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r.uosnuapreter | PUISEd Laser-Induced Thermal
sermard Choi | DDamage in Whole Blood

Gracie Vargas
An investigation of the effects of laser irradiation with a wavelength of 532 nm and pulse

Karen M. McNally duration of 10 ms on whole blood was performed in vitro. Threshold radiant exposures
for coagulation were quantified and transient radiometric temperatures were measured.

A. J. Welch The progression of effects with increasing radiant exposure—from evaporation to

coagulation-induced light scattering to aggregated coagulum formation to ablation—is

Biomedical Engineering Program, described. Results indicate that coagulation and ablation occur at temperatures signifi-
The University of Texas at Austin, cantly in excess of those assumed in previous theoretical studies. An Arrhenius rate
Austin, TX 78712 process analysis based on hemoglobin data indicates good agreement with experimental

results.[S0148-073(00)00902-X]

1 Introduction studies centered on the effect of CW laser radiation on morpho-
. . . _Jlogical changes in erythrocytes and the release of hemoglobin

Therma_ll coagu_latlon of blood constituents may play a s'gmfil,lG,lZ. Halldorssor 15] recorded temperatures with a thermal
cant role in a variety of therapeutic laser applications such as

selective destruction of vessels in the skifl, retina [2], and Smera during CW Nd:YAG laser irradiation of whole blood. This

: - . ! - study indicated that evaporation played a significant role in sur-
gastrointestinal tradt3], as well as tissue welding] and achiev- face heat loss and coagulum formation.

ing hemoste_\sigs]. I_-Iowever, there remains a lack of quantitative Verkruysse et al[14] documented changes in transmission and
data regarding optical and thermal effects of blood photocoagu|%

i dicularly for | | the order of t £ mill flection of pulsed dye laser liglih=586 nm, which they at-
olcr)lg’spoarrlg::sary or faser puises on the order ot tens of milliS€Ggi, ted to temperature-dependent variations in absorption. Other

recent studies documented the development of pulsed laser-

Lasgr-indgced .blOOd vessel necro_sis, or_selective phowthﬁ{duced coagulation in albumen—essentially a water-ovalbumin
molysis, typically involves the absorption of light by hemoglobings 14 percentsolution[18,19. In these investigations, thermal

amage produced an increase in light scattering and a coagulum
‘Which, for higher radiant exposures, adhered to the optical fiber

optical coherence tomograpHCT) [6] and confocal mMicros- ciyated adhesive in “laser-tissue welding” studjds20].
copy[7], pulsed laser irradiation has been shown to produce co-
agula in the lumen of cutaneous vessels in vivo. As radiant expo-1.2 Predicting Thermal Damage in Blood. The standard
sure H,) levels increase, these coagula increase in size, fillimgethod of mathematically quantifying thermal damage in biologi-
the lumen and causing vessel occlusion, which can lead to neceat tissue involves using the Arrhenius rate process equation,
sis. These results, and the inability of present optical-thermehich describes a unimolecular rate procgzb-23:
models to predict them, underscore the need for a greater under- c(0) ¢ E
standing of the effect of pulsed laser irradiation on blood. Q(t):m(_t :AJ exp( _ RTat

1.1 Background. Blood plasma is comprised primarily of ® 0 ®
water (91 percentand proteins(7 percent, 7.3 gm/dLsuch as where() is the thermal damage coefficiefdimensionless C is
albumin (4.5 gm/dD) and globulin(2.5 g/dD) [8,9]. The primary the concentration of molecules in the native stais,time (s), A
protein component of the erythrocytes is hemoglobld—-16 is the frequency factofl/s), E, is the activation energgl/mole
gm/dL of whole blood, although a smaller quantity of proteinsrequired to initiate the chemical transformatigrotein denatur-
such as spectrin comprise the cell membranes. ation), R is the universal gas consta(@.31 J/mole/K, andT is

Thermally induced biochemical and morphological effects itemperaturéK). The damage threshold for tissue necrosis is com-
blood have been investigated previously. As blood is exposedrtmnly selected a§)=1.0 (a damage concentration of 63 percent
heat, the normally biconcave red blood cell assumes a biconvex a unimolecular systemWhen performing an Arrhenius analy-
shape, then forms a spherocytd]. Partial membrane fragmen- sis, the threshold is assumed to correspond with an experimental
tation occurs, resulting in a loss of hemoglobin. Finally, the menendpoint—typically a visible increase in light scattering, which
brane disintegrates into globules, which aggregate to form a mestakes the tissue appear whf4]. It should be noted that this
and the release of hemoglobin is compleféd,12. The thermal technique may vyield differing results depending on the endpoint
damage to the membrane is attributed to conformational changesl detection method used.
in erythrocyte membrane structural proteiffs3]. These alter-  Rate process coefficients for blood constituents, bulk skin, and
ations have been shown to induce an increase in scattéaing arterial tissue from the literature are presented in Table 1, along
A=632 and 1064 ninand absorptior{at \=586 and 1064 ni with the threshold temperatures for coagulatidg,), for a 10 ms
although the change in absorption may result from de-oxygenatisiep change in temperature. These data were calculated using the
of hemoglobin, and thus be highly wavelength-dependefallowing relation derived from Eq(l):

dr 1)

[10,14,15. e
Several in vitro studies involved continuous wal@W) irra- To= a )
diation of whole blood, blood constituents, or phantoms. Early " R(INA+Int)

) ) o o The relationship betwe€eh, and temperature step duration is also
Contributed by the Bioengineering Division for publication in tl@URNAL OF

