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N 'EAR-INFRARED spectroscopy (NIRS) theoretically 
offers a technique for continuous, nonlnvaslve, bed- 

side monitoring of cerebral metabohsm. Like pulse oxim- 
etry and mixed venous oxameters, these instruments use 
principles of light transmission and absorption to nonlnva- 
sively measure the concentrations of oxygenated (HbO2) 
and deoxygenated (Hb) hemoglobin in tissue, most often 
cerebral tissue. The introduction of pulse oxlmetry in 1985 
made it possible to continuously and nonanvasively monitor 
the oxygenation of arterial blood. Although this monitoring 
modality dramatically improved the physician's ability to 
recognize and treat arterial hypoxemia, circumstances exist 
where tissue hypoxla, especially cerebral hypoxia, may 
develop m the presence of appropriate arterial and venous 
oxygen saturations NIRS offers the possibility of monitor- 
ing the most important oxygenation end point, that of tissue 
oxygen utilization Ninety percent of the oxygen that leaves 
the vascular space enters the mItochondria where it acts as 
the final electron acceptor in the electron transport chain. 
Transfer of electrons to oxygen occurs via the enzyme 
cytochrome aa3 (Cytaa3), also known as cytochrome C 
oxidase. Anoxia quickly results in complete reduction of 
this enzyme/ In 1977, Jobsis described a spectroscopic 
technique to determine the oxidation status of Cytaa3 in 
intact cat brain and rat heart using light transmission 
through the tissue m a manner analogous to using oximetry 
for hemoglobin saturation. 2 

Continuous, noninvasive monitoring of cerebral oxygen- 
ation would provide information not currently available by 
any other modahty. Such a monitor could be used during 
deep hypothermic circulatory arrest or during carotid 
endarterectomy to diagnose the onset of global or regional 
cerebral hypoxia. A continuous cerebral oxygenation moni- 
tor could have both research and clinical applications for 
patients recovering from cerebrovascular accidents (em- 
bolic or hemorrhagic). For nearly any disease state in which 
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cerebral oxygenation is compromised, such a monitor could 
provide valuable information about the pathophysiology of 
the disease as well as test the benefit of a given treatment, 
either in general or in a particular patient. 

Currently available techniques can provide reformation 
regarding the metabolic state of cerebral tissue, including 
positron emission tomography scanning and nuclear mag- 
netic resonance (NMR) spectroscopy (usually 31p or 1H 
nuclei). Although these techniques offer much information 
about the metabolic state of the brain at the time of the 
scan, they are prohibitively expensive and time-consuming 
and require transport of the patient to the machine. None 
of these techniques provides continuous monitoring. Jobsis' 
report of a spectrophotometric technique to determine the 
state of tissue oxygenation, therefore, engendered much 
interest. However, translation of the principles that Jobsis 
described into clinically applicable instruments has proven 
to be extremely difficult. 

This article reviews the technical and historical develop- 
ments of these instruments, the problems that remain 
unresolved to date, and the available data on reliability and 
accuracy. 

TECHNICAL DEVELOPMENT 

All optical spectrometers consist of the same basic 
components (Fig 1): light sources (eg, light emitting diodes 
(LED) or laser diodes) to deliver light of a known intensity 
and wavelength to the tissues; a light detector (eg, a 
photodiode or photomultlplier tube) to measure the inten- 
sity of the light exiting the tissues; and a computer to 
translate changes in light intensity to clinically useful 
information (such as concentration of HbO2, Hb, or oxi- 
dized Cytaa3). 3 Spectrometers may use light wavelengths m 
the visible range (optical spectrometers), or the near- 
infrared range (spectrometers). Although NIRS can be 
used in virtually any organ, cerebral oxygen delivery and 
utilization has been the chief area of interest. Despite 
nearly 2 decades of intense work, and considerable progress, 
the technical problems preventing application of NIRS to a 
clinical monitor have not been fully resolved. A discussion 
of the principles involved in spectroscopy is necessary in 
order to understand these problems. 

Like all current oximetry monitors, NIRS is based on 
relatively simple physical principles. The first is that every 
substance in this world has a characteristic and unique 
absorbance spectrum For example, oxygenated hemoglo- 
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Fig 1 Schematic of the basic 
components of a NIRS system 
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bm absorbs less red light (600 to 750 nm) and more infrared 
light (850 to 1,000 nm) than does Hb (Fig 2). 4 The second 
principle is that skin, water, and other biological tissues are 
relatively transparent to certain wavelengths of light (red 
and near infrared), allowing nonlnvaswe and continuous 
measurement of certain light absorbing substances within 
the tissues (ie, HbO2, Hb, and Cytaa3). 

The first demonstration that oxygenated blood could be 
differentiated from deoxygenated blood by their light absor- 
bance characteristics occurred in 1864, when the German 

-chemast Felix Hoppe-Seyler isolated the blood pigment 
responsible for carrying oxygen. He named this pigment 
hemoglobin and demonstrated that mixing air with hemoglo- 
bin altered its absorption of light. 5 

At about the same time, August Beer, working with the 
ideas of Heinrich Lambert, had described the Lambert- 
Beer law that states that the transmission of light through a 
solution is a logarithmic function of the density or concen- 
tration (C) of the absorbing molecules in the solution. 6 The 
intensity of the transmitted hght is also a function of the 
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Fig 2 Light absorbance spectra of two hemoglobin specms' 
oxyhemoglobin and deoxyhemoglobin. Deoxyhemoglobin is shown 
by the solid line; oxyhemoglobin is the dotted line. (Adapted with 
permission, s ) 

pathlength of light through the solution (D) and the specific 
extinction coefficient (e) for the material at a given wave- 
length. This law may be written as the equation below: 

It . . . .  = Il n e-D C,~ (1) 

w h e r e  I t r a n  s = intensity of transmitted light: Im= intensity of 
incident light; and e = natural log base (2.71828). 

Thus, if a known substance is dissolved in a clear solvent 
m a cuvette of known dimensions, the solute concentration 
can be calculated if the incident and transmitted light 
intensities are measured. Using this principle, Drabkin and 
Austin were able to measure the saturation of hemoglobin 
in a cuvette. 7 In addition, it is possible to measure the 
concentrations of multiple substances in the same solution 
by using a different wavelength for each substance, writing a 
separate Lambert-Beer equation for each, and solving the 
simultaneous equations through matrLx inversion. 

However, when making measurements in tissue, the 
situation is complicated by the effects of light scattering, 
which is caused by the refractive index variations between 
and within cells and the cell constituents. This scattering of 
light also leads to a loss of light intensity, the amount of 
which varies with tissue type, size, and the measurement 
geometry. Because only a fraction of the scattered light is 
detected, the total light loss is normally unknown, making 
absolute quantitation of the concentration of the absorbers 
in the tissue difficult. As a result, most tissue spectroscopy 
has been performed by setting the detected light intensities 
at the start of the measurements to zero and assuming that 
the "background" light attenuation caused by tissue scatter 
remains constant. Any changes in intensity are then as- 
sumed to arise only from the absorbers whose concentra- 
tion can vary with time and/or oxygenation status (eg, 
hemoglobin and Cytaa3). With these guidelines, the require- 
ments for application of the Lambert-Beer equation to 
quantitative spectroscopic analysis of multiple substances 
in tissues are as follows: (1) a separate measurement 
wavelength for each absorbing substance; (2) a large 
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enough change in light intensity to be detected and quanti- 
fied; and (3) an exact measurement of the length of the light 
path. The problems assocmted with meeting each of these 
requirements will be discussed in turn. 

Absorbance Wavelengths 

The first requirement proves to be a minor tissue. There 
are only a few chromophores that absorb light strongly in 
the 700- to 1,000-nm range. The most potent of these are 
the hemoglobins and the copper atoms of the Cytaa3 
enzyme an the electron transport chain (Fig 3). 8 Although 
there are other chromophores in tissue that alter their 
absorption of light depending on oxygenation state, they 
have virtually no absorbance in the near-infrared range. 9,j° 
As described above, the absorbance spectra of Hb and 
HbOz have been known for more than 100 years. The 
cytochrome enzymes of the electron transport chain were 
originally described in 1925 by Kedin, who used spectro- 
scopic techniques to demonstrate that Cytaa3 is completely 
reduced in the absence of oxygen. I Further development of 
sensitive spectrographic techniques by Chance in the 1950s 
permitted measurement of cytochrome absorption bands in 
intact cells. ~a These initial experiments used wavelengths of 
visible light, which do not penetrate tissues to a significant 
degree. Jobsls used near-infrared hght and demonstrated 
the presence of a broad band of hght absorption at 830 nm 
in well-oxygenated tissues that disappeared almost com- 
pletely under anoxic condition. 2 Further work in isolated 
mitochondria and in rats perfused only with fluorocarbons 
(no hemoglobin present) confrmed that Cytaa3 could be 
identified with near-infrared technology5 2,a3 As can be seen 
from Figs 2 and 3, the wavelengths of hght used for Cytaa3 
momtormg lie in the same range as those used for hemoglo- 
bin measurement and their absorption spectra overlap. By 
using multiple wavelengths it is, in principle, possible to 
differentiate the absorbance caused by Cytaa3 from that of 
hemoglobin. However, extremely precise measurements 
are needed, because at typical tissue concentrations, the 
absorbance caused by hemoglobin is an order of magnitude 
greater than that of Cytaa3 
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Fig 3. Absorbance spectra of purified cytochrome aa3 enzyme 
Oxidized Cytaa3 is shown by the solid line, reduced Cytaa3 is shown 
by the dotted line (Adapted with permission 3l 

