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I OVERVIEW OF THE: PROGRAM 

This document is the F ina l  Report on Nat iona l  Aeronautics 
and Space Adminis t ra t ion Contract  No.  HAS 9-2937, "The f n v e s t i -  
g a t i o n  and Development of an  Externa l  Biosensor for the Contin- 
uous Determination of Blood Oxygenation and Concomitant Heart  
R a t e  and Respi ra tory  R a t e  for U s e  i n  Spacecraf t  and A i r c r a f t " .  
The w o r k  r epor t ed  w a s  conducted dur ing  the p e r i o d  June 24, 1964 

t o  November , 1965 a t  the Laboratory of Technical  Devel.opment, 
I n s t i t u t e  of Medical Sciences,  P resby te r i an  Medical Center,  San 

Francisco,  Ca l i fo rn ia .  

This  s tudy  program w a s  designed t o  exp lo re  the f e a s i b i l -  
i t y  of  developing an a c c u r a t e  and re l iable  e x t e r n a l  b iosensor  
based upon the p r i n c i p l e  of o p t i c a l  b a c k s c a t t e r .  The o b j e c t i v e  
of t h e  program was detailed i n  the c o n t r a c t  s ta tement  of work 

as follows: 
1 
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"Objective: The range of blood-oxygen s a t u r a t i o n  
compatible w i t h  normal phys io log ic  performance of 
man is narrow and i s  not  dependent upon p h y s i c a l  
a c t i v i t y  or l e v e l  of anx ie ty ,  nor does it vary  
f r o m  i n d i v i d u a l  t o  ind iv idua l .  Since the mainte- 
nance of normal blood-oxygen s a t u r a t i o n  r e q u i r e s  
proper  func t ion  of the l i f e  suppor t  system, res- 
p i r a t o r y  system and ca rd iovascu la r  system, t h i s  
one measurement w i l l  monitor the i n t e g r a t e d  per-  
formance of the man-machine system most c r i t i c a l  
t o  s u s t a i n i n g  l i f e  during space f l i g h t .  Since an  
o p e r a t i o n a l  b iosensor ,  capable of cont inuous blood- 
oxygen s a t u r a t i o n  measurements and capable  of m e e t -  
i n g  a l l  the o p e r a t i o n a l  requirements  of space f l i g b t ;  
does n o t  e x i s t ,  it is the i n t e n t  of this  Work State- 
ment t o  d e f i n e  a f e a s i b i l i t y  s tudy  of  such a bio- 
sensor ,  based upon the p r i n c i p l e  of optical  back- 
scatter. '' 
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I OVERVIEW O F  THE PROGRAM 

This document is  the Final Report on National Aeronautics 
and Space Administration Contract No. NAS 9-2937, "The Investi- 
gation and Development of an External Biosensor for the Contin- 
uous Determination of Blood Oxygenation and Concomitant Heart 
Rate and Respiratory Rate for U s e  i n  Spacecraft and Aircraft". 
The work reported was conducted during the period June 24 ,  1964 
t o  November 1, 1965 a t  the Laboratory of Technical Development, 
In s t i t u t e  of Medical Sciences, Presbyterian Medical Center, San 
Francisco, California. 

This study program was designed t o  explore the feasibi l -  
i t y  of developing an accurate and re l iab le  external biosensor 
based upon the principle of opt ical  backscatter, The objective 
o€ the program was detailed i n  the contract statement of work 

as follows: 

"Objective: The range of blood-oxygen saturation 
compatible w i t h  normal physiologic performance of 
man is  narrow and i s  not dependent upon physical 
ac t iv i ty  or level  of anxiety, nor does it vary 
from individual t o  individual. Since the mainte- 
nance of normal blood-oxygen saturation requires 
proper function of the l i f e  support system, res- 
piratory system and cardiovascular system, t h i s  
one measurement w i l l  monitor the integrated per- 
formance of the man-machine system most c r i t i c a l  
t o  sustaining l i f e  during space f l i gh t .  Since an 
operational biosensor, capable of continuous blood- 
oxygen saturation measurements and capable of m e e t -  
ing a l l  the  operational requirements of space f l i gh t ,  
does not ex i s t ,  it is the intent  of t h i s  Work State- 
ment t o  define a f eas ib i l i t y  study of such a bio- 
sensor, based upon the principle of opt ical  back- 
sca t t e r ,  '' 
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The feasibility study program was motivated not only 
by the pressing need for a reliable, operational external bio- 
sensor for measuring blood oxygen saturation and the current 
unavailability of suitable operational instrumentation, but 
by preliminary data and theoretical considerations which sug- 
gested that the implementation of a backscatter mode of oper- 
ation might overcome difficulties encountered by previous instru- 
mentation based upon transmission techniques. 

As outlined in the Proposal, a backscatter mode of 
operation held promise of the advantages of greater flexibility 
and comfort in the anatomic site of location of the biosensor, 
and constancy of geometric relationship between light source 
and photodetector, independent of individual variations in the 
anatomy of the subjects. 

Further, while conventional transmission-mode instru- 
mentation -pt& to implement a transfer function relating 
blood oxygen saturation to the ratio of the logarithms of the 
ratios of the incident to transmitted light intensities of the 
system, i.e., Beer's Law: 

-r I 
incident 

s transmitted 
Log 

Log Ihi incident 

I A  
+ K2, Eq. 1 K1 0,s. = 

'hi transmitted 

where hS is a signal wavelength (at which the 
extinction coefficients for oxygenated and re- 
duced hemoglobin differ appreciably), and 

hi is an isosbestic wavelength (at which the 
extinction coefficients for oxygenated and re- 
duced hemoglobin are identical) 

the backscatter mode of operation gave promise of approximating 
a linear relationship between oxygen saturation and backscattered 
light intensities, i.e., 
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*S backsca t t e red  + 

backsca t te red  2 
I h  i 

K1 0 , s .  = 

T - Eq. 2 
i 

w h e r e  the r a t io  3 of t h e  l i g h t  source i s  held cons tan t .  

S I h  

As noted i n  the program Proposal, ins t rumenta t ion  t o  
e l e c t r o n i c a l l y  process l i n e a r  Equation 2 is fa r  s impler  t han  
the ins t rumen ta t ion  r equ i r ed  t o  process the logar i thmic  rela- 
t i o n s h i p s  of Equation 1. I n  a d d i t i o n ,  the success fu l  r e a l i z a -  
t i o n  of a n  e x t e r n a l  biosensor  system performfng i n  accordance 
w i t h  Equation 2 would have other outs tanding  f e a t u r e s  making 
it p a r t i c u l a r l y  s u i t a b l e  f o r  use by a c t i v e  personnel ,  a s  noted 
b e l o w .  

Var i a t ions  i n  the p h y s i c a l  coupl ing of e x t e r n a l  biosensor  
t r ansduce r s  t o  the s k i n  cause v a r i a t i o n s  i n  the o p t i c a l  coupl ing 
between the l i g h t  source and the s k i n  ahd the photodetec tors .  
These v a r i a t i o n s  i n  l i g h t  coupl ing t end  t o  be p ropor t iona te  a t  
the va r ious  wavelengths of  i n t e r e s t ,  i .e . ,  they  are n e u t r a l  
d e n s i t y  changes. Consequently, the behaviour of t h e  t r a n s -  
mit tance and b a c k s c a t t e r  t r a n s f e r  func t ions  (Equations 1 and 
2 above) w i t h  r ega rd  t o  n e u t r a l  d e n s i t y  changes, becomes i m -  
p o r t a n t  i n  the practical r e a l i z a t i o n  of o p e r a t i m a l  e x t e r n a l  
b iosensors  for use on a c t i v e  personnel .  

It can be seen by i n s p e c t i o n  t ha t  Equation 2 is  inde- 
pendent of any n e u t r a l  d e n s i t y  changes that  might occur i n  
o p t i c a l  coupl ing between t h e  l i g h t  source ,  the s k i n  and the 

photodetec tor ,  w h i l e  Equation 1 is  s e n s i t i v e  t o  such n e u t r a l  
d e n s i t y  changes. Since v a r i a t i o n  i n  p re s su re ,  p o s i t i o n  or 
motion of the t ransducer  w i t h  respect t o  the s u b j e c t  w i l l  ef- 

f e c t i v e l y  change optical coupl ing and produce n e u t r a l  d e n s i t y  
changes a t  the var ious  wavelengths, it is  clear that  a bio-  
sensor  system implementing Equation 2 should have the out-  
s tanding  advantage over  t ransmiss ion  devices  of  freedom from 
motion a r t i fac t  and be uniquely appropriate for o p e r a t i o n a l  
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use w i t h  a c t i v e  duty personnel  w h e r e  motion i n e v i t a b l y  occurs .  

* * * * *  

During the s i x t e e n  months and e i g h t  days of t h i s  con- 
tract ,  the program o b j e c t i v e  quoted above w a s  pursued i n  ac- 
cordance4 w i t h  t h e  c o n t r a c t  Statement of Work. 

At the o u t s e t  of the program, i n  a d d i t i o n  t o  evalua- 
t i o n ,  procurement and c a l i b r a t i o n  of r equ i r ed  ins t rumenta t ion ,  
an  i n v e s t i g a t i o n  of hemolyzed-blood spectrophotometry w a s  un- 
der taken  t o  i n s t i t u t e  an  i n t r a - l a b o r a t o r y  oxygen-saturat ion 
s tandard-of-reference methodology of  the h i g h e s t  o rder  of ac- 
curacy (Sec t ion  11). This phase of the program r e s u l t e d  i n  a 
s u b s t a n t i a l  advance i n  the s ta te  of t h e  a r t  of l a b o r a t o r y  
blood oxygen s a t u r a t i o n  measurement. 

During the first nine months of  the program, simultaneous 
s t u d i e s  w e r e  conducted (1) of the spectrophotometr ic  p r o p e r t i e s  
of whole-blood samples of varying f i l m  depths  and va r ious  h e m a t -  
ocri ts  (Sec t ion  IIIb (2) of  the spectrophotometr ic  p r o p e r t i e s  
of bloodless s k i n  and t i s s u e  samples of va r ious  pigmentation 

and va r ious  anatomic sites, and ( 3 )  of the spectrophotometr ic  
p r o p e r t i e s  of human s u b j e c t s  of v a r i o u s  pigmentat ion a t  var-  
i ous  s k i n  si tes,  va r ious  s k i n  temperatures  and va r ious  sk in-  
blood f l o w s  (Sec t ion  I V ) .  It w a s  a n t i c i p a t e d  tha t  the r e s u l t s  
of these separate and parallel  s t u d i e s  would be brought t oge the r  
t o  establish the basic des ign  cri teria for the va r ious  experi- 
mental e x t e r n a l  b iosensor  systems. 

These s t u d i e s  lead t o  the des ign  and f a b r i c a t i o n  of 
both chopped l igh t  and d.c. experimental  b iosensor  systems i n  
w h i c h  l i g h t  wavelength c e n t e r i n g  frequency, spectral bandwidth 
and sensor  disk conf igu ra t ions  w e r e  a d j u s t a b l e  v a r i a b l e s  
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(Section V).  
lated skin-tissue-blood systems, t o  experimental animals, t o  
open-heart surgery pat ients  and t o  human volunteers i n  order t o  

These systems w e r e  extensively applied t o  s i m u -  

define the t ransfer  functions re la t ing  backscattered l i gh t  in- 
t ens i ty  t o  blood oxygen saturation (Section V), 

Considerable data was acquired from simulated systems 
i n  which' the oxygen saturation and hematocrit of whole-blood 
sarrples w e r e  a l terable  variables. Extensive data were acquired 
from experimental studies performed upon both Chester White 

pigs and human pat ients  undergoing open-heart surgery. I n  
these studies a r t e r i a l  oxygen saturation, sk in  si te,  skin 
blood flow, sk in  temperature, hear t  r a t e ,  respiratory ra te ,  
systemic blood pressure, systemic blood flow and systemic t e m -  
perature w e r e  manipulable variables (Section V ) .  

* * * * *  

Careful analysis of thesedata indicated tha t  the prin- 
c ip le  of opt ical  backscatter can be u t i l i z e d  for measuring 
oxygen saturation of whole-blood samples w i t h  a high degree 
of accuracy, r e l i a b i l i t y  and convenience through the implemen- 
ta ion of a congruent opt ical  geometry i n  which the blood vol- 
ume illuminated by the l i gh t  source and the blood volume 
viewed by the photometric sensor are  congruent. This imple- 
mentation l inear ly  related oxygen saturation t o  the t ransfer  
function of Equation 2 ,  above: 

I, 

+ K2 
. ' s  backscattered 

K1 I, 0,s. = 
A i backscattered 

w h e r e  the r a t i o  2 of the l i g h t  source is  held constant. 5 
- 

However, the congruent opt ical  geometry proved t o  be 
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unsatisfactory in in-vivo studies upon human subjects because 
of the excessive levels of non-information-bearing photic 
energy returned from the skin surface and tissues which 
proved to be "noise", compared with the signal bearing photic 
energy returned from the blood contained within the skin. 

The likelihood of an unacceptable signal-to-noise ratio 
for a congruent backscatter optical geometry had been anticipated in 
the original proposal, and transducer configurations in which the 
illuminated area and sensor observed areas were offset from 
each other rather than congruent were designed and investigated 
(such as the annular sensor illustrated in Figure 8 of the 
Proposal). 

Experimental Biosensor Systems operation utilizing such 
transducers was extensively studied upon experimental animals, 
human patients and human volunteers. While the non-congruent 
optical geometry proved to have satisfactory sensitivity and 
signal-to-noise characteristics, data from these studies demon- 
strated a significant transmissive component to the spectro- 
photometric behavior of non-congruent backscatter-mode trans- 
ducers. This transmissive component of realizable backscatter 
systems was manifest by two phenomena: 

1. a relationship between oxygen saturation and 
light intensity measurements at a signal and 
an isosbestic wavelength that is between 
the relationships characterizing congruent 
backscatter 
systems, 

where the ratio 

systems and pure transmission mode 

I, backscattered 
S A 

+ K2 Eq. 3 
backscattered 5 i 

5 2 of the light source is held constant. 
5 S 
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and, 

2 .  a pronounced sensitivity of the above 
function to variations in pressure, posi- 
tion or motion between the transducer 
and the skin. 

While the first of the above characteristics of external 
biosensor backscatter systems, i. e. , the semilogarithmic nature 
of the relationship between oxygen saturation and measured light 
intensities, represents only a matter of small inconvenience, 
the second characteristic above is of major practical import. 
With the demonstration of sensitivity to position, pressure and 
motion variations of the backscatter mode of operation, the 
principal hoped-for advantage of external backscatter-mode bio- 
sensors over external transmission-mode biosensors for use in 
active personnel disappeared. 

Thus, while external backscatter-mode biosensors retain 
their obvious advantages in terms of flexibility of position- 
ing and relative comfort of application over conventional 
transmission-mode devices, if a truly operational external 
biosensor for use upon active personnel is to be developed, 
It will be necessary.to develop techniques either for stablizing 
the physical coupling of the transducers to,the subjects or for 
continuously compensating for the variations in optical coupling 
so produced. 

Attention to this well-defined and remaining problem 
area is recommended to other experimenters in this field. 
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I1 SPECTROPHOTOMETRIC STUDIES O F  HEMOLYZED BLOOD 

A. General 

Extensive spectrophotometric studies of hemolyzed- 
blood samples w e r e  not anticipated pr ior  t o  the onset of t h i s  

program. However, experience w i t h  gasometric and spectro- 
photometric determinations of hemolyzed-blood samples per- 
formed during the f i r s t  several months of the program by an 
excellent c l i n i c a l  chemistry laboratory demonstrated tha t  the 

orders of accuracy attainable i n  cliQical chemistry labora- 
t o r i e s  and sat isfactory for medical diagnostic and therapeu- 
t i c  purposes are  insuff ic ient  for the needs of a developmental 
program such as  conducted under the subject contract. 

During the first s i x  months of t h i s  program, the 

Presbyterian Medical Center Cardiac Catheterization Labora- 
tory performed the standard-of-reference oxygen' saturation 
measurements against which a l l  developing instrumentation 
was compared. This c l i n i c a l  laboratory, which is surely one 
of the outstanding laboratories of its type i n  the country, 
furnished senior personnel for t h i s  purpose,. each of whom 
had over f ive years of continuous experience w i t h  both gaso- 
metric and spectrophotometric techniques. After careful as-- 
sessment of the measurement deviation for aliquot samples by 
both gasometric and spectrophotometric techniques, e f fo r t s  
w e r e  ins t i tu ted  t o  develop an intra-laboratory standard-of- 
reference spectrophotometric method of a high order of ac- 

curacy. 

The standard-of-reference measurement method evolved 
represents a d i s t i n c t  advance i n  the ar t  of laboratory blood- 
oxygen saturation measurement. A universal cal ibrat ion l i ne  
for hemolyzed-blood samples was realized t h a t  eliminates 
eight of the t e n  steps previously required t o  make a single 
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oxygen-saturation determination upon a blood sample. Prior 
t o  this development, 100% oxygen saturation points and 0% 

oxygen saturation points w e r e  chemically created and measured 
t o  es tabl ish a cal ibrat ion l i n e  for each and every blood 
specimen studied i n  the oximetry laboratories. W i t h  th is  

newly developed and simplified procedure, accuracies of 
*2% oxygen saturation are a t ta inable ,  with a standard Beck- 
man Model B laboratory spectrophotometer, an accuracy compar- 
ing favorably w i t h  any reported i n  the world. 

The d e t a i l s  of these spectrophotometric studies of 
hemolyzed blood directed toward evolution of a high-accuracy 
simplified method for the standard-of-reference laboratory 
measurements follow. 
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B. Theoretical Basis 

The standard spectrophotometric method for determina- 
tion of the oxygen saturation of hemolyzed-blood samples is 
based upon the difference in optical absorption properties 
of hemoglobin and oxyhemoglobin, which is subsumed by the 
Lambert-Beer's law for non-turbid pigmented solutions illumi- 
nated by monochromatic light. 

Widespread experience prior to the onset of this pro- 
gram had demonstrated that to make reliable measurements of 
oxygen saturation in blood samples, it was first necessary 
to break apart the red blood cells, liberating the hemoglobin 
contained therein (a procedure referred to as hemolysis), 
thereby converting the suspension of red blood cells in 
plasma to a uniform solution of hemoglobin pigments. This 
hemoglobin solution consists of a mixture of oxygenated hemo- 
globin (Oxyhemoglobin, Hb02) and non-oxygenated hemoglobin 
(Reduced Hemoglobin, Hb).  The Oxygen Saturation of the solu- 
tion is defined as that fraction of the total hemoglobin 
present in the oxygenated form. 

Non-turbid hemoglobin solutions are absorbing media 
that follow the Lambert-Beer Transmission Law, which states 
that light traversing an absorbing medium suffers an exponen- 
tial (logarithmic) reduction in its intensity. The propensity 
of an absorbing material to produce "extinction" of the light 
traversing it is quantitated in spectrophotometric notation 
as its "extinction coefficient". The extinction coefficients 
are wavelength dependent. Figure E'R-1, for example, i s  a 
plot of extinction coefficients of the two pigments oxygenated 
hemoglobin and reduced hemoglobin against spectral wavelength. 
The differences in the absorption spectra of the reduced and 
oxygenated form of hemoglobin form the basis upon which the 
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Figure FR-1. 
Absorption spectra of oxyhemoglobin and reduced hemoglobin. 

Spectrophotometric Studies of Hemolyzed Blood. 
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spectrophotometric de termina t ion  of oxygen s a t u r a t i o n  is  made. 

The a t t e n u a t i o n  of l igh t  caused by a real  sample of an  
absorbing material i s  a func t ion  no t  on ly  of i t s  e x t i n c t i o n  
c o e f f i c i e n t  a t  the wavelength used, b u t  is  a func t ion  as w e l l  
of the concen t r a t ion  of the material i n  the sample and the 
th i ckness  of the sample. This is  mathematically expressed i n  
Equation 4, embodying Lambert ' s  c o n t r i b u t i o n  i n  showing that 

the exponent i s  p r o p o r t i o n a l  t o  the o p t i c a l  path l eng th  
( s o l u t i o n  t h i c k n e s s ) ,  and Beer's c o n t r i b u t i o n  i n  showing tha t  
the exponent is  p r o p o r t i o n a l  t o  the concen t r a t ion  of pigment 
for a g iven  optical path length:  

-eCx 
I = I o  10 Eq. 4 

w h e r e  
I = Transmitted l i g h t  i n t e n s i t y  
Io = Inc iden t  l i g h t  i n t e n s i t y  
e = Ext inc t ion  (or absorp t ion)  c o e f f i c i e n t  
C = Concentration of pigment 
X = O p t i c a l  path l eng th  (sample t h i c k n e s s ) .  