BIOMECHANICAL ENGINEERING. Manuscript received by the Bioengineering Divi- graphe.d in Fig. 1 fQI’ selected tissue property qata from Table 1.
sion June 14, 1999; revised manuscript received November 18, 1999. Associatd>revious theoretical models of vascular Ie§|on treatment have
Technical Editor: M. Toner. generally assumed threshold blood coagulation temperatures of
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Table 1 Arrhenius rate process coefficients of blood constitu- eral seconds—it has not been noted to have any effect on heat-
ents and related biological materials and corresponding induced denaturation in blood proteifts4,10. When necessary,
threshold temperatures calculated for a 10 ms, constant- vials were placed in a refrigerator for overnight storage and re-
temperature exposure. Asterisks indicate  E, determined from  y,-haq {0 ambient temperature the following day. All blood was
data in the present study. used within 36 hours of withdrawal. Gentle agitation was per-

E. To(°C) formed to achieve a homogeneous distribution of blood constitu-
Material A(1/s)  (kJ/mole for =10 ms Source ents. For open-cuvette irradiations, blood was mixed in the vial,
- dispensed to the cuvette, and irradiated within 30 s. For spectro-
8
L Bulkskin  31x10%® 628 67 [25] photometer(glass cuvette irradiations, blood was agitated within
2. Arterial tissue 5.6x 10°3 430 91 [35] - . . "
5 the closed cuvette immediately before irradiation.
3. Erythrocyte  6.8x 10° 249 160 [36]
membrane Data have not been corrected for losses due to specular reflec-
4. Erythrocyte 103 212 109 [17] tion. For the thermal imaging setup, the handpiece was oriented at
membrane . an incident angle of-22 deg(from perpendicularand an open
5 EI’SV'”? serum 3.2x10°° 379 90 [20] cuvette was useth,;= 1.0, Np00q= 1.33, thus producing specular
6. Dvalbumin s8x167 385 89 [25] reflection of 2.0 percent. For OCT imaging and transmission mea-
7. Hemoglobin  7.6x107® 550 100 [37] surements, the incident angle was 0 deg, and an enclosed cuvette
8. Hemoglobin 76x10P° 455 93 [13] was used, resulting in a specular reflection of 4.3 percaint
9. Whole blood 7.6x10f6 434 76 *(Hy=3.6J/cny) 9lass and glass—blood interfaces, wheggs<= 1.5).
10. Whole blood 7.6x 10°° 448 88 *(Hp=4.4 Jler)

2.1 Thermal Imaging and Thermal Damage Calcula-
tions. Radiometric temperature measurements were performed
using an Inframetrics 600IA=3-5 um, band-limited thermal
camera. Radiation emitted from a sampbe the blackbodywas
reflected off of a standard first-surface mirror to accommodate a
horizontally oriented detector. Calibration curves for several tem-
perature ranges were obtained using a variable temperature black-
body (Ealing Electro-Optics, Model BB1001-6AVhen recording
high radiant exposure events, the camera was set for wider tem-
perature ranges, thus necessitating the use of calibration curves,
which maximized the accuracy at high temperatures at the ex-
pense of accuracy at lower temperatures. The spatial resolution of
the camera was approximately 0.1 mm. In calculating temperature
from the measured emissive power, the emissivity of blood was

120

100 +

80 1

60

- Bulk skin [Henriques, 1947]
- Bovine serum albumin [McNally, 1998]
-+ Erythrocyte membrane [Flock et al., 1993]

Threshold Temperature ( °C)

40 T _s+ Hémoglobin [Lepock et al., 1989] assumed to be equal to that of water0.96).
-o- Whole blood (Hth = 3.6 J/cm2, present study) Temperature measurements through the center of the beam spot
—*- Whole blood (Hth = 4.4 Jem2, present study) were taken using the camera’s line-scan mode. This method pro-
% ' ' ' ' ! ‘ vided acquisition of a single line of spatial data at a rate of 8 kHz,
0.0001 0001 001 01 1 10 100 1000 5nd thus a temporal resolution of 125. However, the line scan
Exposure Time (seconds) mode also introduced several problems that limited the continuity

of measurement: The scale bar and time code, which could not be
as a function of exposure time, using Eq.  (2), the rate process removed_ from the video display,_ blocked several lines of data;
data in Table 1, and assuming step changes in temperature. fly-back in the camera resulted in a loss of 3.5 ms of data for
Symbols are for identification purposes only and do not repre- every field(each 16.5 ms Thus, transient temperature distribu-
sent specific data points. tions at the center of the beam were measured in temporal seg-

ments and a continuous data set was reconstructed by averaging

data from several discontinuous events.
60°C—80°C. These values are based on studies involving exposur@uantitative estimation of thermal damage was achieved by
durations on the order of seconds or greater and a study of porc@w@luating the Arrhenius equation using radiometric temperature
bulk skin burns[25], which is commonly cited in the literature data and rate process coefficients for bulk Ji26] and Hb[13].
[1,26,27. Therefore, the purpose of this is study to investigate tfdumerical integration of this relation was performed at each
validity of these threshold temperatures and rate process coel25-us time step using the trapezoidal method.
cients through quantification of the thermal and optical effects of
pulsed laser-induced irradiation of blood.

Fig. 1 Threshold temperatures of skin and blood constituents

2.2 Optical Coherence Tomography Imaging. An OCT
system used previously to image thermal injury in hamster blood
2 Materials and Methods vessels in vivd6] was used to determine the macroeeopic mor-
phology of coagula. The system consisted of a modified Michel-
The experimental portion of this study involved the use of thregon interferometer that measured the intensity of light back-
primary methods: thermal imagir{or transient surface tempera-scattered from specific locations within the sample. The optical
tures, optical coherence tomograplifpr coagulum morphology, source was a 1280 nm center wavelength superluminescent diode.
particularly thickness and laser transmission measurements. A single depth scan was acquired by changing the reference arm
irradiations were performed with a Coherent Versapulse VPWtgngth. Scanning mirrors were used to scan the beam laterally
clinical KTP (frequency doubled Nd:YA&Glaser with a wave- across the sample in order to construct a two dimensional cross-
length of 532 nm. A pulse durationr{) of 10 ms and beam sectional image. The OCT system had a high dynamic range
diameters of 5 mm HK,=25-6.0Jcf), 4 mm (H, (>100 dB and a spatial resolution of-20 um, laterally and
=6.5-7.5 J/crf), and 3 mm H,=8.0-13.0 J/crf) were used. axially.
Human venous blood from a healthy male donor was withdrawn Blood was enclosed in a glass spectrophotometer cuv2tte
and placed in vials containing the anti-coagulant ethylenediaminen sample path lengthagitated, then irradiated. Immediately
tetraacetic acidEDTA). While EDTA prevents thénonthermal after irradiation the sample was moved to the OCT stage and a
blood coagulation process—a cascade of chemical reactions time-dimensional image was generated. The acquisition time for
volving clotting factors and fibrin formation that occurs over sevan image consisting of 200 depth scans was approximately 20 s.
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2.3 Transmission Measurements. Transmission measure- 160

