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Effects of cryogenic grinding 

on soft-tissue optical properties

Eric Chan, Thomas Menovsky, and Ashley J. Welch

O ptical properties obtained from spectrophotom eter m easurem ents of reflectance an d  tran sm ittan ce  

w ere d e tenn ined  for both frozen-ground an d  in ta c t soft tissues. The tissues used in these  experim ents 

w ere calf ao rta , r a t  jejunum , an d  rab b it sd a tic  nerve. Tissue specim ens from each tissu e  type w ere 

frozen in liquid nitrogen and  th en  ground w ith  a  pestle and m o rta r in to  a  fine powder. A tissue  paste  

form ed once the powder re tu rn ed  to room tem peratu re . The tissue paste  w as then  sandw iched betw een 

glass slides for spectrophotom eter m easurem ents. For comparison, the optical properties of th e  in ta c t 

specim ens w ere also m easured. Total transm ission and diffuse reflection w ere obtained on a  V arian 
C ary 5E spectrophotom eter (4 0 0 -860  nm). Absorption and reduced scattering  coeffidents of the tissues 

were determ ined w ith the Inverse Adding Doubling method. O ur re su lts  suggested th a t w ithin the  

400-nm to 850-nm  spectrum , optical properties of the ground tissue approxim ated in ta c t tissue w ith in  
lim its of experim ental error. © 1996 Optical Society of Am erica

Key words: Spectrophotom eter m easurem ent, in teg rating  sphere, tissue optics, optical properties.

1. In troduction

T issue  optical p roperties  are im p o r ta n t  p a ram ete rs  
for p rescrib ing  lig h t dosim etry  in  la se r  medicine. 
O ptical p roperties  a re  u su a lly  ob ta ined  by placing a 
tis su e  specim en on th e  po rt of an  in teg ra tin g  sphere  
in  a spectropho tom eter and  th e n  recording reflec ­
tance  and  tra n sm itta n c e  of th e  specim en . 1*2 Prom  
th ese  m easu rem en ts , absorp tion  and  reduced scat ­
te r in g  coefficients can  be ca lcu la ted  by using  a n  In ­
verse  A dding D oubling m odel .3 One im p o rtan t 
c riterion  for ob ta in ing  accu ra te  d a ta  is th a t  th e  spec ­
im en  m u s t  fill th e  sam ple  p o r t  of th e  in teg ra tin g  
sphere , w hich u su a lly  h a s  a  d ia m e te r  g re a te r  th a n  1 

cm. O ften tissue  sam ples a re  no t sufficiently large 
to p e rm it  in te g ra tin g  sp h e re  m easu rem en ts . B y ho ­
m ogenizing th e  tis su e  a n d  sp read ing  th e  paste  over a 
w ider a rea , one can  ob ta in  a  sam ple  w ith  a n  a rea  
sufficient to cover th e  sam ple  port. Homogenized 
tissu e  p as te  h a s  been  used  for added  absorber exper ­
im en ts4 and  for goniom etry  m e asu rem en ts  to d e te r ­
m ine  an iso tropy*5 In  th is  s tu d y  we investiga ted  the
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feasibility  of es tim ating  th e  optical p roperties  of in ­
ta c t  tissue from spectrophotom eter m e a su re m e n ts  
from ground tissue.

2. Methods

A. Tissue Selection

B oth  in ta c t  and  pas te  specim ens of r a t  je ju n u m  a n d  
calf ao r ta  w ere used  in  th e  spectrophotom eter m e a ­
su rem en t. Moreover, two of th e  in ta c t  r a t  je ju n u m  
specim ens w ere m easu red  a fte r  th ey  w ere  th a w e d  
from  liquid n itrogen  (LN2) freezing as a  control on th e  
effect of freezing th e  tissue. Because ra b b it  sciatic 
nerves w ere  too sm all to fill th e  in teg ra tin g  sp h ere  
port, only the  tissue  p as te  w as used in  th e  m e a su re ­
m en t. As a w ay  to te s t  w h e th e r  the  p a s te  specim en 
could be a  m ix tu re  of tissue obtained from  different 
donors, two rab b it sciatic nerve p as te  specim ens w ere  
p rep a red  w ith  nerves from two different anim als.