I f  there are t w o  non- in te rac t ing  pigments i n  a s o l u t i o n ,  
t h e n  their  e x t i n c t i o n - c o e f f i c i e n t  pigment-concentration prod- 
u c t s  may be added as shown i n  Equation 5: 

I = Io 10 Eq. 5 

It is  clear f r o m  the f o r m s  of Equations 4 and 5 t ha t  the  

logarithm of the r a t io  of t r a n s m i t t e d  l igh t  t o  i n c i d e n t  
l i g h t  completely c h a r a c t e r i z e s  the op t i ca l - abso rp t ion  prop- 
ert ies of the s o l u t i o n .  
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The negat ive  of  the logar i thm of Equation 5 is  called 
the o p t i c a l  d e n s i t y ,  which for hemolyzed-blood s o l u t i o n s  can 
be w r i t t e n  as Equation 6: 

O.D. = 

Eq. 6 

CO 

C r  
(eo - er) - + er C Eq.. 7 

where 

O.D. = Optical d e n s i t y  
= Ext inc t ion  c o e f f i c i e n t  per  Hb02 molecule “0 

CO = Concentration of HbO2 
Qr = Ext inc t ion  c o e f f i c i e n t  per H b  molecule 
C r  = Concentrat ion of Hb. 

Since hemoglobin concen t r a t ion  is  equal  t o  the sum of 

the Hb concen t r a t ion  and the Hb02 concen t r a t ion ,  Equation 6 
may be r e w r i t t e n  as shown i n  Equation 7: 

An isosbestic wavelength i s  def ined  as a wavelength a t  
w h i c h  the e x t i n c t i o n  c o e f f i c i e n t s  for H b  and HbO2 are iden- 
t ical .  Equation 7 may be w r i t t e n  for t h i s  case as  shown i n  
Equation 8: 

0.D- i = eic Eq. 8 
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By taking the r a t i o  of Equations 7 and 8 ,  a relation- 
ship can be established upon w h i c h  t o  base a method for deter- 
mining the oxygen saturation of hemolyzed-blood solutions. 
This is shown i n  Equation 9: 

Eq. 9 

Equation 9 indicates t ha t  a l inear  relationship ex is t s  
between oxygen saturation, Co/C,  of a hemolyzed-blood sample 
and the r a t i o  of i t s  opt ical  densit ies a t  a non-isosbestic and 
an isosbestic wavelength. S t r i c t ly  speaking, t h i s  relation- 
ship is val id  only i f  the hemolyzed-blood solution i s  non- 
turbid and the only absorbing constituents are  H b  and Hb02. 

I n  practice,  the transmission of l igh t  through a hemo- 
lyzed-blood sample is measured a t  an isosbestic wavelength 
and non-isosbestic (signal)  wavelength. These two measure- 
ments are  also performed w i t h  the cuvette f i l l e d  with water 
rather than hemolyzed blood. The differences between the in- 
t e n s i t y  measurements performed upon the hemolyzed-blood-filled 
cuve t t e s  and the water-filled cuvettes es tabl ish the opt ical  
densi t ies  of the samples. The percent hemoglobin oxygen 
saturation can be found from the r a t i o  of the two optical- 
density measurements. 
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C.  Imxxovement in Anaerobic Samplinq 

Oxygen-saturation measurements based upon the standard 
laboratory method discussed above have inherent limitations in 
attainable accuracy, particularly at low levels of oxygen 
saturation, which arise as a consequence of the operations 

I 

involved in sample-preparation protocol. Attainment of the 
necessary degree of accuracy was implemented by developing 
a practicable improvement over the standard practice of using 
a glass syringe for whole-blood sample removal. An anaerobic 
sample capsule was designed to eliminate errors arising from 
air-entrainment which may occur both in the operation of sam- 
ple withdrawal and in the introduction of a hemolyzing agent. 
The anaerobic sample capsule further obviates the need for 
the addition of mercury for mixing and the need for silicone 
syringe lubricant, both of which are potential sources of 
sample contamination. 

The sample capsule, shown in Figure FR-2, consists of 
a measured section of Teflon tubing equipped at each end with 
a Luer-lok connector and a stop-cock valve. Hemolysis is ac- 
complished by injection into the capsule of buffered Triton 
X-100 with a 5 inch, #20 needle through a capsule end-valve 
shielded with a 1 inch, #15 needle. Mixing is accomplished 
by means of a 1/8” brass cube housed in the capsule. 
of hemolyzed blood into 0.1 mm spectrophotometric-cuvette 
cells is accomplished through a #20 needle-equipped end-valve 
by a screw-driven pressure-plate which reduc&the volume of 

Delivery 

the capsule, as shown in Figure FR-3. 
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Figure FR-2. 
Anaerobic sample capsule f o r  obtaining whole-blood samples 
for oxygen saturation determination. The capsule consists of 
Teflon tubing end-equipped with Luer-Lok fittings and valves, 
and contains a brass cube f o r  mixing hemolyzing agent with 
whole blood. 

Spectrophotometric Studies of Hemolyzed Blood, 
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Figure FR-3. 
Delivery of hemolyzed blood from anaerobic sample capsule 
to spectrophotometric cuvette. 

Spectrophotometric Studies of Hemolyzed Blood. 
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D. Operational Oxyqen Saturation Data 

Optical density measurements were performed following 
the above sampling protocol on blood obtained post-operative- 
ly from a heart-lung machine. Because the rate of change of 
molecular extinction coefficient with wavelength is large for 
Mo, in the neighborhood of 506 rnp and for Hb02 in the neighbor- 
hood of 480 rnp, small variations in spectrophotometer wave- 
length settings contribute significantly to the non-reproduci- 
bility of optical density measurements. On the Beckman Model 
B Spectrophotometer used, repeatability of successive wave- 
length settings was assured through the use of narrow band 
interference filters with peak transmissivity at the desired 
wavelengths, The optical density of hemolyzed-blood samples 
was measured in calibrated 0.1 mm four-cell Waters Model NAC- 
11 cuvettes, in which three cuvette cells were filled with 
aliquots of a given hemolyzed-blood sample and a fourth was 
consistently used as a distilled water reference cell. The 
optical density of each sample-containing cell was measured 
at 480 ny_l and at 506 rnp, and respective ratios of ODD, 
480/O.D. 506 were computed so that each O.D. 480/O.D. 506 

ratio reported per blood sample is the average of three sets 
of measurements, The experimentally-determined ratio of op- 
tical density at 480 to optical density at 506 ny_l is re- 
ported in Figure FR-4 for forty blood samples of varying hemat- 
ocrit brought to 100% oxygen saturation by humidified tank 
oxygen (95% 02 - 5% c02) in a pump-oxygenator system. "he 
mean value of these oxyhemoglobin-intercept ratios is 1.352 
with a standard deviation of f.011 representing an equivalent 
oxygen saturation error of *1.69% 0 . S .  

* 

* See Section 111, Figures FR-18 through FR-23 for description 
of the pump-oxygenator flowthrough cuvette system used in 
these studies. 
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Optical Density a t  480 Mil l imicrons 
Optical  Density at 506 Mi l l imicrons  

1 

m 
c, 

Q) 

e, 
k 

m 

d 

E 
5 
(d 

2 

a 
d 
rd 

a 
Q) 
k 

Hb02 

1.343 
1.363 
I. 359 
1.364 
1.357 
1.370 
1.364 
1.363 
1. 363 
1.345 
1.335 
1.340 
1.343 
1.340 
1.356 
1 .344  
1.367 
1.338 
1.351 
1.346 
1.348 
1.347 
1.354 
1.361 
1.345 
1.350 
1 .358  
1.348 
1.349 
1.359 
1.363 
1.364 
1.328 
1.333 
1.342 
1.344 
1.343 
1.367 
1.355 
1 .363  

I 

--Hematocrit  
40. 5 
32.0 
47.0 
40. 0 
32.0 
32.0 
32.0 
32. 0 
32.0 
37.5 
37.5 
37.5 
37.5 
37.5 
30. 5 
37. 0 
46. 5 
41.0 
57.5 

32. 0 
36. 5 
39. 6 
32.0 
40. 0 
45.0 
39.0 

50. 0 
33.0 
42. 0 
36.5 
36. 5 
43.0 
43.0 
43.0 
43.0 
43.0 
45.5 
42.0 
44.0 

- - -_  

S. D. f .011 

Equivalent %OS E r r o r  = f 1. 6970 

44.0 
44.0 
44.0 
44.0 
44.0 
44.0 
35.0 
35.0 
35.0 
35.0 
35.0 

Hb 

,706  
.704 
.707 
.699 
* 702 
0 710 
.705 
.714  
.717 
.711 
.701 
.705 
.706 
. 6 9 9  
.723 
.696  
0 700 
.708  
e 695 

692 
.685 
,696  
0 7 0 0  
. 6 9 6  

689 
e 690 
.693  
.688 
e 693 

697 

...-___.- 

S. D. f .009  

Equivalent %OS E r r o r  = 1.38% 

F i g u r e  FR-4. 
Experimental ly-determined r a t io s  0. D. 480 /0 .  D. 506 for tank- 
oxygen oxygenated and tank-ni t rogen deoxygenated hemolyzed- 
blood samples. 

Spectrophotometr ic  Studies of Hemolyzed Blood. 
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The s t anda rd  d e v i a t i o n  (S.D.) used i n  t h i s  report is 
de f ined  i n  Equation 10. 

SOD, = 

where 
x = a n  element o f  a set of N observa t ions  
N = the t o t a l  number of observa t ions  
x = x x / N  
- 

and the s t anda rd  d e v i a t i o n  equ iva len t  pe rcen t  oxygen s a t u r a -  
t i o n  error repor t ed  is  * (S,D, x 100)/(1.352 - ,701).  For 
normal d i s t r i b u t i o n s  of elements,  x, 68.27% of t h e  N observa- 
t i o n s  l i e  between 2 - SOD. and + S . D . ,  95.45% l i e  between 
x - 2 SOD. and x + 2 S.D., and 99.73% l i e  between 2 - 3 S . D .  

and 2 + 3 S O D ,  

- - 

The 100% oxygen-saturat ion i n t e r c e p t  of  va lue  of 1.352 
p resen ted  i n  Figure FR-4 may be compared w i t h  our  p rev ious ly  
reported'  mean O,D, 480/O.D, 506 ra t io  f o r  s i x  air-oxygenated 
samples of 1 .362 w i t h  a s t anda rd  d e v i a t i o n  of f.018, and 
w i t h  our prev ious  t w o  tank-oxygenated va lues  of 1.358 and 
1.337. The 100% oxyhemoglobin O.D. 480/O.D. 506 r a t io  of  
1.35 w a s  r epor t ed  i n  1960 i n  a paper by V e r e l ,  Saynor and 
Kesteven2, i n  w h i c h  the au tho r s  state t h a t  it, and the va lue  
of the 0% oxygen-saturat ion i n t e r c e p t  ra t io  d iscussed  b e l o w ,  
am c o n s t a n t s  that  need be determined from on ly  a s i n g l e  s a m -  
ple of blood. Reference3 is  also m a d e  t o  ou r  work i n  the 
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805 mp isosbestic wavelength and 625 w non-isosbestic wave- 
length system which yielded a mean O.D. 625/0.D. 805 r a t i o  

for 19 tank-oxygenated blood samples of -972 wAth a standard 
deviation of *.051. The numerical value of the r a t i o  i n  the 

805-625 mp wavelength system is, of course, not d i rec t ly  com- 
parable t o  the value of the r a t i o  i n  the 506-480 mp wavelength 
system, but comparison of the standard deviations may r e f l e c t  
both an improvement i n  technique and the advantage of working 
i n  the l a t t e r  system where the opt ical  absorption of hemoglobin 
i s  approximately 25 times greater i n  the former. 

Data were obtained bearing on the completely-deoxygen- 
ated hemoglobin oximetric readout-line intercept.  "he experi- 
mentally determined r a t i o  of opt ical  density a t  480 mp. t o  
opt ical  density a t  506 rryl is also reported i n  Figure FR-4 for 
t h i r t y  hemolyzed-blood samples of varying hematocrit brought 
t o  0% oxygen saturation by humidified tank nitrogen ( 9 5 %  N - 2 .  
5% co ) i n  the pump-oxygenator system. "he mean value of 
these hemoglobin intercept r a t io s  i s  -701 w i t h  a standard 
deviation of f.009 representing an equivalent percent oxygen 
saturation error  of *1.38% 0 - S ,  

4 with our previously reported mean O.D. 480/0 .D.  506 r a t i o  
for two tank-nitrogen deoxygenated samples of .736 and -739 

and with our mean r a t i o  for s ix  sodium-dithionite deoxygenated 
samples of ,715 w i t h  a standard deviation of *.029. 

2 

This value may be compared 

The value of .7 is  categorically reported by the 1960 

workers c i ted  above. 
indirect  comparison may be made w i t h  our previously reported 
mean O.D. 6 2 5 / 0 , D .  805 r a t i o  for 19 tank-nitrogen deoxygenated 
samples of 5.964 w i t h  a standard deviation of f.319. 

As i n  the case of the Hb02 intercept,  
5 
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E. Experiments i n  P r e c i s i o n  L i m i t s  

I n  a n  attempt t o  establish a t t a i n a b l e  l i m i t s  of pre- 
c i s i o n  on the va lue  of O.D. 480/0.D. 506 for  Hb and HbOz, 

experiments w e r e  conducted i n  w h i c h  mu l t ip l e  a l i q u o t s  of a 
given sample w e r e  measured comparing the use of one sample 
c u v e t t e  and a l t e r n a t i n g  wavelength s e t t i n g s ,  and the use of 
f i v e  c u v e t t e s  measured a t  a common 480-~tll~, and a common 506-mp 
wavelength s e t t i n g .  The r e s u l t s  are shown i n  F igures  FR-5, 
FR-6 and FR-7. 

I n  Figure FR-5, i d e n t i c a l  samples of €33302 w e r e  ob ta ined  

by l i n k i n g  f i v e  sample capsules  and tank-oxygenating the w h o l e -  
blood f l o w  through a l l  of t h e m  for one hour.  The f i v e  capsules  
w e r e  removed s imultaneously,  hemolyzed, and measured s e r i a l l y  
i n  one c u v e t t e  w h i c h  w a s  c leaned  between success ive  measure- 
ments. The process  r equ i r ed  success ive  wavelength s e t t i n g s  
on the spectrophotometer and r e s u l t e d  i n  a mean O.D. 480/O.D. 
506 r a t i o  of 1.363 w i t h  a s t anda rd  d e v i a t i o n  of  t .005 ,  equiva- 
l e n t  t o  a pe rcen t  oxygen s a t u r a t i o n  error of +.77%. 

shown i n  Figure FR-5 are the r e s u l t s  of measurements on f i v e  
a l i q u o t s  of a second blood, tank-oxygenated for one hourl  
s imultaneously hemolyzed, and in t roduced  i n t o  f i v e  spectro- 
photometer c u v e t t e s  which w e r e  a l l  measured a t  the s a m e  480 
nq~. wavelength s e t t i n g  followed by measurement a t  the same 
506 rrq~- s e t t i n g .  Somewhat  increased  p r e c i s i o n  is  i n d i c a t e d  
i n  the mean O.D. 480/O.D. 506 r a t io  of 1.341 w i t h  a s t anda rd  

d e v i a t i o n  of -004 corresponding t o  an equ iva len t  pe rcen t  oxy- 
gen s a t u r a t i o n  error of t.61%. 

Also 

Four experiments w e r e  performed i n  l i ke  manner for the 

tank-ni t rogen deoxygenated Hb O.D. 480/O.D. 506 r a t io  i n  w h i c h  

serial  sample process ing  and wavelength s e t t i n g  r e s u l t e d  i n  a 
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HbOZ 

Optical  Density at 480 Mil l imicrons  
Optical  Density a t  506 Mi l l imicrons  

S e r i a l  Measurement  Pro tocol  
One Cuvette 

Al te rna te  wavelength se t t ings  

Al iquots  of Blood "A" 

1.357 
1.370 
1.364 
1.363 
1 .363  

Average 1 .363  

S .  D. , 0 0 5  

Equivalent %OS E r r o r  = f . 77% 

Simultaneous Mea su remen t  Pro tocol  

Common wavelength set t ings 
F ive  Cuvettes 

Aliquots of Blood IrBlt 

1.345 
1.335 
1.340 
1.343 
1. 340 

1.341 

S. D. 'r .004 

Equivalent %OS E r r o r  = 2 .61% 

F i g u r e  FR-5. 
P r e c i s i o n  at ta ined in exper imenta l ly-de termined  r a t io s  0. D. 480/ 
0. D. 506 f o r  oxyhemoglobin, serial optical-density measu remen t  
vs . simultaneous opt ical  - dens i ty  measu remen t  protocol.  

Spectrophotometr ic  Studies of Hemolyzed Blood. 
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W b  

Optical Density at  480 Millimicrons 
Optical Density at  506 Millimicrons 

Alternate wavelength settings 

Serial Measurement Protocol 
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Figure FR-  6. 
Precision attained in experimentally-determined ratios 0. D. 480/ 
0. D. 506 for hemoglobin, serial  optical-density measurement 
protocol vs. simultaneous optical-density measurement protocol. 
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Figure FR-7. 
Summary of precision attained in experimentally-determined 
ratios 0. D. 480/0. D. 506 for Hb and HbOZr serial optical- 
density measurement protocol vs. simultaneous optical-density 
measurement protocol. 

Spectrophotometric Studies of Hemolyzed Blood. 
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five-aliquot mean value of ,710 with a standard deviation of 
+ + -.006 or percent oxygen saturation.error of -.92%, and a six- 
aliquot second blood mean value of .693 with a standard devia- 
tion of -,005 or 2.77% oxygen saturation error as shown in 
Figure E'R-6. Associated simultaneous sample processing and 

+ 

common-wavelength data are also shown in Figure FR-6 for two 
different bloods indicating an O.D. 480/O.D. 506 ratio for 
one of .704 -.005 corresponding to 2.77% and an O.D. 480/O.D. 
506 ratio for the other of .692 t . 003  corresponding to 5.46% 
oxygen saturation error. These separate precision experiments 
are brought together in Figure FR-7 from which it may be con- 
cluded that wavelength-setting variation as a source of error 
is masked by the vagaries of other perturbations for H b  but is 
significant at 100% Hb02. 

+ 
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F, E f fec t  of Oxvsenatinq and Deoxysenatinq Gas Flow 

D a t a  are.shown i n  Figures FR-8 and FIR-9’bearing on the 

possible deleterious e f fec t  on whole blood ar i s ing  from the 
mechanics of prolonged gas flowthrough, A s  indicated i n  Figure 
FR-9, the  blood used i n  the work reported, obtained from a 
surgical heart-lung machine, appeared t o  undergo no detectable 
change i n  op t ica l  properties as evidenced a l so  i n  the data of 
Figure FR-8 i n  which whole blood, over a four-hour period, was 
tank oxygenated, tank-nitrogen deoxygenated, and reoxygenated 
t o  a comparable value of O,D, 480/O.D. 506. 