2
ments were performed to quantify the effect of laser-induced op 12 Viem
tical changes. The glass spectrophotometer cuvette was filled wit® 140 )
blood. A photodetector below the cuvette recorded the intensity 0 @ 120 10 Jfom
the alignment beani\=635 nm). A circular aperture 6 mm in £ 8 Jjem®

diameter was placed between the cuvette and the photodetector g, ;g - 5 Vem’
remove highly scattered light. The output from the photodiode §
was captured by a digital oscilloscopEektronix TDS 6404 and :
transferred by disk from the oscilloscope to a personal computel§
Although a high-pass filter was used to minimize the effect of & 60 3 Vet
the KTP laser and flash lamp, the signal from the alignment bearz
was overwhelmed by stray light during the laser pulse, making it
impossible to obtain transient data during the pulse. Therefore, th 5, : ‘ : , :
intensity of transmitted light ak=635 nm was measured before 0 5 10 15 20 25 30
and after the KTP laser pulse. These two values were compared
determine the change in transmission due to coagulation.

ic T

80 1 4 Yem®

i ¢

40 A

Time After Onset of Laser Pulse (ms)

Fig. 2 Radiometric temperature distributions for a point near
3 Results the center of the laser beam (A=532; 7,=10ms) for six differ-
ent radiant exposure levels
3.1 Observations During Open-Cuvette Irradiations. As
the radiant exposure was increased from 2.5 3/tfor a pulse
duration of 10 mj no visible changes were noted until 3.6 Jcm
when the blood surface appeared to be slightly discolgnét- 10
ened. At H,=4.4J/cn? a thin, light-gray disk about 8 mm in 12 Jem?
diameter, consisting of fine particlésoagulated blood compo- . 8 - <
nents, was produced. The disk became irregular as it disperseCi 6 ,
and appeared to dissolve when the cuvette was agitatedH For &0 10 J/em
>4.4J/cni, this disk became increasingly visible, then began t= 4 3 Tfem?
aggregate at a radiant exposure of 8.0 3lcAt H,=10J/cnf, & it

an -
the thin(~100 xm) coagulum could be removed from the cuvette g / 5 J/em?
with forceps. Although ablation—explosive vaporization identi g O
fied by an audible acoustic transiefstopping soung[14] and & 2] ~
fragmentation of the otherwise disk-shaped coagulum—was noi g 4 J/em
at H,=11J/cni, it did not occur with every pulse untiH, E -4
=13J/cnf. Ablation typically involves vapor-pressure-driven @ -6 3 J/om?
bubble expansion and subsequent collapse, both of which (g2
cause material ejection or other forms of mechanical dama¢ -8 1 (a)
Limited experimental data were collected for radiant exposur: -10 - 1 , :
greater than 10 J/chulue to the occurrence of ablation events the
caused adverse results such as cuvette fracture. 0 5 10 15 20
Nonablative evaporation was detected by suspending a gl
slide ~1 cm above the blood. As the radiant exposure increase Time After Onset of Laser Pulse (ms)

the first noticeable changat H,=2.7 J/cn?) was an accumula-
tion of a thin layer of condensatidilear liquid droplets assumed 10

to be watey on the slide, appearing soon after the laser pulse a 12 Jfem?, 8 J/em?
disappearing after a few seconds. The apparent thickness of = 8 1

droplet layer increased steadily with,. An attempt to quantify ?ﬂ 6 - 10 2 5 Jem?
blood mass loss due to evaporation, using a scale with sensitiv & Jem

on the order of tens of micrograms, was unsuccessful due to a I~ 4 1 4 Jjem®

€

signal to noise ratio.

=1
®
3.2 Temperature Measurements and Damage Predictions. § 0
The temperature reconstructions for a point near the center of _ 2 A 3 Jem®
beam are shown in Fig. 2. Each curve represents an average ®
data from 10-15 irradiations. The standard deviation for poin & -4 1
near the temperature peak wag°C for H,=3 J/cn?, increasing 2 -6 -
to =5°C atH,=12 J/cni. Initially, the rate of temperature rise = 3 |
was proportional to the radiant exposure. For lower radiant exp B
sures(3-5 J/cm), this rate did not change significantly unless -10 - T T .
temperatures exceeded 70°C. However, for higher radiant exj
sures(8—12 Jicr), deviation from the initial rate of temperature 0 5 10 15 20
ngogd not appear to be significant until temperatures approact Time After Onset of Laser Pulse (ms)
Predictions .Of transient thermal dama_ge a_lccumulation basedlgg 3 Thermal damage levels calculated from radiometric
Eq. (1) and using the temperature_data in Fig. 2, and rate ProC&smperature distributions  (Fig. 2) using rate process coeffi-
parameters for HIp13] and bulk skin[25] are presented in Figs. cients for: (a) hemoglobin [13]; and (b) bulk skin [25]. Horizon-
3(a) and 3b), respectively. These figures indicate similar trendsal lines at ©=1 indicate the coagulation threshold. Note that
yet Fig. 3b) indicates much earlier coagulation ong@t=1) and  minimum and maximum values of ~ Q (10~° and 10%°) were cho-
greater damage levels than FigaB sen arbitrarily.

