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Abstract. We describe a near-infrared spectroscopy �NIRS� method to
noninvasively measure relative changes in the pulsate components of
cerebral blood flow �pCBF� and volume �pCBV� from the shape of
heartbeat oscillations. We present a model that is used and data to
show the feasibility of the method. We use a continuous-wave NIRS
system to measure the arterial oscillations originating in the brains of
piglets. Changes in the animals’ CBF are induced by adding CO2 to
the breathing gas. To study the influence of scalp on our measure-
ments, comparative, invasive measurements are performed on one
side of the head simultaneously with noninvasive measurements on
the other side. We also did comparative measurements of CBF using a
laser Doppler system to validate the results of our method. The results
indicate that for sufficient source-detector separation, the signal con-
tribution of the scalp is minimal and the measurements are represen-
tative of the cerebral hemodynamics. Moreover, good correlation be-
tween the results of the laser Doppler system and the NIRS system
indicate that the presented method is capable of measuring relative
changes in CBF. Preliminary results show the potential of this NIRS
method to measure pCBF and pCBV relative changes in neonatal pigs.
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1 Introduction

Oxygen deprivation, typically the result of a combination of
hypoxia and hypoperfusion, is often the primary event insti-
gating a biochemical cascade that leads to irreversible brain
injury in perinatal encephalopathy. Continuous measurement
of the arterial oxygenation �SaO2� with a pulse oximeter is a
reliable and commonly used means to monitor systemic oxy-
gen supply. Nevertheless, local oxygen supply and consump-
tion cannot be evaluated by the measurement of arterial satu-
ration alone. Additional physiological parameters such as
local cerebral blood flow are needed to assess the efficiency of
local oxygen supply. Especially in critically ill infants, con-
tinuous monitoring of cerebral hemodynamics and oxygen-
ation is crucial to prompt early and specific intervention,
thereby preventing the development of irreversible injury.

Although multiple methods have been developed for mea-
surement of cerebral blood flow1—including magnetic reso-
nance imaging �MRI�, arterial spin labeling MRI,2 PET,3

Fick’s law-based optical systems,4 laser Doppler,5 diffuse cor-
relation spectroscopy,6 and Doppler ultrasound7—none of
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these methods is suitable for noninvasive, continuous bedside
monitoring of local cerebral blood flow.

Near-infrared spectroscopy �NIRS� offers a promising al-
ternative for continuous bedside monitoring.8 It is inexpen-
sive, noninvasive, and applicable in almost any environment,
and can easily be combined with other bedside monitoring
methods. MRI is expensive, not always available, and re-
quires the patient to remain still during measurements, which
is quite difficult with awake neonates.7 PET is expensive, not
always available, has poor temporal resolution, and exposes
the patient to radiation.7 Laser Doppler flow meter has limited
penetration depth.7 Diffuse correlation spectroscopy has
shown promising results, but it is still unclear whether it is
practical enough to be used for continuous monitoring in hu-
mans. Fick’s law-based systems are not entirely noninvasive,
since they require the injection of a chromophore, and there-
fore cannot be used for continuous monitoring.

Near-infrared photons can achieve sufficient penetration
depth for noninvasive probing of cerebral cortex hemodynam-
ics in humans. Noninvasive optical measurements of brain
oxygenation and functional activity can be successfully per-
formed in both adults and neonates. A few studies have dem-
onstrated blood flow measurements with NIRS, utilizing
physiological perturbations caused by changes in either the
1083-3668/2007/12�1�/014033/7/$25.00 © 2007 SPIE
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breathing gasses or body position.9,10 However, the fact that
the method requires these perturbations to work makes it in-
appropriate for bedside monitoring. We suggest a NIRS
method to noninvasively measure relative changes in the pul-
satile component of cerebral blood flow �pCBF� and cerebral
blood volume �pCBV� from the shape of the heartbeat oscil-
lations.