G. Effect of Amount of Hemolyzing Agent 

The amount of hemolyzing agent, used i n  the whole-blood 
preparation protocol, is .05 cc of 33% Triton X-100  i n  .1 M 

Borax per 1.0 cc of whole blood. The e f f ec t  on O.D. 480/O.D. 
506 for  HbO of a twofold addition of detergent is  shown i n  
Figure FR-10, indicating tha t  a s l i gh t  excess may be tolerated.  
Preliminary data w e r e  obtained indicating tha t  inadequate deter- 
gent may result  i n  incomplete hemolysis and may const i tute  a 
more serious source of e r ror  i n  the determination of 0 .D.  480/ 
0.D. 506 ra t ios ,  

2 

27 



Hb02 Hb 
Oxygenation Deoxygenation 
1 hour Oz flow 2 hours N2 flow 

1.364 . 6 9 9  

Figure FR-8. Spectrophotometric Studies of Hemolyzed Blood. 
Experimentally-determined effect on optical properties of heart- 
lung machine hemolyzed blood: 1 hr.  0 flowthrough, followed 
by 2 hrs. N2 flowthrough, compared w i k  1 hr .  re-oxygenation 
O2 flowthrough. 
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Figure FR-9. 
Experimentally-determined effect on optical properties of 
hemolyzed heart-lung machine blood: 15 minutes O2 flowthrough, 
followed by 45 minutes N2 flowthrough, compared with no gas 
flow through. 
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Standard Amount of Hemolyzing 
Agent Added: 
per cc whole-blood aliquots 
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Average 1.364 
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. 10 cc Triton X-100 per cc 
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Average 1.355 

Figure FR-10. 
Effect of the addition of excess hemolyzing agent on experimentally- 
determined ratios 0. D. 480/0.  D. 506 for oxyhemoglobin. 
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€3. Chemical vs, Physical Deoxyqenation 

A comparison was made i n  the determination of the 
O.D. 480/O.D. 506 r a t i o  for nitrogen-deoxygenated and sodium- 
d i th ioni te  deoxygenated H b  employing a ten-aliquot approach 
similar t o  those discussed above. As shown i n  Figure FR-11, 

nitrogen deoxygenation resulted i n  a mean O.D. 480/O.D. 506 

r a t i o  of .692 w i t h  a standard deviation of *.003 or a percent 
oxygen saturation e r ror  of *.46% compared t o  .709 f . 0 1 2  or  
*1.84% oxygen saturation e r ror  for di thioni te .  These data 
const i tute  evidence of tu rb id i ty  formation which a r i ses  
from chemical deoxygenation w i t h  sodium di th ioni te ,  
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Figure FR-11. 
Comparison of experimentally-determined ratios 0. D. 480/ 
0. D. 506 for physically vs. chemically deoxygenated hemoglobin. 
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‘I. Summary 

Carefu l  a t t e n t i o n  t o  the technique recommended above 

for oxygen s a t u r a t i o n  de te rmina t ion  i n  hemolyzed-blood samples 
permi ts  use of a g e n e r a l  c a l i b r a t i o n  curve i n  w h i c h  the O.D. 
480/O.D. 506 i n t e r c e p t  ra t io  f o r  100% 0,s.  is  1.352 -.011 
and tha t  the associated O.D. 480/O.D, 506 i n t e r c e p t  r a t i o  for + 
0% oxygen s a t u r a t i o n  i s  .701 -.009, r e s u l t i n g  i n  a gene ra l  
l i n e  w i t h  slope 153.6 and s t anda rd  d e v i a t i o n  range +4.8 and 
-4.6. For accuracy g r e a t e r  t han  t h i s  it may be necessary t o  
r e s o r t  t o  determining an i n d i v i d u a l  c a l i b r a t i o n  curve f o r  
each blood sample. 

+ 

The use of sodium d i t h i o n i t e  as a deoxygenating agent  
produced t u r b i d i t y  i n  blood serum, adverse ly  a f f e c t i n g  the 

o p t i c a l  d e n s i t y  measurements. The effect  of  the amount of 
hemolyzing agent  used was i n v e s t i g a t e d .  The r e l a t i o n  of 
wavelength s e l e c t i o n  t o  p r e c i s i o n  w a s  demonstrated. Phys ica l  
oxygenat ion  and deoxygenation by v e n t i l a t i o n  w i t h  oxygen and 
n i t rogen  w a s  found t o  have no d e l e t e r i o u s  effect  on whole 

blood. 

Fur ther  experimental  work performed upon experimental  
animals and human s u b j e c t s  s u b s t a n t i a t e d  the a p p l i c a b i l i t y  t o  
freshly-drawn blood samples of the r e s u l t s  reported h e r e  f o r  

hear t - lung machine blood, 

33 



I11 SPECTROPHOTOMETRIC STUDIES OF WHOLE BLOOD 

A. General 

A s  noted i n  the foregoing s e c t i o n ,  f o r  a blood sample 
t o  obey the Lamber t -Bee r ’ s  t ransmiss ion  law, it is  necessary 
t o  break a p a r t  the r e d  blood cells of the sample, l i b e r a t i n g  
the hemoglobin conta ined  therein (a procedure referred t o  a s  
hemolys i s ) ,  thereby conver t ing  the suspension of red blood 

cel ls  i n  plasma t o  a uniform s o l u t i o n  of  hemoglobin pigments. 
When hemoglobin pigments a r e  no t  i n  uniform s o l u t i o n ,  bu t  
are packaged w i t h i n  i n d i v i d u a l  red blood cel ls ,  l i g h t  i n t r o -  
duced on one side of a c u v e t t e  conta in ing  whole blood i s  l o s t  

t o  a detector on the oppos i te  s i d e  of the c u v e t t e  no t  only 
through abso rp t ion  by the blood pigments, b u t  a l s o  through 
r e f l e c t i o n s  from the s u r f a c e s  of t h e  r e d  blood ce l l s  and 
through refract  ion.  

An e x t e r n a l  b iosensor  f o r  the  measurement of blood 
oxygen s a t u r a t i o n  must d e a l  w i t h  whole red blood cells w i t h -  

i n  t h e  body’s  t i s s u e s .  Fur ther ,  the e f f e c t i v e  t i s s u e  hemat- 
oc r i t  (volume of blood per  volume of t i s s u e )  i s  indetermin- 
able and is  varying i n  t i m e  both slowly - a s  a func t ion  of  
v a r i a t i o n  of s k i n  pe r fus ion  and gene ra l  body a c t i v i t y ,  and 
p h a s i c a l l y ,  - a s  a func t ion  of  the p u l s a t i l e  na tu re  of  c a r d i a c  
output  and a r t e r i a l  blood f l o w .  Accordingly, it i s  mandatory 
tha t  the r e l a t i o n s h i p s  genera ted  between the oxygen s a t u r a t i o n  
of whole blood w i t h i n  the t i s s u e s  and the l i g h t  i n t e n s i t i e s  
t r a n s m i t t e d  and rece ived  by the b iosensor  be i n s e n s i t i v e  t o  
and independent of v a r i a t i o n s  i n  hematocr i t .  

The r e l a t i o n s h i p  between l i g h t  t ransmiss ion  and oxygen 
6 t 7  s a t u r a t i o n  of  whole blood, as described i n  the l i t e r a t u r e  
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and referenced i n  the Proposal, a re  sensi t ive t o  hematocrit 
variations.  

The relationships between '!-ackscattered l igh t  and oxy- 
8,9,10 gen saturat ion of whole blood as  described i n  the l i t e r a tu re  

and a s  quoted i n  the or ig ina l  Acoposal a re  hematocrit insensi- 
t ive .  The whole-blood oximetry studies or iginal ly  proposed 
and planned were designed t o  corroborate these fundamental 
relationships described i n  the l i t e r a tu re  and t o  study the 
influence of op t ica l  geometries and other design characteris- 
t i c s  of the measuring systems upon system performance i n  the 
re la t ive ly  simpler and more readily manipulable whole-blood 
systems. 

These studies took on increased scope and importance, 
however, when a t  the beginning of the program a commercial 
whole-blood sample oximeter which attempted t o  implement the 
fundamental backscatter relationships appearing i n  the l i t e r -  
ature became commercially available.  A s  reported i n  Progress 
Report P-1/167, two such instruments were acquired and evalu- 
ated. Figure FR-12 i l l u s t r a t e s  the unsatisfactory general 
performance of the commercial system and Figure FR-13 i l l u s -  
t r a t e s  the tendency toward hematocrit sens i t iv i ty  of tha t  
system. 

* 

A major e f f o r t  i n  both backscatter and transmission 
mode whole-blood oximetry was mounted: 1) i n  order t o  resolve 
the d ispar i ty  between the fundamental backscatter data repor- 
ted i n  the l i t e r a t u r e  and the performance of the commercial 
backscatter oximeter implementing tha t  data: 2 )  i n  order t o  
verify the transmission data i n  the l i t e r a t u r e  and t o  seek 
t o  evolve a technique for implementing a transmission system 

"American Optical Company, Buffalo, New York 
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Figure FR-12. 
Performance of a commercial backscatter whole -blood 
oximeter measured against standard- of - reference dete rmina - 
tion of oxygen saturation utilizing hemolyzed blood samples 
and a Beckman DU Spectrophotometer. 
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independent of hematocrit: and 3) i n  order t o  get a f i r m  
first-hand purchase upon the re la t ive ly  simpler whole-blood 
system tha t  would be u s e f u l  i n  establishing design character- 
i s t i c s  for the more complicated and d i f f i c u l t  t o  handle sk in-  
tissue-blood systems. 

I n  summary, it can be said tha t  the whole-blood studies 
performed during this  phase of the program demonstrated tha t  
w i t h  careful and proper selection of the opt ical  characteris- 
t i c s  of the measuring systems, a transmission-mode whole-blood 
oximetric system can be constructed which will r e l a t e  the oxy- 
gen saturation of a blood sample of given hematocrit t o  the 
following c l a s s i c  expression as a s t ra ight  l i ne  function: 

incident '660 
Log 1 transmitted 660 

K1 o . D . ~ ~ ~  I805 Log 
'805 

transmitted 
transmitted 

2 + K  
O.D. 

incident 
transmitted 

% O . S .  = 660 + K2 = K1 

L0g660 

L0g805 

incident - 
K1 L0g805 incident - 

L0g660 
+ K2 

- - 

Eq. 11 (= Eq. 1) 

While the above expression can be sa t i s f i ed  as a s t ra ight  l ine  
function for  specif ic  blood samples of various hematocrits, 
the slopes of the resul tant  s t ra ight  l ines  are hematocrit de- 
pendent and not universal. A method for implementing the re- 
lationships between these two opt ical  densi t ies  independent 
of hematocrit is  now available and has recently been indepen- 
dently reported from another laboratory. 11 

It was further demonstrated tha t  w i t h  careful and prop- 
er selection of the opt ical  properties of the measuring systems, 

backscatter-mode whole-blood oximetric systems can be fabricated 
which w i l l  r e l a t e  the oxygen saturation of wholcblood samples 
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to the following expression: 

backscattered 
K1 1805 backscattered + K2 

. I660 
O . S .  = 

Eq. 12 (= Eq. 2 )  

I 805source 
where the ratio I 66Osource is held constant. This relation- 

ship can be made a straight line relationship insensitive to 
hematocrit. 

The transmission-mode and backscatter-mode whole-blood 
data presented herein indicate that the measurement accuracy 
of whole-blood systems can be made comparable to that achieved 
with hemolyzed-blood systems. Both transmission-mode and 
backscatter-mode whole-blood oximetric apparatus developed in 
this laboratory provided accuracies in determining the oxygen 
saturations of whole-blood samples of -2% O.S. relative to 
Van Slyke analysis and hemolyzed-blood spectrophotometric 
analysis. 

+ 
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B. Whole-Blood Transmission-Mode Studies 

A typical  curve, charac te r i s t ic  of the relat ionship 
between whole-blood oxygen saturat ion vs. the  ra t ios  of the 
logarithms of op t ica l  dens i t ies  a t  660 and 805 mp ( the 
reciprocal of optical-density r a t io )  i s  shown i n  Figure FR-14. 

It is of the form 

Kl W E  + K2 % O.S. = 
Eq. 13 (= E q .  1) 

and is l inear  w i t h i n  a correlat ion coeff ic ient  r'0.998 through 
the range of 0% t o  100% oxygen saturation when compared t o  
hemolyzed samples of the same blood measured spectrophotomet- 
r ica l ly .  The blood sample depicted i n  t h i s  curve had a con- 
s tan t  hematocrit of 37 volume percent. 

The instrument used t o  conduct transmission studies i s  
schematically i l l u s t r a t ed  i n  Figure FR-15. It consists of two 
monochromatic l i g h t  sources with center frequencies of 660 w 
for the signal wavelength and 805 ml~- for the isosbest ic  wave- 
length. 

When oxygen saturation i s  plot ted versus opt ical  den- 
s i t i e s  of transmitted l i gh t  for blood samples of varied hemat- 
o c r i t  (Fig. FR-16), a family of s t ra ight  l ines ,  each w i t h  a 
d i f fe ren t  slope, i s  obtained. However, by incorporating the 
relationships between the extinction coeff ic ients  as  a function 
of hematocrit for whole blood in to  the idealized equations 
re la t ing  opt ica l  density t o  oxygen saturation for hemolyzed 

* 

* The sca t te r  i n  data points of Figure FR-16 was caused by 
an opt ica l ly  incorrect gasket i n  the or ig ina l  cuvette, 
which, when replaced, resul ted i n  a marked decrease i n  
data point deviation, a s  typ i f ied  by Fig. FR-14. 
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blood, Anderson and Sekelj independently demonstrated tha t  
w i t h  a properly configured opt ical  geometry, it is  possible 
t o  r e l a t e  opt ical  densi t ies  t o  oxygen saturation of whole 
blood, independent of hematocrit. This relationship can be 
instrumentably implemented. 

An interest ing relationship was found t o  ex is t  between 
the change i n  slope of the oxygen saturation vs.  opt ical  den- 
s i t y  character is t ic  and hematocrit i n  t h a t  t h i s  r a t e  of change 
i s  l inear ,  as  shown i n  Figure FR-17. Data of other investi-  
gators verify,  bu t  do not highlight, t h i s  character is t ic .  
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C. Whole-Blood Backscatter-Mode S tud ie s  

The backsca t t e r  system u t i l i z e d  t o  a t t a i n  t h e  d e s i r e d  
r e l a t i o n s h i p  between oxygen s a t u r a t i o n  of whole blood and 
backsca t te red  l i g h t  i n t e n s i t i e s  i s  shown i n  Figures  F R - 1 8  

through FR-23. The o p t i c a l  geometry of t h i s  system i s  shown 
i n  Figure FR-18. The pump-oxygenator, c u v e t t e  and flow cir-  

c u i t  used i s  shown i n  Figure FR-19. 

Reasonably w e l l  co l l imated  l i g h t  from a tungs ten  
source i s  piped onto t h e  bottom of a one-inch diameter b r a s s  
c u v e t t e ,  one  cent imeter  deep. The bottom of t h e  c u v e t t e ,  
shown i n  Figure FR-22 ,  is covered with a g l a s s  p l a t e  s ea l ed  
with an “o” r i n g .  The i n s i d e  of t h e  cuve t t e  has  a b r i g h t  
machined f i n i s h .  Blood is  brought i n t o  t h e  t o p  of t h e  cuv- 

e t t e  t o  wi th in  two millimeters of t h e  g l a s s  bottom v i a  a one- 
h a l f  inch th in-wal l  b r a s s  t ube ,  and removed from t h e  cuve t t e  
v i a  two one-quarter  inch h o l e s  t a n g e n t i a l  t o  t h e  b r a s s  t o p  of 

t h e  c u v e t t e  a s  shown i n  Figure FR-20 and F i g u r e  FR-22 .  The 
backsca t t e red  l i g h t ,  a t  an angle  of 45O, i s  focused onto a 
p h o t o r e s i s t o r  through an i n t e r f e r e n c e  f i l t e r ,  whose pass  
bandwidth is  about f i v e  mi l l imicrons .  The angular  d i s t r i b u -  
t i o n  of backsca t t e red  l i g h t  was roughly checked and, except for 
a B r e w s t e r ’ s  angle  e f f e c t  a t  t h e  g l a s s - a i r  i n t e r f a c e  of t he  
c u v e t t e  cover p l a t e ,  no g ross  v a r i a t i o n  from uniform angular  
d i s t r i b u t i o n  was observed. 
sons  of s i m p l i f i e d  mechanical c o n s t r u c t i o n .  

The 4 5 O  angle  w a s  chosen f o r  rea-  

S i n c e  t h e  only i s o s b e s t i c  wavelength a v a i l a b l e  i n  t h e  

near i n f r a - r e d  p o r t i o n  of t h e  spectrum occurs  a t  805 rq , t h i s  
wavelength was s e l e c t e d  f o r  experimental  implementation of 
Equation 2 .  A C la i r ex  p h o t o r e s i s t o r  type 707L was s e l e c t e d  

46 



\- Flow-through cuvette 
‘1 

Collimating 
lens 7 

4t 

I 

I 

t 

1 cm 

7Col lec t ing  lens 

Photo re  si sto 

b 

Interchangeable \’Ii> Y \ 
‘\ 

805-millimicron or  
625-millimicron filter - --_I \ 

‘7 ,’ 

Figure FR-18. 
Backscatter Mode: Schematic diagram of congruent optical system 
i n  pump-oxygenator flowthrough cuvette apparatus. 
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Figure FR-19. Spectrophotometric Studies of Whole Blood, 
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Figure FR-21, Spectrophotometric Studies of Whole Blood, Back- 
scatter Mode: 
apparatus showing cooled lamp housing and equipment for 
measuring the intensity of light backscattered from whole blood, 

Detail of pump-oxygenator flowthrough cuvette 

E n  
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on the basis  of spectral  response for  use a t  the 805 r q ~  wave- 
length. l3ecause the opt ica l  absorption coeff ic ient  for Hb02 
a t  625 q~ i s  equal t o  the opt ica l  absorption coefficient a t  
805 r q ~ ,  t h i s  wavelength was selected as the non-isosbestic 
wavelength. A Clairex photoresistor type 704L was selected 
for use a t  625 w, also  for reasons of spectral  response and 
l inear i ty .  

Whole blood was varied i n  oxygen saturation and circu- 
la ted through the cuvette by the system shown schematically 
i n  Figure FR-19. The blood was circulated by the DeBakey-type 
pump through the specially made anaerobic sample capsule mani- 
fold shown i n  Figure FR-20 and FR-23. These capsules are  re- 
movable, and the blood contained therein could be removed for 
subsequent hemolysis and reference oxygen-saturation measure- 
ment on a Beckman Model B Spectrophotometer. Magnetic s t i r r i n g  
a t  the reservoir maintained a homogeneous source of blood for 
the cuvette. The blood was then gravity-fed, with a constant 
head pressure, through the cuvette in to  an oxygenating-deoxy- 
genating chamber. The hemoglobin oxygen content was raised 
by bubbling humidified oxygen with 5% C02through the blood, 
or  lowered by bubbling with humidified nitrogen w i t h  5% C02. 
A chamber packed with antifoam-sprayed s ta in less  s t e e l  wool 
then removed the bubbles. From a se t t l i ng  chamber, the blood 
flowed through a heat exchanger which kept the blood a t  37OC, 

and the flow cycle was completed a t  the DeBakey pump. The 
blood-cycling system was careful ly  checked and s ignif icant  
hemolysis or tu rb id i ty  was not introduced in to  the system by 
operating periods of several hours. 

Results obtained with the backscatter-mode whole-blood 
pump oxygenator a re  presented i n  Figures FR-24, FR-25 and 
FR-26. A plo t  of oxygen saturat ion as  a function of the r a t i o  
of backscattered in tens i t ies  a t  805 and 625 mp fo r  varying 
hematocrits from 33 t o  50 volume percent i s  shown i n  Figure 
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FR-24. 

The func t ion  presented  i n  these graphs approximates 
the l i n e a r  express ion  

backsca t te red  I625 
K1 1805 backscattered + K2 O.S. = 

Eq. 14 (= Eq. 2) 
source I 

1625 source 

805 
w h e r e  i s  he ld  cons t an t ,  w i t h i n  a s tandard  

dev ia t ion  of + 3 . 3 %  oxygen s a t u r a t i o n  over the range from 0% 

t o  100% oxygen s a t u r a t i o n .  

The r a t io  of back-reflected l i gh t  a t  these two wave- 
l eng ths  t o  hematocr i t  over the range 18 t o  50 volume percent  
f o r  100% oxygen-saturated whole-blood i s  presented  i n  Figure 
FR-25. This shows the r a t i o  t o  be r e l a t i v e l y  hematocrit in -  
dependent as does the d a t a  of Figure FR-24. 