B. Tissue Preparation

T he following protocol w as used  to produce g round  
tissue. T issue w as harves ted  and used  w ith in  12  h  
a fte r th e  an im als w ere sacrificed. P rio r to usage, 
t issu e  specim ens w ere w rapped  in  gauze soaked w ith  
cold phosphate-buffered saline and  stored  a t  4 °C. 
T he  tissue  w as cleaned and  tr im m ed  so th a t  a h o ­
m ogenous specim en w as obtained. A tis su e  speci ­
m en  w as cu t into two pieces; one piece w as rese rved  
as th e  in ta c t  control sam ple, and  the  o th e r  piece w a s  
p u t  in to  a m ortar. LN2 w as slowly poured  into th e
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T ab le  1, T h ickn ess  o f Each T issue S pecim en 0

C alf a o rta Rat jejunum

In tac t 

(71 = 4)

P aste  

(n =  6)

In tact 

(n = 3 )

Thaw ed

(n = 2)
Paste 

(n = 5)

uaDDH öciacic

N erve P aste  

(n = 5)

1.00  (i) 0.73 (i) 0.21 (v) 0.35 (vi) 0.17 (v) 0.25*
1.03 (ii) 0.63 (i) 0.27 (vi) 0.29 (vii) 0.06 (v) 0.176
1.45 (iii) 0.70 (ii) 0,40 (vii) 0.15 (vi) 0.16
1.39 (iv) 0.43 (ii) 0.16 (vii) 0.17

0.50 (iii) 0.20 (vii) 0.09
0.65 (iv)

“Thickness is given in m illim eters; paren thetica l rom an num erals denote anim al num bers. 
^Specimen was a  m ix tu re  of nerve tissues from two different donors.

m o rta r  u n til  i t  covered th e  tissue. A s th e  LN2 slowly 
boiled away, th e  tis su e  becam e b rittle . LN 2 w as 
poured  u n til  i t  covered th e  t is su e  for the  second time. 
A fter th e  LN 2 h a d  boiled aw ay, th e  tissue  w as gently  
b roken  in to  sm a lle r  pieces w ith  a pestle, LN 2 w as 
added  again  and  th e  tissu e  w as  g round  w ith  th e  pes ­
t le  u n til  i t  tu rn e d  in to  a  fine powder. LN 2 w as added 
as necessary  to keep th e  tissu e  pieces b rittle  for easy  
grinding . I t  u su a lly  took th re e  freeze-grind cycles to 
achieve fine tissue  powder. T he resu ltin g  tissue  
pow der w as p laced onto a  clean g lass slide. The 
d ia m e te r  of th e  pow der partic les  w as v isually  esti ­
m a ted  to be approx im ate ly  0.5 m m . The pow der be ­
g a n  to  th aw  w h e n  i t  touched  th e  g lass slide, and  a 
t is su e  p a s te  w as formed. T he p a s te  w as sp read  
evenly over the  g lass slide. A  cover slide w as placed 
over th e  p as te  to  avoid tra p p e d  a ir  bubbles, and  the  
slides w ere  tap ed  together. T he tim e  betw een  grind ­
ing  and  optical p ro p erties  m e a su re m e n ts  w as less
th a n  1 h.

