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ABSTRACT

Severely premature infants are often at increased risk—of
cerebral hemorrhage and/or ischemic injury caused by immature
autoregulatory control of blood flow to the brain. If blood flow is
too high, the infant is at risk of hemorrhage, whereas too little
blood flow can result in ischemic injury. The development of a
noninvasive, bedside means of measuring cerebral hemodynam-
ics would greatly facilitate both diagnosis and monitoring of
afflicted individuals. It is to this end that we have developed a
near infrared spectroscopy (NIRS) system that allows for quan-
titative, bedside measurement of cerebral’ blood flow (CBF),
cerebral blood volume (CBV), and mean transit time (MTT). The
technique requires an i.v. injection of the near infrared chro-
mophore indocyanine green. Six newborn piglets, median age of
18 h (range 6-54 h), median weight of 1.75 kg (range 1.5-2.1
kg), were studied. Measurements of CBF, CBV, and MTT were
made at normocapnia, hypocapnia, and hypercapnia to test the
technique over a range of hemodynamic conditions. The accu-
racy of our new approach has been determined by direct com-

Since thefirst publication by Jobsisin 1977 (1), NIRS has been
used in avariety of studiesto investigate cerebra hemodynamics
(2, 3). The underlying principles behind the use of NIRS to probe
biologic media are relatively smple and have been described in
detail elsewhere (1, 4-8). There exist in biologic tissue four
endogenous near infrared (NIR) light absorbers—oxy-Hb
(HbO,), deoxy-Hb (Hb), cytochrome oxidase (Cyt), and water.
Because HbO, and Hb are generally present at relatively low
concentrations in tissue, NIR light is able to penetrate tissue to a
greater extent than other low-energy forms of light, in some cases
up to distances of 8-9 cm (6).
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parison with measurements made using a previously validated
computed tomography technique. Paired t tests showed no sig-
nificant difference between computed tomography and NIRS
measurements of CBF, CBV, and MTT, and mean biases be-
tween the two methods were —2.05 mL-min~*-100 g~ *, —0.18
mL-100 g~*, and 0.43 s, respectively. The precision of NIRS
CBF; CBV, and MTT measurements, as determined by repeated-
measures ANOVA, was 9.71%, 13.05%, and 7.57%,
respectively. (Pediatr Res 51: 564-570, 2002)

Abbreviations:
CBF, cerebral blood flow
CBV, cerebral blood volume
MTT, mean transit time
CT, computed tomography
NIRS, near infrared spectroscopy
ICG, indocyanine green
Paco,, partial arterial CO, tension

AsNIR light enterstissug, it is multiply scattered. The result of
this scatter isthat the total path length traveled by the NIR light is
greater than the physical distance between the points of emission
and detection. This extra distance can be accounted for using the
differentia path length factor (DPF), first described by Delpy et al.
(9). With accurate knowledge of the DPF, a modified version of
the Beer-Lambert law can be used to determine absol ute changes
in concentrations of NIR absorbers within tissue:

Ac=——— )

where Ac is the change in concentration, AA is the change in
attenuation, « is the extinction coefficient, L is the physical
distance between emission and detection of NIR light, and B is
the DPF. Measurement of concentration changes over time can
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then be used to quantify cerebral hemodynamics, namely CBF
(10, 11).

Previous attempts to investigate cerebral hemodynamics
using NIRS have achieved somewhat limited success. This has
been, in part, due to the use of discrete wavelength spectrom-
eters that acquire intensity measurements at severa distinct
wavelengths. CBF, CBV, and MTT calculations made using
these spectrometers are subject to error resulting from an
inability to accurately measure the individual DPF. Also, pre-
vious algorithms used to calculate CBF, CBV, and MTT have
been unable to account for loss of tracer from the brain
resulting from venous outflow, greatly limiting the length of
relevant data acquisition that can be used in the calculation of
CBF (10). We used a cooled CCD (charged coupled device)
spectrometer to acquire high signal-to-noise NIR spectra from
600 to 980 nm with aspectral sampling width of 0.395 =+ 0.001
nm. This spectrometer enables the individual DPF to be esti-
mated accurately using the second derivative technique, de-
scribed by Matcher et al. (12). In addition, outflow of tracer
from the brain was explicitly considered in our CBF, CBV, and
MTT calculations, thus removing another confounder. of the
accuracy of the measurement.