The same r e s u l t s  are not  ob ta ined  for s i n g l e  wavelength 
c h a r a c t e r i s t i c s  of oxygen s a t u r a t i o n  vs .  hematocr i t .  Figure 
FR-26 s h o w s  the a l i n e a r i t y  of the back-ref lec ted  l i g h t  t r a n s -  
fer  func t ion  for the non- i sosbes t ic  wavelength over hematocri t  
ranging f r o m  25 t o  45 volume pe rcen t  f o r  100% oxygen-saturated 
whole blood, A s  can be seen i n  t h i s  f i g u r e ,  the rate of change 
for r e l a t i v e l y  low hematocr i t s  i s  r a p i d  and f o r  hematocr i t s  
approximately g r e a t e r  t han  40 volume pe rcen t ,  backsca t te red  
l i g h t  becomes considerably m o r e  independent of hematocri t  for 
the s i n g l e  wavelength system. T h i s  d a t a  h i g h l i g h t s  the s i g n i -  
f i cance  of t a k i n g  the r a t i o  of t w o  wavelengths t o  e l imina te  
the hematocr i t  effect  i n  the r e s u l t i n g  oxygen-saturation char- 
acterist  ic,  
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D. Conclusions 

Determination of blood oxygen saturation performed upon 
whole blood in backscattered and transmission flowthrough 
cuvettes provide measurements of roughly the same order of 
accuracy and repeatability as that associated with hemolyzed 
blood determinations. 
is possible under controlled laboratory conditions in apparatus 
where the known optical and geometrical factors adversely af- 
fecting system accuracy are taken into account. Backscatter 
measurements made on whole blood in the system fabricated and 
described above indicate a means of instrumentation indepen- 

A standard deviation of f2-3% 0. S. 

dent of hematocrit variations and a linear response between 
oxygen saturation and the ratio of backscattered light. Trans- 
mission oxygen-saturation measurements can be made on whole 
blood independent of hematocrit variations but with the 
limitation of following a non-linear and complicated function. 
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IV SPECTROPHOTOMETRIC STUDIES O F  THE SKIN-TISSUE SYSTEM 

A. General 

S tud ie s  of the spectrophotometr ic  p r o p e r t i e s  of s k i n ,  
bo th  in-vivo and i n - v i t r o ,  w e r e  conducted during the first 

twelve months of the program. It w a s  a n t i c i p a t e d  tha t  d a t a  
from these s t u d i e s  would be brought t oge the r  w i t h  the spec t ro-  
photometr ic  d a t a  from whole-blood s t u d i e s  t o  e s t a b l i s h  des ign  
cr i ter ia  for the experimental  biosensor  systems and t o  spec i -  
f y  t ransducer  topology, conf igu ra t ion  and ope ra t ing  parameters.  
Four d i f f e r e n t  k inds  of measurement techniques w e r e  u t i l i z e d :  
(1) s tandard  spectrophotometr ic  t r ansmi t t ance  measurements on 
exc ised  s k i n  samples, ( 2 )  microscopic and photomicrographic 
v i s i b l e  and inf ra - red  fixed-focus s t u d i e s  of i n t a c t  s k i n ,  ( 3 )  

congruent backscatter spectrum s t u d i e s  of l i v i n g  and dead s k i n ,  
and (4) con tac t  photographic s t u q i e s  of l i v i n g  and dead sk in .  

A s  w a s  a n t i c i p a t e d  i n  the Proposal and l a t e r  demonstra- 
t e d  i n  the s t u d i e s  reported i n  the previous  s e c t i o n ,  a con- 
gruent  o p t i c a l  geometry of backscatter ope ra t ion  could be de- 

veloped for w h o l e  blood i n  w h i c h  oxygen s a t u r a t i o n  of whole- 
blood samples w a s  l i n e a r l y  r e l a t e d  t o  the r e l a t i v e  i n t e n s i t i e s  
of backscattered l i g h t  a t  a s i g n a l  and i s o s b e s t i c  wavelength 
independent of hematocr i t  v a r i a t i o n s .  I f  the s k i n  could be 

treated from an o p e r a t i o n a l  p o i n t  of view a s  a t r a n s p a r e n t  
cuve t t e ,  the r e l a t i o n s h i p s  suspected and v e r i f i e d  i n  the pre-  
v ious  s e c t i o n  could then  be d i r e c t l y  implemented i n  a body 
su r face  e x t e r n a l  biosensor .  The f irst  t w o  groups of s t u d i e s  
upon the s k i n  r epor t ed  b e l o w  w e r e  designed t o  explore  the 

r e l a t i v e  t ransparency  of the s k i n  a t  wavelengths of operat ion-  
a l  i n t e r e s t .  

59 



B. S tud ie s  on Transmittance of Excised Human Skin 

1. Specimens: Samples of s k i n  w e r e  resected f r o m  in- 
d i v i d u a l s  coming t o  p o s t  m o r t e m  examination. The samples w e r e  
w e l l  washed w i t h  i s o t o n i c  s a l i n e  and d r i e d  between absorbent  
t i s s u e  prior t o  measurement. Elapsed t i m e  for an absorp t ion  
spectrum measurement on a s i n g l e  sample w a s  about f i v e  minutes, 
so the s k i n  t i s s u e  d id  not  have t i m e  t o  d r y  out .  

2 .  Apparatus: A ( L e i s s )  monochromator prism-eye image 
was focused onto the end of a 1/8" l i g h t  guide,  and the o t h e r  
end of the l i g h t  guide w a s  used as a l i g h t  source.  The geo- 
metry of  measurement is  i l l u s t r a t e d  i n  Figure FR-27. The p r i -  
mary l i g h t  source was a tungsten-band f i l a m e n t  incandescent 
lamp run  a t  6 v o l t s  and he ld  cons tan t  by a Sola voltage-regu- 
l a t i n g  t ransformer .  The ent rance  s l i t  of the monochromator 
was set t o  0.5 mm and the e x i t  s l i t  t o  0.6 mm. A f l i n t - g l a s s  
p r i s m  w a s  used a s  the  d i s p e r s i n g  element. 

3 .  Procedure: W i t h  no sample i n  p l a c e ,  a Photovolt  
model 520M photometer was read  a t  25 m l ~ -  i n t e r v a l s  throughout 
the wavelength range 400 t o  1000 w. Then, each exc ised  s k i n  
sample w a s  p laced  between the l i g h t  guide and the d i f f u s i n g  
g l a s s  and the measurements repea ted .  Once a sample w a s  pos i -  
t i oned ,  i t  w a s  n o t  touched u n t i l  a l l  of the photometric read- 
ings  on it w e r e  completed. 

I n  this experiment the re fe rence  measurement (the Io 
measurement) w a s  t aken  without  a s k i n  sample i n  the photo- 
m e t r i c  gap. The a p e r t u r e  s i z e  w a s  taken l a r g e  enough so t h a t ,  
when no s k i n  sample w a s  i n  place, a l l  of the l i g h t  f r o m  the 

guide f e l l  on the open p o r t i o n  o f  the d i f f u s i n g  g l a s s  w i t h  

the fol lowing exception: because there w e r e  t w o  g l a s s - a i r  in- 
terfaces i n  the photometr ic  gap, approximately 8% of the photo- 
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End of light guide 
(fibre bundle diameter = 1/8 in. ) 

Clamping screw 

Skin specimen 

Stop, cut from shim stock 
and painted black, 3/8 in. 
eente r opening 

a rm I 

End window 
photomultipl 
tube 

‘Diffusing g lass ,  with 
r opal side up 

All skin samples compressed to 0.023 in. thickness for measurement. 
Reference readings made with air gap of 0.023 in. 
All  measurements carried out in total darkness 

Figure FR-27. Spectrophotometric Studies of the Skin- 
Tissue System: Geometry for Transmittance Measurements 
on Excised Skin. 
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m e t r i c  l i g h t  w a s  los t  when no sample is i n  place. When the 

sample w a s  i n  p l a c e ,  the r e f r a c t i v e  index d i s c o n t i n u i t y  a t  
the g l a s s  i n t e r f a c e s  w a s  reduced, though not  necessa r i ly  re- 
moved. 

4. Resul ts :  Representat ive curves obta ined  by the * 
method described above are presented  i n  Figure FR-28. The 

specimens shown i l l u s t r a t e  g e n e r a l l y  p a r a l l e l  curves  w h i c h  

t end  t o  f l a t t e n  ou t  a t  wavelengths g r e a t e r  than 650 m p -  The 

t r ansmi t t ance  of t h e  specimens i l l u s t r a t e d  is i n  the neighbor- 
hood of 50% above 650 w ,  dropping off s t e e p l y  a t  s h o r t e r  wave- 
lengths .  

The curves obtained are c o n s i s t e n t  w i t h  the absorp t ion  
of  melanin, melanoid and s i m i l a r  pigments. The r e s u l t s  a r e  
c o n s i s t e n t  w i t h  
t i v e  techniques 

It is  of 

r e f l e c t a n c e  s t u d i e s  performed w i t h  more primi- 
by E d w a r d s  and Duntley i n  1938. 1 2  

i n t e r e s t  t h a t  the s k i n  specimens demonstrated 

* I d e n t i f i c a t i o n  of Skin Specimens i n  Transmittance S tudies  

A64-135 AMB. Caucasian. Age 56 yea r s .  Coronary ather- 
s c l e r o s i s .  Severe myocardial i n f a r c t i o n .  

A64-146 RK. Caucasian. A g e  3 years .  Congenital  h e a r t  
disease, m i t r a l  s t e n o s i s .  

A64-149 JOD. Caucasian. Age 60 years .  Post opera t ive  
aortic graf t .  Necrosis of  s m a l l  and l a r g e  bowel. 

A64-153 KE. Caucasian. Age 2 years .  Anomalous pulmonary 
venous r e t u r n ,  r i g h t  a t r i a l  s e p t a l  defect. 
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a transmittance of roughly 50% i n  the longer wavelengths. A 

t h i n  non-absorbing diffuser placed i n  a photometric gap, such 
as  the one described, would be expected t o  show a diffuse 
transmittance of about 50% w i t h  one-half the l i g h t  passing 
t o  the photometer and one-half of the incident l i gh t  being 
returned t o  the upper surface. 

64 



c. Microscopic and Photomicrographic V i s i b l e  and 
I n f r a r e d  Fixed-Focus S tudies  of I n t a c t  Skin 

The 50% t r ansmi t t ance  a t  longer wavelengths e x h i b i t e d  
by the exc ised  s k i n  samples i n  the t ransmi t tance  s t u d i e s  sug- 
ges ted  a h igh ly  t u r b i d  d i f f u s i n g  media. Accordingly, f ixed-  
focus microscopic and microphotographic s t u d i e s  w e r e  i n i t i a t e d  
t o  assess the o p t i c a l  t u r b i d i t y  through e f f o r t s  t o  v i s u a l i z e  
subcutaneous vascu la r  s t r u c t u r e s .  

1. Microscopic S tud ie s  

Using i l l umina t ion  a t  545 IIIJ-L from a f i l t e r e d  mercury 
lamp, and a Z e i s s  microscope f i t t e d  w i t h  a 4 x ep i - i l l umina t ion  
o b j e c t i v e  (used w i t h  Go i l l umina t ion  and crossed p o l a r i z e r s )  
and an 8xKpl o c u l a r ,  a t tempts  w e r e  made t o  v i s u a l i z e  the ter- 
minal c a p i l l a r y  loops i n  the s k i n  of a l i v i n g  human hand. 
T h i s  wavelength i s  e x c e l l e n t  for v i s u a l i z i n g  hemoglobin-con- 
t a i n i n g  s t r u c t u r e s  because it coinc ides  w e l l  w i t h  the b e t a  
peak of oxyhemoglobin. However, it proved p o s s i b l e  t o  v i s u a l -  
i z e  only the m o s t  e x t e r n a l  extremities of the c a p i l l a r y  loops. 
This w a s  a t t r i b u t e d  t o  the h igh ly  s c a t t e r i n g  n:ture of s k i n  

a t  this  wavelength. Because of t h e  s t rong  dependence of the 

s c a t t e r i n g  phenomenon on wavelength, measurements w e r e  con- 
ducted a t  longer wavelengths by means of i n f r a r e d  photography. 

2 .  I n f r a r e d  Photomicrographic S tudies  

Using a "constant-focus" camera, a t tempts  w e r e  made t o  

demonstrate subcutaneous vascu la r  s t r u c t u r e  by means of Xenon- 
flash photomicrography using a band of wavelengths between 
700 and 900 r q ~ .  I n  t h i s  wavelength range,  the absorp t ion  co- 
e f f i c i e n t s  of reduced and oxid ized  hemoglobin are apprec iab le .  

65 



Thus, t o  the e x t e n t  t ha t  s k i n  is  t r a n s p a r e n t  i n  the i n f r a r e d  

r eg ion  of the spectrum, subcutaneous vascular  s t r u c t u r e s  should 
be photomicrographically r e so lvab le .  

Repeated attempts a t  photographing the subcutaneous vas- 
c u l a r  s t r u c t u r e s  w e r e  unsuccessful .  Only "shadows" of large 
su r face  venous channels w e r e  demonstrated, These s t u d i e s  demon- 
s t r a t e d  the s k i n  t o  be a h igh ly  " tu rb id"  optical  media w h i c h  

cannot be treated as t r a n s p a r e n t  f r o m  an ope ra t iona l  p o i n t  o f  
view. 
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D. Congruent Backscatter Spectrum of Living and 
Excised Skin 

To determine the reflectance of l i gh t  as  a function of 
wavelength, experiments were performed upon l iving and excised 
dead s k i n  with a Carey Model 14 Spectrophotometer. 

For the experiments performed, the spectrophotometer 
w a s  f i t t e d  w i t h  a Carey Reflectance Head and a photomultiplier 
phototube w i t h  good v is ib le  response but  poor response i n  the 
infrared . 

The Reflectance Head diffusely illuminated a sample 
area of approximately one-half square inch by means of an in-  
tegrating sphere. Backscattered illumination leaving the 
illuminated area of the sample area a t  r igh t  angles was trans- 
mitted t o  the monochromator optics of the spectrophotometer 
by an opt ica l  system. The backscatter index of a sample was 
determined by automatic comparison of the l i gh t  backscattered 
from it compared w i t h  tha t  backscattered from a magnesium 
carbonate block reference standard. 

1. Backscatter Spectrum of Livinq Skin 

Figure FR-29 shows a typical  congruent backscatter spectrum 
taken from the 'palmar surface of the hand of an intack l iving 
white subject. Note tha t  the alpha and beta absorption peaks 
of oxyhemoglobin a re  c lear ly  defined. Toward the blue end of 
the spectrum the gamma hemoglobin absorption peak is  also ap- 
parent. Through the near in f ra red  about 50% of the l i g h t  is 
ref lected,  as compared w i t h  the magnesium carbonate standard. 
A t  1000 m p  there appears t o  be an absorption band of unknown 
origin.  Further into the infrared the backscatter f a l l s  
approaching zero. 
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The phys ica l  geometry of the instrument near  the s a m -  
ple window prevented i ts  use in  measuring the backsca t t e r  
spectrum of m o s t  o f  the body parts of l i v i n g  sub jec t s .  How- 
eve r ,  backscatter measurements of the s u r f a c e  of the palm of  the 

hand of  bo th  Caucasian and negro ind iv idua l s  w e r e  performed. 
The in f luence  of increased  pe r fus ion  of the s k i n  w a s  explored. 
I n  these s t u d i e s ,  increased  s k i n  pe r fus ion  w a s  a t t a i n e d  through 
vigorous rubbing of the s k i n  s i te  of measurement. Data of four  
s k i n  measurements i s  presented  i n  Figure FR-30. 

2. Measurements of Excised Skin 

I n  a d d i t i o n  t o  congruent backscatter measurements made 
upon vo lun tee r s ,  measurements w e r e  made on samples of abdominal 
s k i n  f r o m  cadavers des igna ted  146, 149 and 153. A l l  of the 

adhering f a t  w a s  d i s s e c t e d  f r o m  the exc ised  s k i n  samples, and 
the samples w e r e  thoroughly washed i n  i s o t o n i c  s a l i n e .  P r i o r  
t o  being prepared f o r  the measurements, the samples had been 
s t o r e d  deep-frozen for i n t e r v a l s  of  some w e e k s .  The backsca t t e r  
o f  each sample was measured both on a w h i t e  background (magnes- 
ium carbonate  p a i n t e d  onto  a block of aluminum) and on a b lack  
background ( f l a t  b lack  enamel on aluminum). Typical  data from 
three Caucasian cadavers ,  des igna ted  146, 149 and 153, is pre-  
s en ted  i n  Figure FR-31. 

3 ,  Experimental D a t a  

The data w a s  p resented  by the spectrophotometer a s  
chart graphs w i t h  wavelength on the h o r i z o n t a l  axis. For the 

purpose of p r e s e n t a t i o n ,  the charts w e r e  read a t  wavelengths 
of i n t e r e s t ,  and the readings  t a b u l a t e d  as below. The e e t i -  
mated accuracy w i t h  w h i c h  the charts could be read is *5%. 
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I n  the fol lowing tables, the c a p i t a l  let ters refer t o  
the s u b j e c t s ;  i - e . ,  A, G, L and W. W i s  a negro s u b j e c t .  The 

symbol " f "  i n d i c a t e s  measurements af ter  f l u s h i n g  by rubbing 
the palm. 1 f o r  the l i v i n g  s u b j e c t s ,  is  the d i f f e r e n c e  
between the unflushed and f lushed  readings .  For the excised 
s k i n s f  \ /Rbl is  the d i f f e r e n c e ,  i n  pe rcen t  backscatter be- 

tween s k i n  on a w h i t e  background and on a b lack  background, 
d iv ided  by the pe rcen t  backsca t t e r  on a black background. 

The backscatter of the black background a lone  w a s  found 
t o  be approximately f i v e  pe rcen t  a l l  through t h e  measured spec- 
trum. 

4. Experimental Resul t s  

A. I n  the reg ion  of the spectrum between 600 and 
700 ml~. ,  the  palmar s k i n  of l i v i n g  Caucasian s u b j e c t s  back- 
s c a t t e r e d  s l i g h t l y  over h a l f  of the amount of l i g h t  reflected 

by a magnesium carbonate  s tandard .  

B. Flushing t h e  s k i n  of a l i v i n g  subject by rub- 
bing d i d  not  have a c o n s i s t e n t  o r  s i g n i f i c a n t  effect upon the 

amount of l i g h t  backsca t te red .  

C. The backsca t t e r  of the s k i n  of a l i v i n g  negro 

s u b j e c t  (W) a t  wavelengths 660 and 700 rq~. was not  demonstrably 
d i f f e r e n t  t han  tha t  of w h i t e  s u b j e c t s .  

D. There w a s  very  l i t t l e  d i f f e r e n c e  between the 

backsca t t e r  of exc ised  s k i n  mounted on a w h i t e  background and 
the s a m e  s k i n  mounted on a black background. 

E, I n  the s p e c t r a l  reg ion  600 t o  700 mp,  the back- 

scatter of exc i sed  w h i t e  abdominal cadaver s k i n  w a s  10 t o  20  
pe rcen t  higher than  t h e  backscatter of l i v i n g  s k i n  i n  s i t u .  
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5. I n t e r p r e t a t i o n  of Resu l t s  

The foregoing s t u d i e s  tended t o  confirm ;Jhat had been 
a n t i c i p a t e d  i n  the Program Proposal w i t h  regard  t o  the absence 
of  absorbing pigments o t h e r  t han  oxyhemoglobin and hemoglobin 
i n  the i n t a c t  s k i n  a t  wavelengths over 650 ml~ . .  These s t u d i e s  
a l s o  confirmed the s i m i l a r i t y  i n  o p t i c a l  p r o p e r t i e s  f o r  s k i n s  
f r o m  va r ious  i n d i v i d u a l s  and va r ious  r a c e s  a t  these longer  
wavelengths and the high degree of cons is tency  w i t h  regard t o  
r e l a t i v e  spectral t r ansmi t t ance  f o r  wavelengths g r e a t e r  t han  
650 mp. 