E ach  in ta c t  control sam ple  h a d  a  s lig h t varia tion  in  
th ickness  over th e  w hole specim en area . W hen  th e  
sam ple  w as sandw iched  be tw een  glass slides, a  m ore 
un iform  th ickness  w as achieved. P recautions w ere 
ta k e n  to en su re  th a t  th e  th icknesses o f both  th e  in ­
ta c t  and  th e  p as te  specim ens w ere  uniform  over th e  
a re a  th a t  w as p laced  over th e  sam ple  p o rt of the  
in te g ra tin g  sphere. E ach  sam p le ’s th ickness w as 
m easu red  w ith  a  p a ir  of precision  calipers, and  the  
th ickness  v a ria tio n  over th e  a re a  of in te re s t  did  no t

exceed 0 ,01  mm . Thickness m easu rem en ts  w ere r e ­
p ea ted  a fte r th e  spectrophotom eter m easu rem en t; no 
significant difference in  th ickness w as  observed. 
T he  th ickness of each tissue  sam ple is lis ted  in  Table
1 . T he in teg ra tin g  sphere  sam ple p o rt h as  a  d iam ­
e te r  of 1.6  cm. E ach  sam ple h a s  an  overall d im en ­
sion of approxim ately  2.5 cm X 2 cm. All slides w ere  
k e p t in  cold gauze soaked w ith  phosphate-buffered 
sa line  un til reflection and  transm iss io n  w ere m e a ­
su red  w ith  th e  spectrophotom eter.

C, Spectrophotometer Measurements

Total transm ission  and  to ta l reflection w ere m e a ­
su red  on a V arian  C ary  5E spectropho tom eter 
equipped w ith  an in teg ra tin g  sphere. T he sp ec tra l 
ran g e  w as 400 nm  to 850 nm . The abso rp tion  coef­
ficient, /xa , and  the reduced sca tte ring  coefficient, p i /
— M*( 1 ~  w ere calculated w ith  I n v e r s e  A d d in g  

D o u b l in g  softw are ,6 w hich is su itab le  for single a n d  
m ultip le  scattering.

3. Results

T he optical p roperties o f calf ao rta  and  r a t  je ju n u m  
specim ens com puted from the  spectropho tom eter 
m easu rem en ts  w ith  th e  Inverse  A dding D oubling 
m ethod  are listed  in  Tables 2 -4 .  The p a s te  optical 
p roperties  in  Table 2 are  th e  averages over all p a s te  
specim ens. Table 3 shows th a t  the  large  s ta n d a rd  
deviation  of th e  r a t  je ju n u m  p as te  d a ta  could be r e ­
duced w hen  th e  th in n e s t  specim en w as excluded from

T ab le  2. C om parison o f O ptical P roperties o f In tact, Thaw ed, and Paste Rat Jejunum

\

(nm)

In tac t (n = 3) Thaw ed (n = 2) P aste  (n =* 5)

M'a
(1/m m )

M*«
(1/m m )

M'a
(SD)

IV
(SD)

i-̂ o
(1/m m )

iV
(1/m m )

M-a
(1/m m )

fV
(1/m m ) (SD)

iV
(SD)

400 1.12 1.74 0.15 0.12 0.85 1.77 1.15 2.27 0.68 0.63

450 0.53 1.40 0.17 0.12 0.33 1.35 0.59 1.82 0.52 0.60

500 0.20 1.13 0.12 0.12 0.10 1.05 0.30 1.48 0.35 0.54

550 0,33 1.02 0.15 0.12 0.18 0.94 0.39 1.39 0.36 0.49

600 0.18 0.87 0.13 0.12 0.08 0.78 0.28 1.21 0,34 0.46

650 0.13 0.78 0 .11 0.12 0.05 0.68 0.26 1.13 0,33 0.46

700 0.14 0.72 0.12 0.12 0.05 0.62 0.28 1.08 0.35 0.44

750 0.15 0.68 0.13 0.12 0.07 0.60 0.32 1.06 0,37 0.43

800 0.17 0.66 0.13 0.12 0.08 0.56 0,36 1.04 0.42 0,43

850 0.20 0.64 0.16 0.17 0.09 0.53 0.37 1.04 0.38 0.50

1 August 1996  /  Vol. 35 , N o . 2 2  /  A P P LIE D  O P T IC S  4 5 2 7



T ab id  3 . C o m p ariso n  o f O p tic a l P ro p erties  o f In ta c t and P aste  R at Je junum , Excluding th e  Th innest P aste S pecim en