(b)
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<—Glass
<«—Interface

|| <—Coagulum

<—Native
Blood

© @

Fig. 4 OCT images documenting the morphology of coagulated regions of whole blood at
radiant exposures of:  (a) 4.4, (b) 6, (c) 8, and (d) 10 J/cm?. As labeled in (d), four regions are
visible (from top to bottom ): glass (black), glass—blood interface (white ), coagulated blood
(bright speckle ), and native blood (darker speckle ). The length of size bars corresponds to a
distance of approximately 200 um. The thickness of each coagulum is indicated by a pair of
thin lines. The left side of image  (d) shows the edge of coagulum. Note that the intensity of the
OCT signal in (a) is lower in the coagulum  (and higher in the native blood ) than in the corre-
sponding regions of the other images.

3.3 Coagulum Morphology. Figure 4 shows a series of syrable coagulum occurred ldt,=4.4 J/cni. The initial increase
OCT images that document the change in coagulum thicknafscoagulum thickness was followed by a regime of linear growth
with increasing radiant exposure. In these images, four layers @tecoagulum size with radiant exposure. Due to the thickness of
visible (as labeled in Fig. @), from top to bottont a dark layer the coagulg<200 um), the spatial resolution of the OCT system
of glass, a thin white layer due to the change in index of refractidn-20 um), and the high noise level associated with OCT imaging
at the interface between the glass=(1.5) and the blood r( Of Scattering media, a high level of precision was difficult to ob-
=1.33), a light, speckled region of highly scattering coagulatég'n' This variability is indicated in Fig. 5 by the error bars
blood, and a darker speckled region of native blood, which e +standard deviation
tends to the bottom of each image. 3.4 Transmission Measurements. The traces recorded by

A set of three to five images at each radiant exposute (the oscilloscope indicated a stable pre-irradiation transmission
=10ms) was used to generate the graph of coagulum thicknesseag!, followed by a large increase in transmission due to stray
a function of radiant exposure presented in Fig. 5. The first meight from the KTP laser flash lamp, and a stable post-pulse trans-

mission level. The change in transmissigore- to post-laser
pulse with radiant exposure is presented in Fig. 5. A sample size
0 2 4 6 8 10 12 of six or more was used for each data point in the graph. The data
L 100 points represent the average of the sample and the error bars
% i representthe standard deviation. At radiant exposures of 4.0

200 ooz

Jlcnt or less, the difference in transmission before and after the
laser pulse was insignificant. Ald, increased from 4.0 to 5.0
Jlent, a significant decrease in transmission occurred. For radiant
exposures greater than 5.0 Jfcrthe transmission decrease be-
came approximately linear with radiant exposure.

m Coagulum
150 1 Thickness

© Transmission

- g

4 Discussion

Transmission (%)

+ 92
M 4.1 Threshold Radiant Exposure for Coagulation. In ex-

¥
50 A
§ % | perimental studies it is often assumed that coagulation onset

Coagulum Thickness ( pm)

(2=1) corresponds to readily detectabfeisible) tissue alter-
0 B 88 ations. In this study, three different detection methods indicated
two different threshold values: visual observation indicated that
0 2 4 6 8 10 12 the threshold radiant exposurd () was 3.6 J/crf whereas trans-
mission measurements and optical coherence tomography indi-
cated thaH ,=4.4 J/cs.

Radiant Exposure (J/cmz)

Fig. 5 The effect of increasing radiant exposure on coagulum Coagumm thickness changed rapidly Wm near the thresh-
thickness (from OCT images ) and transmission of coaligned old radiant exposuré-ig. 5), whereas significant changes in trans-
laser beam (A=635 nm). Error bars represent =*one standard de- mission required slightly higher radiant exposures. The light
viation. The laser pulse duration was 10 ms. transmitted through the cuvette was moderately diffuse due to the
Journal of Biomechanical Engineering APRIL 2000, Vol. 122 / 199
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light scattering properties of native b|00(d'LS: 460 Cm’l' g ©xposure timgTable 1. This is significant since it indicates that
g=0.995. Coagulum formation may not have significantly in-both of the primary tissue components in photothermolysis require
creased the diffuse nature of the light propagating through tl#nilar temperatures to coagulate, and that these temperatures are
blood until the coagulum size reached a specific threshold. Thignificantly higher than previously assumed. The data in Fig. 1
scattering parameters of the blood coagulum may have been sigirresponding to the visual observation endpoitif, €3.6 J/cn?)

lar to that of denatured albumius~150cni®, g=0.8) [20]. If  are not in good agreement with any other data set, yet are in better
this was true, for a coagulum thickness less tha#7 um most agreement with the bulk skin data than any other material.
photons underwent a single forward-scattering event in the coagualthough our results indicate that the Arrhenius equation is
lated region, whereas thicker coagula resulted in multiple scattgisefyl in predicting post-irradiation coagulation onset for this spe-

ing events which significantly altered photon trajectory. cific case, true validation will require corroboration of transient
After the initial sharp decrease in transmission in tHg temperature and thermal damage data

=5-6 J/cm range, Fig. 5 shows a more gradual change above 6
Jlcnt. This change is likely due to the fact that the beam size was4.3 Coagulation Threshold Temperatures. By definition,
decreased from 5 to 4 mm betwedn=6 and 7 J/crh As beam specification of a threshold temperatur&,} implies a step
diameter decreased, the probability of light being transmittethange in temperature and a well-defined exposure {23}
through a fixed 6-mm-diameter aperture increased, thus reducfigrce the transient thermal processes investigated in this study do
the rate of decrease in transmission with radiant exposure. At have step temperature profiles, an Arrhenius approach indi-
other decrease in slope occurs-a J/cnf where the beam diam- cates that two temperatures are useful in describing a coagulation
eter was further reduced to 3 mm. event: an onset threshold temperatufg,J—the maximum tem-