Measurmg Change m Ltght Intenstty 

Measuring the loss of light intensity caused by absorption 
by a particular substance is a more significant Issue. As 
previously mentioned, in addmon to being absorbed, pho- 
tons of light passing through tissue can be reflected or 
scattered. Loss of light intensity because of scattering and 
absorption is approximately one order of magnitude per 
centimeter of tissue traversed (one optical density, per 
cm). I4 Because a full-term infant has a head diameter of 
about 10 cm, the loss of light intensity across that distance 
makes accurate measurement of small changes in intensity 
(eg, due to Cytaa3) very difficult. Use of pulsed high-power 
laser diodes such as transmitters and photo-multiplier 
tubes as receivers have improved the signal-to-noise ratio, 
enabling such measurements to be made with response 
times of a second or less. However, adult craniums are still 
too large for transmission spectroscopy. This limitation has 
been addressed by measuring changes in reflected light 
rather than transmitted light. Work on pathlength determi- 
nation (see next) showed that the optical pathlength for 
reflected light is linearly related to the spacing between the 
transmission and recewlng sites, and so many of the 
currently available NIRS instruments measure changes in 
reflected hght intensity (not transmitted light intensity), 
placing the light source and detector several centimeters 
apart on the head. Although this spacing results in a 
measureable signal intensity, it affects the depth of penetra- 
tion of the light signal, which carries implications both for 
the amount of tissue monitored and for the distribution of 
optical paths in the tissue. 

Determmatzon of Pathlength 

One of the greatest obstacles to the application of the 
Lambert-Beer equation in a clinical near-infrared monitor 
of cerebral oxygen utilization has been, and to an extent still 
as, determination of pathlength. It is possible to ignore 
pathlength altogether, if actual concentrations are not 
sought. Instruments, such as pulse oximeters, which mea- 
sure ratios of substances (HbO2 to Hb), do not require 
determination of pathlength. Instruments that measure 
absolute concentrations of substances do reqmre this deter- 
mination. NIRS anstruments may be divided into two 
distinct types: concentratton monitors and saturauon moni- 
tors. Concentration monitors may be further subdivided 
into those that only measure relative concentration changes, 
and those that attempt to measure absolute concentrations. 
As discussed next, relative concentration monitors do not 
require precise pathlength determination, whereas abso- 
lute concentration monitors do. 

In Vtvo Concentratton Monitors 

The reflection, scattering, and absorption of light pho- 
tons result in a total optical pathlength that IS many times 
that of the spacing between the light source and detector. In 
addition, exmng photons wdl not all have traversed the 
same path, and each will have traveled a slightly different 
distance is Pathlength as itself a function of the optical 
characteristics of the tissue, the concentration of absorber 
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in the tissue, and the measurement geometry. 15 As the 
concentration of the absorbing substance increases, the 
optical pathlength shortens because photons with longer 
pathways have a greater likelihood of being absorbed. 16,17 
Over the years, the problem of pathlength determination 
has been dealt with in increasingly sophisticated ways. 
NIRS-derived data in the literature about cerebral oxygen- 
ation thus must be interpreted in the light of the method 
used to determine pathlength. 

The initial, and least sophisticated, method for dealing 
with pathlength was to assume no change over time, and set 
it to unity in the equations The first measured light 
intensity was set as the baseline, and changes from this 
baseline were assumed to be proportional to changes in the 
concentration of the absorbing substance. In laboratory 
animal studies, it was then possible to define a scale from 0 
to 100 for the calculated concentrations of hemoglobin and 
cytochrome aa3, with values obtained at an FIO2 of 1.0 as 
100, and values obtained at an FIO2 of 0.0, via 100% 
nitrogen, as 0. Because it is not feasible to ventilate human 
patients with 100% nitrogen, even for short periods of time, 
such a scale is not applicable to clinical monitors. The first 
NIRS cerebral oxygen monitors were thus trend monitors, 
reporting changes in arbitrary units from baseline. 18 

Alternatively, qualitative information was provided in 
relative units, denoted as variation in density (V/D). One 
V/D represents one order of magnitude change in the 
intenmty of each wavelength as it traverses the tissue. 
Instruments reportmg variations in density are also trend 
monitors They detect changes from baseline but provide no 
information about whether the baseline value was normal, 
high, or low. 19 In addition, information obtained in one 
patient cannot be applied to another because each patient 
serves as his or her own baseline. These instruments have 
been used for much of the laboratory work conducted in 
animals because each animal is treated similarly and can be 
expected to be "normal" at the beginning of the experi- 
ment. Useful information has been obtained about how 
cerebral hemoglobin concentration or tissue oxygen utiliza- 
tion, ie, Cytaa3 oxidation state, varies with changing condi- 
tions such as extreme anemia, hypoxia, or anoxia. However, 
these instruments provide no information about the abso- 
lute concentration or changes in the absolute concentration 
of the variables of interest. 

The next level of sophistication In pathlength measure- 
ment involved the actual determination of the typical 
optical pathlength m a specific tissue and the observation 
that for a gwen tissue, this was equal to the source-detector 
spacing multiplied by a near-constant factor called the 
d~fferential pathlength factor (DPF). The DPF is a function 
of how much scattering and absorption occurs and hence 
depends on the optical characteristics of the tissue. 2°,21 
Wyatt et al determined the pathlength in the heads of 
postmortem infants by measuring the "time of flight" of 
photons traversing the head and demonstrated that the 
DPF for cerebral tissue was a near constant, 4.39 (no units), 
once the source-detector distance is greater than 25 mm. 22 
Subsequently, the same method was used to measure the 
DPF for adult head, arm, and leg, and these data were later 

refined to determine the wavelength dependence of the 
DPF.  23,24 More recently, data measured on a larger popula- 
tion using the phase measurement technique (see later) 
have shown both the statistical variation and age depen- 
dence of this parameter. 25,26 Use of the DPF multiplied by 
the source-detector spacing in the modified Lambert-Beer 
equation results in quantification of the measured changes 
in absorber concentration, although absolute quantitation 
is still not possible because the light loss caused by 
background tissue scattering and the measurement geom- 
etry is still unknown. The term differenttal pathlength factor 
comes from the fact that it enables the differences in 
absorber concentration to be derived from the differences in 
attenuation. 

However, other limitations remain. First, subject-to- 
subject variability exists in the DPF of approximately 10% 
to 15%, which creates a similar uncertainty in the calcu- 
lated concentration changes. 25 Second, the light traversing 
the skull passes through different tissues, skin, bone, dura 
mater, and cerebral tissue, each of which has different 
optical characteristics and contributes differently to the 
total optical pathlength and hence to the DPF. If a change 
in hemoglobin concentration, therefore, occurs only in the 
cerebral tissues that occupy only a part of the optical path, 
the apparent concentration will be underestimated if the 
total optical pathlength is used in the NIRS calculation. 2v 
The extent of the contribution of each tissue to the total 
path is difficult to measure, but recent mathematical 
modeling of light transport in tissues has indicated that in 
the adult head, the cerebral tissues may only contribute 
20% to 40% of the total pathlength. 2s The cerebral contri- 
bution in the newborn infant head may be much larger 
because of the thinner skin and muscle plus the lower 
scattering properties of the infant brain. 29 Finally, the DPF 
varies slightly in response to changes in tissue absorption 
(eg, increased blood volume). This relatively small change 
typically remains less than 5% for normal physiologic 
variations. 15,3° These effects together represent a small 
deviation from the Lambert-Beer law used in the near- 
infrared instrument algorithms. Cope et al discuss the 
results of these effects and the method for correcting the 
algorithms. 31 Instruments that use the DPF and source- 
detector spacing to estimate pathlength monitor trends 
only. Although they quantify changes in concentration, they 
provide no quantitative information about the absolute 
concentration of any of the chromophores of interest. 
Recent research has yielded techniques that permit quanti- 
tation of two hemodynamlc parameters by comparing NIRS 
data and pulse oximeter data. The first parameter is 
absolute Hb concentration, and hence cerebral blood 
volume, and the second is cerebral blood flow. 32,33 