X

(nm)

In tac t (n -  3) Paste  (<n = 4)

Mp
(1/m m )

Ma'
(1/m m ) (SD)

fV
(SD)

Ma
(l/m m )

M#'
(l/m m )

Mö
(SD)

M*‘
(SD)

400 1.12 1.74 0.15 0.12 0.87 1.99 0.29 0.17
450 0.53 1.40 0.17 0.12 0,38 1.56 0.21 0.15
500 0.20 1.13 0.12 0.12 0.15 1.25 0,12 0.14
550 0.33 1.02 0.15 0.12 0.24 1.17 0.14 0.11
600 0.18 0.87 0.13 0.12 0.14 1.01 0.11 0.11
650 0.13 0.78 0.11 0.12 0.12 0.92 0.10 0.11
700 0.14 0.72 0.12 0.12 0.13 0.88 0.11 0.11
750 0.15 0.68 0.13 0.12 0.16 0.87 o.u 0.10

800 0.17 0.66 0.13 0.12 0.18 0.85 0.12 0.09
850 0.20 0.64 0.16 0.17 0.20 0.82 0.12 0.13

tlie  calculation. In  one o f th e  ca lf  ao r ta  specim ens, i t  
w as possible to ob ta in  one in ta c t  sam ple an d  two 
p a s te  sam ples. T he reflectance, tran sm ittan ce , ab ­
so rp tion  coefficient, and  reduced  sca tte rin g  coefficient 
a s  a  function of w ave leng th  a re  p re sen ted  in  Fig. 1 . 
T he  in ta c t  sam ple  h a d  a th ickness  of 1.03 m m , and  
th e  p a s te  sam ples h a d  th icknesses of 0.43 m m  and
0.7 m m . Spectra l d a ta  for r a t  je ju n u m  are  p resen ted  
in  Fig. 2 . Once again , two p a s te  sam ples w ere  avail ­
able w ith  th icknesses of 0.17 m m  a n d  0.06 mm . The 
corresponding in ta c t  sam ple  h a d  a  th ickness of 0 .21  

m m . Overall, th e  s ta n d a rd  deviations of pas te  opti ­
cal p roperties  a re  la rg e r  th a n  those  of in ta c t  tissue  
optical properties. T he  la rge  s ta n d a rd  deviations 
can  be explained by th e  fac t t h a t  th e  p as te  averages 
w ere  ta k e n  from p as te  specim ens o f different th ick ­
nesses* We h av e  observed t h a t  w h en  a tissue  p as te  
is m ade  into two different th icknesses, th e  th ickness 
closer to th a t  of in ta c t  t issu e  consisten tly  gives closer 
optical p roperty  va lues  to th e  in ta c t  tissue. T his is 
i l lu s tra ted  in  Figs. 1 an d  2. The optical properties 
as a  function of w aveleng th  of nerve  tissue p as te  
ob ta ined  from m u ltip le  donors and  p as te  obtained 
from  single donors a re  p resen ted  in  Fig. 3.

4. D iscussion

M archesin i et al.7 m e a su re d  th e  spectra l optical p rop ­
e r tie s  of ex vivo h u m a n  colon. T heir  re su lt  of the

average absorption coefficient of 13 colon sam ples h a s  
large absorption peaks a t  420, 540, and  577 nm , in ­
d icating  a significant oxygenated blood content. T he  
spectrum  of absorption coefficients for r a t  je junum  in  
Fig. 2 (c) of th is  p ap er depicts peaks a t  430 and  554 
nm , ind icating  deoxygenated blood. A t 700 nm , 
w here  th e  effect of blood is m inim al, the  absorp tion  of 
th e  in ta c t  r a t  je junum  sam ple is approxim ately  0 .4  
m m ” 1, and  M archesini et al. reported  a n  av erag e  
value  of 0.13 m m " 1 w ith  a  s tan d a rd  deviation  o f 0 .04 
m m ” 1. O ur reduced sca tte ring  coefficient a t  700 n m  
is 0.72 m m “ 1, and M archesin i reported  an  average  
value  of 0,65 m m ” 1 w ith  a  s ta n d a rd  dev ia tion  of 0.2 
m m ” 1.