The h igh ly  d i f f u s e  and t u r b i d  o p t i c a l  behaviour of sk in ,  
however, suggested d i f f i c u l t i e s  i n  implementing a congruent- 
type of backsca t t e r  biosensor  t ransducer .  The  geometry of the 

backsca t t e r  systems w h i c h  w e r e  demonstrated (Sec t ion  111) t o  
l i n e a r l y  re la te  backsca t t e red  l i g h t  i n t e n s i t i e s  t o  the oxygen- 
s a t u r a t i o n  of whole-blood samples, w e r e  e s s e n t i a l l y  congruent 
i n  cha rac t e r .  I n  the foregoing congruent o p t i c a l  geometry 
s t u d i e s  of a mixed skin- t issue-blood system, however, a pre-  
ponderance of l i g h t  (80-90%) r e tu rned  from the i l lumina ted  
area w a s  seen t o  be non-information bear ing ,  w h i l e  a l l  of the 

oxygen s a t u r a t i o n  information was contained wi th in  the remain- 
ing 10-20% v a r i a t i o n  of l i g h t  i n t e n s i t y  l e v e l .  Whether or no t  
t h i s  preponderance of non-information-bearing l i g h t  from the 
bloodless s k i n - t i s s u e  could be treated as a d.c. o f f s e t  s i g n a l  

(on top of w h i c h  [ s u b t r a c t e d  from] i s  the oxygen-saturation 
information-bearing s i g n a l  f r o m  the blood w i t h i n  the s k i n  
t i s s u e s )  or whether this l a r g e  non-information-bearing s i g n a l  
had t o  be t r e a t e d  as "noise"  depended upon i t s  s t a b i l i t y .  
While these pre l iminary  s t u d i e s  suggested tha t  the r a t i o s  of 
these l a r g e  non-information-bearing s i g n a l s  would prove t o  be 

t i m e  varying and hence "noise" ,  in-vivo experimental  s t u d i e s  
directed t o  th i s  ques t ion  w e r e  conducted w i t h  s p e c i a l l y  b u i l t  

experimental  b iosensor  systems as r epor t ed  i n  Sec t ion  V-D. 
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E. Photosraphic-Photometric Stud ies  

1. General 

A n  a l t e r n a t i v e  t o  the congruent backsca t t e r  geo- 
metry w a s  the annular  geometry suggested i n  t h e  o r i g i n a l  Pro- 
posal. To c o n s t r u c t  a s u i t a b l e  annular  t r ansduce r ,  t h e  dimen- 
s i o n  of t h e  i l l umina t ion  a p e r t u r e ,  t h e  r e c e p t o r  ape r tu re ,  and 
t h e  width of t h e  b a f f l e  s epa ra t ing  t h e  two, must be s p e c i f i e d .  
S p e c i f i c a t i o n  of these dimensions r e q u i r e s  cons ide ra t ion  of 

t h e  following: 

a. 

b. 

C. 

d.  

2. 

The a t t e n u a t i o n  of l i g h t ,  a t  wavelengths 
appropr i a t e  t o  oximet r ic  measurements, 
dur ing  i t s  t r a n s i t  i n  s k i n ,  blood, and 
o the r  t i s s u e  between the  ape r tu re s :  

The a t t e n u a t i o n  of l i g h t ,  a t  t h e  above 
wavelengths, by b lood les s  s k i n  and t i s s u e :  

The amount of  a t t e n u a t i o n  of l i g h t ,  a t  t h e  
above wavelengths, due s p e c i f i c a l l y  t o  t h e  
presence of blood i n  t i s s u e  (which might 
be i n f e r r e d  from t h e  d i f f e r e n c e  between 
1 and 2 above) : 

The i n t e n s i t y  of p r a c t i c a l  systems f o r  
supplying near-monochromatic l i g h t  and 
the s e n s i t i v i t y  of a v a i l a b l e  and appro- 
p r i a t e  d e t e c t o r s .  

The d i s t r i b u t i o n  of l i g h t  backsca t t e red  around a 
s i te  of l i g h t  i npu t  i n t o  the s k i n  was s t u d i e d  by means of 
” c o n t a c t  photographs”.  The device  f o r  making t h e s e  photo- 
graphs is i l l u s t r a t e d  i n  Figure FR-32. Monochromatic l i g h t  
w a s  brought by means of a l i g h t  guide t o  t h e  s k i n  through 
a ho le  punched i n  the c e n t e r  of  a 2-1/4” by 3-1/4” shee t  of 
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c u t  f i l m .  The f i l m  was held i n  con tac t  w i t h  the s k i n  by a 
s p e c i a l l y  cons t ruc ted  p res su re  p l a t e .  Kodak Panatomic X 

f i l m  was used for v i s i b l e  wavelengths, and Kodak I n f r a r e d  
f i l m  was used for i n f r a r e d  wavelengths. 

These experiments w e r e  designed t o  demonstrate the ex- 
t e n t  and the degree of d i f f u s e  t r ansmi t t ance  and backscatter 
of l igh t  through the s k i n  and s u p e r f i c i a l  t i s s u e s .  Quan t i t a -  
t i v e  a n a l y s i s  of the photographic nega t ives  so made e n t a i l e d  
r e fe rence  t o  the characteristic of the photographic emulsion 
(the d e n s i t y  vs .  l o g  exposure curve,  o r  a s i m i l a r  p l o t ) .  In-  
asmuch as t h i s  characteristic i s  a func t ion  of the procedure 
of f i l m  development, a c a l i b r a t i o n  was made for each ba tch  of 

f i l m s  developed t o g e t h e r .  

I n  order  t o  o b t a i n  a longer exposure range, a r o t a t i n g  
sector w h e e l  i n i t i a l l y  used i n  these s t u d i e s  was rep laced  w i t h  

a neu t r a l -dens i ty  s t e p  t a b l e t .  The a t t e n u a t i o n  provided by 
the step tablet  w a s  wavelength dependent, t h u s  an independent 
c a l i b r a t i o n  of the step t a b l e t  w a s  necessary a t  each wavelength 
used. The wavelengths of  l i g h t  s t u d i e d  w e r e  506, 625, 660 and 
805 w. 506 w and 805 mp are i s o s b e s t i c  p o i n t s  between oxy- 
genated and deoxygenated hemoglobin. 625 w and 660 w are 
wavelengths w h e r e  the difference between the abso rp t ion  co- 
e f f i c i e n t s  of reduced and oxygenated hemoglobin a r e  apprec iab le .  
660 mp represents a maximum d i f f e rence .  

The  exposure t i m e  r equ i r ed  t o  o b t a i n  comparable darken- 
ing  of the va r ious  f i l m s  a t  the va r ious  wavelengths va r i ed  be- 
cause the e f f i c i e n c y  of the system for supplying monochromatic 
l i g h t  is  a func t ion  of wavelength, a s  i s  the s e n s i t i v i t y  of the 

photographic emulsions. Experiments i n d i c a t e d  t ha t  the t r a n s -  
mi t tance  of the l i g h t  guide i s  also a wavelength func t ion .  
The de termina t ion  of the wavelength dependence of l i g h t  guide 
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t r ansmi t t ance  w a s  determined by coupl ing t h e  guide t o  a photo- 
graphic  emulsion by means of an i n t e g r a t i n g  sphere.  

I n t e r p r e t a t i o n  of the photographic nega t ives  showing 
the l i g h t - d i s t r i b c t i o n  p a t t e r n s  w a s  i n i t i a l l y  attempted using 
a scanning microdensitometer.  I n  the course of manually i n t e r -  
p r e t i n g  the microdensitometer t r a c i n g s ,  it became evident  tha t  
the l i g h t  p a t t e r n s  w e r e  gene ra l ly  unsymmetric. Thus, a l a r g e  
number of radial scans w e r e  r equ i r ed  for each negat ive i n  o rde r  
t o  q u a n t i t a t i v e l y  s t a t e  the r a d i a l  d i s t r i b u t i o n  p a t t e r n  g iv ing  
r e spons ib l e  l i m i t s  of e r r o r .  Using the manual procedure,  each 
p o i n t  on each radial  d i s t r i b u t i o n  t r a c e  had t o  be referred t o  
the characteristic c a l i b r a t i o n  curve i n  order  t o  be i n t e r p r e t e d  
as a l i g h t  i n t e n s i t y .  I n t e r p r e t a t i o n  of  a s i n g l e  photographic 
negat ive r equ i r ed  much more t i m e  than w a s  warranted by the re- 
s u l t i n g  q u a n t i t a t i v e  information.  

A f t e r  the i n i t i a l  manual microdensi tometr ic  q u a n t i t a t i v e  
ana lyses  had been completed, it was f e l t  t ha t  the g r e a t  pre-  
ponderance of information d e s i r e d  could be e x t r a c t e d  from t h e  

remaining photographs by . + i s u a l  assessment.  

3. Experimental D a t a  

Using var ious  experimental  p ro toco l s ,  over one 
hundred calibrated photographic  nega t ives  w e r e  made of l i g h t  
d i s t r i b u t i o n  p a t t e r n s  i n  l i v i n g  and dead sk in .  Di f fe rences  

i n  the b a c k s c a t t e r i n g  c h a r a c t e r i s t i c s  between the s k i n  system 
a lone  and the l i v i n g  skin-blood system w e r e  necessary f o r  bio- 
sensor  t ransducer  des ign ,  f o r  i n  t h i s  way "signal- to-noise"  
of  t h e  t ransducer  could be maximized. 

Representa t ive  photographic  nega t ives  are shown i n  

F igures  FR-33 and FR-34. Figure FR-33 is  a con tac t  photograph 
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Figure FR-33. 
Sys tem: Contact Photograph of Living Skin. Photographic 
enlargement of light distribution pattern in the skin on the 
forearm of an intact living white subject. The scale is  in 
centimeters. Light of wavelength 660 mu was used. Some 
detail has been los t  in reproduction. The light areas a t  the 
periphery a re  not explained, though they may represent 
aggregates of sebaceous material. 

Spectrophotometric Studies of the Skin- Tis sue 
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Figure FR-  34.  
System: Comparison, a t  three wavelengths, of the Diffusion 
Pattern in Living and in Dead Skin. a ,  b, and c: Light 
distribution pattern in live skin of the forearm of an intact 
white human subject. d, e, and f:  corresponding patterns 
in excised abdominal skin. a and d: 660 mu. b and e: 725 mu. 
c and f: 800 mu. Some of the gradation present in the negatives 
has been lost in the reproduction process - thus the extent of the 
patterns as  discussed in the text is not clearly represented. 

Spectrophotometric Studies of the Skin- Tissue 

79  



of a m a l e  forearm taken  a t  550 *. Figure FR-34 is a com- 
pa r i son ,  a t  three d i f f e r e n t  wavelengths, of the l i g h t  d i f f u -  
s i o n  p a t t e r n s  i n  l i v i n g  i n t a c t  s k i n  (conta in ing  a c t i v e  blood 

flow) and i n  dead sk in .  The l i v e  s k i n  photographs i n  Figure 
FR-34 w e r e  made on the forearm of a young a d u l t  female of 
Scandinavian descent:  the dead s k i n  was taken  from the abdomen 
of a 56 year  old w h i t e  m a l e  of s i m i l a r  pigmentation s h o r t l y  
after death. The dead s k i n  was mounted on Ind ia  ink  g e l a t i n  
t o  avoid r e f l e c t i o n s  from the mounting m a t e r i a l .  

Exposures w e r e  a l l  of the same dura t ion  (one minute) .  
No a t tempt  w a s  made t o  compensate for the var ious  wavelength 
dependent v a r i a b l e s ,  such a s  photographic s e n s i t i v i t y ,  mono- 
chromator energy ou tpu t ,  and lamp c o l o r  temperature.  

4. Exnerimental Resul t s  

a.  The e x t e n t  of the l i g h t  pa t te rn  a s  a func t ion  
of wavelenqth or, a qiven dead skin:  These experiments indicate  
tha t  the shorter wavelengths a r e  a t t e n u a t e d  cons iderably  more 
r a p i d l y  than  the longer  wavelengths. Thus, [on w h i t e  s u b j e c t s )  
t h e r e  i s  photographica l ly  d e t e c t a b l e  l i g h t  a t  r a d i i  of one- 
half inch  a t  805 *, bu t  a t  506 rnp the l i g h t  p a t t e r n  i s  only 
b a r e l y  d e t e c t a b l e  a t  r a d i i  of one-eighth of an inch.  

b. The e x t e n t  of the l i g h t  p a t t e r n  a s  a func t ion  
of wavelenqth on l i v e  skin:  A s  above, s p e c i f i c a l l y ,  the shor t -  
er wavelengths are a t t e n u a t e d  much more notably than  the longer  

wavelengths. 

C. The e x t e n t  of the p a t t e r n  i n  dead s k i n  with 
and wi thout  the subcutaneous fa t :  Prior t o  d i s s e c t i n g  away 
the f a t ,  the p a t t e r n ,  a t  a l l  wavelengths, extended much fur -  
ther l a t e r a l l y  t h a n  a f t e r  the removal of the f a t .  
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d.  
A v i s i b l e  degree of increased  skin-blood f l o w  ( c r e a t i n g  a 
"f lushed" s k i n )  could be obta ined  on a l i v i n g  s u b j e c t  by 
h e a t i n g  w i t h  an in f r a - r ed  l a m p .  This s k i n  f lu sh ing  could 
n o t  be d e t e c t e d  i n  the l i g h t  d i s t r i b u t i o n  p a t t e r n s  a t  any 

wavelength. 

e. The effect  of moderate and heavy s k i n  pigmenta- 
t i o n :  Exposures w h i c h  w e r e  s u f f i c i e n t  t o  demonstrate the l i g h t  
d i s t r i b u t i o n  p a t t e r n  on a w h i t e  s u b j e c t  w e r e  q u i t e  s i m i l a r  t o  
those  obtained i n  a negro of moderate pigmentation. However, 
i n  the case of one negro s u b j e c t  having very deep pigmenta- 
t i o n ,  only a ba re ly  d i sce rnab le  pat tern was produced. 

f .  The effect  of varyinq sample s i te :  Comparable 
measurements w e r e  made on l i v i n g  s u b j e c t s  on the forehead, on 
the a r m ,  on the  stomach, and, i n  one negro, on the cheek. 

For a given s u b j e c t ,  a t  a given wavelength, there was very 
l i t t l e  d i f f e r e n c e  between the l i g h t  p a t t e r n s  a t  the var ious  
sites. 

5. Conclusions 

a. The isosbestic p o i n t  a t  506 nq-1 is probably not  
operable  w i t h  an annular  sensor .  

b. Wavelengths between 600 and 805 nq-1 are operable  

w i t h  a n  annular  sensor .  

c. The t i s s u e  underlying the s k i n  i s  z n  important 

p a r t  of the o p t i c a l  path of the l i g h t  leav ing  the s k i n  s u r f a c e  
a t  source-detector  d i s t a n c e s  of m o r e  t han  one-half inch.  

d. For annular  t r ansduce r s  w i t h  a r a d i u s  of one- 
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half inch and a thickness of one-eighth inch, optical effi- 
ciencies (ratio of light in to light out) of .the order of 

can be anticipated at the operations and wavelengths 
studied. If the annulus is one-eighth of an inch in diameter 
rather than one-half inch, an additional two orders of magni- 
tude in light efficiency can be anticipated. 
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F. Methods for Increasinq Skin Blood Flow 

I n  order t o  maximize signal-to-noise levels  available 
t o  the experimental external biosensor systems and t o  insure 
t h a t  a r t e r i a l  oxygen saturat ion rather  than mixed a r t e r i a l  
and venous blood oxygen saturation w a s  being detected, an 
investigation in to  methods of inducing excessive s k i n  blood 
flow, i . e .  Itflushing" of the skin, was conducted. 

Successful histaminization of the s k i n  by iontophoresis 
was accomplished on human subjects and on experimental animals 
u t i l i z ing  
and G. A. 

1. 

2. 

3. 

4. 

5. 

6. 

the following protocol outlined by W. G. Z i j l s t r a  
Mook of Assen, Netherlands: 13 

A piece of f i l t e r  is  wetted w i t h  a fresh 0.6% 
aqueous solution of histamin phosphate. 

The paper i s  applied t o  the s k i n  and the posit ive 
electrode attached t o  it. 

The negative electrode is  grasped by the pa t ien t .  

The electrodes are  connected t o  the iontophoresis 
apparatus. 

By turning the potentiometer, the current is  regu- 
la ted  a t  1 t o  2 mA, according t o  the pa t ien ts ' s  
convenience. The duration of the iontophoresis 
i s  two t o  four minutes for the forehead and four 
t o  e ight  minutes for other places on the s k i n .  
(The  m i n i m u m  durations mentioned hold for children.) 
The current through the pat ient  should be gradually 
increased or decreased: don ' t  switch off suddenly. 

Immediately a f t e r  iontophoresis some edema is  
often present. The histaminized spot i s  a t  first 
white ra ther  than red. I n  about 10 minutes edema 
subsides and the f i e ld  becomes intensely red. The 
disappearance of edema i s  favored by subsequent 
compression of the s k i n  and by l i gh t  masszige. 
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The response of the b iosensor  systems t o  increased  
pe r fus ion  thus  induced on experimental  animals is d iscussed  

i n  Sec t ion  V I  page 123.  

A s tudy  of the inc rease  i n  skin-blood flow induced by 

a p p l i c a t i o n  of T r a f u r a l ,  a n i c o t i n i c  acid ester d e r i v a t i v e ,  
w a s  conducted and ind ica t ed  that  w h i l e  cons iderable  s k i n  
f lu sh ing  could be e f f e c t e d ,  it w a s  accompanied by excess ive  
edema, render ing  the method unsui tab le .  
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V. EXPERIMENTAL BACKSCATTER34ODE EXTERNAL BIOSENSOR SYSTEM 
DEVELOPMl3NT AND PERFORMANCE 

A. General 

The spectrophotometric studies of whole blood reported 
i n  Section111 and the spectrophotometric studies of s k i n  re- 
ported i n  Section I V  were brought together t o  form the founda- 
t ion  for design of several experimental backscatter-mode ex- 
te rna l  biosensor systems. These systems were experimentally 
applied t o  the measurement of blood oxygen saturation i n  s i m -  
ulated skin-tissue-blood systems, experimental animals, open- 
hear t  surgery pa t ien ts  and human volunteer subjects. During 
these experimental studies of systems performance, actual 
blood oxygen saturat ion w a s  experimentally varied over a wide 
range of values and the measurement indications of the bio- 
sensor systems were compared w i t h  standard-of-reference blood 
oxygen saturat ion measurements performed by the refined tech- 
nique reported i n  Section 11. 

During th i s  phase of the program, there was an essent ia l ,  
continuous and dynamic interplay between the development and 
refinement of each of the biosensor systems and the data ac- 
quired w i t h  each system, which data ,  i n  t u r n ,  furnished the 
basis  for progressive biosensor system development and refine- 
ment. 

The design and fabrication of the experimental external 
biosensor systems w i t h  t he i r  various transducers and the ex- 
tensive data acquired t o  evaluate the i r  performance and ref ine 
these systems are  described i n  t h i s  section. The progressive 
step-by-step development of these systems w i l l  not be presented 
i n  de t a i l ,  nor w i l l  the  great  bulk of experimental data acquired. 
Rather, the experimental systems w i l l  be described and i l l u s -  
t ra ted  i n  their  most refined forms and representative data ac- 
quired with these forms of the experimental systems w i l l  be pre- 
sented. 
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B. Skin-Tissue-Blood Simulator Cuvettes 

Experience obtained during the spectrophotometric 
studies of whole blood utilizing the pump oxygenator and 
flowthrough cuvettes shown in Figures FR-18 through FR-23 
suggested that a cuvette that was a model or optical ana- 
logue of the actual in-vivo skin-tissue-blood (STB) system 
would be extremely useful in the development of the experi- 
mental external biosensor systems. The utility of such a 
skin-tissue-blood simulator (STBS) cuvette was twofold. 

First, with regard to design and refinement of trans- 
ducers, amplifiers and various other components of the bio- 
sensor systems, the STBS cuvettes permitted rapid determi- 
nation of the order of magnitude of various key paramenters 
that were essential for design. Through the use of the 
STBS, comparisons of the performance of one design with 
respect to another could be readily performed. Secondly, 
the simulated systems were of utility during actual in-vivo 
use of the experimental biosensor system, for they permitted 
the rapid and accurate assessment of instrumentation opera- 
ting points. Thus, the skin-tissue-blood system simulators 
did not supersede or replace in-vivo measurements, but were 
used to optimize transducer and other component design and 
performance and to periodically establish instrumentation 
stability, reliability and calibration. 