In this study, we have measured CBF, CBV, and MTT in-six
newborn piglets using a cooled CCD NIRS system. The accu-
racy of our new approach has been determined by direct
comparison with measurements made using a previously vali-
dated CT technique (13). To test the accuracy of our new
approach over a range of hemodynamic conditions;.measure-
ments were made at various Paco, levels: hypocapnia (Paco,
30 = 4 mm Hg), normocapnia (Paco, 40 = 4 mm Hg), and
hypercapnia (Paco, 50 = 4 mm Hg).

Peaco, is now generally considered to be the most influentia
regulator of the cerebral circulation (14), and, athough the exact
mechanism of the responseis not known, the physiologic basisfor
it iswell understood. CO, is one of the mgjor products of cellular
metabolism. Thus, anincreasein CO, levelsindicates an increase
in cerebral cellular activity. This increased metabolism demands
increased oxygen delivery, which is achieved through increased
CBF and CBV and decreased MTT. Higher CO, levels would
give rise to both increased CBF and CBV and decreased MTT.
Similarly, lower CO, levelswould give rise to decreased CBF and
CBV and increased MTT. Cerebra CO, reactivity is defined as
the change in CBF per unit change in Paco, and has been shown
to be linear in normal individuas for Paco, values ranging from
25 to 65 mm Hg (15).

Crucial to the comparison of NIRSwith CT measurementsis
the mapping of the region through which detected NIR light
has traveled. Without this detailed knowledge, a comparison
between NIRS and CT is not possible. Previous studies, using
computer modeling, have shown that photon paths through the
brain can be traced and used to determine the most likely NIR
light path (16). Thus, the volume for CBF, CBV, and MTT
measurements by CT and NIRS can be matched, eliminating
any potential sampling errors. These studies show that, in a
homogeneous medium, the detected NIR light travels in a
banana-shaped path through the head. The maximum penetra-
tion depth of the path is given approximately by the square root
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of the physical distance between the points of emission and
detection.

Theory. The CBF, CBV, and MTT calculations are based on
a generalized application of the Fick principle, which states

t

Q) =F J [Cy(u) — Cy(u)]du 2
0

where Q(t), C(t), and C,(t) are the tissue, arterid, and venous
concentrations of the NIR chromophore, respectively, and F isthe
cerebral blood flow. Previous studies have made use of the
assumption that there is no venous outflow of the chromophore
during the time interval O to t, in which case equation 2 can be
simplified to

t

Q) = cha(u)du ©)
0

Blood flow can thus be estimated at each time within the time
interva (0 to t) by calculating the dope of the tissue concentration
curve versusthe integra of the arterial concentration curve (11).
Although useful, this technique carries with it a serious drawback.
To assume no_venous outflow, measurements must be made
within the minimum transit time of the organ, typicaly only 3-5
sin the'brain. This limitation in the amount of usable data results
in variability in the blood flow_estimation.

We have devel oped an alternative means of measuring CBF
in which the outflow of the tracer from the brain is explicitly
considered in the calculation. If we consider a network of
capillaries in a certain mass of brain tissue, then CBF into the
network is F (mL-min~ 1100 g~ %) and is carrying with it ICG
at a concentration of C(t) (wmol-mL~%). The tissue concen-
tration ‘function;-or-the tissue residue function, Q(t)
(wmol-mL %), can be measured using NIRS. In the special case
when F-CJ is a delta function such that a unit mass of ICG is
deposited in the tissue instantaneously at time 0, then the tissue
residue function becomes the impulse residue function (IRF) or
R(t) (17). For atracer that remains intravascular, such as ICG,
the IRF is of the general form shown in Figure 1. The length of
the initial plateau at unity height corresponds to the minimum
time required for the blood to traverse the network from the
arterial inlet to the venous outlet, or the minimum transit time.

When ICG isinjected intravenously in a peripheral vein, the
rate of delivery of the tracer to the capillary network is F-C(t).
If the mass of ICG in the network is linear with respect to the
arterial (input) concentration and F is constant in time, then, by
linear superimposition, it can be shown that

Q) = FC(H*R(1) (4)

where * is the convolution operator. Q(t) and C4t) can be
measured and deconvolution between the two curves then yields
F-R(t) (13), theinitial height of which correspondsto CBF and the
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Figure 1. Schematic representation of the IRF for a vascular network in
which the blood flow tracer (ICG) remains intravascular.

area under the curve to CBV (18). From the centra volume
principle (19), MTT can then be calculated as follows:

_ CBV h
MTT = =g ®)
METHODS

Subjects and studies. Six newborn piglets, median age 18 h
(range 654 h) and median weight 1.75 kg (range 1.5-2.1
kg), were studied. The study was approved by the Council
on Animal Care—Animal Use Subcommittee at the Univer-
sity of Western Ontario. The piglets were anesthetized using
1% isoflurane with vecuronium, intubated, and ventilated.
Physiologic parameters, including partial arterial~oxygen
tension (Pao,), bicarbonate levels (HCO;), pH, and mean
arterial blood pressure were monitored throughout the
experiment.