A previous study by Verkruysse et &l4] indicated that for in perature that occurs for a radiant exposuréigf— and a transient
vitro irradiation of blood with a 0.5 ms laser pul§e=586 nm, threshold ') —the temperature at the instant of coagulation on-
the time at which coagulation onset occurs during the pulse $&t(for an event during which coagulation occurs during the laser
determined by when a radiant exposure correspondirtgyftas PUlSe.
been delivered. Although this approach is not strictly consistent!nterpolating from the data in Fig. 2, the threshold radiant ex-
with an Arrhenius analysis, the difference between the theorefiosure of 4.4 J/cfcorresponds to a maximum radiometric tem-
cally determined onset time and that predicted usingis negli- perature of 98:3°C (T,,). This result is in reasonable agreement
gible for many processes involving short laser pulses and higth the threshold temperature for a 10 ms step temperature
damage accumulation ratés1000 s ). In the present study, a change in blood constituents such as albumin and(Féble 1,
radiant exposure equivalent téy, (assuming a threshold of 4.4lines 5 and & but significantly higher than the 60°C—-80°C used
Jlcn?) was delivered for the 8, 10, and 12 J/cpulses in 5.5, 4.4, 0 predict vessel necrosis in theoretical models_of pulsed laser
and 3.7 ms, respectivelfassuming a constant irradiancend treatment of vascular lesior]4,28,29. However, it should be
resulted in measured temperatures of 89, 90, and 99°C and cdigted that the maximum temperature corresponding to a radiant
puted thermal damagé) levels of 0.1, 0.1, and 10.lat the €xposure of 3.6 J/cfwas 78.5°C.
respective times These discrepancies indicate that thermal lossesFor radiant exposures significantly greater tigp=4.4 J/Cfﬁy.
occurred during the 10 ms laser pulse, leading to reductions Tan Was reached during the laser pulse, but since coagulation at
temperature and thermal damage. Thus, the us¢,ofor predic-  Ton equires a finite exposure duration, greater temperataresa
tion of transient coagulation onset appears to produce only mdieater damage accumulation radé€)/dt) were produced before
erately accurate results for the cases studied. coagulation occurredat T,). Since transmission and coagulum

thickness data were not collected transiently during the laser

4.2 Arrhenius Equation. Threshold temperatures and radipulse, it is difficult to identifyT, directly from experimental re-
ant exposures are useful for rough approximations of damage @aits. However, using the rate process coefficients indicated in the
set. However, the Arrhenius equation provides a method of qugilevious section forH;,=4.4 J/cn?, coagulation onset foH,
tifying thermal damage accumulation that is much more accuraieg .o, 10.0, and 12.0 J/dmwas predicted to occur at temperatures

and flexible. The cost of these benefits is that calculation of theff 95°C—-99°C. The corresponding temperature range determined
mal damage at any specific location requires accurate transigdjty, —3.6 J/cnd, was 82°C—86°C.

temperature data and a knowledge of local tissue rate process

coefficients. 4.4 Thermally Induced Changes in Optical Properties.

The data in Fig. 3 indicate that the accuracy of the Arrheniushe OCT images in Fig. 4 clearly indicate the increased level of
relation is highly dependent upon the rate process coefficiemight scattering induced by thermal coagulation of blood. These
used. Threshold radiant exposures of 5.0 and 3.1%Mzene pre- findings are in agreement with previous investigations, which
dicted using rate process coefficients for Hb and bulk skin, respefave indicated that thermal damage of blood constituents results
tively. Thus, the results of transmission and OCT experimeniis an increase in scatterirjid0,15. Although the transient effects
indicate better agreement with predictions for Hb than those fof light scattering were not documented in this study, it is likely
bulk skin. However, the visually observed threshold is in bettehat the coagulated region increased in thickness both during and
agreement with predictions based on bulk skin coefficients.  after the laser pulse in a manner predictable by rate process kinet-

Since Lepock et al[13] used a different techniquealorim- ics[19].
etry) to determine the rate process coefficients for Hb, it is likely Since blood contains various proteins, which have different co-
that the primary difference between the rate process coefficieagulation thresholds, it is possible that multiple changes in optical
for Hb and whole blood is the activation energy,j. The tem- properties occurred. Results such as the indication of slight blood
perature data corresponding lth,=4.4 J/cnt was found to pre- discoloration aH,= 3.6 J/cmd may have been a result of scatter-
dict Q=1 when the rate process parameters found by Lepoatg brought on by denaturation of blood constituents which are
et al. were used, witk, reduced slightly to 448 kJ/molevhereas less thermally stable, such as erythrocyte membrane prdtEihs
data forHy,—3 5 ycnz indicatedE ;= 434 kJ/molg. This alteration in  However, Arrhenius datéFig. 1) indicate that membrane proteins
E, caused the threshold temperatures in Figad calculated with have a higher threshold temperature than other blood components
Eq. (2)) to shift downward while the slope of the curves remainetbr short exposure times.
nearly unchanged. The time—temperature relationship seen in thi§or radiant exposures above 5.0 J¢rig. 2 indicates that
figure indicates that the transmission and OCT-based values aravilen measured temperatures of 70°C or greater are reached, the
moderately good agreement with blood constituents such as alklepe of the temperature curve decreases, then becomes relatively
min and Hb. It should also be noted that these materials all have@nstant above 100°C. A simple one-dimensional transient ther-
similar threshold temperature as arterial tissue, given a 10 mmal model which included convection, conduction and a Beer's
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law-based source tertbut not evaporative cooling nor changes imot well understood. It is likely that the primary mechanism is
optical propertieswas developed. Simulations indicated a nearlgither an increase in the concentration of denatured molecules due
linear temperature rise, without the aforementioned changestatadditional thermal damage or evaporative water loss, which
70°C and 100°C. Therefore, other mechanisms need to be considereases the intermolecular space, thus facilitating bond forma-
ered. In this temperature regime, heat loss by water vaporizatiorii@n. In order to achieve a better understanding of this process, it
a significant factofsee Section 4)6 However, dynamic changeswill be necessary to study the molecular composition and micro-
in optical properties may also play a significant role in the transscopic morphology of coagula.
tion near 100°C as well. The change in slope is nearly simulta- . .
neous with the onset of coagulation as predicted by the Arrhenius4'6 Effect of %hrz\jse C_Zange. R?dlometrllc tempferaturedmea- .
relation using the rate process coefficients of IKEg. 3. surements provided evidence of several significant dynamic
Coagulation-induced changes produce an increase in scatterihy chanisms. In Fig. 2, the linear slope for the lowest radiant
exposure indicates a situation in which minimal dynamic changes