The most sophisticated instruments measure actual path- 
length as well as monitor changes in light intensity. These 
allow continuous measurement of pathlength in the indi- 
vidual patient and its incorporation into a modified Lambert- 
Beer equation. Again, these instruments cannot provide 
absolute values of chromophore concentrations but can 
more accurately determine changes in the measured chro- 
mophore concentrations. Three methods currently exist to 
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measure optical pathlengths. The first, the "time of flight" 
method, calculates pathlength from the mean transit time 
of picosecond light pulses. 2° The large and expensive 
instrumentaUon needed to make these measurements typi- 
cally confines it to the specialist laboratory, although two 
portable "time of flight" instruments have been re- 
ported. 34,35 The second method uses radio frequency- 
modulated light sources and measurement of the phase 
shift of detected light, which is directly related to the 
pathlength. This type of instrumentation is less expenswe 
and more compact and can easily be built into a bedside 
instrument. 36,37 The third method, involving conventional 
multiwavelength spectroscopy, uses the measurable absorp- 
tion peak of water. Because water concentratxon in the 
brain is usually known to within 2% to 3%, the optical 
pathlength is obtained by dividing the apparent water 
concentration by the known concentration. 38.39 The actual 
comparison is performed on the second derivative of the 
spectra, a technique that largely eliminates the effects of 
tissue scattering on the spectrum. Because Hb also has a 
measurable second derivative spectrum, 4° it is possible to 
calculate the ratio of the apparent hemoglobin concentra- 
tion to the apparent water concentration and hence obtain 
an absolute measure of the Hb concentration. 41 

In F~vo Saturation Momtors 

In vivo saturation spectrometers (such as the pulse 
oximeter) do not attempt to measure concentrations of 
HbO2 and Hb in tissue but instead measure the ratio of the 
two and derive the hemoglobin oxygen saturation. By 
measuring a ratio, these instruments avoid the need to 
estimate optical pathlength because th~s factor appears in 
both the numerator and denominator of the ratio and 
hence cancels out. This assumption about pathlengths 
canceling is not absolutely correct but can under certain 
circumstances be correct to within a few percent. These 
instruments do not attempt to measure Cytaa3. Sevick first 
described a method using two modulation frequencies at 
two wavelengths to determine the ratio of the absorption 
coefficients. 42 Haida and Chance, and more recently Llu et 
al, reported an improved method for obtaining the ratio of 
the absorption coefficients using phase modulation in 
vitro. 43,44 Alternative methods that use a single frequency or 
conventional spectroscopy but measure phase or attenua- 
tion as a function of distance also exist. 45,46 A further 
variant of this type of instrument (the INVOS; Somanetics, 
Troy, MI) attempts also to reduce the effects of surface 
tissues overlying the brain by measuring the absorption 
ratios at two different source-detector spacings and subtract- 
ing one from the o t h e r s  

LIMITATIONS 

As can be seen from the discussion so far, most of the 
requirements for a near-infrared cerebral oxygen monitor 
are in place. It is possible to deliver light of a known 
intensity and wavelength, using high-intensity laser diodes 
or LEDs of different wavelengths. It is likewise possible 
using sensitive photon detectors to measure changes in the 
attenuation of that light as it traverses the tissue of interest. 

What remains to be finalized are techniques for simulta- 
neously measuring the pathlength and improvements m the 
Lambert-Beer equation, which would take into account any 
small changes in the pathlength. However, even when the 
question of pathlength is resolved, there will remain some 
limitations to the applicability of these monitors. These 
limitations can be divided into technical and clinical issues. 
Technical issues include the effects of light source spectral 
bandwidth, dealing with motion artifact, and improvements 
in the algorithm for incorporating pathlength into the 
Lambert-Beer equation. Clinical issues include charting 
this unmapped territory by determining the range of normal 
values, accuracy, and response. 

Techmcal Issues 

As noted previously, the chromophores of interest (Cy- 
taa3, HbO2, and Hb) have absorbance spectra that overlap 
one another. Incomplete separation of the signals will cause 
Cytaa3 to follow the general trend in HbO2. Any inaccura- 
cies in the input wavelength can lead to an error, the effect 
being the greatest for wavelengths where the extinction 
slopes are the steepest, between 750 and 800 nm (Fig 2). 
The laser diodes used in near-infrared instruments have a 
narrow emission wavelength only a few nanometers wide, 
and the wavelength is slightly temperature dependent. 
Avoidance of wavelength errors involves either tempera- 
ture control of the laser diodes or measurement of the 
temperature with software compensation for the wave- 
length shift. Instruments using LEDs as light sources, eg, 
pulse oximeters or the INVOS, are more prone to error 
because the broad emission bandwidth (30 to 40 nm) means 
that an average extinction over this range must be used in 
the calculation. The presence of any other wavelength- 
dependent absorber in the tissues (eg, melanin) can distort 
the recewed spectrum and hence lead to an error. The 
effect of this error on pulse oximeters has been reported. 48 

Every spectrometer also must deal with the problem of 
motion artifact, which remains one of the chief problems 
with accuracy of pulse oximeters. Near-infrared instru- 
ments are sensitive to patient motion, including pressure on 
the sites where the transmitter or receiver are coupled to 
the skin. Position changes can be misinterpreted as changes 
in absorbance 19 To some extent, this problem can be 
minimized by careful design of the source and detector and 
their attachment to the tissues, and by careful choice of 
monitoring site. The newer pathlength measuring NIRS 
instruments should overcome this problem. 

Even when determination of total pathlength is solved in 
general, the determination of the pathlength in the particu- 
lar tissue of interest will remain a problem. This may only 
be resolved by careful chnical and animal studies in which 
known absorption changes are induced in specific organs. 
In the head, the contribution of cerebral tissue to the total 
optical pathlength may be a fixed ratio, and thus accounted 
for in the NIRS calculations, although the possible varia- 
tion from source and detector position on the head would 
have to be tested, as would signal contamination by the 
overlying tissues such as dura, bone, and skin. Evidence to 
date indicates that to minimize contamination by overlying 
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possible. Some of the recent near-infrared studies on 
cerebral-evoked responses indicate that the problem of 
signal contamination may have been overestimated. 4941 

Algorithm development yields continuing improvement 
As the mathematical models of light transport in tissue 
improve, it becomes possible to predict with greater accu- 
racy the effects of tissue inhomogeneity and geometry on 
the measured optical attenuation. 52 Current algorithms 
have been developed using different assumptions, and have 
been tested on different animal models. A recent compari- 
son of the four published algorithms using theoretically 
derived test spectra shows that each produces slightly 
different values for the derived concentrations, especially 
those for Cytaa3. 53 Proving which algorithm provides the 
correct values in vivo is currently impossible because there 
are no "gold standard" techniques for measuring tissue 
hemoglobin concentrations and Cytaa3 redox state in vivo 

Chmcal Issues 

Clinical application of these monitors is further seriously 
hampered by the inability to compare accuracy and re- 
sponse of these monitors with "gold standards" as well as 
the difficulty of defining what is being measured and from 
where in the tissue. Theoretically, near-infrared spectros- 
copy offers measurement of the global tissue concentration 
of Hb, HbO2, and oxidized Cytaa3. However, the informa- 
tion provided by current instruments fails to meet this ideal 
goal. 

Global. As described previously, lnmal NIRS measure- 
ments involved transitlumination of small heads (cats, rats, 
or infants) that enabled sampling of most of the brain. The 
attenuation of light across greater distances requires reflec- 
tion rather than transmission measurements. As Fig 4 
demonstrates, this reduces the section of the tissue moni- 
tored from the majority of the brain to a "banana"-shaped 
wedge of one hemisphere. The spacing of the source and 
detector also affects the depth of light penetration into the 
tissue. What spacing ensures penetration of the light into 
cerebral tissue? Ranges from 2 to 5 cm appear in the 
literature, evoked response studies demonstrate a cerebral 
signal at spacings of 2 to 3 cm. 5455 Inappropriate positioning 
of the source or detector over surface muscles, or use of too 
small a spacing, may account for some reports that extracra- 
nial blood flow strongly influences the measured cerebral 
hemoglobin concentration or saturation. 54,56-58 Given their 
different algorithms, and different methods of dealing with 
surface tissue contamination, concentration measuring and 
saturation measuring NIRS systems (such as the INVOS 
[Somanetics, Troy, MI]) can be expected to provide differ- 
ent measurements of cerebral oxygenation. Variation in 
detector spacing between early (1 and 2.7 cm) and later (3 
and 4 cm) models of the INVOS instrument further 
complicates interpretation of studies with this instrument. 

