evaluated in a double-blind fashion. The 
damage listed in Fig. 1 is composed of vessels 
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Fig. 1. Cumulative probability of individual CAM blood 
vessel damage following laser irradiation with tp=0.45 ms 
( , ) ,  F=3-6  J cm -2 (688 vessels); or tp=10 ms (E]), F=7 J 
cm 2 (191 vessels). 

exhibiting: (i) slight damage (vasodilatation/ 
vasoconstriction, temporary occlusion); (ii) 
moderate damage (haemostasis); and (iii) 
severe damage (haemorrhage). Permanent  
damage was confirmed by inspection 24 h after 
laser exposure. Chi-squared tests using step- 
wise logistic regression analysis were used to 
assess the statistical significance of laser pulse 
duration, vessel diameter, and, in the case of 
the 0.45 ms pulse duration, fluence. 

RESULTS AND DISCUSSION 

Figure 1 presents the measured probabili ty of 
individual CAM blood vessel damage follow- 
ing laser i r radiat ion with tp=0.45ms (688 
vessels) or tp = 10 ms (191 vessels). Blood vessels 
with diameter 50 • 10/~m showed significantly 
more damage (p<0.0001) when exposed to the 
0.45 ms pulse durat ion than to the 10 ms expo- 
sure. Conversely, blood vessels with diameter 
130 • 10/~m showed significantly more damage 
(p<0.0001) when exposed to the 10ms pulse 
durat ion than to the 0.45 ms exposure; 85% of 
blood vessels with diameter 130 + 10#m were 
not damaged at all by the 0.45 ms exposure. 
Furthermore,  fluence, in the case of the 0.45 ms 
laser, was not  statistically correlated with 
blood vessel damage; for example, for F=3,  4, 5 
and 6 J  cm 2 per pulse, blood vessels with 
diameter 50•  10/~m were damaged after a 
single 0.45 ms pulse in, respectively, 43%, 45%, 
40% and 45% of examples. 

Figure 2 shows the calculated in t ravascular  
temperature  change, AT, of a blood vessel, 
as a function of d, when exposed to a pulse 
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f i g .  2 .  Calculated intravascular temperature change, AT, 
ol a blood vessel, as a function of d, when exposed to a 
laser at 585 nm with a pulse duration of 0.45 ms ( ), 
F=3 J cm-2; or 10 ms ( - - - ) ,  F=7 J cm 2. 

dura t ion  of 0.45 or 10 ms. The ca lcu la t ions  t ake  
into accoun t  hea t ing  caused by absorp t ion  of 
I I~e laser  energy  0v=585nm) inc ident  on a 
blood vessel. In a cy l indr ica l  vessel of lumen 
diameter  d, lying a long the y-di rect ion and 
exposed over  length  l to a col l imated l ight  
beam propaga t ing  in the  z-direction, the  net  
absorbed energy  is 

Q A  ~ f 
( ' d / 2  ( ' 2 .  ~(d/2) e x 2 

dY I dx t Fp,e-"~ 
d / 2  ~ 0 

(rr/2)Fld [I 1 (t~,d ) - L 1 (IG d )] 

(1) 

Here  F (J cm s) is the  inc ident  energy  fluence; 
ld is the t a rge t  a rea  in te rcep t ing  the l ight  
beam; ~a=/G()v) is the  absorp t ion  coefficient of 
blood; I 1 and L1 are, respect ively ,  the first- 
o rder  modified Bessel and S t ruve  funct ions  (7) 
which  have  been  t abu l a t ed  (8). This resul t  
represen ts  the inc ident  opt ical  energy  
absorbed by a cyl inder ,  s i tua ted  pe rpend icu la r  
to the d i rec t ion  of l ight  propagat ion .  The 
cyl inder  vo lume conta ins  a homogeneous  
absorber ,  e.g. blood charac te r i zed  by an 
absorp t ion  coefficient/A a (585 nm)= 170 cm 1 or 
/t a (577 nm)=430 cm 1 (9). Blood has a r a t h e r  
large absorbance  at )v=585nm and for 
d>100/~m (uad>l.7),  more  t han  70% of 
the l ight  inc ident  on the  upper  surface  of 
the  vessel is absorbed.  