The general specifications for the cuvettes that were 
to simulate the skin-tissue-blood system were: 

1. Light transmission and scattering character- 
istics of the same general order of magni- 
tude as skin: 
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2 .  Suitable for pumping whole blood through 
i n  multiple small moving streams, as  
generated by the pump-oxygenator flow 
system shwzi i n  Figures FR-18 through 
FR-23; 

3. N o  entrapment of or  damage t o  erythrocytes 
or  other blood constituents. 

The spec i f ic  design specifications for the cuvettes were 
derived from the ea r l i e r  spectrophotometric s tud ie s  of whole 
blood and sk in ,  reported i n  Sections I11 and I V .  

Two skin-tissue-blood system simulator cuvettes were 
engineered and fabricated. 

The f i rs t  of these, shown i n  Figure FR-35, had a cover 
p la te  fabricated from 60 mesh (0.3 millimeter) f r i t ted-glass  
imbedded i n  a p l a s t i c  t o  provide a diffusing surface similar 
t o  the sk in .  To simulate opt ica l  scat ter ing by t i s sue ,  a 
cavity under the cover p la te  was f i l l e d  w i t h  small si l iconized 
glass beads, 0.5 t o  1 . 2  millimeters i n  diameter, through which 
whole blood was pumped. This cuvette was designated the 
STBS-I. 

A second skin-tissue-blood simulator cuvette, STBS-11, 
was designed and fabricated from a sol id  piece of extra  coarse 
f r i t ted glass  (Figure FR-36). T h i s  cuvette was designed for 
use w i t h  dye as the l iqu id  absorbing medium instead of blood. 
Dyes having appropriate spectral  charac te r i s t ics  were used 
i n  varying concentratians t o  es tab l i sh  spec i f ic  s tab le  i n s t r u -  
ment operating points over the en t i r e  range of blood oxygen 
saturation values. For establishing instrument operating 
points,  the ready access ib i l i ty  and chemical s t a b i l i t y  of 
dyes made them i n  some respects more useful than blood of 
varying oxygen saturations.  
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Figure FR- 35, 
Simulator Flowthrough Cuvette (STBS-I) 
(1) Disassembled view 

Skin- Tis sue-Blood 

Cuvette hou s ing 
Cover retaining ring I% plastic gasket 
Diffuse r window 

Outlet wier filter cap 
Inlet filter retaining ring 
Inlet filter screen 

Gum rubber window gasket (4) 
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Partial  assembly 

Assembly with 0. 5 to 1,2 mm 
siliconized glass beads in blood 
cavity (without diff us e r window ) 

Complete assembly: cavity 
filled with blood shown through 
clear plastic window 



Figure FR-36. 
Flowthrough Cuvette (STBS-11): 
lucite transducer (ALT) and dc photomultiplier 
bios ens or s y s te m. 

Skin- Tis sue- Blood Simulator 
shown with annular 

(1) Skin-tissue-blood simulator cuvette 

(2) Annular lucite transducer (ALT) 
(3) Photomultiplier - S1 Response 
(4) Glass fiber flexible light guide 
(5) Illuminator with 660 mm filter 
(6) Photometer 
(7)  Dye injection syringe 
(8) Flasks containing dye solutions of 

varying c onc ent ra ti on 
89 
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The STBS-I1 or iginal ly  used w i t h  dyes underwent modi- 
f icat ion for use w i t h  whole blood and was brought into closer 
approximation t o  the opt ical  properties of the in-vivo skin- 
tissue-blood system. This improved cuvette was designated 
the STBS-111. 

I n  the experimental studies u t i l i z ing  the simulator 
cuvettes, the cuvettes were inserted in to  the flow c i r cu i t  of 
the pump-oxygenator flow system c i ted  above i n  which controlled 
changes i n  oxygen saturation, hematocrit, and temperature were 
imposed upon the circulating blood. During these experiments, 
blood samples w e r e  obtained for standard-of -reference measure- 
ments by the technique reported i n  Section I1 for comparison 
with the performance of the experimental external biosensor 
systems. 
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C. Experimental Externa l  Biosensor Systems 

1. General 

I n  conception, t h e  o p e r a t i o n a l  biosensor was t o  have 
a disc-shaped coin-s ized t ransducer  app l i ed  d i r e c t l y  t o  t h e  

su r face  of t h e  s k i n .  The biosensor  was t o  con ta in  provis ion  
f o r  an i l l umina to r  which would t r ansmi t  l i g h t  i n t o  the  s k i n  

and p rov i s ion  f o r  the photodetec t ion  of  l i g h t  backsca t te red  
from blood w i t h i n  the sk in .  It w a s  recognized tha t  ope ra t ion  
wi th  d i s c r e t e  p o r t i o n s  of  the u l t r a - v i o l e t ,  v i s i b l e ,  or i n f r a -  
r e d  e lec t romagnet ic  spectrum could be implemented e i ther  

through the use of monochromatic l a s e r  l i g h t  sources ,  through 
o p t i c a l  f i l t e r i n g  of broad-band l i g h t  sources  o r  by means of 
o p t i c a l  f i l t e r i n g  of broad-band backsca t fe red  l i g h t .  

Design goa l s  for the o p e r a t i o n a l  b iosensor  system w e r e  

as follows: 

a. freedom of placement: t o  be used on any 
s k i n  s u r f a c e ,  i . e .  , forehead, arm, chest, 
etc.: 

b. comfort t o  sub jec t s :  

C. minimum r e s t r i c t i o n  of subject mobil i ty:  

d. high-measurement accuracy over e n t i r e  rartge 
of blood oxygen s a t u r a t i o n :  

e. continuous measurement w i t h  r a p i d  dynamic 
response t o  fol low changes i n  blood oxygen 
s a t u r a t i o n  moment-by-moment; 

f .  measurements d i sp layed  d i r e c t l y  as pe rcen t  
oxygen s a t u r a t i o n  so that  no c a l c u l a t i o n s  
o r  i n t e r p r e t a t i o n s  requi red :  
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g. s t a b i l i t y  and r e l i ab i l i t y ;  

h. simplici ty  and infrequency of required 
cal ibrat ion;  no need t o  squeeze blood 
from the s k i n  or otherwise manipulate 
the subject t o  obtain zero se t t ings  or  
ea l i b ra t e  ; 

i accuracy independent of variations i n  sub- 
j e c t  skin color, t i s sue  hematocrit, e tc . ;  

j. minimal s ize ,  weight and power require- 
ments, consistent with spacecraft and a i r -  
c r a f t  operations. 

Although character is t ics  pertinent t o  an operational 
biosensor, such as items fand j above, were not deemed es- 
sen t ia l  for the experimental systems, the above l i s t  provided 
a point of departure for experimental systems design and 

fabrication. 

Two experimental backscatter-mode external biosensor 
systems were developed for use with a variety of transducers 
and investigated: (1) a chopped-light system: ( 2 )  a d.c. 
photomultiplier photometer system. 

92 



2. Chopped-Liqht Apparatus 

* 
The chopped-light apparatus (CLA, Figures FR-37 and 

FR-38) developed delivered two incident beams of broad-band 
l igh t  from a tungsten filament l i gh t  source, through narrow 
band interference f i l t e r s  (previously evaluated dur ing  whole- 
blood studies reported i n  Section 1111, thence through a flex- 
ib le  fiber optics bundle t o  the surface of the s k i n .  Light 
could be chopped a t  frequencies variable from d.c. t o  400 cps. 

Three fiber bundle s izes  were interchangeable i n  the 
apparatus, having diameters of 0.62",  0.125" and 0.250".  

While a wide var ie ty  of f i l t e r s  were interchangeable 
i n  the apparatus, i n i t i a l l y  660 rnp and 805 mp f i l t e r s  were 
incorporated. A 910 m l ~ -  f i l t e r  was procured for use as the 
signal wavelength i n  studies exploring the usefulness of t h i s  

portion of the electromagnetic spectrum i n  further reducing 
the problem of pigmentation var ia t ion between subjects. 

Provision was made for close-coupling photodetectors 
of several types d i rec t ly  t o  the s k i n  or remotely through 
l igh t  pipes. A wide variety of photodetectors were evaluated 
i n  order t o  es tab l i sh  the su i t ab i l i t y  of t he i r  signal-to-noise 
character is t ics ,  op t ica l  and geometrical coupling factors,  
amplifier c i rcu i t ry  requirements and frequency response. Photo- 
detectors assessed included s i l icon  junction diodes, Cadmium 
Selenide photoconductors, a new molecular c i r cu i t  photodiode 
Darlington amplifier molecular c i r cu i t  module and an S-21 

response photomultiplier. 

Where remote photodetector coupling was considered, 
separate fiber bundles w e r e  used for  l i gh t  source and photo- 

* designated OCLA i n  Progress Reports 
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Figure FR-37. Experimental External Biosensor 
System: Chopped Light Apparatus (CLA), view 
without cove r . 

(1) Projector housing 
(2)  Projector objective 
(3) Filter wheel 
(4) Filter wheel drive motor 
(5)  G l a s s  fiber flexible light pipe 
(6)  Synchronizing circuits 
(7) Synchronizing track photodetectors 

(8) Power supply 
and illuminator block 

94 



Figure FR-38. Experimental External Biosensor 
System: Chopped Light Apparatus (CLA), partial view, 

(1) 

(2)  Projector optics 
(3) Filter wheel drive motor 
(4) Synchronizing circuits 
(5) Synchronizing circuit photodetector and 

(6) Cover 

Fil ter wheel - contains alternate 660 mm 
and 805 mm filters 

synchronizing track illuminator support block 
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detector pathways. 

Gating c i r cu i t s  for signal sampling were provided t o  
permit variable e lectronic  sampling re la t ive  t o  and coinci- 
dent with the two wavelength signal periods. Waveforms of 
the chopped 660 qi and 805 rrq, l igh t  and synchronizing pulses 
are  shown i n  Figure FR-39. 

The apparatus was made highly portable t o  permit easy 
movement of it between the laboratory, operating room, recov- 
ery room, heart  catheterization laboratory and other locations 
where experiments were carried on. 

The chopped-light apparatus (CLA) was used both w i t h  

a congruent geometry transducer u t i l i z ing  an integrating 
sphere and with a close-coupled detector contiguous f ie ld  
geometry transducer (CFT, ,  Figure FR-40) both of which are  
described below. 
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1 

Figure FR-39. 
Chopped light apparatus monochromatic light output and 
synchronizing pulse waveforms. Left oscillogram: upper 
trace 805 millimicrons (small pulse) and 660 millimicrons 
light intensity; lower trace 660 millimicrons synchronizing 
pulse. Right oscillogram: upper trace 805 millimicrons 
(small pulse) and 660 millimicrons light intensity; lower 
trace 805 millimicrons synchronizing pulse. 

Experimental External Biosensor Systems: 
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Figure FR-40. Experimental External Biosensor 
System: Diagram of Contiguous Field Transducer (CFT). 
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3 .  d.c. - Photomul t ip l ie r  Apparatus 

An a l t e r n a t i v e  l i g h t  source and d e t e c t o r  appara tus  
u t i l i z e d  a broadband l i g h t  source and photodetec tor  e lement  
c o n s i s t i n g  of an S-1 response pho tomul t ip l i e r  tube  and a com- 
mercial photometer, shown i n  Figure FR-36. T h i s  system was 
used i n  conjunct ion w i t h  annular  t r ansduce r s  of  the des igns  
shown i n  Figure FR-41 (des igna ted  the Annular Luci te  Trans- 
ducer,  ALT) and Figure FR-42 (des igna ted  the Mult iple  Bundle 
Annular Transducer,  MBAT). This d.c. pho tomul t ip l i e r  appar- 
a t u s  had p r o v i s i o n  for either p r e - f i l t e r i n g  t h e  t r a n s m i t t e d  
l i g h t  or  t r a n s m i t t i n g  w h i l e  l i g h t  and f i l t e r i n g  the back- 
s c a t t e r e d  l i g h t .  Heat d i s s i p a t i o n  a t  t h e  lamp was provided 
t o  e l i m i n a t e  i n t e r f e r e n c e  f i l t e r  h e a t  damage. The s y s t e m  
w a s  semi-automated t o  permit  remote switching of i n t e r f e r -  
ence f i l t e rs  and t o  provide a ze ro  c a l i b r a t i o n  by means of  

l i g h t  s h u t t e r s .  

* 

4. Biosensor Transducers Confiqurat ion 

A s  r epor t ed  i n  Sec t ion  111, the appara tus  w h i c h  was 
developed t o  o b t a i n  l i n e a r  transfer func t ions  between back- 
scattered l i g h t  and oxygen s a t u r a t i o n  of whole blood, inde- 
pendent of hematocr i t  v a r i a t i o n s ,  u t i l i z e d  a congruent o p t i c a l  
geometry (Figure F R - 1 8 ) ,  i n  w h i c h  the l i g h t  source and the 
d e t e c t o r  "looked a t "  the s a m e  blood su r face  a r e a .  The con- 
gruent  optical  geometry t ransducer  developed f o r  t h e  exper i -  
mental e x t e r n a l  b iosensor  system made u s e  of an i n t e g r a t i n g  
sphere and a fibre o p t i c s  bundle. I n  t h i s  t r ansduce r ,  t h e  
i n c i d e n t  p r e - f i l t e r e d  l i g h t  w a s  brought v i a  the fibre o p t i c s  

* des igna ted  AT0 i n  Progress Reports 
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b 1.20 in .  I 

I Light path to 

~ 

phot omultipli e r  I 
I 

-------.metal spacer 
7 

-velvet light seal 

A: small sensor - -  1/2 in. 
medium sensor 5/8 in. 
large sensor - 7 / 8  in. 

Figure FR-41. Experimental External Biosensor 
System: Diagram of Annular Lucite Transducer 
(ALT) . Thick lines represent surfaces coated 
first with acrylic water-base white paint ( Ti02 and 
silicate pigments) and then with black photographic 
lacquer. 
only with acrylic white paint. 

Dotted lines represent surfaces coated 
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Figure FR-42. Experimental External Biosensor 
System: Diagram of Multiple Bundle Annular Transducer 
( MBAT) . 
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bundle through the center of the integrating sphere onto the 
s k i n  sample area. A photodetector was mounted on the periph- 
ery of the sphere. Provision w a s  a lso made for the alterna- 
t i v e  of bringing white l i gh t  t o  the center of an integrating 
sphere and f i l t e r ing  the back-reflected l i gh t  returned t o  
the  detector. This configuration had the advantage of permit- 
t ing  the f i l t e r s  t o  be s t a t i c ,  and, through the use of a 
mirrored chopping disc ,  permitting a longer period when mono- 
chromatic l igh t  w a s  incident upon the photodetectors re la t ive  
t o  the t i m e  l i gh t  was blocked. 

I n  addition, backscatter-mode transducers tha t  approached 
the  congruent op t ica l  configuration were designed and investi-  
gated. I n  these l a t t e r  transducers, the field-of-view of the 
source and the detector were of fse t  to  reduce the contribution 
of direct-reflected l i gh t  detected. 

One such transducer (u t i l i zed  w i t h  the chopped-light 
apparatus [CLA]) i s  shown i n  Figure FR-40. Designated the 
contiguous f i e l d  transducer (CFTT, it approached the con- 
gruent op t ica l  condition by minimal separation of the i l l u m i -  
nated and detected f i e l d  of view by means of a 1/8" offse t  
of the transmitted and backscattered ray center-lines a t  the 
sk in  s u r f  ace. 

* designated QCT i n  Progress Reports 
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Two further a l ternat ive transducer configurations 
made use of an opt ica l  stop between the incident l i gh t  and 
the detector f i e ld  of view. These transducers were desig- 
nated the Annular Lucite Transducer (ALT), i l l u s t r a t ed  i n  
Figure FR-41 , and the Multiple Bundle Annular Transducer 
(MBAT) i l l u s t r a t ed  i n  Figure FR-42. I n  the Annular Lucite 
Transducer, ALT, pre-f i l tered narrow-bank l igh t  was trans- 
mitted down a central  f lexible  fibre-optics l i gh t  guide and 
l i gh t  was returned through the w a l l s  of a hollow l u c i t e  pipe 
which was d i rec t ly  coupled t o  an S-1 response photomultiplier 
tube. I n  the MBAT transducer, a central  f ib re  optics l i g h t  

guide carr ied e i ther  pre-f i l tered narrow-band radiation o r  
white l i gh t  t o  the center of the sensor disc.  The d i s t a l  
portion of a large diameter fibre-optics l i gh t  guide was 
dispersed and the individual op t ica l  f ib res  were randomly 
fanned out t o  form an annulus surrounding the central  f ib re  
bundle i n  the transducer head. The l i g h t  collected by t h i s  
annulus was carr ied back through the large diameter f ibre  
optics bundle t o  an S-1 response photomultiplier tube. F i l -  

t e r s  were interposed or not i n  t h i s  opt ical  path depending 
upon whether the l i gh t  transmitted through the central  f ibre  
optics bundle had been pre-f i l tered.  

These various backscatter-mode biosensor transducer 
configurations, each of which approached t o  a greater or les- 
se r  extent a congruent opt ical  geometry configuration, were 
investigated with the hope tha t  they would prove t o  perform 
i n  a manner approaching the t ransfer  functions proved-out 
for a congruent op t ica l  geometry for whole blood, i . e . ,  

1660 backscattered 

2 Eq. 1 5  (= Eq. 2 )  + K  
K1 * 1805 backscattered 0,s.  = 

where the r a t i o  I805 Of the l igh t  source was held constant 
I660 

while having sa t i s fac tory  sens i t iv i ty  and signal-to-noise charact- 

eristics. 1 0 3  



D. Experimental Externa l  Biosensor System S tud ie s  
U t i l i z i n q  a Conqruent O p t i c a l  Geometry 

A s  reported i n  Sec t ion  111 and noted above, t h e  ap- 
p a r a t u s  developed t o  o b t a i n  l i n e a r  t r a n s f e r  func t ions  between 
backsca t t e red  l i g h t  and oxygen s a t u r a t i o n  of whole blood, in -  
dependent o f  hematocr i t  v a r i a t i o n s ,  u t i l i z e d  a congruent o p t i -  
cal  geometry. "he i n t e g r a t i n g  sphere e x t e r n a l  b iosensor  t r a n s -  
ducer descr ibed  i n  Sec t ion  V-C4 above was developed t o  exper i -  
mental ly  explore  the effect  of a congruent o p t i c a l  geometry 
upon systems performance on t h e  s u r f a c e  of t h e  i n t a c t  sk in .  

Some concern over the s igna l - to-noise  characteristics 
of  a congruent e x t e r n a l  biosensor  a p p l i e d  t o  i n t a c t  s k i n  was 
o r i g i n a l l y  manifest  i n  t h e  Program Proposal and this concern 
was f u r t h e r  heightened dur ing  t h e  s k i n - t i s s u e  s t u d i e s ,  re- 
po r t ed  i n  Sec t ion  I V ,  when it was q u a n t i t a t e d  t h a t  whole blood 
w i t h i n  t h e  s k i n  a t t e n u a t e d  t h e  l i g h t  backsca t t e red  from t h e  
mixed sk in- t i ssue-b lood  in-vivo system only a maximum of 

1 0 - 2 0 % ( i . e .  a t  100% O.S.) of  t h e  t o t a l  backsca t t e red  l i g h t .  
The fol lowing s t u d i e s  w e r e  genera ted  t o  a s c e r t a i n  whether t h e  
non-information-bearing l i g h t  component r e tu rned  from t h e  
s k i n  and t i s s u e  a lone  could be t r e a t e d  a s  a d .c .  l i g h t  l e v e l  
or whether this  l i g h t  underwent time-varying changes insepar-  
able from t h e  l i g h t  i n t e n s i t y  changes due t o  t h e  blood w i t h i n  
t h e  s k i n ,  and consequently had t o  be t r e a t e d  as " n o i s e " .  