which should increase the rate of temperature rise. Such an d&cur. For higheH, values, maximum temperatures rose above
\(I:\Ir:;jl Z%gﬁnngénrﬁlogids,o?lotsosmg P?iecha:\zzt;[rh (iicl)rrl}c::iaesﬁt?clignstcatte;%’ vapor production was observed, and the rate of temperature
Dvnamic chan %s in absor tiongwhich rr?a also plav a .role rise decreased. These results indicate that phase change became
ynam 9 rption, y aiso piay Ylgnificant at about 70°C. This is in fair agreement with the litera-
the transient changes seen in the temperature distribution, afefaa , which indicates that for CW processes, evaporation becomes
well understood. A dynamic decrease in transmission was nOtﬁanificant at about 60°C, and increases exponentially with tem-
by Verkruysse et al.14] during pulsed laser |rrad|_at|on of blood_ eraturd 15,31,32. Therefore, one would expect that as tempera-
(atA=586 nm. Temperature-dependent Chf?‘“g‘?s in Hb absorptigites exceeded 100°C, the rate of temperature rise would continue
were |nd|pated to k_)e the dominant mechanism; however, dynar'E'cBCdecrease, whereas in fact, it became relatively cong&amt2).
changes in scattering were not accounted for thoroughly. At wavies, oy irradiation, Halldorssofl5] reported a significant in-
lengths for which there is a large disparity in absorption betweeasse in the rate of temperature rise above 95°C, which he ex-

Hf? and HbQ (such lasf586 orr] 106%“@5’””%‘3‘? transmission %’iined as being due to desiccation of the surface blood. There-
changes may result from thermally induced deoxygenation pfie " an exponential increase in evaporation rate, followed by a

HbO, [15]. Since the difference between, for Hb (185.1 cm'%) reduction in coolina d : - :
A o g due to desiccation, may help explain the mea-
and HbQ (228.8 cm %) is less than 20 percent B&532 nm, it is sured temperature distributions.

not likely that this effect played a significant role during laser The threshold radiant exposure for ablation determined in this
irradiation [30]. However, there is an order of magnitude differyy 4y \was~12 J/cn? and the corresponding maximum surface
ence in absorption coefficient of blood at=635 nm between o eratyreduring nonablative irradiationwas 145°C. At this
HbO, (2.2 cm ) and Hb(22 cm 7). Therefore, the transmission o herature water has a saturation pressure of greater than 4 atm
measurements presented in Fig. 5 may have been aﬁected[gg]l In order to establish whether the maximum surface tempera-
changes in absorption as well as scattering. ture was also the maximum tissue temperature, it is necessary to

4.5 Coagulum Size and Consistency. The variation in co- consider two possible scenarios proposed in the IiteratL_Jre. Evapo-
agulum thickness with radiant exposuéig. 5 shows a steep rative cooling may have acted to moderate the heating rate at
initial slope followed by a more moderate slope, which continudgmperatures greater than 60°C. As the tissue became
until ablation. The second phase of the curve indicates a region fiisiccated—likely near 100°C—the cooling mechanism was re-
which changes in coagulum depth occur in nearly direct propdiuced and the rate of temperature rise increased sharply near the
tion to changes in radiant exposure. Similar trends have begface, leading to ablatid23]. This sharp increase is not seen in
noted in a previous study of Holmium:YAG irradiation of albu-Fig. 2, possibly because desiccation caused a reduction in emis-
men[18]. sivity, resulting in an underestimation of the temperatures in the

As shown in Fig. 5, the maximum blood coagulum thicknesguperficial blood layers. If this description of the ablation process
recorded was 17%m (H,=10J/cn?). At a depth of 175um, is accurate, then the surface temperature was the maximum tissue
only 1.8 percent of the initial fluence remains if the blood i§emperature._Alternatlvely, surface heat loss and a layer of highly
highly oxygenated3.9 percent if de-oxygenatgdrherefore, it is absorbent, highly scattering qoagulum may have produced a sub-
likely that axial heat diffusion caused the coagulated region to &rface temperature peak which in turn led to phase change and a
thicker than if the process were thermally confined. It is alsgPrresponding subsurface peak in pressure. When internal pres-
possible that convectivépressure or temperature-driyeflow ~ SUres exceede_d the restraining foréeg., blood surface tension,
may have played a role. coagulum tensile strengthablation occurredi34]. If a subsurface

The transition from a region of disconnectddr weakly (emperature peak occurred deeper thau@( then the measured
bonded, denatured proteins to an aggregated coagulum appearé&@Peratures may represent a significant underestimettign2).
have taken place between radiant exposures of 8.0 and 10.6) J/ Conclusions

although it was not detectable by OCT imaging. If a threshol . .
radiant exposure for aggregation of 9.0 Jcim assumed, the . -ulsed KTP laser-induced thermal damage in whole blood was
investigated in vitro. A progression of events occurred with in-

threshold temperature would bel15°C, and the resulting ther- . . X . ;

mal damage~1000 using the Arrhenius equation and rate coef/€2Sing radiant exposure: evaporation, coagulation onset, aggre-

ficients of Hb(Table 1, line 8. However, accurate prediction will gatec_i coagulu_m _formatlon, and abl_atlon. Both coagulation anq

not likely be accurately achieved using the rate process coefi/ation were indicated to occur at higher temperatures than typi-
ly assumed by previous theoretical models of laser treatment of

cients for hemoglobin. If aggregation can indeed be modeled aga%aneous vascular lesions. Phase chanade was shown to plav a
rate process, experimental determination of a novel set of rate : 9 play

process coefficients will be necessary. primary role, leading to surface heat Idasid possibly desiccation