T~ssue. NIRS instruments determine changes in the 
concentrations of HbO2 and Hb without differentiating in 
which vascular bed the hemoglobin is found (arterial, 
capillary, or venous). More than 70% of the hemoglobin in 
the brain at any given time is believed to be in the venous 
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Fig 4, Light absorbance may be measured in (A) a transillumina- 
tion mode or in (B, C) a reflectance mode The mode of monitoring 
determmes the portion of cerebral tissue that wil l contribute to the 
light absorbance mgnal. The (C) INVOS 3100 uses two light receivers 
in an attempt to differentiate between light absorbance owing to skull 
and overlying tissues and light absqrbance caused by cerebral tissue 

compartment Near-infrared-derived hemoglobin oxygen- 
ation thus reflects more a venous saturation than a tissue 
saturation. Decreases in cerebral hemoglobin saturation 
denote either a decrease in oxygen delivery as would occur 
with alterations in blood flow, hematocrit, or arterial 
saturation, or an increase in oxygen utilization. Relative 
changes in blood volume of the venous or arterial compart- 
ment, even without a change in saturation of either, can 
influence mean cerebral hemoglobin saturation. For in- 
stance, an increase in the portion of Hb may signal an 
increase in the amount of venous blood relative to arterial 
blood. A simple example of this is a change from the 
head-elevated Fowlers' position to the head-down Tren- 
delenburg position. Obviously, placement of the source and 
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detector is crucial--if  they are positioned so that the light is 
mainly transmitted through, or reflected from the sagittal 
vein, the hemoglobin monitored will be nearly all venous. 4° 
This may of course be a useful clinical signal in some 
circumstances. 

Assuming the problems of accuracy are solved, and the 
instrument is able to report cerebral tissue saturation or 
concentration, these monitors by themselves prowde no 
information on cause or cure. As with mixed venous 
oximeters, changes in cerebral oxygen saturation will indis- 
cnmlnantly reflect changes in any of the parameters that 
determine either oxygen delivery such as hemoglobin con- 
centration, cardiac output, and arterial saturation, or oxy- 
gen consumption, such as cerebral metabolic rate and 
temperature. The information these monitors provide, 
therefore, must be interpreted in conjunction with that 
from other clinical monitors, although NIRS instruments 
do have the distinct advantage of being noninvasmve. It 
remains to be seen whether these momtors can aid climcal 
decision making and thus improve patient outcome. 

Accuracy and preclsion. As noted earlier, there is no 
"gold standard" against which to judge the NIRS instru- 
ments. The closest clinical standard is jugular venous bulb 
saturation as determined by oximeter catheters in the 
internal jugular vein. 57,59 In some circumstances, current 
NIRS cerebral saturation monitors may not track the 
jugular bulb saturation accurately, although whether this 
denotes inaccuracies in the instrument or a true d~fference 
between tissue versus jugular bulb saturation cannot be 
determined. 57 Although some preliminary comparisons have 
been made between NIRS momtorlng and 3~p NMR 
spectroscopy for assessment of birth-asphyxiated infants, 
differences in the type of information provided makes 
interpretation difficult. 6°,°~ In the laboratory, indwelling or 
surface t~ssue optodes or Clark electrodes measuring tissue 
oxygen tension may provide some insights regarding accu- 
racy. However, differences m the volumes of tissue sampled 
again make quantitative comparison difficult. 62 It is prema- 
ture to consider comprehensive clanical trials g~ven the 
continual development of the current NIRS instruments. 
However, with resolution of the techmcal problems of 
absolute quantitation, a method to assess the accuracy and 
precision of these instruments will assume greater impor- 
tance. 

APPLICATION OF NIRS TECHNOLOGY 

Table 1 lists some of the commercially available NIRS 
instruments, with information regarding type of instrument 
and avaalabdaty. As noted earlier, there are no "gold 
standards" against which to measure any given instrument, 
and large-scale clinical trials have not been conducted 
comparing instruments to each other. Also, there have been 
no "outcome" trials to date. 

Concentratzon Measunng Instruments 

This report cannot present all the experimental data on 
cerebral function that have been derived using NIRS 
technology. Table 2 hsts reports of cerebral physiology 
using NIRS technology In animal models and gives some 

information about the instrument used in each instance. 2,6272 
Table 3 does the same for human data. 27.56,61,73-87 These 
tables are not meant to be exhaustive, but rather illustrative 
of the types of models that have been tested using NIRS 
technology. Most of the data were derived using prototype 
instruments not in commercial production, using a wide 
variety of algorithms, and reporting derived concentrations 
in different ways. For the data calculated using the path- 
length derived from the DPF and source-detector spacing, 
the previously mentioned standard deviation in the data 
must be considered. In addition, it is not possible to 
compare prototype instruments regarding accuracy, preci- 
sion, bias, or drift, although some of the commercial 
instruments do provide such data. 

Clearly, the chief proposed use of NIRS technology is as 
a real-time, noninvas~ve, on-line monitor of the concentra- 
tion of cerebral HbO2, Hb, and oxidized Cytaa3. Concentra- 
tion monitors, which independently determine changes in 
the amount of HbO2 and Hb, can sum the two and report 
changes in total hemoglobin volume, which should follow 
total cerebral blood volume. NIRS has been used as a 
momtor of HbO2, Hb, Cytaa3, and cerebral blood volume in 
monitoring newborns, especially birth-asphyxiated infants, 
in fetuses during labor, and in adults. 

Birth asphyxia occurs when the fetus suffers cerebral 
hypoxla during labor and delivery. Monitoring for this 
devastating comphcation has included fetal heart rate and 
sampling of fetal scalp blood for determination of acid-base 
status, both indirect monitors of cerebral oxygenation. 
Near-anfrared monitoring of fetal cerebral oxygenation 
allows a direct assessment and offers the potential for rapid 
intervention if cerebral hypoxla occurs. Studies using NIRS 
monitoring during labor demonstrate a relationship be- 
tween uterine contractaon pattern and fetal cerebral deoxy- 
genation, show an increase in fetal cerebral oxygen satura- 
tion during administration of supplemental oxygen to the 
mother, and predict infant acid-base status after deliv- 
ery. 85-87 Fetal hemoglobin has not been found to alter the 
measurement of cerebral oxygenation. 8s 

NIRS has also been used to assess the extent of brain 
injury in birth-asphyxiated infants after delivery. 6°,61,73,8I 
Normal infants show a characteristic response of cerebral 
blood volume, as determined by NIRS, to either a tilt or to 
changes in inspired 02 or C02  .60'79,81,89 Birth-asphyxiated 
infants show either no response, or a very different pattern 
of response to these physiologic interventions, even immedi- 
ately after the event. In contrast, studies of asphyxiated, 
then resuscitated infants using 31p-NMR demonstrate that 
brain energy status is nearly normal the first day after 
resuscitation, with a significant decrease thereafter. 6°,61,89 
NIRS technology thus may provide earlier information 
about the extent of injury in these infants. 

The majority of NIRS-generated information concerning 
normal cerebral physiology comes from studies on normal 
infants. Studies in newborns show that cerebral oxygen- 
ation (Hb and HbO2), cerebral oxygen utilization (redox 
state of Cytaa3), and total cerebral blood volume can be 
seen to change with alterations m respiratory pattern, with 
inspired O2 or CO2, with stimulation, during exchange 
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Table I Animal Studies Using Near-infrared Instruments 

Wave- Units of 
Author Date Type lengths Variables Measure Animal Model Findings 

Jobsts 2 1977 Local Many from Hb, HbO2 ,  Absorption Cat brain, Normoxla, anoxla Oxygenation state of Cytaa3 and 
700 to 900 Cytaa3 coeffl- dog heart hemoglobin can be recorded 

c~ent, effectively and continuously 
mmol/[Hb 
or 
Cytaa3]/cm 

Mook 62 1984 Ornnl 4 3 770, 813, Hb, HbO2, PO2 0-100 scale Cats Progressive hypoxla Correlation of PO2 to % Cytaa3 
905 (surface) reduction yield a correlation 

coefficient of -0  77 (r 2 = 0 604) 

Cairns 63 1986 Local 3 765, 800, Hb, HbO2, 0-100 scale Cat Increased mtracranial Increased FiO2 alone--no benefit, 
905 cytaa3, cere- pressure 50% O2 with 5% CO2 increases 

bral blood flow perfuslon, cytaa3 oxidation, and 
decreased Hb, 

Ferrari40 1989 Local Many from Sagittal sinus Log(1/Td)¢ Dog Graded hypoxia NIR determined SvO2 regressed 
740-840 SvO2 (NIR) against sampled SvO2 yielded r 

versus true Sv value of 0 97 
O2 (bench top 
co-oxlmeter) 

Ferrarl~ 4 1989 Omnl 3 3 775, 815, Hb, HbO2, CBF, V/D Dogs Hemorrhagic hypoten- Autoregulation is preserved until 
905 MTT sion cerebral perfus~on pressure is 

30-40 mrnHg 

Lubarsky s~ 1992 Local 4 775,810, Hb, HbO2, 0-100 scale R a b b i t s  Normovolernic hernodtlu- SvO2 decreasesto <50% at 
870, 904 Cytaa3, SvO2, t~on hernodilution of 10 mL/kg, 

VO~ Cytaa3 is preserved at 95% until 
SvO2 decreases to 30% 

Kakihana 86 1992 Local 4 700,730, Hb, HbO2, 0-100 scale Rats Hypoxla, fluorocarbon Oxygenation states of cardiac 
750, 805 Cytaa3, MbO2 exchange muscle and brain behave sirni- 