O u r in ta c t ao rta  d a ta  h a d  an  absorption coefficient 
of 0.04 m m “ 1 and a  reduced scattering  coefficient of 
2.19 m m “ 1 a t  633 nm. Yoon8 reported  va lues  from  
no rm al h u m a n  ao rta  of \ha =  0.05 m m ” 1 and  \l s' = 4 .1  
m m ” 1 a t  the  sam e w avelength. T hese values a re  
certa in ly  lower th a n  th e  d a ta  of Çilesiz and W elch9 

and  of Keijzer et al.10

A t th e  tim e of our study, we w ere n o t  able to find  
an y  published  d a ta  on th e  optical p roperties  of p e ­
r ip h e ra l  nerves. This m ay  be because m ost p e r ip h ­
e ra l nerves are usually  too sm all for a  conventional 
spectrophotom etric  optical property  m e a su re m e n t. 
In  fact, our approxim ation m ethod w as developed to 
add ress  th is  difficulty in  obtain ing  in ta c t  tissne  opti-

T a b le  4. C om parieon of O ptical P ro p o r tie s  o f In tact and Paste C alf Aorta

X
(nm)

In tac t C alf A orta (n = 4) P aste  C alf A orta (n — 6)

Ma
(l/m m )

M.'
( l/m m )

Ma
(SD)

M*'
(SD)

Mcx
(1/im n)

M
(l/m m )

Mo
(SD)

Ms'
(SD)

400 0.44 4.73 0.04 0.59 0.75 4.35 0,29 1.18

450 0.19 3.60 0.03 0.22 0.23 3.36 0.08 0.84

500 0.08 3.04 0.01 0.25 0 ,11 2,82 0.04 0.68

550 0.12 2.57 0,03 0.20 0.15 2.50 0.05 0.62

600 0.06 2.31 0.01 0.19 0.07 2.21 0.02 0.52

650 0.04 2.11 0.01 0.20 0.06 2.03 0.02 0.48

700 0.04 1.94 0,01 0.18 0.06 1.88 0,02 0.45

750 0.05 1.81 0.01 0.17 0.08 1.78 0.02 0.42

800 0.05 1.71 0.01 0.16 0.08 1.69 0,03 0.41

850 0.06 1.61 0.01 0.17 0.10 1.62 0.03 0.39
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Fig. 1. C alf ao rta  (a) reflectance, in ta c t versus paste; (b) transm ittance , in tact versus pasta; (c) absorption coefficient, in tac t versus paste ; 

(d) reduced sca tte ring  coefficient, in ta c t versus paste.

cal p roperties w h en  th e  surface a re a  of th e  sam ple is 
less th a n  th e  size of th e  in te g ra t in g  sphere  sam ple 
port.

F reezing  and  g rind in g  certa in ly  cause changes to 
t is su e  s tru c tu re . D epending  on th e  cooling or th aw ­
ing  ra te s  and  th e  final frozen tem p era tu re , bo th  ex­
t ra c e llu la r  and  in trace llu la r  ice form ation  can  occur. 
E x trace llu la r  ice fo rm ation  m a y  cause cellu lar dehy ­
d ra tio n  as a re su l t  of th e  changes in  solute concen ­
t ra t io n  of th e  ce llu la r constituen ts . This m ay  cause 
p ro te ins  to lose th e i r  te r t ia ry  and  q u a r te n a ry  s truc ­
tu res , re su ltin g  in  tissue  d én a tu ra tio n . In trace l ­
lu la r  ice form ation  m ay  induce m echanical in ju ry  as 
a  re su lt  of ice c rysta lliza tion  t h a t  dam ages th e  cell 
w a lls .11*12 M oreover, g rind ing  tissu e  s tru c tu re s  and  
m ix ing  ce llu lar co n s titu en ts  fu r th e r  elevate th e  
am o u n t of tissue  dam age. We expect th a t  th ese  fac ­
to rs affect tissue  optical p roperties.