Diffuse optical signals obtained in vivo on the human body
very often contain systemic oscillations that can be used to
extract important information about the physiology. Arterial
pulsation is caused by the heartbeat pressure pulse, which
propagates through the arterial network and locally causes
expansion of the elastic arterial walls. The pressure pulse is
strongly dampened when it reaches the capillary bed, and
therefore is practically absent from the veins. This local ex-
pansion of the arteries causes an increase in light absorption
and consequently a decrease in the light intensity measured
with NIRS systems. These oscillations are often considered to
be noise clutter, and can be eliminated with temporal and
spatial filters. At the same time, these oscillations can be used
to extract important information about the physiology.

For example, the pulse oximeter utilizes the arterial oscil-
lations to extract arterial oxygen saturation, SaO2.11 The pulse
oximeter is widely used in clinical practice and is considered
the standard method for noninvasive monitoring of arterial
oxygenation. Operation of the pulse oximeter is based on the
fact that the detected oscillations are caused by oscillations of
the arterial volume, and therefore the variations in the mea-
sured spectrum characterize arterial blood only. Consequently,
by analyzing only the oscillating component of the measured
spectrum, and discarding the temporally constant component,
the arterial oxygenation can be calculated. In general, the
pulse oximeter does not exploit all of the information from the
heartbeat oscillations, since it effectively uses only the fact
that these physiological variations exist and not the informa-
tion contained within their shape and amplitude. Recent stud-
ies have proposed that the shape of the peripheral pulse wave
measured by the pulse oximeter can be used to derive dy-
namic circulatory parameters such as local perfusion and
blood volume.12–14 Using the pulse oximeter in the conven-
tional manner limits these measurements of flow to the skin
and the periphery �toe, finger, earlobes�.

We have shown in a previous study15 that NIRS can mea-
sure SaO2 in the same way as pulse oximeters but directly on
the head, by using the NIRS system in the reflection mode and
large source-detector separations. We suggest a NIRS method
to noninvasively measure relative changes in pulsatile compo-
nents of the cerebral blood flow �pCBF� and cerebral blood
volume �pCBV� based on the shape of the heartbeat pulse
waveform. In this work, we report measurements in an animal
model �newborn piglets� with a continuous-wave �cw� near-
infrared spectroscopy system in reflectance geometry. We
present the model that was used to analyze the shape of the
optically measured heartbeat and calculate the blood flow and
volume.

To test the validity of this model, we induced and mea-
sured changes in the blood flow by adjusting the fractions of
inspired CO2 by the piglets �hypercapnia�. It is known that in
mammals, systemic hypercapnia induces a circulatory redis-
tribution that favors the blood flow toward the heart, brain,

16
and adrenals at the expense of the other organs and tissues.
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The cerebral vasodilatory response to hypercapnia is consis-
tent, reproducible, and reversible.17 Accordingly, changes in
systemic gas tensions are frequently employed as a test of
essential cerebrovascular reactivity under normal and patho-
logic conditions.17 In humans, 5 and 7% CO2 inhalation raises
CBF by approximately 50 and 100%, respectively.1 In con-
trast, the skin blood flow response to hypercapnia has been
reported to be equivocal and significantly smaller than in the
brain.18,19 Consequently, those two layers on the head �scalp
and brain� exhibit different hemodynamic responses to hyper-
capnia. Our measurements showed that our blood flow and
volume results are consistent with the known physiology for
CO2 perturbation. To study the influence of signal contribu-
tions from the scalp, we performed comparative invasive
measurements on one side of the head while simultaneously
performing noninvasive measurements on the other side.
These invasive measurements included local elimination of
the scalp blood flow by surgical excision of a skin flap, fol-
lowed by placement of the NIRS probe in direct contact with
the skull, and comparison with laser Doppler measurements.

