
.__I, - . 
ARM2.950118.014 

. .  .. BIOPHYSICAL STUDIES WITH THE CO, LASER 
L 

S. Fine 
W. P. Hansen 

Northeastern University 
360 Huntington Avenue 
Boston, Massachusetts 

G. R. Peacock 

Army Medical Research Laboratory 
Fort Knox, Kentucky 

E. Klein 
F. Hust 
Y. Laor 

/ 

- Roswell Park Memorial Institute 
666 Elm Street. 

Buffalo, New York 

i 

i 

I 

i 

1 ;  
j .. 

i 

.. , . 
I .  

Washington National Record Center 
OCFice of the Army Surgeon General 
Record Group 112 
Accession #: 75-13 



BIOPHYSICAL STUDIES WITH THE CO, LASER 
L 

The high power l e v e l s  a v a i l a b l e  from CO2 l a s e r s a r e  of 

p o t e n t i a l  va lue  i n  biology and medicine. 

of i n t e r a c t i o n  of C02 l a s e r  r a d i a t i o n  with t i s s u e  is requi red  f o r  meaningful 

a p p l i c a t i o n  t o  biology and medicine and f o r  t h e  demarcation of  both s h o r t  

and long term hazards (1). 

threshold  l e s i o n s  i n  rodent  s k i n  and t i s s u e  a b l a t i o n  i n  r a b b i t s  produced by 

C02 l a s e r  r a d i a t i o n .  

I n v e s t i g a t i o n s  of the  mechanisms. 

This r e p o r t  summarizes a hea t  flow a n a l y s i s  of 

Abdomens of shaved and dep i l a t ed  C-57 black mice were 

exposed t o  10 micron r a d i a t i o n  a t  i nc iden t  power d e n s i t i e s  of  5 wattslcm 2 , 
2 2 

' 3.3 wattslcm and 2 wattslcm . Exposure times were v a r i e d  betwien 20 

mil l i seconds  and 5 seconds. 

th resholds  (Figures  1,2) were e s t a b l i s h e d  on t h e  b a s i s  of 40 exposures a t  

Approximate 100 per  cen t  l e s i o n  frequency 
/ 

I 
2 2 2 and 80 exposures a t  2 wattslcm . 5 wattslcm , 50 exposcres a t  3.3 wattslcm 

I n  each case ,  a l e s i o n  was recorded a s  " immediate" i f  i t  appeared as a 

wh i t i sh  a rea  wi th in  one hour a f t e r  t h e  exposure. These "immediate" l e s i o n s  

were 3-5 nun i n  diameter i n  c o n t r a s t  t o  t h e  6.5-8 nun beam diameter used i n  

these  exposures.  
- .. 

Inc ident  power d e n s i t i e s  of 5.0 * 0.8 -!$ a t  0.5 seconds 
c m  + ~ 

exposure,  3.3 - 0.5 

seconds exposure almost always r e s u l t e d  i n  an"immediate" v i s i b l e  l e s ion .  

This experimental  da ta  i s  shown i n  Figures  1 and 2. "Inmediate" v i s i b l e  

l e s i o n s  were a l s o  observed i n  50 p e r  cen t  of t h e  t r i a l s  a t  5.0 f 0.8 - 
cm2 

a t  1.25 seconds exposure and 2.0 f 0.2 -w 
2 c m  cm2 

a t  3.0 

W 
w- 

4- f o r  0.16 seconds exposure,  and a t  2.0 - 0.2 2- 
c m  2 

f o r  1.10 seconds exposure. .. 
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I f  t h e  i r r a d i a t e d  s k i n  and under ly ing  t i s s u e  is assumed t o  

be a uniform, s e m i - i n f i n i t e  medium w i t h  absorp t ion  c o e f f i c i e n t ,  OC c m  -1 , 

then  t h e  fol lowing equatFon fo r  one-dimensional hea t  flow holds  fo r  t h e  

maximum su r face  temperature r i se  a t  t h e  cen te r  of t h e  i r r a d i a t e d  spot .  

2 

' e K  . 
.& = (1-R)h [ 3.70 - b + e x p (  

. .  

I n  us ing  equat ion 1 f o r  t h e  a n a l y s i s  of th reshold  l e s ions ,  t h e  va lue  of  

was chosen a s  0.042 c.g.s .  units, based on measurements of the thermal 
I 

-3 
. conduc t iv i ty  K = 1.76 x 10 

by Davies (2). The inc iden t  i r r a d i a n c e ,  h ,  i s  measured i n  watts/cm ; t h e  

exposure t € m e , r ,  i n  seconds. 

. 'The r e f l e c t i v i t y ,  A L* 5%, is based on observa t ions  by Hardy (3) D=- 

c.g.s.  and t h e  volumetr ic  hea t  c a p a c i t y ,  PC c 1 
2 

The thermal d i f f h s i v i t y  i s  given by 
\ 

K 
P C  

. and on a va lue  of t h e  r e f r a c t i v e  index, n = 1.6, obtained experimental ly .  