T he effects of cryopreservation  on  h u m a n  ao rta  op ­
tical p roperties  h av e  been  s tud ied  by Çilesiz and  
W elch .13 T heir re su lts  suggest t h a t  freezing in tro ­
duces a  significant decrease  in  th e  absorption coeffi­
c ien t from  300 n m  to  800 nm. O ur thaw ed  r a t  
je ju n u m  d a ta  a re  consis ten t w ith  th e ir  observation.

T he  absorption of th e  p as te  je junum  lis ted  in  Table 2 

is h ig h er th a n  th a t  of in ta c t  je junum . W hen  we ex ­
cluded th e  th in n e s t  r a t  je ju n u m  p aste  d a ta  from o u r  
calculation, Table 3 shows th a t  th e  absorp tion  of th e  
freeze-ground paste  is low er th a n  th a t  of th e  in ta c t  
unfrozen  tissue. However, th e  calf a o r ta  freeze- 
g round  pas te  does n o t  seem  to support th is  observa ­
tion. W e believe th e  reason  for the  d iscrepancy  is 
aga in  due to sam ple thickness. A n u m b er o f the  c a lf  
ao rta  pas te  specim ens are  th in  (here w e define a th in  
p as te  sam ple as one whose th ickness is 50% less th a n  
its  in ta c t  coun terpart, and  a  th ick  p a s te  has approx ­
im ate ly  in tac t tissue thickness; see Table 1 ). W e 
expect th a t  if  the  calf ao rta  p as te  sam ples w ere p re ­
p a red  so th a t  they  h ad  a  th ickness closer to th e  in ta c t  
tissue, th e  absorption w ould be com parable w ith  or 
even less th a n  the in ta c t  tissue  specim ens as a r e s u l t  
of the  freezing process.

Typically, p as te  sam ples w ere not as th ick  as th e  
in ta c t  sam ples. A lthough theory  pred ic ts  th a t  op ti ­
cal p roperties are independen t of th ickness, our ex ­
perience h as  no t show n th is  to be tru e .  As tissu e  
th ickness  increases, th e re  is u sua lly  a  decrease  in th e  
m easu red  absorption coefficient13 F rom  our re-
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Fig. 2. Rat jejunum  (a) reflectance, in ta c t versus paste; (b) transm ittance, in tact versus paste; (c) absorption coefficient, in ta c t versus 

paste; (d) reduced sca tte rin g  coefficient, in ta c t versus paste.

su its , we have  noticed t h a t  th e  th in  p as te  specim ens 
ten d  to have  a  h ig h e r  absorp tion  th a n  th e  th ick  p as te  
specim ens. In  Figs. 1 (c) and  2 (c), th e  th in n e r  paste  
sam ples  h av e  h ig h e r  absorp tion  th a n  th e  th icker 
ones. A lthough th e  two in ta c t  sam ples are th icker 
th a n  th e  th ick  p a s te  sam ples, th e  p a s te  sam ples have 
a slightly  lower absorption. T his is consisten t w ith  
th e  observation described above t h a t  freezing tissue  
ten d s  to decrease th e  absorption .