Heart and larly during progressive 
brain hypoxla 

FerrariS7 1992 Omnl 3 3 775, 815, Hb, HbO2, tHb, V/D Dogs Hemorrhagic hypoten- CBF is autoregulated between 
905 M'IT CBF (dye sion 40-130 rnmHg via increases in 

and spheres) CBV Below 30 rnmHg, CBF 
decreases 

Hirano 68 1993 NIR-100O 6 780, 808, Hb, HbO2, tHb mrnol/ Rabbits Carotid hgatlon plus Carotid hgatlon decreases HbO2, 
830,847, crn/L'i" graded hypox~a (FIO2 tHb, increases Hb 
867, 911 0 18, 0 15, 0 10) and Hypoxla + hgatlon cause more 

hypox~a plus CO2 severe response than h9atlon 
alone but do not increase tHb 
very much 

Hosh169 1993 Local 4 700, 730, Hb, HbO2, tHb, 0-100 scale Rats Graded hypoxia, induced Describe in detail the alterations in 
750, 805 Cytaa3 EEG seizures (pentylentetra- Cytaa3 that occur preictal and 

tracing zol) postictal Results support 
classic theory of cellular 
hypoxla during seizures 

Schafer 7o 1993 Omnl-3 3 775, 815, Hb, HbO2, tHb, V/D Rats Endotoxm bolus Endotoxln-mduced reduction in 
905 Cytaa3 CBF is associated with a 

decrease in Cytaa3 redox state, 
proportional to decrease in 
HbO2 

Tarnura 71 1993 Local 4 780, 790, Hb, HbO2, tHb, 0-100 scale* Rats Fluocarbon exchange Fluorocarbon with FIO2 of 1 0 can 
805, 830 Cytaa3 maintain Cytaa3 oxidation until 

circulatory collapse intervenes 

Karnel ?z 1994 NIR-1000 6 780, 808, Hb, HbO2, tHb, mmol/ Rabbits Intracranial hemody- Cytaa3 decreased during hyper- 
830, 847, Cytaa3 crn/L't narmcs with hyperven- ventilation except during 100% 
867, 911 tilation during hypo- O2 

carbla -+ hyperoxla 
(100% 02) 

NOTES. Omm 3, 4, International Instrumentation Laboratories, Inc, Durham, NC, NIR0500, Hamamatsu Photonlcs KK, Japan; NIR-1000, 

Hamamatsu Photonlcs KK, Japan, Omnl 4, International Instrumentation Laboratories, Inc, Durham, NC; UCL, Prototype NIR 1000 budt at Umverslty 

College of London 

AbbrevLatlons. local, a prototype made in that laboratory; MbO2, oxy-myoglobln,  Hb~ deoxyhemoglobin,  HbO2, oxyhemoglobm; Cytaa3, 

cytochrome aa3; CBF, cerebral blood f low (mdocyanlne green or mlcrospheres), M'I-I', mean transit tsme (transit t ime of dye through cerebral 

circulation); tHb, total hemoglobin, SvO2, venous oxygen saturation, V/D, variation in density (see text). 

*Algor i thm ~s provided in article 

tA l l  NIR0500 and 1000 instruments use same algorithm (see references 3, 4, 23-26) 

:[:Log (1/Td) obtained by subtracting log (1/Tdr), where Tdr is detected radiation, f rom Iog(1/Tdo); where Tdo was detected transmittance; plotted 

as a function of wavelength. 
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Table 2 Human Studies Using Near-Infrared Instruments 

Wave- 
Author Date Type lengths Variables Umts Subject Model Findings 

Ferran TM 1986 Local Not stated -Hb, HbO2, tHb,-- Change from Healthy nee- Monitor changes over Changes can be detected 
Cytaa3 baseline hates time, tilt head down 15 ° 

Wyat t  73 1986 UCL 4 778, 813, Hb, HbO2, tHb, ~,mol/100 g 11 neonates with Monitor over trine, tdtmg 
867, 904 Cytaa3 various dis- 

ease states 

Report changes associated with 
patent ductus, bram edema, 
cystic encephalomalacla 
Changes tn variables plotted 
against arterial HbO2 

Hampson 7s 1990 Local 4,775, 810, Hb, HbO~, tHb, v/d, values 8 adult men Progressive hypoxla m Hypoxla results in steady dechne 
870, 904 Cytaa3 obtained the presence of normo- m HbO2 and Cytaa3, hypocapmc 

at 97% capma or graded hypo- hypoxta causes greater decline 
SpO2 were capma than normocapnlc hypoxla 
basehne 

Livera 78 1990 Local 4 775, 805, Hb, HbO2, tHb mrnol/L, Infants Hypoxta 16 infants, 50 Decrease m arterial HbO2 corre- 
845, 904 change eprsodes rates with decrease m bram 

from base- Bradycardla 9 infants, 15 HbO2 Bradycardla results m 
line episodes decrease m tHb 

Edwards 77 1991 NIR 1000 6 779, 802, Hb, HbO2, tHb, N.moI/L, 8 preterm infants Moderate changes in FIO 2 Changes in SaO2 from 85%-99% 
831,848, Cytaa3 reported and carbon dloxrde do not cause changes in Cytaa3 
866, 907 as Changes in PeC02 result m 

changes increases in Cytaa3 and tHb 

from base- 
line 

Llem TM 1992 Radiometer 4 775,805, Hb, HbO2, tHb, p.mol/10O g, 5 infants ECMO (extracorporeal HbO2 and Cytaa3 increase with 
845, 904 Cytaa3 change membrane oxygenator) induction of ECMO, correlated 

from base- with increases in SaO2 and 
hne tcPO2 

Skov 79 1992 Radiometer 4 775, 805, Hb, HbO2, tHb, Change from 10 asphyxiated 15 ° head down tilt NIRS determined oxygenation cor- 
845, 904 Cytaa3 basehne neonates, 22 related with cerebral blood flow 

preterm with by xenon clearance m 19/33 
RDS infants 

Fans 8e 1992 Local 4 775,805, Hb, HbO2, tHb, mmol/L, Preterm infants Mild induced hypoxla, Neonatal and fetal monitoring of 
845,904 Cytaa3 change and fetal monl- changes over time cerebral oxygenation is possible 

from base- toting during with NIRS Changes in cerebral 
line second stage oxygenation correlate with 

of labor changes in arterial oxygenation 

van Bel ~ 1993 Radtometer 4 775,805, Hb, HbO2, tHb, Change from 8 healthy neo- Monitor over 24 hours CBV, HbO2, Cytaa3 decreased in 
845, 904 Cytaa3 basehne nates, 15 asphyxiated neonates, assocl- 

asphyxtated ated wrth neurologtc defects 
neonates 

Germon 58 1994  Invos 3100 2 730, 810 rSO2 % saturation Adult volunteers Scalp ischemla, graded Invos can detect tissue hypoxta 
of Hb hypoxta, and frontahs deep to scalp, but also rs 

Williams s2 1994 Invos 3100 2 730, 810 rSO2 % saturation Adults 
of Hb 

LiemS3 1994 Radiometer 3 904, 945, Hb, HbO2, tHb, ~mol/100 g Neonates 
775 Cytaa3 

vandeBor 84 1994 Radtometer 3 904,845, Hb, HbO2, tHb, Change from Neonates 
775 Cytaa3 baseline 

Aldnch8586 1994 NIRO 500 4 from smcO2, CBV Change from Fetal (actwe 
777-913 basehne labor) 

Peebles 87 1994 NIRO 500, 4-6 wave- smcO2, CBV Change from Fetal(active 
1000 lengths basehne labor) 

muscle exercise affected by changes in extracra- 
real blood flow 

Carotid endarterectomy Changes in blood pressure are 
associated with changes in 
rS02 

Jr}domethacln treatment Indomethacln results rn decrease 
for PDA in cerebral blood flow resulting 

in decrease in cerebral tissue 
oxygenation 

Exchange transfusion Exchange transfusion results in 
change in cerebral blood 
volume 

1 Supplemental Maternal oxygen increases fetal 
maternal oxygen smcOz, fetal acid/base status 

2 Compared with acid- correlates with smcO2 before 
base status birth 

Contraction pattern Rapid contractions (< 2 3 ram} 
assoc with decrease In fetal 
cerebral oxygen saturation 

NOTES. local, a prototype made m that laboratory, NIR-500, 1000, Hamamatsu Photonics KK, Japan; UCL, Prototype butlt at Untverstty College of 

London, Invos 3100, Somanettcs, Troy, MI 
Abbrevtattons MbO2, oxy-myoglobm,  Hb, deoxy-hemoglobm,  HbO2, oxyhemoglob in ,  CytA, cytochrome aa3, CBF, cerebral blood f l ow 

(mdocyanlne green or mlcrospheres), CBV, cerebral blood volume, MTT, mean transit ttme (transtt t ime of dye through cerebral circulation), rSO2, 

mtracerebral oxygen saturatton (authors' abbrevtatton), smcO2, mean cerebral oxygen saturatfon; SpO2, pulse ox lmetry  obtained artertal saturation; 

tHb, total hemoglobm, a measure of cerebral b lood volume, RDS, resptratory d~stress, PDA, patent ductus 
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Table 3 Currently Available NIRS Instruments 