'. I 
.. I n  c a l c u l a t i n g  a maximum su r face  temperature,  e r r o r s  r e s u l t i n g  

from r a d i a l  hea t  flow during t h e  pulse  are less than 10' per cen t  a t  t h e  beam 

cen te r  i f  t h e  square of t h e  beam r a d i u s ,  a ,  i s  g r e a t e r  than 4 D T .  In  t h e s e  
2 . experimental  i n v e s t i g a t i o n s ,  t h e  r a t i o  4 D r / a  was approximately 0.14. 

Consequently, r a d i a l  hea t  flow i s  n e g l i g i b l e  near  t h e  beam c e n t e r  dur ing  t h e  

r a d i a n t  pu l se ,  and one-dimensional hea t  flow can be considered t o  apply  i n  

t h i s  reg ion .  

The abso rp t ion  c o e f f i c i e n t s  f o r  t i s s u e s  a r e  h igh  i n  the  wave- 

l eng th  r eg ion  about 10 microns. 

F igure  3 and compared 

t h e  abso rp t ion  c o e f f i c i e n t s  a t  10.6 microns (Figure 3) range from 130 cm 

t o  270 c m  

Some of t hese  d a t a , a r e  s u m a r i z e d  i n  

t o  measured absorp t ion  i n  s e v e r a l  r a t  t i s s u e s .  Since 

-1 

-1 ) . .  , , r a d i a t i o n  a t  t h i s  wavelength i s  a t t enua ted  i n  t i s s u e  by 60 . 
I .  . .  

. . ~  

. .  
.. , .  . .  

. .  
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per  cen t  a t  depths ranging  from 37 t o  77 microns. A reasonable  approximation 

,-- 

f o r  a hea t  flow a n a l y s i s  i s ,  the re fo re ,  one i n  which t h e  t i s s u e  i s  considered 

as completely opaque. Consequently, i n  t h e  l i m i t  a r r d - 3  00 equat ion 1 

reduces t o  the  fol lowing form: 

3-70 /K/ C 

Based on t h e  thermal cons t an t s  given above, equat ion 2 p r e d i c t s  

a maximum su r face  temperature r i s e  a t  t h e  l e s i o n  c e n t e r  of  22 o +  C - 15 per  cen t  

f o r  the  thresholds  shown i n  F igure  1. Actual temperature measurements u t i l i z i n g  

a thermocouple i n j e c t e d  fol lowing t h e  pulse  were 22 C - 20 per c.ent, i n  good o +  

agreement wi th  c a l c u l a t e d  va lues .  

pe ra tu re  curve (isotherm) i s  drawn i n  F igure  1 rep resen t ing  t h e  p r o b a b i l i t y  

of inducing a gross, immediate l e s i o n  i n  almost a l l  cases .  This isotherm i s  

in e x c e l l e n t  agreement wi th  t h e  experimental  da t a .  

t h e , r i g h t  of t h i s  isotherm should r e s u l t  i n  an i m e d i a t e  l e s i o n  approaching 

100 per  c e n t  p robab i l i t y .  

Using t h i s  va lue  of 22OC, a c.onstant tem- 

Values of h and r t o  
1-1 

/ 

The abso rp t ion  c o e f f i c i e n t  t h a t  most a c c u r a t e l y ' f i t s  t h e  

experimental  da t a  shown i n  F igure  1 i s  & =  00. 

assumes a non-opaque medium, a d d i t i o n a l  isotherms f o r  22 C a r e  drawn i n  

and & = 270 c m  . For long pu l se  dura t ions  

Using equat ion 1, which 
I 

0 

-1 -1 
. F i g u r e  1 fo r  d =  150 cm 

(T)1 sec.)  t h e r e  i s  l i t t l e  d i f f e r e n c e  between t h e  isotherms der ived from 

t h e  opaque and non-opaque models and,  i n  f a c t ,  fo r  &)200  cm 
-1 

t h e  isotherms 

are w i t h i n  experimental  accuracy. 

by F igu re  1, f o r  s h o r t e r  exposure t i m e s , y  r~ ( 4 D d 2 ) - l ,  i t  w i l l  be necessary  

t o  knowoC w i t h i n  c l o s e  to le rances  s i n c e  a n  opaque model w i l l  no t  desc r ibe  . 

However, from equat ion 1, and a s  shown 

I 
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V I  

t h e  su r face  boundary condi t ions  w i t h  s u f f i c i e n t  accuracy. 

va lues  of  &shown i n  F igu re  3 (e LJ 150 cm 

-- i n  v ivo  es t imates  of- shown i n  F igure  1 (6 > 200 cm 

-- i n  v i t r o  samples dur ing  spectroscopy may be  r e spons ib l e  f o r  t hese  low va lues  

of absorp t ion .  

s h o r t  exposure t imes,  i t  may be necessary t o  determine a t r u e  abso rp t ion  

c o e f f i c i e n t  from i n  v ivo  thermal da ta .  