In  o u r  study, th e  g re a te s t  difference betw een  the  
in ta c t  and  th e  p a s te  specim ens occurs specifically a t  
approx im ate ly  420 nm . The large  difference is u n ­
doubted ly  due to  blood absorption. Trace am ounts  
o f blood w ere p re se n t  in  m o st o f th e  specimens. The 
g round  calf ao r ta  and  ra b b it  sciatic  nerve  specim ens 
(see Fig. 1 and 3) seem ed to h av e  a h ig h er oxyhemo­
globin con ten t th a n  th e  corresponding in tac t sam ­
ples. T his is depicted  b y  th e  local absorption peaks 
a t  approx im ate ly  420, 540, an d  577 nm , w hich are 
associated  w ith  oxyhem oglobin .14 In  contrast, the  
oxygen level in  th e  in ta c t  t issu e  w as  lower, as illus ­
t r a te d  by th e  red  sh ift of th e  4 2 0-nm oxyhemoglobin 
p eak  and  th e  local absorp tion  m ax im um  a t  555 n m  of 
th e  deoxyhem oglobin trap p e d  inside th e  in ta c t  spec ­

im en  vascu la tu re  [see Fig. 1 (c)]. This inc rease  in  th e  
oxygen level of p as te  specim ens is believed to  be a 
re su lt  of th e  grinding  process. O xidation occurred 
w hen  hemoglobin w as exposed to a ir  d u rin g  grind ing . 
This m ay  provide a closer approxim ation  to tissue  in 
vivo, w hich contains oxygenated blood a s  i l lu s tra ted  
for th e  calf ao rta  and  rab b it  sciatic nerve. I t  is in ­
te re s tin g  th a t  n e ith e r  th e  in tac t or p a s te  sam ples of 
th e  r a t  je ju n u m  appear to contain  oxyhemoglobin.

E ven though  g re a t  care w as ta k e n  w h e n  p u tt in g  a 
cover slide on the  paste, th e re  w ere still som e tra p p e d  
a ir  bubbles in  the  slides. These trap p ed  a ir  bubb les  
can  be seen  in  Fig. 4, w hich  is a m icrograph  ta k e n  
from  a sam ple of r a t  je ju n u m  paste  be tw een  g lass  
slides enlarged  a t  25 X (original m agnification). 
T hese trap p ed  a ir bubbles m ay  have  affected th e  a p ­
p roxim ation  of optical properties, even  though  a ir  
bubbles occupied a sm all fraction  of th e  tissue  p a s te  
volum e betw een th e  glass slides. T h is  m ay have  
caused a n  increase in  to ta l tran sm ittan ce , especially  
in  th in  tissue p as te  specimens in  w hich  th e  a ir  b u b ­
b les m ay  have ex tended  th rough  the  paste . The ef ­
fect on th e  reflectance is no t certain. O n one h an d , 
th e  a ir  bubbles m ay  increase  th e  specu lar reflectance
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Fig. 3. R abb it nerve  paste  (a) reflectance, (b) tra n sm itta n c e , (c) absorption  coefficient, (d) reduced  sca tte r in g  coefficient,

as a re su lt of h ig h er index  m ism atch . On th e  o ther 
han d , th e  diffuse reflectance m ay  be reduced because 
th e  a ir  bubbles h ad  displaced a sm all am ount of th e  
tissu e  p aste  volum e.

O verall, th e  d a ta  suggest th a t  th ick  paste  speci­
m ens b e tte r  approx im ate  in ta c t tissue . This p h e ­
nom enon is depicted  in  th e  r a t  je junum  d a ta  of Table 
3. W hen the  th in n e s t specim en w as excluded from

Fig. 4. M icrograph from a  r a t  je ju n u m  p as te  specim en w ith  a i r  

b u bb I e s t r  apped be tw een g\ ass  sli d es (origi n al in agni fi ca ti o n , 2 5 x  ).

th e  calculation of average p aste  optical p roperties, 
th e  p aste  and in ta c t tissu e  optical p ro p erties  w ere  
well w ith in  experim en tal error. We believe th a t  th e  
th in  p aste  sam ples are  m ore susceptib le to  e rro rs  
th a n  the  th ick  ones. T he changes in  w a te r  co n ten t 
caused by dehydration  and  condensation  m ay be 
m ore p rom inen t am ong the  th in  sam ples. T h e  
trapped  a ir bubbles m ay  occupy a h ig h er percen tage  
of p aste  volum e in  a th in  sam ple th an  in  a th ick  one. 
Potentially , th e re  is a h igh er level of th ickness m e a-

r .