Company Instrument Type Parameters Approval 

INVOS 3100 Somanetlcs (Troy, MI) Saturation Hb saturation Investlgatlonal use 

NIRO500 Hamamatsu Corp (Bridgewater, N J) Concentration Hb, HbO2, Cytaa3, CBV Investlgatlonal use 

RedOx 2001 Cntikon (UK) and Johnson & Johnson Concentration Hb, HbO2, Cytaa3, CBV Investigatmnal use 

(Bndgewater, N J) 
Shimadzu OM-100A Biorad Laboratones (Boston, MA) Concentratmn Hb, HbO2, Cytaa3, CBV Investlgational use 

Runman 2000 NIM Incorporated (Phdadelphm, PA) Concentratmn Hb, HbO2, CBV Investlgatmnal use 

Multmcan OS10 NIOS, GmbH (Wuppertal, Germany) Concentration Hb, HbOz, Cytaa3, CBV Investlgatlonal use 

Abbrewatlons. Hb, deoxyhemoglobm, HbOz, oxyhemoglobm; Cytaa3, oxidized cytochrome aa3, CBV, cerebral blood volume 

transfusions, and during indomethacin treatment for patent 
ductus arterlosus. 73,74,76-84 Reports exist of NIRS as a 
research tool in both adults and infants to study changes m 
cerebral oxygen utilization during periods of mental 
work, 5°,51,9° during transient hypoxia, 75 during cardiopulmo- 
nary bypass, 91,92 and extracorporeal membrane oxygenation. 7s 

Ttssue Saturation Instruments 

The only saturation measuring instrument that is avail- 
able commercially is the INVOS (Somanetics, Troy, MI). 
The modified Lambert-Beer equation that it uses is based 
on the assumption that "pathlength is not dependent on 
wavelength, le, remains constant, over a narrow band of the 
near-infrared spectrum. ''93 The original prototype instru- 
ment used five wavelengths of light delivered and detected 
two photodiodes originally placed 1 and 2.7 cm from the 
transmitter. In the commercial version of the instrument, 
the light source was replaced with two LEDs operating at 
725 nm and 797 nm. By using two detectors, this instrument 
theoretically can differentiate signal changes caused by 
absorption in the scalp and skull, detected by the receiving 
diode at 1 cm, from absorption in the cerebral circulation, 
detected by the receiving diode at 2.7 cm. 47,55 Early reports 
of interference from scalp blood flow led to an increase in 
the source-detector distances to 3 and 4 cm. However, 
Germon et al concluded from their data that, although the 
INVOS can detect cerebral hypoxia under controlled cir- 
cumstances, changes in extracranial blood flow may still 
affect the reported cerebral saturation. 56 

The INVOS matches predicted, theoretical decreases in 
cerebral saturation in volunteers breathing a hypoxic gas 
mixture. 47 Another study monitored the cerebral hemoglo- 
bin oxygen saturation during circulatory arrest at 18°C. The 
investigators found that the five patients in whom satura- 
tion remained above 35% had no demonstrable neurologlc 
insult, whereas the one patient whose saturation decreased 
below 35% had evidence of a global hypoxic injury at 
postmortem examination. 94 Wilhams et al used the INVOS 
to monitor for cerebral oxygenation during carotid endarter- 
ectomy, reporting that "major changes in blood pressure 
are associated with significant changes in [cerebral oxygen 

saturation]. ''sz However, Brown et al reported a poor 
correlation between INVOS-derived cerebral saturation 
and jugular bulb venous saturation in patients undergoing 
elective cardiac surgery. 57 Harris and Bailey report no 
change in INVOS-derived saturation despite a doubling of 
Doppler-determined middle cerebral artery velocity during 
hypercapnia. 58 These authors postulate that the larger 
source-detector separation used in the later model still does 
not guarantee sampling of only intracerebral saturation and 
that current monitors may be affected by external carotid 
blood flow to the scalp and skull. 

Pollard et al studied the relationship between cerebral 
oxygenation as reported by the INVOS 3100 against that 
predicted by weighted averages of arterial saturation (pulse 
ox]metry, arterial blood estimated to contribute 25% of the 
signal) and jugular venous saturation (jugular venous bulb 
samples, venous blood estimated to contribute 75% of the 
signal). 9s They found a decreased sensitivity but increased 
specificity with progressive hypoxia and also found that 
changes in patient position and PaCOz confound the 
relationship between reported cerebral saturation and 
estimated saturation. 95,96 These authors conclude that be- 
cause of the lack of a "gold standard" against which to 
validate this monitor, and because of the influence of 
position and PaCO2, the INVOS at present serves best as a 
supplemental trend monitor. 

SUMMARY 

In conclusion, NIRS appears to offer both a new monitor- 
ing modality and new information about cerebral oxygen- 
ation. Technical problems in the application of this technol- 
ogy persist, most notably determination of pathlength and 
the volume of tissue mterrogated. Those familiar with the 
history of pulse oximetry will recall that although Millikan 
developed an ear oximeter in 1947, it was not until Aoyagi 
combined recognition of the pulse signal with spectroscopy 
m the 1970s that oximetry was transformed into a clinically 
applicable monitor. In much the same way, NIRS may find 
the same tremendous usefulness as a noninvasive monitor 
of cerebral oxygen utilization, pending resolution of the 
remaining technical problems. 

R E F E R E N C E S  

1 Kellln D: Proceedings of the Royal Society. London Ser 
98.312, 1925 

2. Jobsls FF" Nonlnvaswe infrared monitoring of cerebral and 
myocardial oxygen sufficiency and circulatory parameters. Science 
198.1264-1267, 1977 

3. Cope M, Delpy DT: System for long-term measurement of 
cerebral blood and tissue oxygenation on newborn infants by 
infra-red translllummat]on Med Blol Eng Comput 26:289-294, 
1988 

4 Wray S, Cope M, Delpy DT, et al' Characteristics of the near 



416 WAHR ET AL 

infrared absorption spectra of cytochrome aa3 and haemoglobin 
for the nonmvasive monitoring of cerebral oxygenation. Blochlm 
Blophys Acta 933 184-192, 1988 

5 Hoppe-Seyler F" Ube die chemischen und optischen Elgen- 
schafter des Blutfarbstoffs Arch Pathol Anat Physiol (Ger) 29.233- 
251, 1864 

6. Beer A. Versuch der Absorptlons-Verhaltnlsse des Cordietes 
fur rothes Llcht zu bestImmen Ann PhysIk Chem (Ger) 84.37-52, 
1851 

7 Drabkln DL, Austin JH. Spectrophotometrlc studies V. 
Technique for analysis of undiluted blood and concentrated 
hemoglobin solutions J Blol Chem 157 69-83, 1945 

8 Brunori M, Antonlni E, Wilson MT in Siegel H (ed)' Metal 
Ions In Biological Systems XXIII. New York, Marcel Dekker, 1981, 
pp 187-228 

9. Giltvedt J, Slra A, Helme P' Pulsed multifrequency photo- 
plethysmography Med Blol Eng Comput 22.212-215, 1984 

10 Porter H The tissue copper proteins' Cerebrocuprein, 
erythrocuprein, hepatocuprein, and neonatal hepatic mltochrondro- 
cuprein, m Pelsach J (ed). The Biochemistry of Copper New York, 
Academic Press, 1966, pp 159-172 

11. Chance B: Spectrophotometry of Intracellular respiratory 
pigments Science 120 767-775, 1954 

12. Jobsis-VanderVhet FF. Plantadosl CA, Sylvia AL, et al 
Near-infrared monitoring of cerebral oxygen sufficiency. I Spectra 
of cytochrome c oxldase Neurol Res 10'7-17, 1988 

13. Ferrarl M, GmnnlnI I, Carp1 A, et al Noninvasive near 
infrared spectroscopy of brain In fluorocarbon exchanged- 
transfused rats Physiol Chem Phys Med NMR 15:107-113, 1983 

14. Svaasand LO' Light distribution in tissues during photoradIa- 
tIon therapy Unwerslty of Southern California Institute for Physics 
and Imaging Science, Report MISG 1981, pp 900-902 

15. Delpy DT. Arridge SR, Cope M. et al" Quantltation of 
pathlength in optical spectroscopy. Adv Exp Med Blol 248.41-46, 
1989 

16 Nloka S. Holtom G, MIyake H, et al A time resolved 
spectroscopic (TRS) study of migration of visual to infrared waves 
in br im tissue in relation to absorption of hemoproteins Adv Exp 
Med Blo1277:71-78, 1990 

17 Ferrarl M, De Blasi RA, Safoue F, et al: Towards human 
brain near infrared imaging time resolved and unresolved spectros- 
copy during hypoxlc hypoxla Adv Exp Med Bio1333 21-31, 1993 

18. Brazy JE, Lewis DV, Mitnlck MH, et al' Nonlnvaslve 
monitoring of cerebral oxygenation In preterm infants, preliminary 
observations Pedmtrlcs 75 217-225, 1985 