The spec t roscopic  
-1 

) a r e  low compared t o  t h e  
-1 

). Dehydration of 

Consequently, i n  developing a non-opaque model f o r  t i s s u e  f o r  

I n  summary, based on experimental  d a t a ,  one can es t imate  t h e  

va lues  of C 0 2  l a s e r  power d e n s i t y  and exposure time t h a t  w i i l  r e s u l t  i n  

approximately 100 per  cen t  p r o b a b i l i t y  of producing a mild,  immediate s k i n  

l e s i o n  i n  mice over t h e  range i n  F igure  1 by c a l c u l a t i n g  an exposure t h a t  

s a t i s f i e s  t h e  equat ion h = 3 . 6 0 / E .  These equat ions a r e  of  t h e  proper 

form f o r  an opaque, homogeneous model f o r  t issue.  The experimental  da ta  i n  

F igure  2 shows t h a t  the  t o t a l  energy d e n s i t y  requi red  t o  produce an "immediate" i 

v i s i b l e  l e s i o n  decreases  wi th  time. 

model. i s  requi red .  

d i scuss ion ,  t h e  thermal model employed has  general  a p p l i c a b i l i t y  i n  r e l a t i n g  

For s h o r t e r  pu lse  du ra t ions ,  a diathermanous 

Although a s p e c i f i c  temperature has been uned i n  t h e  above 

b and f o r  o t h e r  gross  t i s s u e  in jury .  

I Tissue  a b l a t i o n  i n  r a b b i t s ,  dogs and monkeys haw been s tud ied  

on i r r a d f a t i o n  a t  10 microns. F igure  4 con ta ins  a s e t  of  da ta  po in t s  f o r  
2 

. a b l a t i v e  pene t r a t ion  of i n  v ivo  r a b b i t  s k i n  a t  a power d e n s i t y  of 100 watts/cm . 
The s o l i d  curve r ep resen t s  a model developed by Landau (4) f o r  c a l c u l a t i n g  

m a t e r i a l  l o s s e s  i n  mel t ing  and a b l a t i n g  s o l i d s .  

dimensional hea t  flow and a cons tan t  a b l a t i o n  r a t e .  

t h e  thermal cons t an t s  f o r  t i s s u e  given above wi th  p = 1.0 gm/cm 

Addi t iona l  assumptions f o r  Curve A inc lude  a l a t e n t  hea t  of vapor i za t ion  ' 

This model assumes one- 

Curve A i n  drawn us ing  

3 
(Figure 4 ) .  
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for t i s sue ,  L = 540 cal/gm and a c r i t i c a l  temperature f o r  t i s s u e  carboniza t ion  

of T = 3OO0C ( 5 ) .  Carbonizat ion and a b l a t i o n  a r e  assumed t o  occur a t  t h e  same 

c r i t i c a l  temperature.  Curve B i s  drawn f o r  water "ablat ing" a t  100 C. The 

t h e o r e t i c a l  curves ag ree  w i t h  most of t h e  data  po in t s  w i th in  a f a c t o r  of two. 

An improvement i n  th i s 'model  should be achieved through an i n v e s t i g a t i o n  of 

t h e  thermal cons t an t s  of t i s s u e  above 100 C and by a c l o s e r  eva lua t ion  of 

t h e  temperature a s soc ia t ed  wi th  t h e  onse t  of ab la t ion .  

0 

0 

, The s i m p l i f i e d  t i s s u e  o p t i c a l  problem a t  10.6 microns r e s u l t s  

i n  a hea t  flow a n a l y s i s  t h a t  i s  manageable. For l a s e r  wavelengths i n  the 

v i s i b l e  and near  i n f r a r e d ,  lcwer abso rp t ion  c o e f f i c i e n t s  and r a d i a t i o n  s c a t t e r  

w i th in  t i s s u e  present  s e r i o u s  problems when a heat flow a n a l y s i s  i s  attempted. 

I n v e s t i g a t i o n s  w i t h  t h e  CO l a s e r  should y i e l d  information p e r t i n e n t  t o  t h e  

development of thermal models f o r  immediate, gross t i s s u e  i n j u r y  f o r  wave- 

lengths  i n  t h e  v i s i b l e  and i n f r a r e d .  S ince  the abso rp t ion  c o e f f i c i e n t  a t  

u l t r a v i o l e t  wavelengths i s  high,  s t u d i e s  a t  10 microns w i l l  be a p p l i c a b l e  t o  

2 

.. 

immediate gross  thermal i n j u r y  i n  s t u d i e s  wi th  UV l a s e r s .  Photoreac t ive  

i n j u r y  i n  t h e  UV r eg ion  w i l l  r e q u i r e  f u r t h e r  cons idera t ion .  
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F igure  4 - Experimental da ta  and t h e o r e t i c a l  nodels  f o r  a b l a t i v e  pene t r a t ion  
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incident energy density (joules/cm*) 
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