2 Materials and Methods
2.1 Animal Preparation
The newborn piglet has been shown to be an appropriate
model to simulate neonate physiology for the study of cere-
bral blood flow and metabolism,16 and for this reason we used
newborn piglets. Measurements were performed on eight pig-
lets that were 7±2 days old and weighed 2.6±0.6 kg. Ani-
mals were premedicated with atropine �0.05 mg/kg, intra-
muscularly �IM�� and anesthetized with ketamine
�15 mg/kg/ IM� and xylazine �2 mg/kg/ IM�. Inhalant anes-
thesia, isoflurane �1 to 1.5%�, was subsequently administered.
Animals were intubated, a femoral artery line inserted for
invasive blood pressure measurement, and an ear vein cath-
eter for fluid repletion. A lactated ringers solution containing
5% dextrose was given at 5 ml/kg/hr to maintain hydration.
The following physiological parameters were measured con-
tinuously: heart rate and oxygen saturation �pulse oximeter�,
blood pressure, rectal temperature, and respiration.

The analog outputs from a strain gauge placed around the
chest of the animal to monitor respiration, the blood pressure
monitor, and the pulse oximeter readings �SaO2 and heart
rate� were all recorded by an analog-to-digital converter in-
stalled on a PC. Each hypercapnia cycle consisted of three
steps: normocapnia baseline �50% O2, 50% N2O�, hypercap-
nia �50% O2, 43% N2O, 7% CO2�, and normocapnia recovery
�50% O2, 50% N2O�. Measurements lasted 8 min at each step
of the hypercapnia cycle. Table 1 shows statistics on the
physiological parameters recorded during normocapnia and
hypercapnia.

2.2 Near-Infrared Spectroscopy Instrument
We used a cw NIRS system �NIRS 2, Techen Incorporated,
Milford, Massachusetts� with four detectors �APDs C5460-01,
Hamamatsu Photonics K.K., Japan� and two laser diodes,
each emitting at 830 nm. The lasers are frequency encoded,
thus enabling simultaneous measurement by each of the de-
tectors. The signal detected by each detector was frequency

unmixed using embedded analog electronics, while the signal

January/February 2007 � Vol. 12�1�2

29.170.84.77. Terms of Use:  http://spiedl.org/terms



Themelis et al.: Near-infrared spectroscopy measurement of the pulsatile…
from each source was calculated in real time. An analog-to-
digital converter allowed parallel recording by a laptop com-
puter. Light was delivered to the tissue using 400-�m single-
core fibers. Fiber optic bundles 3 mm in diameter were used
for the detectors. The sampling rate for the measurement was
200 Hz. For these measurements, sources and detectors were
divided into two identical probes, each with one source and
two detectors positioned along a line. In each probe, one de-
tector was positioned 4 mm from the source and one 15 mm
from the source �Fig. 1�. The two different source-detector
�S-D� separations were used to measure simultaneously the
responses of the brain and scalp to hypercapnia.

2.3 Experimental Protocols
Two groups of four piglets each were measured in two differ-
ent protocols aiming to address different questions.

• Protocol A: Our NIRS experimental setup can measure
selectively brain-originating heartbeat oscillations.

Table 1 Physiological parameters before and during hypercapnia. All
values are mean±SD; n=42 hypercapnia cycles, n�=8 animals. *

shows where the difference of the population means is significantly
different, p�0.05. ** shows where the difference of the population
means is not significantly different, p�0.05. MABP is the mean arte-
rial blood pressure.

Physiological
parameter Normocapnia Hypercapnia

SaO2 �%� 98.4±0.5 97.7±1.8 *

MABP �mmHg� 47.8±5.3 50.2±8.4 **

T �°C� 37.3±0.4 38.4±0.4 **

Heart rate �bpm� 139.5±14.2 132.3±12.8 *

Fig. 1 For protocol A, the two probes were positioned symmetricall
performed only on the left hemisphere. The skin on the right side wa
measurements. For protocol B, we used only probe 1 and surgical sta

burr hole in the skull of the piglets.
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• Protocol B: The suggested method can indeed assess
relative changes in blood flow.