19 Brazy JE: Cerebral oxygen monitoring with near infrared 
spectroscopy' Clinical application to neonates J Clan Monlt 7.325- 
334, 1991 

20 Delpy DT, Cope M, van der Zee P, et al EstimaUon of 
optical pathlength through tissue from direct time of flight measure- 
ment Phys Med Bio133 1433-1442, 1988 

21. van der Zee P, Arrldge SR, Cope M, et al. The effect of 
optode positioning on optical pathlength in near infrared spectros- 
copy of brain Adv Exp Med Blo1277 79-84, 1990 

22. Wyatt JS, Cope M, Delpy DT, et al Measurement of optical 
pathlength for cerebral near Infrared spectroscopy in newborn 
infants. Dev Neurosclence 12 140-144, 1990 

23 van der Zee P, Cope M, Arrldge SR, et al Experimentally 
measured optical pathlengths for the adult head, calf and forearm 
and the head of the newborn infant as a function of inter optode 
spacing. Adv Exp Med Blol 316 143-153, 1992 

24 EssenpreIs M, Elwell CE, Cope M, et al Spectral depen- 
dence of temporal point spread function In human tissues Appl 
Optics 32:418-425, 1993 

25 Duncan A, Meek JH, Clemence M, et al. Optical pathlength 

measurements on adult head, calf and forearm and the head of the 
newborn Infant using phase resolved spectroscopy Phys Med Blol 
40"295-304, 1995 

26 Duncan A, Meek JH, Clemence M, et al. Measurement of 
cramal optical pathlength as a function of age using phase resolved 
near infrared spectroscopy. Ped Res 39 1-7. 1996 

27 Elwell CE, Cope M, Edwards AD, et al Quantification of 
adult cerebral hemodynamlcs by near infrared spectroscopy J 
Appl Physiol 77 2753-2760, 1994 

28 Hlraoka M, Farbank M, Essenpreis M, et al' A Monte Carlo 
Investigation of optical pathlength in inhomogeneous tissue and its 
apphcatlon to near-Infrared spectroscopy Phys Med Blol 38"1859- 
1876, 1993 

29. van der Zee P, Essenpreis M, Delpy DT. Optical properties 
of brain tissue Proc SPIE 1888.454-465, 1993 

30. Ferrarl M, Wel Q, De Blasl RA, et al: Varlablhty of human 
br im and muscle optical pathlength in different experimental 
conditions. Proc SPIE 1888'466-472, 1993 

31 Cope M, van der Zee P, EssenpreIs M, et al. Data analysis 
methods for near infrared spectroscopy of nssue' problems an 
determining the relative cytochrome aa3 concentratmn Proc SPIE 
1431 251-262, 1991 

32 Wyatt JS, Cope M, Delpy DT, et al: Quantitatlon of cerebral 
blood volume in newborn infants by near infrared spectroscopy J 
Appl Physlo168.1086-1091, 1990 

33 Edwards AD, Wyatt JS, Richardson CE, et al. Cotslde 
measurement of cerebral blood flow in ill newborn infants by near 
infrared spectroscopy Lancet u 770-771, 1988 

34 Benaron DA, Lenox MA, Stevenson DK' 2D and 3D images 
of thlck tissue using time constrained times of flight and absor- 
bance spectrophotometry. Proc SPIE 1641 35-45, 1992 

35 Mlwa M, Ueda Y, Chance B' Development of time resolved 
spectroscopy system for quantitatwe nonInvasave tissue measure- 
ment Pioc SPIE 2389:142-149, 1995 

36 Chance B, Marts M, Sorge J, et al. A phase modulation 
system for dual wavelength difference spectroscopy of haemoglo- 
bin deoxygenatlon in tissue Proc SPIE 1204'481-491, 1990 

37. Duncan A, Whitlock TL, Cope M, et al' A multiwavelength, 
wideband, intensity modulated optical spectrometer for near 
infrared spectroscopy and imaging Proc SPIE 1888 248-257, 1993 

38 Cope M, Delpy DT, Reynolds EOR, et al Methods of 
quantltating cerebral near lnfraled spectroscopy data Adv Exp 
Med Blo1222'183-189, 1988 

39 Matcher S J, Cope M, Delpy DT' Use of tbe water absorp- 
tion spectrum to quantify tissue chromophore concentration changes 
in near infrared spectroscopy Phys Med BIo139.177-196, 1994 

40. Ferrarl M, Wilson DA, Hanley DF, et al. Determination of 
cerebral venous hemoglobin saturation by derivative near infrared 
spectroscopy Adv Exp Med Biol 248'47-53, 1989 

41 Matcher SJ, Cooper CE. Absolute quantification of deoxy- 
haemoglobin concentration in tissue near Infrared spectroscopy 
Phys Med Bio139 1295-1312, 1994 

42 Sevick E, Chance ]3, Lelgh J, et al QuantitatIon of time and 
frequency resolved optical spectra for the determination of tissue 
oxygenation Anal Blochem 195'330-351, 1991 

43. Halda M, Chance B A method to estimate the ratio of 
absorption coefficients of two wavelengths using phase modulated 
near infrared light spectroscopy. Adv Exp Med Blol 345 829-835, 
1994 

44 Lm H, Boas DA, Beauvolt B, et al Absorption and scatter- 
ing properties in a highly absorbing turbid medium Proc OSA 
21 272-277, 1994 

45. Gratton E, Fantlnl S, Francesehlnl M. et al Near infrared 
optical spectroscopy of tissues using an LED frequency domain 
spectrometer Proc OSA 21'278-282, 1994 



NEAR-INFRARED SPECTROSCOPY 417 

46 Matcher S J, Karkpatrick P, Nahld K, et al Absolute quantifi- 
cation methods in tissue near infrared spectroscopy. Proc SPIE 
2389.486-495, 1995 

47. McCormick PW, Stewart M, Goetting MG, et al. Nonlnva- 
slve cerebral optical spectroscopy for monitoring cerebral oxygen 
delivery and hemodynamacs. Cnt  Care Med 19:89-97, 1991 

48 Zeballos RR, Welsman IM: Reliability of noninvasIve oxlm- 
etry in black subjects during exercise and hypoxla Am Rev Resplr 
Dis 144.1240-1244, 1991 

49 Harris DNF, Cowans FM, Werthelm DA, et al' NIRS In 
adults Effects of increasing optode separation. Adv Exp Med Biol 
345.837-840, 1994 

50. Hoshi Y, Tamura M. Detection of dynamic changes in 
cerebral oxygenation coupled to neuronal function durmg mental 
work in man Neurosci Lett 150"5-8, 1993 

51 VlllrInger A, Planck J, Hock C, et al. Near Infrared spectros- 
copy (NIRS): A new tool to study hemodynamic changes during 
activation of brain function in human adults Neuroscl Lett 
154:101-104, 1993 

52 Arrldge SR, Schweiger M, Hiraoka M, et al: A finite element 
approach for modelling photon transport in tissue. Med Phys 
20.299-309, 1993 

53 Matcher S J, Elwell CE, Cooper CE, et al: Performance 
comparison of several published tissue near infrared spectroscopy 
algorithms Anal Biochem 227'54-68, 1995 

54 Harris DN. Cowans FM, Wertheim DA. NIRS in the 
temporal region-Strong influence of external carotid artery Adv 
Exp Med Blo1345:825-828, 1994 

55. McCormick PW, Stewart M, Lewis G, et al Intracerebral 
penetration of infrared hght J Neurosurg 76:315-318, 1992 

56. Germon TJ, Kane NM, Manara AR, et al: Near-infrared 
spectroscopy in adults: Effects of extracranlal lschaemia and 
intracranial hypoxla on estimation of cerebral oxygenation. Br J 
Anaesth 73:503-506, 1994 

57 Brown R, Wright G, Royston D' A comparison of two 
systems for assessing cerebral venous oxyhaemoglobin saturation 
during cardlopulmonary bypass in humans. Anaesthesia 48"697- 
700, 1993 

58 Hams DNF, Bailey SM' Near infrared spectroscopy in 
adults. Anaesthesia 48:694-696, 1993 

59 Garhck R, BiharlD: The use of intermittent and continuous 
recordings of jugular venous bulb oxygen saturation in the uncon- 
scious patient Scand J Chn Lab Invest 47'47-52, 1987 

60 Wyatt JS, Azzopar& D, Cope M, et al" Cerebral energy 
failure following birth asphyxia in newborn infants by phosphorous 
MRS and near infrared spectroscopy Proc Seventh Ann Meeting 
SMRM, San Francisco 1 307, 1988 

61 Wyatt JS, Edwards AD, Azzopardi D, et al. Magnetic 
resonance and near infrared spectroscopy for investigation of 
perlnatal hypoxlc-Ischemlc brain injury Arch Dis Child 64:953-963, 
1989 

62. Mook PH, Proctor JH, Jobsls F, et al' Assessment of brain 
oxygenation a comparison between an oxygen electrode and 
near-infrared spectrophotometry. Adv Exp Med Blol 169'841-847, 
1984 