The piglets were placed in a Lightspeed QXi multidice CT
scanner (General Electric Medicd Systems, Milwaukee, WI,
U.S.A.). Because of the portable nature of the NIRS system, both
NIRS and CT measurements could be made with the piglet in the
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CT scanner. Table 1 shows the number of CT and NIRS mea
surements made at each Paco, level for individud piglets. In some
piglets, we were able to perfform CT and NIRS measurements
only once a each Paco, level because of time congraints or
technical problems in maintaining the piglet at stable conditions.
In other piglets, we were able to perform two NIRS measurements
for each CT measurement. CT and NIRS measurements were
performed at only two Paco, levelsin two of the six piglets and at
all three Paco, levels in the remaining four piglets. The compar-
ison of NIRS and CT data were andyzed by two-way ANOVA
with unequal repeated measures (20).

NIRS tissue ICG concentration measurement. The NIRS
system is comprised of a tungsten halogen lightsource, two fiber-
optic cables, and a spectrometer. The spectrometer consists of a
holographic grating housed in a custom-designed, light-tight con-
tainer and a cooled CCD camera (Wright Instruments, Enfield,
Middlesex, U.K.). For the NIRS measurements, two fiberoptic
optodes were placed 3.0 cm apart on the head of the piglet. One
of the optodes was used to transmit and the other to collect NIR
light in the range of 600—-980 nm. Multiply scattered light col-
lected from the head of the piglet was channelled to the holo-
graphic grating, where it was dispersed across the cooled CCD
chip-(cooled to —70°C to reduce eectronic dark noise). The
piglets received a 1.0-mL injection of ICG solution a a concen-
tration of 0.1 mg/mL into the ear vein. A modified version of the
Beer-Lambert law, which uses the DPF to account for the scetter,
was used to cal culate absol ute changein |CG concentration within
theilluminated tissue region with atemporal resolution of 200 ms.
Because the concentration of ICG in tissue is O before injection,
the absolute change in ICG is therefore the absol ute concentration
of ICG in tissue.

Arterial 1CG. concentration measurement. Arterial ICG
concentration was measured noninvasively on a hindfoot of
the piglet using a dye densitogram unit (model DDG-2001
A/K, Nihon Kohden, Tokyo, Japan). The dye densitogram
probe was held on the skin of the piglet using a spring-
loaded: clip, much the same as is used for a regular pulse
oximeter probe. This system measured absolute ICG con-
centration.in the arteries of the piglet, making one measure-
ment with every heartbeat. The normal piglet heart rate is
between 110 and 130 beats/min, giving approximately one
measurement every half second.

CT measurement. For CT measurements, each piglet re-
ceived a 1.0 mL/kg injection of Omnipaque 300 (Nycomed
Imaging AS, Oslo, Norway), a nonionic, radio-opague iodine
solution, at a rate of 1.0 mL/s into the umbilical vein. CT

Table 1. Number of CT and NIRS measurements at eactoplevel

) CT NIRS
Piglet
no. Hypocapnia Normocapnia Hypercapnia Hypocapnia Normocapnia Hypercapnia
1 1 1 X 2 1 X
2 2 1 2 2 2 2
3 1 1 1 2 2 1
4 2 1 X 2 2 X
5 1 1 1 1 2 2
6 1 1 1 2 2 2

X = no measurement was made.
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—o— Arterial Conc vs Time
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Figure 2. Representative tissue and arterial ICG concentration curves
measured with NIRS and the dye densitogram unit, respectively. Curves are
measured simultaneously over a period of 40 s after injection of 1.0.mL of
ICG solution at a concentration of 0.1 mg/mL. The peak arterial concen-
tration is approximately 20 times greater than that of tissue. Thisis because
blood volume in tissue is approximately 5% of the total tissue volume.

scans were then performed with a Lightspeed-QXi multislice
scanner. Each scan provided-four simultaneously obtained
dlices, once every second, for aperiod of 40 s. The four slices
were spaced 5.0 mm apart, coronally on the head of the piglet,
with afield of view (12 cm) set to encompass the entire head
and front legs of the piglet, in a prone position. From this
series of images, it was possible to determine both arterial
and tissue concentrations of the contrast agent with a tem-
poral resolution of 1.0 s (13). Functiona.maps of CBF,
CBV, and MTT across the four slices of the piglet head were
calculated using the CT perfusion software package from
General Electric Medical Systems, which was developed
and validated in our lab (13).