I f  t h e  e x t e r n a l  biosensor  congruent t ransducer  w e r e  t o  
implement the t r a n s f e r  func t ion  observed f o r  t h e  congruent geo- 
metry wi th  whole blood, i .e. ,  

backsca t t e red  

backsca t t e red  + K  . I660 
I805 Eq. 16 (= Eq.  2 )  K1 O . S .  = 

where t h e  r a t i o  I805 of t h e  l i g h t  source was h e l d  cons t an t ,  
'660 
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t hen  the output  of the system for a cons t an t  value o f  oxygen 

s a t u r a t i o n  (even w i t h  v a r i a t i o n s  i n  p h y s i c a l  and o p t i c a l  coup- 
l i n g  of the t r ansduce r s  t o  the s k i n )  would be cons t an t .  

I n  that  case, the ra t ios  of  the non-information-bearing 
l i g h t  component s c a t t e r e d  back f r o m  the s k i n  and t i s s u e s  a lone 

would be cons tan t . . .  and t h u s  could  be treated as a d .c .  l e v e l  
rather than  "noise" .  I f ,  on the o t h e r  hand, the output  of t h e  

congruent geometry system dur ing  p e r i o d s  of cons tan t  oxygen 
s a t u r a t i o n  proved t o  be time-varying and s e n s i t i v e  t o  changes 
i n  p h y s i c a l  and optical  coupl ing,  t h e n  t h e  non-information- 
bea r ing  component of l i g h t  backscattered from the s k i n  and 
t i s s u e s  could not  be d i f f e r e n t i a t e d  from the information- 
bea r ing  component, and the non-information-bearing component 
would have t o  be minircized i n  o rde r  t o  explore  p o s s i b l e  t r a n s -  
fer func t ions  r e l a t i n g  oxygen s a t u r a t i o n  t o  information-bearing 

l i g h t  s i g n a l s .  

S tud ie s  of the r e l a t i o n s h i p  of congruent geometry sys -  

t e m  performance a t  cons t an t  l e v e l s  of oxygen s a t u r a t i o n s  w e r e  
performed u t i l i z i n g  the i n t e g r a t i n g  sphere t ransducer  described 

above and both the chopped-light system and the d.c.  photomul- 
t i p l i e r  systems. The t ransducer  w a s  app l i ed  t o  the forehead 
of vo lun tee r  human s u b j e c t s  w h i l e  oxygen s a t u r a t i o n  was main- 
t a i n e d  cons t an t  a t  one of three l e v e l s  by b rea th ing  e i ther  

100% oxygen, room a i r  (20% oxygen) , o r  15% oxygen. 

A r eco rd  of the best experimental  r e s u l t  ob ta ined  is  

i l l u s t r a t e d  i n  Figure FR-43. This reco rd  s h o w s  the t i m e  se- 
quence of backsca t t e red  l i g h t  i n t e n s i t y  l e v e l s  a t  805 and 506 mp 

and p r e s e n t s  the d i f f e r e n c e  between the l i g h t  i n t e n s i t i e s  a t  660 

and 805 r q ~ ,  a d i f f e r e n c e  i n i t i a l l y  set a t  zero .  The subject was 
maintained a t  cons t an t  oxygen s a t u r a t i o n  l e v e l s  t ha t  w e r e  va r i ed  
i n  a step-wise fash ion .  
brea thed  by the s u b j e c t  a r e  presented  a t  the t o p  of the record .  

The t i m e  h i s t o r y  of the gas  mixtures  
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I n  this  s tudy ,  every e f for t  was made t o  maintain the 

p h y s i c a l  coupl ing of the t ransducer  t o  the s k i n  as cons t an t  
as possible. Previous s t u d i e s ,  i n  w h i c h  the p h y s i c a l  coupling 
between the t ransducer  and s k i n  had been purposely va r i ed ,  
r e s u l t e d  i n  extremely l a r g e  and c l e a r l y  unacceptable  per turba-  

t i o n s  i n  system output .  

As can be seen i n  Figure FR-43, even under the most 

stable p h y s i c a l  s i t u a t i o n  obta ined ,  cons iderable  v a r i a t i o n  
i n  system output  is  observed dur ing  pe r iods  of  cons t an t  oxy- 
gen s a t u r a t i o n .  These v a r i a t i o n s  w e r e  c o r r e l a t e d  w i t h  very 
minor p e r t u r b a t i o n s  i n  p h y s i c a l  coupl ing.  

The very l a r g e  non-information-bearing l i g h t  component 

backscattered from the s k i n  and t i s s u e s  a lone  i n  the congruent 
o p t i c a l  geometry w a s  found t o  c o n s t i t u t e  "no i se"  r a t h e r  t han  
a d.c.  o f f s e t .  The s igna l - to-noise  r a t i o  for t h i s  geometry 
w a s  found t o  be i n t o l e r a b l e  (approximately 1:7), consequently,  
major e f f o r t s  w e r e  made t o  i n v e s t i g a t e  non-congruent t r a n s -  
ducer  geometr ies  i n  w h i c h  the "noise"  genera ted  by the s k i n  
could be minimized and s a t i s f a c t o r y  s igna l - to-noise  r a t i o s  
obtained.  The r e s u l t s  of these i n v e s t i g a t i o n s  a r e  presented  

i n  t h e  remainder of the r e p o r t .  
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E.  Experimental Ex te rna l  Biosensor System S tud ie s  
Performed on Skin-Tissue-Blood Simulator Cuvettes 

Experiments w e r e  performed w i t h  t h e  skin- t issue-blood 

s imula tor  c u v e t t e s b  e v a l u a t e  and compare the r e l a t i v e  s e n s i -  
t i v i t y  of va r ious  t ransducer  conf igu ra t ions  and dimensions 

independent of the v a r i a b l e s  a s s o c i a t e d  w i t h  a c t u a l  physio- 
l o g i c  measurement. Fur ther ,  s i n c e  the non-congruent back- 
scatter-mode t r ansduce r s  i n v e s t i g a t e d  depa r t ed  f r o m  the congruent 
o p t i c a l  geometry s u c c e s s f u l l y  used i n  the whole-blood s t u d i e s ,  
these experiments furn ished  the f irst  approximation of the 

t r a n s f e r  func t ions  of the non-congruent t r ansduce r s  f o r  com- 
p a r i s o n  w i t h  the t r a n s f e r  func t ions  obta ined  during the whole- 

* 

. blood backscatter s t u d i e s .  

Study of the d.c. pho tomul t ip l i e r  appara tus  w i t h  the 

ALT t r ansduce r s  performed upon the S T B S - I 1  c u v e t t e  produced 
discrete t r a n s f e r  func t ions  when dye concen t r a t ions  w e r e  used 
corresponding t o  the o p t i c a l  dens i t ies  of blood i n  the range 

of oxygen s a t u r a t i o n s  of i n t e r e s t .  

An e v a l u a t i o n  of these s a m e  three annular  l u c i t e  t r a n s -  
ducers  (ALT) w a s  conducted us ing  the S T B S - I 1  w i t h  whole blood. 
The r e s u l t s  of these experiments are presented  i n  Figure FR-44,  

a long w i t h  the  t r a n s d u c e r s '  working surface d imens ions .  A 

t r e n d  of inc reas ing  s lope  or s e n s i t i v i t y  w i t h  i nc reas ing  an- 
nu la r  dimension w a s  observed over the range of 80 t o  100% 

oxygen s a t u r a t i o n .  Resu l t s  a t  l o w  oxygen s a t u r a t i o n  d i d  not  
vary i n  any sys t ema t i c  manner w i t h  annular  dimension. 

* 
S e n s i t i v i t y  i s  de f ined  as the v a r i a t i o n  i n  t r ansduce r  output  
f o r  a g iven  change i n  pe rcen t  oxygen s a t u r a t i o n .  
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Figure FR-44. 
Skin-Tissue-Blood Simulator Cuvette Systems. Annular lucite trans- 
ducer (ALT)/photomultiplier biosensor system transfer functions 

Experimental External Biosensor System Studies on 

ed on STBS-11 using ALT transducers of various dimensions. 

0 ALT transducer # 2 
Annulus .500" OD, .375"  ID 

-: 0 ALT transducer # 3 
Annulus .625" OD, .500" ID 

g ALT transducer # 5 
Annulus .875" OD, .750" ID 

.125" D fiber optics input. 
S-1 response phototube. 
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Figure FR-45 d i s p l a y s  a d d i t i o n a l  r e s u l t s  ob ta ined  wi th  
the ALT/Photomultiplier system on the model STBS-I11 cuve t t e .  
Blood hematocrit (the H numbers) va r i ed  over only  a narrow 
range. I n  t h i s  s tudy ,  the t r ansduce r  s e n s i t i v i t y ,  or slope, 
w a s  found t o  inc rease  as annular  dimension increased  up t o  an  
inne r  diameter of 0.625” and an o u t e r  diameter of 0.75”. 

Figure FR-46 s h o w s  the e f f e c t  o f  varying hematocrit 
a t  any one annular  dimension on t ransducer  s e n s i t i v i t y .  The 

slope increased  w i t h  i nc reas ing  hematocrit. T h i s  behavior 
resembles that  observed w i t h  whole-blood t ransmiss ion  systems, 

$4 15  as demonstrated i n  Sec t ion  I11 and confirmed i n  t h e  l i t e r a  ufe .  

Figures  E%-45 and FR-46 demonstrate cons is tency  of  the data 
i n  the STBS; i n  t h i s  in s t ance  a t  a hematocrit of  39.4 for t w o  
d i f f e r e n t  f i l t e r  systems on t w o  d i f f e r e n t  runs.  T h i s  hemat- 
ocrit-dependence of the t r a n s f e r  func t ions  suggested t ha t  t h e  
annular  l u c i t e  t r ansduce r  (ALT) w a s  sens ing  a t r ansmi t t ed -  
l i g h t  component. 

I n  Figure FR-47, the r e s u l t s  ob ta ined  on t h e  s a m e  STBS- 

I11 c u v e t t e  w i t h  the CFT transducer1CLA biosensor  system demon- 
s t ra te  increased  s e n s i t i v i t y  over the ALT/Photomultiplier sys- 
t e m ,  a n  eva lua t ion  confirmed by subsequent animal data.  (The  

d a t a  a t  a hematocrit of 37.3 w a s  t aken  w i t h  a l o w e r  a m p l i f i e r  
g a i n  which, i n  t h i s  ope ra t ion ,  corresponded t o  a l o w e r  s ens i -  

t i v i t y . )  
much less hematocrit dependence than  t ha t  taken  w i t h  t h e  ALT/ 

Photomul t ip l ie r  system over a s i m i l a r  range of hematocr i t s ,  
i n d i c a t i n g  a closer approximation by the CFT t r ansduce r  t o  
the t r a n s f e r  func t ions  implemented by a congruent opt ical  

geometry upon w h o l e  blood. Throughout the experiments w i t h  
the CFT/CLA system, the e i g h t - f i l t e r  w h e e l  w a s  u t i l i z e d ,  t u rn -  
i ng  a t  3,000 r p m  or 400 cps light-chopping frequency. 

The data taken  w i t h  the CFT/CLA system also s h o w s  
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The performance of the multiple-bundle l i gh t -gu ide  

annular  t r ansduce r  (MBAT) descr ibed  above w a s  compared on t h e  
s t anda rd  STBS-I11 c u v e t t e  w i t h  the performance of the annular  
l u c i t e  t r ansduce r  (ALT) of comparable dimensions. The r e s u l t s  
p re sen ted  i n  Figure FR-48 i n d i c a t e  t h a t  the MBAT annular  sec- 
t o r  des ign  w a s  f u n c t i o n a l l y  the s a m e  a s  a complete annulus.  

I n  gene ra l ,  the CFT/CLA biosensor  system performance ex- 
hibited increased s e n s i t i v i t y  over the ALT/Photomult i p l i e r  sys-  
t e m  when used on s imula to r  c u v e t t e s  and, a s  r epor t ed  below, on 
experimental  animals. A l m o s t  l i n e a r  t r a n s f e r  func t ions  w e r e  
genera ted  r e l a t i n g  the CFT/CLA b iosensor  output  t o  oxygen s a t -  

u r a t i o n  on a semilogari thmic p l o t  over the range of 75% t o  
100% oxygen s a t u r a t i o n  w i t h  t he  STBS c u v e t t e s .  
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Comparison of %OS and Absolute Pilotometer Output 

Subject 

#1 Pig (large) 

#2 Dog 

#3  Pig (small) 

# 3  Pig  (small) 
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Ea r  

Shoulder 

1 

Figure FR-  49. Experimental External Bios ens or  Sys tem 

e transducer ( ALT)/photomultiplier biosensor system 
transfer functions obtained on experimental animals; 
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F. Experimental External Biosensor System Studies 
Performed Upon Experimental Animals 

In-vivo physiologic work w i t h  the experimental external 
biosensor systems was performed upon experimental animals be- 
cause of the ease w i t h  w h i c h  a wide range of variations i n  
a r t e r i a l  oxygen saturation could be induced and a r t e r i a l  blood 
samples for the measurement of reference oxygen saturation 
could be drawn. W i t h  the exception of one s e t  of measurements 
made on a dog, the experimental animals used were Chester White 
pigs,  a breed used i n  radiation studies and chosen for these 
biosensor studies because of the humanoid character of the 

opt ical  properties of t he i r  s k i n ,  
16 

Prior t o  the inception of the subject biosensor pro- 
gram, t h i s  laboratory had extensive experience i n  working w i t h  

experimental animals. The laboratory, of course, s t r i c t l y  ad- 
heres t o  humane practices governing the i r  care and use as s e t  
for th  by the Council of the American Physiological Society. 

I n  these experiments, the animals were anesthetized w i t h  

Diabutal or w i t h  Fluothane, intubated, and ventilated w i t h  con- 
t r o l l e d  mixtures of oxygen and nitrogen. Catheterization of 
the aorta  through a peripheral a r te ry  was performed t o  obtain 
blood samples for standard-of-reference spectrophotometric 
oxygen saturation measurements performed as described i n  Sec- 
t ion  11. The animals received professional post-operative 
care, and i n  most instances survived the experiments w i t h  no 
ill ef fec ts .  

Representative results of the in-vivo external bio- 
sensor measurements performed upon the experimental animals 
are  shown i n  Figures FR-49 through FR-53. I n i t i a l  qua l i ta t ive  
measurements on pigs with the ALT/Photomultiplier system in -  
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Figure FR-50. Experimental External Biosensor System Studies 
Conducted on Experimental Animals. Annular lucite transducer 
(AL T ) / pho tomultiplie r bio sen s o r s y s te m trans f e r functions 
obtained at three locations on a Chester White pig breathing - 

controlled O2 /N2 mixtures 

Annular lucite transducer ALT # 2 (3 /8"  ID, 1/2" OD) 
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0 Tongue, Experiment 3 
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Figure FR-51. 
Conducted on Experimental Animals. 
field transducer (CFT)/chopped light apparatus (CLA) and 
annular lueite transducer (AL T) /photomultiplie r bios ens or 
systems. Transfer functions obtained on a Chester White I 

pig breathing controlled Oz/N2 mixtures. 

Experimental External Biosensor System Studies 
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d i c a t e d  tha t  the best s k i n  s u r f a c e  measurement s i te  was the  
forehead and i n d i c a t e d  that  o p t i c a l  no i se  and spur ious  s i g n a l  
due t o  t r a n s i e n t  phys io log ic  phenomena was n o t  a s i g n i f i c a n t  
problem. I n  Figure FR-49, the d a t a  on a black mongrel dog was 
taken  us ing  the tongue as a measurement s i te  because of l i g h t  

a t t e n u a t i o n  by i t s  black s k i n  a t  other sites tested. A l l  ex- 
per imenta l  s t u d i e s  performed w i t h  annular  t r ansduce r s  u t i l i z e d  
either ALT t ransducer  #2 ( I . D .  .38", O.D. .50") o r  an  MBAT 

t r ansduce r  of the s a m e  gene ra l  dimensions ( I . D .  .42", O.D. . 54" ) .  

Figure FR-49 demonstrates g r e a t e r  system s e n s i t i v i t y  on 
the p i g  forehead than  on the p i g  shoulder .  More ex tens ive  d a t a  
f r o m  s e v e r a l  body sites i n  the p i g  presented  i n  Figure FR-49 
for the shoulder ,  s h o w s  l i t t l e  s c a t t e r  of d a t a  taken  from var -  
i ous  anatomic sites and sugges ts  an  e s s e n t i a l l y  s t r a i g h t  l i n e  
r e l a t i o n s h i p  between the a r t e r i a l  oxygen s a t u r a t i o n  and 

Log I660 , 
I805 

backsca t t e red  
backsca t t e red  + K  I660 

I805 
O . S .  = K1 Log 

Eq. 17 (= Eq. 3) 

w h e r e  the r a t i o  '805 of the l i g h t  source is held cons t an t ,  
I660  

a t r a n s f e r  func t ion  between the t ransmiss ion  (Eq. 1 )  and 

backsca t t e r  (Eq. 2 ) func t ions  p rev ious ly  presented .  

Figure FR-51 p r e s e n t s  a m o r e  c a r e f u l  examination of the 

p i g  forehead u t i l i z i n g  a m o r e  s e n s i t i v e  a m p l i f i e r  conf igu ra t ion .  
An i n f r a r e d  l a m p  i r r a d i a t e d  the s k i n  i n  a s p e c i f i e d  dosage be-. 

fore the second series of measurements and provided uniform s k i n  
f lu sh ing  for the d u r a t i o n  of  the experiment. The data f o r  the 

"f lushed" s k i n  i n d i c a t e d  tha t  the increased  blood content  of the 

s k i n ,  i .e. inc reased  " t i s s u e  hematoc r i t " ,  caused s o m e  i nc reased  

s e n s i t i v i t y  i n  the performance of  the experimental  b iosensor .  
A l s o  ev iden t  i n  Figure FR-51 is  the h ighe r  s e n s i t i v i t y  of the 
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CFT t r ansduce r .  

Figure FR-52 i l l u s t r a t e s  d a t a  taken  on t h e  forehead of 

a p i g  us ing  t h e  MBAT/Photomultiplier system both  before  and 
a f t e r  f l u s h i n g  o f  the s k i n  w i t h  h i s tamine  ion tophores i s .  Fig- 
u re  FR-52 (as does Figures  FR-50 and FR-51) demonstrates 
l i n e a r  func t ions  between t h e  Log I660 and oxygen sa tu ra -  
t i o  n and a modest i nc rease  i n  biosensor system s e n s i t i v i t y  
a f te r  s k i n  f lu sh ing .  This i n c r e a s e  i n  s e n s i t i v i t y  due t o  
a c t i v e  f lu sh ing  of  t h e  s k i n  t o  vary  t i s s u e  hematocr i t  r e s u l t s  

i n  a maximum spread  of  *1% oxygen s a t u r a t i o n  a t  an oxygen 
s a t u r a t i o n  of  90% and a *3% spread a t  an oxygen s a t u r a t i o n  
o f  60% i n  these s t u d i e s .  

I805 

Data obta ined  from t h e  s a m e  animal some weeks a p a r t  is  

p resen ted  i n  Figure FR-53. I n  t h i s  experiment t h e  MBAT t r a n s -  
ducer w a s  a p p l i e d  t o  normal s k i n  and t o  s k i n  " f lushed"  by 
means of I R  i r r a d i a t i o n .  I n  t h i s  s tudy,  t h e  normal and f lu sh -  
ed s k i n  had a range of s lopes  between 100% OS and 60% O . S . ,  

from -500 and -405, r e s u l t i n g  i n  a d e v i a t i o n  i n  oxygen s a t u r a -  
t i o n  of *1% a t  90% OS and *4% a t  60% OS. The average c a l i b r a -  
t i o n  l i n e s  f o r  the MBAT t r ansduce r  i n  experiments presented  
i n  F igures  FR-52 and FR-53 are very  c l o s e ,  each having s lopes  
o f  approximately -448 kl%. 