The finding of blood coagula in various stages of aggregati(% the coagulumas well as ablation. The Arrhenius equation was

corresponding to radiant exposure level is in agreement with pllgpllcated to be valid for predicting pulsed laser-induced coagula-

vious findings[6], which indicated that the threshold for embo-FIon of blood, with the rate process coefficients for hemoglobin

lized coagulum formation was much lower than the radiant exp&p-dlcatlng better agreement \.N'th experimental data than the com-
sure required for formation of a flow-stopping coagulum. ThEponIy used bulk skin coefficients.

mechanism of transition from an unconnected solution of deng-
tured molecules to a strongly bonded coagulum is very significa(%‘f:kno\’\’bd9ments

not only for arresting flow in blood vessels but for other applica- The authors would like to thank Dr. John Pearce and Dr. James
tions such as forming patent anastomoses with a laser, yet it is dti#lpock for significant discussions regarding this research. Fund-

Journal of Biomechanical Engineering APRIL 2000, Vol. 122 / 201

Downloaded From: https://biomechanical.asmedigitalcollection.asme.org on 12/04/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use



ing for this research was provided in part by grants from the Air ;gtlwation of Membrane Proteins,” Biochim. Biophys. Ac&80, pp. 191
Force Office of Scientific R.eseamh through MURI from DDR&E [14] Verl;ruysse, W., Nilsson, A. M. K., Milner, T. E., Beek, J. F., Lucassen, G. W.,
(F49620_-98-1-_048D the Office of Naval Research Free Electron and Van Gemert, M. J. C., 1998, “Optical Absorption of Blood Depends on
Laser Biomedical Science Prograi00014-91-J-156¢ and the Temperature During a 0.5 ms Laser Pulse at 586 nm,” Photochem. Photobiol.,
Albert W. and Clemmie A. Caster Foundation. A. J. Welch is the 67 No. 3, pp. 276-281.

; ; i{15] Halldorsson, T., 1981, “Alteration of Optical and Thermal Properties of Blood
Marion E. Forsman Professor of Electrical and Computer Engt by Nd:YAG Laser Irradiation,” presented e 4th Congress of The Inter-

neering. national Society for Laser Surgery
[16] Theis, J. H., Lee, G., Ikeda, R. M., Stobbe, D., Ogata, C., Lui, H., and Mason,
Nomenclature D. T., 1983, “Effects of Laser Irradiation on Human Erythrocytes: Consider-
ations Concerning Clinical Laser Angioplasty,” Clin. Cardidb,, pp. 396—
A = frequency factor, 1/s 3098.
CW = continuous wave [17] Flock, S., Smith, L., and Waner, M., 1993, “Quantifying the Effects on Blood
E, = activation energy, J/mole of Irr2a3d7iati2(2nZWith Four Different Vascular-Lesion Lasers,” Proc. SPI&82
_ ; pp. —242.
Ho = ho"_“'”m [18] Asshauer, T., Delacretaz, G. P., and Rastegar, S., 1996, “Photothermal Dena-
H, = radiant exposure, J/ém turation of Egg White by Pulsed Holmium Laser,” Proc. SPEG81, pp.
Hy = threshold radiant exposure, Jf&m 120-124.
KTP = potassium—titanyl—phosphate [19] Pfefer, T. J., Chan, K. F., Hammer, D. X.,_and Welch, A. J., 1998, “Pulsed
n = index of refraction Honguzm:;(gG-lnduced Thermal Damage in Albumen,” Proc. SPE254
. pp. —202.
Nd = neqdymlum [20] McNally, K. M., 1998, “Optical and Thermal Studies of Laser-Solder Tissue
OCT = optical coherence tomography Repairin Vitro,” Ph.D. Thesis, Macquarie University, Sydney, Australia.
T = temperature, °C or K [21] Henriques, F. C., and Moritz, A. R., 1947, “Studies In Thermal Injury. I. The

Conduction of Heat to and Through Skin and the Temperature Attained

Tn = threshold temperature Therein. A Theoretical and an Experimental Investigation,” Am. J. Pathol.,

Ton = onse’g threshold temperature 23, pp. 531-549.
T, = transient threshold temperature [22] Moritz, A. R., and Henriques, F. C., 1947, “Studies in Thermal Injury II. the
YAG = yttrium—aluminum—garnet Relative Importance of Time and Surface Temperature in the Causation of
e = emissivity Cutaneous Burns,” Am. J. PathoR3, pp. 695-720. )
N = Wavelength nm [23] Pearce, J., and Thomsen S., 1995, “Rate Process Analysis of Thermal Dam-
K age,” in: Optical-Thermal Response of Laser-Irradiated TisséieJ. Welch
Tp = pulse duration, ms and M. J. C. Van Gemert, eds. Plenum Press, New York.
) = thermal damage coefficient [24] Yang, Y., Welch, A. J., and Rylander, H. G., 1991, “Rate Process Parameters

of Albumen,” Lasers Surg. Med11, pp. 188-190.
[25] Henriques, F. C., 1947, “Studies in Thermal Injury. V. The Predictability and
References Significance of Thermally Induced Rate Processes Leading to Irreversible Epi-
; : dermal Injury,” Arch. Pathol.43, pp. 489-502.

[1] Van Gemert, M. J. C., Welch, A. J., Pickering, J. W., and Tan, O. T., 1995 . . .
“Laser Treatment of Port Wine Stains,” iOptical-Thermal Response of [26] Sturesson, C., and Andersson-Engels, S., 1996, “Mathematical Modelling of
Laser-Irradiated TissueA. J. Welch and M J. C. Van Gemert, eds.. Plenum Dynamic Cooling and Pre-heating Used to Increase the Depth of Selective
Press. New York. T T ' v Damage to Blood Vessels in Laser Treatment of Port Wine Stains,” Phys.