Cooling caused by the rma l  r e l axa t ion  of the 
blood vessel is ca lcu la ted  as energy  which  
diffuses out  of a vessel exponen t ia l ly  as a 
func t ion  of time, so tha t  for t>t', 

dQ(t,t,)=dQa(t,)e-(t c)/~ (2) 
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Here  dQA(t" ) denotes  the inc rementa l  amoun t  
of opt ical  energy  absorbed in the exposed 
lumen dur ing  dt' at  t ime t'; dQ(t,t') denotes  the 
cor responding  the rma l  energy  af ter  the  t ime 
in te rva l  (t - t'). The  the rma l  energy  remain ing  
in the vessel a t  t ime t is found by in tegra t ing  
equa t ion  (2) over  the du ra t ion  of the laser  
pulse, 0< t '< t  v. The resul t  is 

Q =QA(r/tp)[I _ e t/~], t <tp (3) 

To a first approximat ion ,  the energy  q requi red  
to hea t  blood in a vessel of length  I is given as 

q = pclrc(d/2)S(Tf - Ti) (4) 

Here  p is the mass densi ty  ( l g  cm a) a n d c i s  
the specific hea t  of  blood (4.2 J gK 1) t aken  to 
be equal  to the cor responding  values  for water;  
T~ and Tf denote,  respect ively ,  the t empera tu re  
before (30 ~ and immedia te ly  a f te r  the laser  
pulse. Equa t ing  absorbed energy  Q wi th  coagu- 
la t ion  energy  q gives the desired re la t ionsh ip  
of AT= T f -  T i versus  the blood vessel d iameter  
d for the two pulse dura t ions  tp (Fig. 2). It  
should  be no ted  tha t  the fluences used in the 
model  were p rac t i ca l  va lues  avai lable  f rom the 
two commerc ia l  devices used in these studies.  
The long-pulse exposure,  tv=10ms  ( F = 7 J  
cm s per pulse) causes  a mono ton ic  tempera-  
tu re  rise, AT, wi th  vessel d iameter  d, up unt i l  
d=130#m.  For  la rger  d, AT decreases  as 1/d. 
In contras t ,  for tp=0.45ms ( F = 3 J  cm 2 per 
pulse), AT reaches  its maximum at a smaller  
diameter ,  d = 50 Hm. We assume tha t  A T >  50 ~ 
is requi red  to r e ach  t empera tu re s  sufficient to 
p roduce  coagula t ive  necrosis  of the blood 
vessel wall  (10). 

F igure  2 confirms the observat ions  of Fig. 1 
tha t  shor te r  pulse dura t ions  are more effective 
for damaging smal ler  blood vessels; con- 
versely,  longer  pulse dura t ions  are more  effec- 
t ive for damaging  la rger  d iameter  vessels. In 
conclusion,  exper iments  in the CAM demon- 
s t ra te  t ha t  se lec t ion  of the cor rec t  pulse dura- 
t ion  of laser  exposure  is c rucia l  to successful  
blood vessel des t ruc t ion .  Only when laser  
pulse dura t ions  are  approx imate ly  equal  to the 
the rmal  r e l axa t ion  t imes of the t a rge ted  PWS 
blood vessels (t~) ~ r) can  the cr i t ical  core  intra-  
vascu la r  t empera tu re ,  necessary  to des t roy 
vessels i r revers ibly ,  be achieved and sus ta ined 
for sumcient  time. 

Current ly ,  on ly  a small p ropor t ion  of 
PWS pat ien ts  undergo ing  laser  t h e r ap y  obta in  
100% fading, even  af ter  undergo ing  mul t ip le  
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t reatments  (11). The principal reason for poor 
clinical results has been inadequate heat  gen- 
erat ion within large PWS blood vessels (9). The 
0.45 ms pulse durat ion employed in state-of-the- 
art  flashlamp-pumped pulsed dye lasers is too 
short to reach and sustain over sufficient time 
the critical core intravascular  temperature  
necessary to destroy large PWS blood vessels 
irreversibly. Improved therapeut ic  outcome in 
many PWS patients is expected from the devel- 
opment of laser systems with pulse durations 
over a range of 0.25-15 ms (3, 9). Such a laser 
system, with a flexible user-specified pulse dur- 
ation, is current ly  under development at the 
Universi ty of California. Furthermore,  non- 
invasive optical and thermal sensing tech- 
niques are being developed in our laboratory 
which may be used as a means to determine 
directly the diameter of individual PSW blood 
vessels (12 14). This, in turn, will allow the 
at tending physician to select the pulse dura- 
t ion of laser exposure to be delivered tha t  
matches the thermal  relaxation times of the 
targeted vessels on an individual patient  basis, 
appropriate over the time course of therapy. 
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