Deconvolution algorithm. For the NIRS studies, the mea
sured Q(t) and C(t) were deconvolved, according to equation
4, to yield the blood flow scaled IRF, or FR(t). In the imple-
mentation of the deconvolution algorithm, equation 4 was first
discretized, resulting in a system of linear equations. Because
negative values for R(t) are not alowed, the system of equa
tions was solved by the non-negative least squares algorithm of
Lawson and Hanson (21).

Accuracy and precision. The accuracy of hemodynamic
measurements made using the NIRS system was determined
via direct comparison with CT results. Because the NIRS
system is portable, both sets of measurements were made with
the animal in the CT scanner. This allowed for direct compar-
ison of hemodynamic measurements obtained by the two mo-
dalities at various Paco, levels. The NIRS measurements are
averaged values over the entire detected NIR light path. To
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compare NIRS with CT measurements, averages in the CT
functional images over the area corresponding to the detected
NIR light path were calculated.

RESULTS

The NIRS system employs an emission/detection scheme
consisting of two optodes placed 3 cm apart on the head of the
piglet. Calculations of CBF, CBV, and MTT are averages over
the entire tissue region illuminated by the detected NIR light.
Tissue and arterial concentration versustime graphs, as mea-
sured with the NIRS and dye densitogram unit systems, are
presented in Figure 2. The peak arterial concentration is ap-
proximately 20 times greater than that of tissue. Thisis because
blood volume in tissue is approximately 5% of total tissue
volume. Theresult of deconvolution between these two curves,
the blood flow scaled IRF, is presented in Figure 3, and a graph
of the NIRS-measured CBF Paco, reactivity is presented in
Figure 4. Linear regression was used to fit a line to the CBF
Paco, reactivity data set as a whole. This line is shown in
Figure 4 as a dashed line. The slope of the regression line is
1.36 mk-min 1100 g~ ¥mm Hg. Thus, for every mm Hg
inerease in'Paco,, CBF increases by 1.36 mL-min~*-100 g~ ™.
Similar graphs have been produced for CBV and MTT but are
omitted here in the interest of space.

Table 2 presents the measured physiologic parameters for
repeated NIRS measurements at various Paco, levels on each
piglet. Paired t tests showed no significant difference between
physiologic-parameters for repeated measurements (p > 0.05).

Figure 5A shows two of aset of four cross-sectional CT images
at peak contrast enhancement. The brain of the piglet was centered
in the field of view of the CT scanner. The two front legs of the
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Figure 3. Calculated impulse residue function. CBF scaled impulse residue
function [F-R(t)] from a piglet at normocapnia. Height of initial plateau yields
CBF, area under the curve yields CBV, and MTT is equal to the area (CBV)
divided by the height (CBF).
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Figure 4. NIRS-measured Paco, reactivity. Mean cerebral blood flow-at
various Paco, levels for six piglets. In four piglets, repeat CBF measure-
ments were made at each of three Paco, levels, and means at each level.are
presented (open circle$. In the remaining two piglets, repeat CBF mea-
surements were made at two Paco, levels and means at each level are
presented (filled circle9. The dashed lineshows the linear regression line
for the CBF Paco, reactivity data set asawhole. The slope of the regression
line is 1.36 mL-min~*-100 g~ ¥/mm Hg.

piglet are visible in the bottom corners of the.image. The piglet
was held in a frame, visible above and to the side of the animal.
Two holes used to hold the NIR probes on the head of the piglet
are visible in the top section of the frame. Figure 5, B—D, shows
CBF, CBV, and MTT cross-sectional. maps, at normocapnia,
corresponding to the images presented in Figure 5A.