D a t a  t aken  a month earlier from t h e  same animal i s  
shown i n  Figure FR-52. This d a t a ,  however, w a s  t aken  wi th  a 
d i f f e r e n t  t ransducer  of l o w e r  s e n s i t i v i t y  ( t h e  ALT # 2 ) .  The 

d a t a  shows approximately t h e  s a m e  change i n  s l o p e  when normal 
s k i n  i s  sub jec t ed  t o  I R  i r r a d i a t i o n  f l u s h i n g  ( s l o p e  change 
from -632 t o  -545). This data a l s o  approximates the s t r a i g h t  
l i n e  func t ion  

I660 
POS = K1 Log 1805 + K2 Eq. 18 (= Eq. 3) 

where the ra t io  Igo5 of t h e  l i g h t  source is h e l d  cons t an t  

over t h e  range from 60% oxygen s a t u r a t i o n  t o  100% oxygen 
s a t u r a t i o n .  

I660 
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D a t a  collected on t w o  occasions w e e k s  a p a r t  w i t h  the 

CMC t r ansduce r  and p resen ted  i n  Figures  FR-51 and FR-53 a lso 
gene ra t e  a s i m i l a r  l i n e a r  semilogari thmic t r a n s f e r  func t ion  

over  the range of oxygen s a t u r a t i o n  f r o m  100% t o  40%. Com- 

pa r ing  the s l o p e s  for normal s k i n  i n  these t w o  experiments 
provides  va lues  of -247 i n  Figure FR-53 and -260 i n  Figure 
FR-51. 
s a t u r a t i o n  measurement from 100% t o  40% oxygen s a t u r a t i o n .  

This r e p r e s e n t s  less than  *2% d e v i a t i o n  i n  oxygen 

The increased  s e n s i t i v i t y  of the CFT appara tus  over 
the MBAT appara tus  demonstrated i n  the experimental  animal 
s t u d i e s  i s  c o n s i s t e n t  w i t h  s e n s i t i v i t y  f ind ings  f o r  the CFT 

and MBAT t r ansduce r s  on the s imula tor  c u v e t t e s ,  a s  i l l u s t r a t e d  

i n  Figures  FR-47 and FR-48, r e s p e c t i v e l y .  

This in-vivo d a t a  obta ined  from the p i g  was m o s t  en- 
couraging. Adequate s e n s i t i v i t y  of the systems was demon- 

s t r a t e d .  The r e p r o d u c i b i l i t y  of the d a t a  was q u i t e  good, 
a l though there w a s  a l a r g e  v a r i a t i o n  i n  s lope  when t i s s u e  
hematocr i t  w a s  a r t i f i c i a l l y  v a r i e d  by inducing " f lushed"  

sk in .  The fact  that  the s t r a i g h t  l i n e  t ransfer  func t ion  

w a s  of the form Log I660. suggested t h a t  the appara tus  

w a s  s ens ing  phenomena s o m e w h a t  between p rev ious ly  s t u d i e d  
backscatter and t r ansmiss ion  modes of ope ra t ion .  

I805 
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G. Experimental External Biosensor System Studies  
Performed Upon Human Patients 

Following ear ly  experimental extern31 biosensor systems 
studies performed upon Chester White pigs, the experimental 
systems were adapted for use i n  the Cardiac Catheterization 
Laboratory of the Presbyterian Hospital i n  San Francisco. 
Studies were performed w i t h  the MBAT/Photomultiplier system 
positioned upon the forehead of pat ients  undergoing cardiac 
catheterization. Oxygen Saturat i  o n of a r t e r i a l  blood samples 
removed from the brachial a r te ry  was determined by the stand- 
ard-of-reference method presented i n  Section 11, and these 
oxygen saturation values were compared w i t h  the output of the 
experimental biosensor systems. 

The range of oxygen saturat ion exhibited by pat ients  
during cardiac catheter izat ion was too res t r ic ted  (from 94% 

t o  100% OS) t o  describe sa t i s fac tory  t ransfer  functions f o r  
the experimental systems. This data did demonstrate tha t  the 
systems had suf f ic ien t  sens i t iv i ty  t o  detect  changes of the 
order of 1% oxygen saturation and tha t  the readings were i n  
the  proper direct ion.  

The experimental systems were further refined for use 
i n  the surgical operating room. I n  adapting them for data 
acquisit ion during open-heart surgery, various mechanical and 
opt ica l  modifications were required. I n  par t icu lar ,  special  
op t ica l  and e l e c t r i c a l  coupling components had t o  be fabrica- 
ted  t o  prevent interference by the equipment and research 
personnel w i t h  the surgical team and procedure. Various auto- 
mated cal ibrat ion procedures were developed for t h i s  purpose. 

Data acquisit ion was scheduled for 25 pa t ien ts  under- 
going open-heart operations. Following the induction of 
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a n e s t h e s i a  w i t h  tracheal inkubat ion,  the t ransducer  of the 

experimental  b iosensor  system s t u d i e d  w a s  p laced  i n  the de- 

s i red p o s i t i o n  upon the p a t i e n t .  Following placement of  the 

t r ansduce r ,  femoral a r t e r y  c a t h e t e r i z a t i o n  w a s  performed i n  
o rde r  t o  monitor a r t e r i a l  blood p res su re  and o b t a i n  a r t e r i a l  
samples p r i o r  t o  the i n s t i t u t i o n  of  cardio-pulmonary bypass 
w i t h  the hear t - lung  machine. P a t i e n t s  w e r e  pos i t i oned  i n  a 
r i g h t  l a t e r a l  p o s i t i o n  when m i t r a l  valve procedures  w e r e  per-  
formed or a t r i a l  s e p t a l  defects cor rec ted :  o t h e r  p a t i e n t s  
w e r e  i n  a supine p o s i t i o n  upon the ope ra t ing  table. 

Following thoracotomy, the supe r io r  and i n f e r i o r  vena 
cavae w e r e  cannulated and a t t ached  t o  the venous l i n e s  of the 

hear t - lung  machine and an i l i a c  a r t e r y  w a s  cannulated f o r  a t -  
tachment t o  the a r t e r i a l  l i n e  of the hear t - lung  machine. 
u sua l ly  only a f e w  s c a t t e r e d  d a t a  p o i n t s  w e r e  t aken  dur ing  
this  phase of the procedure i n  w h i c h  p a t i e n t  a r t e r i a l  oxygen 
s a t u r a t i o n  was u s u a l l y  q u i t e  cons t an t .  

W i t h  the i n s t i t u t i o n  of cardio-pulmonary bypass on the 

Osborn-Bramson-Gerbode hear t - lung  machine, backsca t t e red - l igh t  
s i g n a l s  f r o m  the experimental  biosensor  system output  w e r e  
cont inuously recorded either on a s p e c i a l  mu l t ip l e  channel 
Offner Recorder (F igure  FR-54) o r  on a Varian Recorder. 
Severa l  t i m e s  dur ing  the course of cardio-pulmonary bypass,  
the performance of the a r t i f i c i a l  lung would be g radua l ly  
a l t e r e d  t o  produce a r t e r i a l  oxygen s a t u r a t i o n  v a r i a t i o n s  

through the range from 100% t o  60% oxygen s a t u r a t i o n .  I n t e r -  
m i t t e n t l y ,  dur ing  these pe r iods  of changing a r t e r i a l  oxygen 
s a t u r a t i o n ,  blood samples would be withdrawn from the a r t e r i a l  
l i n e  l e a d i n g  from t h e  a r t i f i c i a l  lung  t o  the p a t i e n t ' s  a o r t a  
i n t o  hepa r in i zed  and s i l i c o n i z e d  g l a s s  sy r inges  for s tandard-  
of - re ference  measurements performed by t h e  method described 

i n  Sec t ion  11. S igna l  markers recorded the t i m e  of withdrawal 
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Figure FR-54. Experimental External Biosensor System 
Studies Performed on a Multi-Channel Recorder for Data 
Acquisition in Human and Animal Studies. 
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of these samples for data processing purposes. 

In addition, the patient's total systemic blood flow, 
systemic blood pressure and systemic temperatures were record- 
ed. Skin temperature and skin blood flow were widely varied 
during this phase of the procedure. 

Following each experimental study, the light intensity 
data was manually converted from the graphic records into 
digital form at data points for which independent standard-of- 
reference oxygen saturation measurements were available. The 
external biosensor system light intensity data was processed 
utilizing a wide assortment of computational programs. 

As in the experimental animal studies, the experimental 
external biosensor system data was found to conform most 
closely to a transfer function relating oxygen saturation to 
the logarithm of the ratio of intensities of light backscatter- 
ed at the signal and isosbestic wavelength, i.e., 

backscattered 
backscattered 2 Eq. 19 (= E q .  3 )  + K  I660 

I805 
O . S .  = K1 Log 

of the light source was held '805 where the ratio - 
I 6 6 0  constant. 

Figure FR-55 illustrates a typical plot of the log of 
the ratio of backscattered light intensities obtained with the 
CFT/CLA biosensor system vs. arterial oxygen saturation of a 
6 3  year old white female patient, G. M. Two distinct positions 
of the transducer upon the forehead resulted in a marked offset 
of the data points and two distinct linear best fit curves. 

The average slope of the above curves was -250, which 
falls midway between the slopes of the two examples of CFT/CLA 
transfer functions obtained on pigs presented in Figures FR-51 
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and FR-53 ( s lopes  o f  -260 and -247 r e s p e c t i v e l y ) .  Thus, the 

average slopes of the t r a n s f e r  func t ion  of this human d a t a  
and the pig data p rev ious ly  i l l u s t r a t e d  w a s  e s s e n t i a l l y  t h e  
same for the CFT/CLA systems, w i t h  d e v i a t i o n s  of less than  
2% 0 . s . h  the best fit l i n e  over the e n t i r e  range of 0 . S .  

f r o m  100% t o  40%. 

I n  t h i s  i l l u s t r a t i v e  human s tudy (Figure FR-55), t h e  
scatter of exper imenta l ly  determined d a t a  p o i n t s  about the 

best f i t  l i n e a r  curves  for  the .CFT/CLA i s  equ iva len t  t o  +4% 

oxygen s a t u r a t i o n .  ( I n  r e t r o s p e c t ,  t h i s  scatter w a s  found 
t o  be m o s t  l i k e l y  due t o  lesser p e r t u r b a t i o n s  i n  p o s i t i o n i n g  
of the t r ansduce r  upon the s u b j e c t ' s  forehead than  t h e  dis-  

t i n c t  p o s i t i o n a l  change tha t  produced the t w o  separate curves 
i n  Figure FR-55; dur ing  f i v e  hours  of chest surgery ,  consider-  
able movement of t h e  p a t i e n t  i n e v i t a b l y  occurs . )  

Comparable data acquired w i t h  t h e  MBAT/Photomultiplier 
system upon t h i s  s a m e  p a t i e n t  and t w o  o t h e r  p a t i e n t s  s t u d i e d  
a t  roughly t h e  same t i m e  are presented  i n  Figure FR-56. For 

these three p a t i e n t s  the MBAT/Photomultiplier system slopes 
w e r e  '-408 (GM) , -476 (HR) and -536 (NV) , compared w i t h  a 
slope of -405 obta ined  w i t h  t h i s  s a m e  system upon a p i g  and 
presented  i n  Figure FR-54. 

The v a r i a t i o n  i n  slope demonstrated fo r  t h r e e  p a t i e n t s  

i n  Figure FR-56 is  m o r e  f u l l y  seen i n  the d a t a  from e i g h t  
p a t i e n t s  p re sen ted  i n  Figure FR-57. I n  Figure FR-57, the 
best f i t  l i n e s  for  p o i n t s  of Log '660 i s  plot ted a g a i n s t  

pe rcen t  oxygen s a t u r a t i o n  for  each of the eight  p a t i e n t s .  
I805 
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Since the instrumentation operating points were set up 
a t  the beginning of each experiment t o  equalize the backscatter- 
ed l i gh t  reading a t  660 and 805 xq..~ a t  known 100% oxygen satura- 
t ion  and w e r e  thereaf ter  not a l tered,  a l l  cal ibrat ion curves 
a re  ident ica l  a t  100% oxygen saturation. However, as  can be seen,  
the spread i n  best  f i t  l ines  a t  progressively lower percent 
oxygen saturation i s  intolerable.  N o  a l te rna t ive  computation- 
a l  program nor algebraic manipulation of t h i s  raw data (an 
example of which i s  presented i n  Figure FR-58) was found t o  
make t h i s  data sa t i s fac tor i ly  coherent. 
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H. Experimental Ex te rna l  Biosensor System S tud ie s  
Performed Upon Human Volunteers 

A f i n a l  series of experiments w a s  performed w i t h  the 

experimental  b iosensor  systems upon vo lun tee r s  i n  the labora-  
t o r y .  These s t u d i e s  w e r e  d i r e c t e d  toward s y s t e m a t i c a l l y  ex- 
p l o r i n g  the in f luence  of v a r i a t i o n s  i n  p r e s s u r e ,  p o s i t i o n  and 
motion of the b iosensor  t r ansduce r s  upon the s u b j e c t s  by ob- 

se rv ing  b iosensor  systems output  dur ing  periods of known and 
cons t an t  oxygen s a t u r a t i o n ,  w h i l e  the p r e s s u r e ,  p o s i t i o n  and 
motion of the b iosensor  t r ansduce r s  w e r e  sys t ema t i ca l ly  v a r i e d .  
I n  t h e s e  s t u d i e s ,  a l l  s u b j e c t s  w e r e  hea l thy ,  young, a d u l t s  
who w e r e  maintained a t  100% oxygen s a t u r a t i o n  by b rea th ing  
oxygen a t  a p r e s s u r e  of 760 m i l l i m e t e r s  of mercury. 

I n i t i a l  s t u d i e s  i n  t h i s  series demonstrated t h a t  minor 

shif ts  i n  the p o s i t i o n  o r  p r e s s u r e  of the b iosensor  t r ansduce r s  
upon the vo lun tee r s  could r e s u l t  i n  marked p e r t u r b a t i o n  of 
b iosensor  system output .  Subsequently, s e v e r a l  d i f f e r e n t  k inds  

of  a u x i l i a r y  appara tus  w h i c h  furn ished  p r o g r e s s i v e l y  g r e a t e r  
s t a b i l i t y  of the p h y s i c a l  r e l a t i o n  of the b iosensor  t o  the 

s u b j e c t  w e r e  designed and f a b r i c a t e d .  A monotonic r e l a t i o n -  
ship w a s  found between r e p r o d u c i b i l i t y  of  the phys ica l  r e l a -  
t i o n  of the b iosensor  t o  the s u b j e c t  and s t a b i l i t y  of b iosensor  
system ou tpu t  for a given b iosensor  system app l i ed  t o  the s a m e  
s u b j e c t  on d i f f e r e n t  days.  
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V I  CONCLUSIONS 

Spectrophotometric s t u d i e s  of w h o l e  blood i n d i c a t e d  
. that  the p r i n c i p l e  of optical  backscatter can be u t i l i z e d  

f o r  measuring oxygen s a t u r a t i o n  of whole-blood samples w i t h  

a h igh  degree of accuracy and r e l i a b i l i t y  through the imple- 
mentation of a congruent o p t i c a l  geometry i n  which the blood 
volume i l l umina ted  by the l i g h t  source and the  blood volume 
viewed by the photometr ic  sensor  are congruent. T h i s  appara tus  

followed t h e  t r a n s f e r  func t ion ,  

K1 O . S .  = 

I805 where the r a t i o  - 
I660 

backsca t te red  

backsca t te red  2, 
+ K  I660 

I805 
Eq.  20  (= Eq. 2 )  

of the l i g h t  source w a s  kep t  cons t an t .  

A congruent mode of backsca t t e r  ope ra t ion ,  however, 
proved t o  be u n s a t i s f a c t o r y  i n  a p p l i c a t i o n  upon the in-vivo 
skin- t issue-blood systems of human s u b j e c t s  and experimental  
animals because the excess ive  l e v e l s  of non-information-bear- 
i n g  p h o t i c  energy r e tu rned  from the s k i n  s u r f a c e  and t i s s u e s  

proved t o  be time-varying and in sepa rab le  from the s i g n a l -  
bear ing  p h o t i c  energy r e t u r n e d  from the blood contained w i t h -  

i n  the s k i n ,  i .e.  proved t o  be noise .  Quan t i t a t ive  s t u d i e s  of 
the r e l a t i v e  l e v e l s  of s i g n a l  and "noise"  i n  t h e  congruent 
geometry showed the s igna l - to-noise  r a t i o  t o  be approximately 
1:7. 

The l i k e l i h o o d  of an  u n s a t i s f a c t o r y  s igna l - to-noise  
ra t io  for  congruent backscatter-mode t r ansduce r s  had been 
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a n t i c i p a t e d  i n  the o r i g i n a l  proposa l  and t ransducer  config-  

u r a t i o n s  i n  which the area i l l umina ted  by the l i g h t  source 
and t h e  area observed by the photometric sensor  w e r e  offset  
from each other rather t h a n  congruent w e r e  developed and i n -  
v e s t i g a t e d .  It w a s  hoped t h a t  these non-congruent t r ansduce r s  
would e l i m i n a t e  t h e  major source of system"noise" w h i l e  per- 
forming i n  a manner s u f f i c i e n t l y  resembling the  t r a n s f e r  func- 
t i o n s  of a congruent o p t i c a l  geometry t o  r e t a i n  the opera t ion-  
a l  advantages confirmed f o r  the congruent o p t i c a l  geometry upon 
whole blood. 

Experimental e x t e r n a l  b iosensor  systems u t i l i z i n g  a 
v a r i e t y  of non-congruent t r ansduce r s  w e r e  designed and f a b r i -  
cated. The ope ra t ion  of experimental  systems u t i l i z i n g  such 
t r ansduce r s  w e r e  e x t e n s i v e l y  s t u d i e d  upon skin- t issue-blood-  
s imula tor  c u v e t t e s ,  experimental  animals ,  human p a t i e n t s  and 

human vo lun tee r s .  

D a t a  f r o m  these s t u d i e s  demonstrated a s i g n i f i c a n t  

t r ansmiss ive  component i n  the spectrophotometr ic  behaviour of 
non-congruent backscatter-mode t r ansduce r s .  T h i s  t r ansmiss ive  
component w a s  manifest  by both  (a)  system performance w h i c h  

related oxygen s a t u r a t i o n  t o  measured l i g h t  i n t e n s i t i e s  by a 
t r a n s f e r  func t ion  s o m e w h a t  between the t r a n s f e r  func t ions  
of a congruent backscatter system ( l i n e a r  func t ion  of l i g h t  

i n t e n s i t i e s )  and a t ransmiss ion  system ( r a t i o  of l o g s  of l i g h t  
i n t e n s i t i e s )  , i .e.,  

backsca t t e red  

O.S. = K1 backsca t t e red  
Log I660 + K 

2 Eq. 21 (= Eq. 3) I805 

w h e r e  t h e  r a t i o  - '805 of the l i g h t  source i s  kept  con- 
s t a n t .  I660 
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a log of ratios of light intensities and (b) a pronounced 
sensitivity to variations in pressure, position or motion 
between the transducer and the skin. 

While characteristic (a) above is only an incon- 
venience, Characteristic (b) above is of major practical im- 
port. With the demonstration of sensitivity to position, 
pressure and motion variation of the backscatter-mode of op- 
eration, the principal hoped-for advantage of external back- 
scatter biosensors over classical external transmission-mode 
biosensors for use in active personnel disappeared. 

In summary, non-congruent external backscatter-mode 
transducers have been demonstrated to manifest sufficient 
sensitivity and satisfactory signal-to-noise characteristics 
for instrument implementation. External backscatter-mode 
biosensors retain their obvious advantages in terms of flexi- 
bility of positioning and relative comfort of application over 
classical transmission-mode devices. However, the prominent 
transmissive component exhibited by realizable external back- 
scatter biosensors makes these devices subject to the same 
perturbations in output caused by variations in pressure, posi- 
tion and motion as classical external transmission biosensors. 
In this critical respect, external backscatter biosensors have 
been demonstrated to hold no advantage over the classical trans- 
mission-mode devices. 

This study has demonstrated that variations in physical 
and optical coupling of the transducers to the subjects is the 
chief problem for both backscatter and transmissive external 
biosensor systems. If a truly operational external biosensor 
for use upon active personnel is to be developed, it will be 
necessary to evolve techniques for either stabilizing the 
physical coupling of the transducers to the subject or for 
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continuously compensating for the resultant variations in 
optical coupling. 

Attention to this now well-defined and remaining prob- 
lem area is recommended to other experimenters in the field. 
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