63 Cairns CB, Flllipo D, Palladmo W, et al Direct noninvaslve 
assessment of brain metabolism during increased lntracranial 
pressure' Potential therapeutic vistas. J Trauma 26.863-868, 1986 

64. Ferrarl M, Wilson DA, Hanley DF, et al Near infrared 
determined cerebral transit time and oxy- and deoxyhemoglobln 
relationships during hemorrhagm hypotension in the dog. Adv Exp 
Med Bao1248 55-62, 1989 

65 Lubarsky DA, Griebel JA, Carnporesi EM, et al: Compari- 
son of systemic oxygen delwery and uptake with NIR spectroscopy 

of brain during normovolemic hemoddutlon in the rabbit Resusci- 
tation 23:45-57, 1992 

66. Kakihana Y, Ito K, Tamura M. The simultaneous measure- 
ment of the redox state of cytochrome oxidase in heart and brain of 
rat in VlVO by NIR. Adv Exp Med Blo1316'125-129, 1992 

67. Ferrarl M, Wilson DA, Hanley DF, et al: Effects of graded 
hypotenslon on cerebral blood flow, blood volume, and mean 
transit time in dogs. Am J Physio1262'H1908-1914, 1992 

68. Hirano S, Hasegawa M, Kamei A, et al: Responses of 
cerebral blood volume and oxygenation to carotid ligation and 
hypoxla in young rabbits: Near-infrared spectroscopy study J Child 
Neurol 8.237-241, 1993 

69. Hoshl Y, Tamura M Dynamic changes m cerebral oxygen- 
ation in chemically induced seizures in rats: study by near-infrared 
spectrophotometry. Brain Res 603:215-221, 1993 

70 Schaefer CF, Biber B' Effects of endotoxemia on the redox 
level of brain cytochrome aaa3 in rats. Circ Shock 40' 1-8, 1993 

71 Tamura M' Non-lnvasive monitoring of the redox state of 
cytochrome oxldase in living tissue using near-Infrared laser lights 
Jpn Circ J 57:817-824, 1993 

72. KameI A, Ozaki T, Takashima S: Monitoring of the intracra- 
nial hemodynamlcs and oxygenation during and after hyperventlla- 
tion in newborn rabbits with near-infrared spectroscopy. Pediatr 
Res 35:334-338, 1994 

73. Wyatt JS, Delpy DT, Cope M, et al. Quantification of 
cerebral oxygenation and haemodynamics in sick newborn infants 
by near infrared spectrophotometry Lancet 2.1063-1066, 1986 

74 Ferrarl M, DeMarchis C, GlanninI I, et al: Cerebral blood 
volume and hemoglobin oxygen saturation monitoring in neonatal 
brain by near IR spectroscopy. Adv Exp Med Blol 200:203-211, 
1986 

75. Hampson NB, Camporesi EM, Stolp BW, et al: Cerebral 
oxygen availability by NIR spectroscopy during transient hypoxaa in 
humans. J Appl Physiol 69:907-913, 1990 

76. Livera LN, Spencer SA, Thorniley MS, et al: Effects of 
hypoxaemia and bradycardia on neonatal cerebral haemodynam- 
ics. Arch Dis Child 66:376-380, 1991 

77. Edwards AD, Brown GC, Cope M, et al: Quantification of 
concentration changes In neonatal human cerebral oxidized cyto- 
chrome oxldase J Appl Physio171:1907-1913, 1991 

78. Liem KD. Hopman JC. Kollee LA, et al' Assessment of 
cerebral oxygenation and hemodynamics by near infrared spectro- 
photometry during induction of ECMO' Prehmmary results. Adv 
Exp Med Bio1317.841-846, 1992 

79 Skov L, Pryds O, Grelsen G, et al' Estimation of cerebral 
venous saturation in newborn infants by near infrared spectros- 
copy Ped Res 33'52-55, 1992 

80 Faris F, Rolf P, Thorniley M, et al Non-lnvaslve optical 
monitoring of cerebral blood oxygenation In the fetus and new- 
born: Preliminary investigation. J Biomed Eng 14'303-306, 1992 

81 van Bel F, Dorrepaal CA, Benders MJNL, et al' Changes in 
cerebral hemodynamlcs and oxygenation in the first 24 hours after 
birth asphyxia. Pediatrics 92:365-372, 1993 

82. Williams IM, Plcton AJ, Hardy SC, et al. Cerebral hypoxla 
detected by near infrared spectroscopy Anaesthesia 49 762-766, 
1994 

83 Llem KD, Hopman JC, Kollee LA, et al: Effects of repeated 
lndomethacin administration on cerebral oxygenation and haemo- 
dynamics in preterm infants Combined near infrared spectropho- 
tometry and Doppler ultrasound study Eur J Pedlatr 153 504-509, 
1994 

84 van de Bor M, Beners MJ, Dorrepaal CA, et al' Cerebral 
blood volume changes during exchange transfusions in infants born 
at or near term J Pedlatr 125:617-621, 1994 

85 Aldrich CJ, Wyatt JS, Spencer JA, et al: The effect of 



418 WAHR ET AL 

maternal oxygen admlmstraUon on human fetal cerebral oxygen- 
ation measured during labour by near infrared spectroscopy Br J 
Obstet Gynaecol 101.509-513, 1994 

86 Aldrich CJ, D'Antona D, Wyatt JS, et al. Fetal cerebral 
oxygenation measured by near-infrared spectroscopy shortly be- 
fore birth and acid-base status at birth. Obstet Gyneco184:861-866, 
1994 

87. Peebles DM, Spencer JA, Edwards AD, et al Relation 
between frequency of uterine contracttons and human fetal cere- 
bral oxygen saturation studied during labour by near infrared 
spectroscopy. Br J Obstet Gynaecol 101:44-48, 1994 

88. Wickramasmghe YABD, Palmer KS, Houston R, et al. 
Effect of fetal hemoglobin on the determlnatmn of neonatal 
cerebral oxygenation by near-infrared spectroscopy. Ped Res 
34:15-17, 1993 

89. Okada F, Tokumltsu Y, Hoshl Y, et al. Impaired mterheml- 
spheric lntegratmn m brim oxygenauon and hemodynamlcs in 
schizophrenia. Eur Arch Psychmtry Chn Neuroscl 244'17-25, 1994 

90 Tamura M. Non-mvaswe monitoring of brim oxygen metabo- 
lism during cardlopulmonary bypass by near-infrared spectropho- 
tometry. Jpn Clrc J 55:330-335, 1991 

91. Tamura M, Tamura T' Non-invaslve monitoring of brain 
oxygen sufficiency on cardiopulmonary bypass patients by near-infra- 
red laser spectrophotometry Med Biol Eng Comput 32'S151-156, 
1994 (suppl 4) 

92 Reynolds EO, McCormick DC, Roth SC, et al. New non- 
invaswe methods for the investigation of cerebral oxidatwe metabo- 
hsm and haemodynamlcs in newborn infants. Ann Med 23:681-686, 
1991 

93 McCormick PW, Stewart MS, Goetting MG, et al: Regional 
cerebrovascular oxygen saturation measured by opUcal spectros- 
copy m humans Stroke 22 596-602, 1991 

94 Ausman JI, McCormick PW, Stewart M, et al: Cerebral 
oxygen metabohsm during hypothermlc circulatory arrest in hu- 
mans. J Neurosurg 79:810-815, 1993 

95. Pollard V, Prough DS, DeMelo AE, et al: Validation in 
volunteers of a near-infrared spectrascope for monitormg brim 
oxygenation m vwo. Anesth Analg 82:269-277, 1996 

96. Pollard V, Prough DS, DeMelo AE, et al: The influence of 
carbon dioxide and body posmon on near-infrared spectroscopic 
assessment of cerebral hemoglobin oxygen saturation. Anesth 
Analg 82 278-287, 1996 

SUGGESTED READINGS 

Hock C, Muller-Spahn F, Schuh-Hofer S, et al: Age dependency of 
changes m cerebral hemoglobin oxygenation during brim actwa- 
tlon: A near-Infrared spectroscopy study. J Cereb Blood Flow 
Metab 15.1103-1108, 1995 

Klrkpatrlck P J, Smlelewskl P, Whltfield PC, et al' An observational 
study of near-infrared spectroscopy during carotid endarterec- 
tomy J Neurosurg 82:756-763, 1995 

Kirkpatrick PJ, SmielewskI P, Czosnyka M, et al: Near-infrared 

spectroscopy use m patients with head injury. J Neurosurg 
83'963-970, 1995 

Nollert G, Mohnle P, Tassanl-Prell P, et al: Determinants of 
cerebral oxygenation during cardiac surgery Circulation 92:11327- 
11333, 1995 (suppl 9) 

Yoxall CW, Weindhng AM, Dawani NH, et al: Measurement of 
cerebral venous oxyhemoglobin saturation in children by near- 
Infrared spectroscopy and partial Jugular venous occlusion 
Pedlatr Res 38.319-323, 1995 