Figure 6 presents the Bland-Altman plot comparing CT and
NIRS measurements of CBF (22). The mean difference be-
tween the two methods is —2.05 mL-min~ 100 g . The
limits of agreement, the region in which 95% of the differences
lie, are —14.48 and 10.39 mL-min~*-100 g~ *. The 95% con-
fidence interval of the mean difference, the region in which we
expect (with 95% confidence) the bias lies, is —4.21 to 0.12
mL-min~1.100 g~ *. Similar Bland-Altman plots for CBV and
MTT measurements have also been produced and show mean
differences of —0.18 mL-100 g~ * and 0.43 s, respectively.
Two-way ANOVA showed no significant differences between
CBF, CBV, and MTT measurements made using the CT and
NIRS techniques (p > 0.1). Regression plots showed relation-
ships of CBF; = —1.98 + 1.00-CBFyrs (r* = 0.86) for
CBF, CBV¢r = 0.29 + 0.84.CBV s (r? = 0.75) for CBV,
and MTT¢r = 011 + 1.07-MTTygs (r? = 0.80) for MTT.
The precision of NIRS CBF, CBV, and MTT measurements,
determined using repeated-measures ANOVA, are 9.71%,
13.05%, and 7.57%, respectively.

BROWN ET AL

Figure 5. CT images and corresponding CBF, CBV, and MTT functional
maps. (A) Two of a set of four coronal CT images at peak contrast enhance-
ment. The two front legs of the piglet are visible in the bottom corners of the
images (black arrows, the brain of the piglet is centered in the image (gray
arrow), the lateral ventricles are visible in the mid-brain (transparent arrow}s
and the arteries are visible as bright spots (white arrowg. (B) Corresponding
blood flow maps. (C) Corresponding blood volume maps. (D) Corresponding
MTT maps. Maps are color coded: CBF blue = 0 mL/min/100 g, orange = 100
mL/min/100 g; CBV blue = 0 mL/100 g, orange = 10 mL/100 g; MTT blue
= 0, orange = 10 s. Structuresin the CBF and CBV maps that appear orange,
flow or volume exceeds 100 mL/min/100 g or 10 mL/100 g, respectively, are
arterial and venous structures.

DISCUSSION

The NIRS results correlate well with CT measurements
over a range of hemodynamic conditions. Two-way
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Table 2. Physiological parameters for repeated NIRS measurements
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Paco,
Piglet (mm Pao, HCO4 MAP

no. Measurement pH Hg) (mm Hg) (mmol/L) (mm Hg)

1 Hypocapnia 7.587 321 381.3 30.7 a4

7.581 324 378.8 30.8 45

2 Hypocapnia 7.53 30.2 396.4 255 55

7.541 30.9 408.3 26.8 57

Normocapnia 7.45 39.3 420.3 27.3 57

7.425 384 3731 251 57

Hypercapnia 7.35 53.1 364.2 28.7 55

7.322 54.5 369.5 28.9 56

3 Hypocapnia 7.58 29.3 358.9 27.6 50

7.589 29.6 340.6 285 54

Normocapnia 7.486 39.2 381.8 29.2 51

7.466 39.5 390 28.1 50

4 Hypocapnia 7.566 30.9 83.4 28 53

7.568 311 110.1 28.3 52

Normocapnia 7.455 42 187 29 61

7.452 424 108.1 29.2 56

5 Normocapnia 7.502 385 207 30.2 56

7.474 37.9 234.1 27.7 56

Hypercapnia 7.357 57.5 181.6 315 57

7.337 56.2 174.7 29.2 57

6 Hypocapnia 7.548 32.3 204.4 28.8 52

7.555 314 199.9 284 48

Normocapnia 7.459 41.4 204.8 29.8 52

7.457 42.1 208.7 30.2 50

Hypercapnia 7.342 54 177 28.8 51

7.357 52.3 209.5 29 50

MAP, mean arterial pressure.

ANOVA showed no significant differences between CT and
NIRS measurements of CBF, CBV, and MTT. The esti-
mated bias, using the Bland-Altman,method (22), was small
relative to the respective mean val ues in each case. In/some
instances, the disagreement between NIRS-"“and CT-
measured CBF values was quite large. This, coupled with
the observation that linear regression fits to the individual
NIRS-measured CBF Paco, data were approximately paral-
lel, suggests that the NIRS technique may be better suited
for comparison of CBF values measured .from the same
piglet rather than for comparisons between piglets. These
results show that the NIRS system is capable of ‘accurate,
reliable, bedside measurement of cerebral hemodynamicsin
newborn piglets. There are, however, several factors that
should be addressed before clinical trials of the NIRS
system can be considered. With respect to skull composition
and thickness, the piglet head mimics that of a newborn
infant. However, the two are significantly different in terms
of size and dimension. In this study, an optode separation of
3.0 cm was used; this yields a maximum light path pene-
tration depth of 1.73 cm. It has been shown that in newborn
infants, the tissues overlying the brain are <5 mm thick and
do not interfere with NIR monitoring of the brain for
emitter-detector separation of at least 3 cm (23). Anincrease
in optode separation provides increased penetration depth,
but it also introduces noise into the detected NIR signal.
This would eventually affect the ability of the NIRS system
to reliably measure concentration and thus would have a
deleterious effect on the precision of NIRS cerebral hemo-
dynamic measurements. In our piglet studies, physical lim-