C
» c*

pies.
From  the rab b it nerve specim ens, th e  optical p ro p ­

e rties obtained from the paste  of a single donor a re

donors. This m ay im ply th a t  single tissu e  types ob ­
ta in ed  from m ultip le donors can  be ground to g e th e r 
to provide sufficient tissu e  p aste  for th e  m e a su re ­
m en ts.

The spectra l range th a t  w as stud ied  in these ex ­
p e rim en ts  covered th e  visible and  p a r t  of the  near~IR  
region. However, the  ag reem en t is n o t expected to 
hold a t longer w avelengths. This m ethod will give 
in accu ra te  resu lts  in  th e  IR  range  as a re s u lt  of w a te r
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sue  a n d  t h a t  of in ta c t  t issu e  m ay  be different. F irs t, 
g round  tissue  h a s  a  s tru c tu re  th a t  h a s  been  a ltered  
by b reak in g  of th e  cells an d  th e  ce llu lar m a tr ix  by 
freezing and  grinding. T his m ay  give rise to th e  
a lte ra tio n  o f bo th  th e  in trace llu la r  and  in te rce llu la r 
w a te r  d istribu tions. F u rth e rm o re , as th e  frozen tis ­
sue  pow der th aw s, i t  also condenses atm ospheric  
m oistu re . B ecause of th is  in c rease  in  th e  m oistu re  
level of th e  p as te  specim en, th e  absorption p roperty  is 
expected to be h ig h e r  th a n  th a t  of in ta c t  tissues in  the  
IR  range,

Overall, th e  shape  of th e  absorption, pua, an d  re ­
duced scattering , sp ec tra  of th e  p as te  sam ples 
m a tch ed  th e  sp ec tra  of th e  in ta c t  tissue. O ur re su lts  
have  suggested t h a t  th e  optical p roperties obtained 
from  th e  paste  specim ens approx im ate  values d e te r ­
m ined  from th e  in ta c t  tissues . A lthough th is 
m ethod  is no t a  su b s ti tu te  for th e  conventional pro ­
tocol of ob ta in ing  optical p roperties  from in tac t tis ­
sues, th e  enh  an  cem ent of th e  oxyhemoglobin in  the  
p a s te  sam ples m ay  approx im ate  in vivo m easu re ­
m e n t  b e tte r  th a n  spec tropho tom eter m easu rem en ts  
o f in ta c t  in vitro t is su e  sam ples. The goal of th is  
project is to te s t  th e  feasib ility  of es tim ating  tissue  
optical p roperties  from  a  p a s te  o f th e  tissue. We 
believe th is  m ethod  can  be applied  w hen  the  tissue  of 
in te re s t  is too sm all or too inhom ogeneous for con­
v en tiona l in teg ra tin g  sphere  spectrophotom eter m ea ­
su rem en ts .

5. C onclusions

T he feasibility  of e s tim a tin g  tis su e  optical p roperties 
from  those of th e  g round  tissue  h as  been  dem on ­
s tra te d . We h av e  com pared th e  optical properties 
ob ta ined  from  in ta c t  an d  g round  r a t  je ju n u m  and  calf 
ao rta . F reezing and  g rind ing  enhances the  oxygen 
co n ten t of th e  hem oglobin level in  the  tissues to b e t ­
t e r  resem ble in vivo t is su e  th a n  in ta c t  in vitro sam ­
ples. O ur re su lts  suggest t h a t  optical p roperties of 
soft t issu e  can  be  e s tim a ted  from th a t  of g round  soft 
t is su e  in  th e  400-nm  to 850-nm  range.
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