[2] Boergen, K. P., Birngruber, R., and Hillenkamp, F., 1979, “Experimental Med. Biol., 41, pp. 413-428.

Studies on Argon Laser Coagulation of Small Blood Vessels,” Mod. Probl.[27] Pfefer, T. J., Barton, J. K., Smithies, D. J., Milner, T. E., Nelson, J. S., Van
Ophthalmol.,20, pp. 174-183. Gemert, M. J. C., and Welch, A. J., 1999, “Modeling Laser Treatment of Port

[3] Nishioka, N. S., Tan, O. T., Bronstein, B. R., Farinelli, W. A., Richter, J. M., Wine Stains With a Computer-Reconstructed Biopsy,” Lasers Surg. Ndd.,

Parrish, J. A., and Anderson, R. R., 1988, “Selective Vascular Coagulation of pp._15_1—166. .

Rabbit Colon Using a Flashlamp-Excited Dye Laser Operating at 577 Nanon}-28] Smithies, D. J., Butler, P. H., Day, W. A., and Walker, E. P., 1995, “The

eters,” Gastroenterologya5, pp. 1258—1264. Ef'f_ect of the lllumination Time When Treating Port-Wine Stains,” Las. Med.
[4] Poppas, D. P., Wright, E. J., Guthrie, P. D., Shlahet, L. T., and Retik, A. B. Sci., 10, pp. 93-104.

1996, “Human Albumin Solders for Clinical Application During Laser Tissue [29] De Boer, J. F., Lucassen, G. W., Verkruysse, W., and Van Gemert, M. J. C,,

Welding,” Lasers Surg. Med19, pp. 2—8. 1996, “Thermolysis of Port-Wine-Stain Blood Vessels: Diameter of a Dam-

[5] Hunter, J. G., 1989, “Endoscopic Laser Applications in the Gastrointestinal ~ @ged Blood Vessel Depends on the Laser Pulse Length,” Las. Med.13¢i.,
Tract,” Surg. Clin. North Am.,69, No. 6, pp. 1147—1166. pp. 177-180.

[6] Barton, J. K., Welch, A. J., and Izatt, J. A., 1998, “Investigating Pulsed Dye[30] Zijlstra, W. G., Buursma, A., and Meeuwsen-Van Der Roest, W. P., 1991,
Laser-Blood Vessel Interaction With Color Doppler Optical Coherence To- ~ “Absorption Spectra of Human Fetal and Adult Oxyhemoglobin, De-
mography,” Opt. Expresghttp://epubs.osa.org/opticsexpres®, No. 6, pp. oxyhemoglobin, Carboxyhemoglobin, and Methemoglobin,” Clin. Ché,,
251-256. pp. 1633-1638.

[7] Barton, J. K., Hammer, D. X., Pfefer, T. J., Lund, D. J., Stuck, B. E., and[31] Torres, J. H., Motamedi, M., Pearce, J. A., and Welch, A. J., 1993, “Experi-
Welch, A. J., 1999, “Simultaneous Irradiation and Imaging of Blood Vessels mental Evaluation of Mathematical Models for Predicting the Thermal Re-

During Pulsed Laser Delivery,” Lasers Surg. Med4, pp. 237—-243. sponse of Tissue to Laser Irradiation,” Appl. O82, No. 4, pp. 597-606.
[8] Guyton, A. C., 1991 Textbook of Medical Physiologyv. B. Saunders Co., [32] Incropera, F. P., and DeWitt, D. P., 199%undamentals of Heat and Mass
Philadelphia. Transfer 4th ed., Wiley, New York.
[9] Kapit, W., Macey, R. I., and Meisami, E., 198Rhysiology Coloring Bogk  [33] Howell, J. R., and Buckius, R. O., 198fFfundamentals of Engineering Ther-
Harper Collins, Cambridge. modynamicsMcGraw-Hill, New York.

[10] Nilsson, A. M. K., Lucassen, G. W., Verkruysse, W., Andersson-Engels, S.[34] LeCarpentier, G. L., Motamedi, M., McMath, L. P., Rastegar, S., and Welch,
and Van Gemert, M. J. C., 1997, “Changes in Optical Properties of Human  A.J., 1993, “Continuous Wave Laser Ablation of Tissue: Analysis of Thermal

Whole Bloodin Vitro Due to Slow Heating,” Photochem. Photobid5, pp. and Mechanical Events,” IEEE Trans. Biomed. Entf), No. 2, pp. 188—199.

366-373. [35] Agah, R., Pearce, J. A., Welch, A. J., and Motamedi, M., 1994, “Rate Process
[11] Abela, G. S., Crea, F., Smith, W., Pepine, C. J., and Conti, C. R., 1985, “ Model for Arterial Tissue Thermal Damage: Implications for Vessel Photoco-

Vitro Effects of Argon Laser Radiation on Blood: Quantitative and Morpho- agulation,” Lasers Surg. Med15, pp. 176—-184.

logic Analysis,” J. Am. Coll. Cardiol.5, pp. 231-237. [36] Moussa, N. A, Tell, E. N., and Cravalho, E. G., 1979, “Time Progression of
[12] Thomsen, S., 1991, “Pathologic Analysis of Photothermal and Photomechani- ~ Hemolysis of Erythrocyte Populations Exposed to Supraphysiological Tem-

cal Effects of Laser-Tissue Interactions,” Photochem. Photol&8).pp. 825— peratures,” ASME J. Biomech. Engl01, pp. 213-217.

835. [37] Barnes, F. S., 1974, “Biological Damage Resulting From Thermal Pulses,” in:

[13] Lepock, J. R., Frey, H. E., Bayne, H., and Markus, J., 1989, “Relationship of Laser Applications in Medicine and Biologi. L. Wolbarsht, ed., Plenum
Hyperthermia-Induced Hemolysis of Human Erythrocytes to the Thermal De- Press, New York.

202 / Vol. 122, APRIL 2000 Transactions of the ASME

Downloaded From: https://biomechanical.asmedigitalcollection.asme.org on 12/04/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use