itations prevented use of a greater optode separation. The
minimal level” of noise present in the concentration data
presented here suggests that small increases in optode sep-
aration would not greatly affect the overall performance of
the system. In-addition, the system allows measurement in a
single region only, meaning that an investigation of the
entire cerebral cortex would require repositioning of op-
todes. Although repositioning the optodes is not difficult, it
does detract from the convenience and ease of use of the
system. Addition_of further detection optodes around the
emission optode would allow sampling of multiple regions,
thereby ‘providing measurements across the entire brain
(cortex) and eliminating the need to reposition optodes.

A fina concern with the NIRS method is that it requires an
injection of 1CG. Although the use of an exogenous blood flow
tracer is somewhat less appeding than using one of the endoge-
nous NIR absorbers (e.g. HbO, or Hb), it isoften of lessrisk to an
already unstable patient than changing the arterial oxygen satura
tion (Sao,) of the subject and can be more convenient in the
clinica setting. Furthermore, 1CG results in much higher signa-
to-noise ratio data than does manipulation of Sao,. ICG has been
used to measure various physiologic parameters such as cerebra
blood flow (11), hepatic function (24), plasma volume (25),
cardiac output (26), and Ieft-to-right shunts (27) in infants since
1965. One sudy, involving more than 3000 human subjects,
showed that i.v. injection of ICG resulted in significant alergic
reaction in only one subject (28).

In current clinical practice, identification of neonates at
risk of ischemic injury relies heavily on measurements made
using ultrasonography (29). This modality is not able to
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Figure 6. Bland-Altman plot comparing CT and NIRS measurements of
CBF. The mean difference between the two methods is —2.05 mL-min~*-100
gL The limits of agreement, the region in which 95% of the differences lie,
are —14.73 and 10.64 mL-min~*-100 g~ *. The 95% confidence interval of the
mean difference, the region in which we expect (with 95% confidence) the bias
lies, is —4.21 to 0.12 mL-min~ %100 g~*. The dashed line shows the mean
difference, the dash-dot-dash lines show the limits of agreement, and the solid
lines show the 95% confidence intervals of the mean difference.

provide absolute values for CBF because it measures only
blood flow velocities in the vessels studied, generally the
middle cerebral arteries. Because the middle cerebral artery
carries a large portion of the total blood flow to the brain, it
is assumed that its flow is representative of the bulk hemi-
spheric blood flow. Although detection of high velocities
can lead to relatively accurate assumptions about the state of
global hemispheric blood flow, the method is not able to
detect minor, but potentially damaging; changesin CBF; nor
is it able to provide any information about the-location of
possible infarct or injury.

The results presented here clearly demonstrate the ability of the
NIRS system to overcome some of the limitations of ultrasonog-
raphy. It is able to accurately measure cerebral hemodynamics at
the bedside and thus would be an invaluable tool.for.monitoring
and diagnosing both hemorrhage and ischemic injury in severely
premature infants. In the case of ischemic injury, blood flow is
often low for an extended period of time before symptoms of
injury are apparent. The ability to detect diminished blood flow at
an earlier stage would significantly aid earlier intervention and
greatly reduce mortaity and morbidity from ischemic injury. It
has also been suggested that l0ss of Paco, reactivity is associated
with poor neurodevel opmental outcome and/or hypoxic-ischemic
encephal opathy and that the loss of Paco, reactivity is a candidate
for predicting early severe brain damage in preterm infants (30,
31). Because the NIRS system presented in this study is capable
of providing reliable, noninvasive, repeatable measurements, it
can be used to detect loss of Paco, reactivity, thereby greatly
improving diagnosis. The portable nature of the system adso
provides adistinct advantage over conventional CT/MRI scanners
for those patients whose condition renders transport unfavorable.
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