Protocol A. This protocol was designed to study the influ-
ence of the scalp on measurements with different source-
detector separations. This included the measurements after
surgically eliminating the scalp to assess the influence of the
scalp in the measurements of the pulsatile CBF and CBV. For
this protocol, we used two identical probes symmetrically po-
sitioned on both sides of the piglet’s head �Fig. 1�, and mea-
surements were obtained simultaneously. One optical probe
�probe 2� was always located at the right side of the head and
was not moved until the end of the experiment �Fig. 1�. The
other probe �probe 1� was symmetrically positioned on the
left side of the head. Probe 1 was removed for each of the
surgery stages and then repositioned on the same spot. The
surgery stages, depicted in Figs. 1�b� and 1�c�, refer to a 3
�2-cm flap of skin on the left side of the head, under probe
1. The surgical stages were: normal skin with no surgical
intervention �Fig. 1�a��, total blockage of the skin flap blood
flow �surgical excision of the skin and fascia from the skull
�Fig. 1�b��, and removal of the skin flap �Fig. 1�c��. We re-
peated two hypercapnia cycles for each of the three different
surgical stages for a total of 24 hypercapnia measurements on
four animals.

Protocol B. The aim of this protocol is to correlate the
results of the suggested method with the results of laser Dop-
pler, an established method for measuring blood flow. Four
piglets were measured in this protocol simultaneously, with an
optical probe �probe 1 in Fig. 1� in direct contact with the
skull �skin removed� and with a laser Doppler probe. The
laser Doppler system used was a laser Doppler perfusion
monitor �model PF5010, Perimed Incorporated�, with source-
detector fiber separation of 0.25 mm. The laser Doppler �LD�
probe was positioned 1 to 2 cm from the NIRS probe fibers
�Fig. 1� to avoid saturating the detectors of the NIRS system.
To ensure that the laser Doppler indeed measures cerebral

he two sides of the head. The surgery stages �a�, �b�, and �c� were
touched surgically, and probe 2 was not moved until the end of the
The Laser Doppler probe was positioned near the optical probe in a
y on t
s not

ge �c�.
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blood flow, a 1.5-mm-diam area of the skull was removed,
which allowed detection of cerebral blood flow. For this pro-
tocol, we measured four animals and a total of 17 hypercapnia
cycles. Of these we discarded five hypercapnia cycles, where
either the animal became unstable or the laser Doppler probe
moved during the measurement.

2.4 Model for Estimating Pulsate Cerebral Blood
Flow Changes

The suggested method for measuring relative changes of ce-
rebral blood flow and volume is based on the analysis of the
optically detected heartbeat oscillations. Heartbeat oscillations
are very often present in optical signals measured in vivo on
the human body. NIRS measurements of the brain in particu-
lar are very likely to contain heartbeat oscillations due to the
very dense cerebral arterial network. Every heartbeat causes a
pressure gradient that propagates through the arterial network
and causes local changes in blood flow and volume. The local
changes in blood volume alter the light absorption and there-
fore the detected light intensity.12 Therefore the waveform of
the optical oscillations is assumed to represent the blood vol-
ume versus time and consequently the amplitude of the pulse
waveform is an indicator of the local blood volume.12,14

Although blood flow does not directly affect light attenu-
ation, it is closely related to blood volume changes. A simple
fluid dynamics model has been used previously to describe
the relationship between local changes of blood volume and
flow.13,14 In this model, the tissue volume that is probed by
optical means can be modeled as an artery that expands elas-
tically with every heartbeat, and the changes in blood volume
are negatively proportional to the light intensity.13,14 There-
fore, the slope at any point of the optically measured wave-
form represents the change of blood volume per time unit. In
other words, the time derivative of the optical signal is a
parameter with units of flow, and represents the pulsatile com-

Fig. 2 �a� Thick line average of 20 pulses, dots changes in normalized
intensity during the 20 pulses �nu: normalized units�. �b� The deriva-
tive of the average curve.
ponent of the flow through the tissue �Fig. 2�:
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where I is the intensity of light �relative changes�, V is the
blood volume, and Q is the pulsatile flow.12,14 It is important
to clarify that the flow obtained in this way is the total pulsate
flow �Qtotal�, which consists of two intermingled components,
inflow �Qin� and outflow �Qout�: Qtotal=Qin−Qout.

14 The in-
flow is predominant in the early part of the pulse and is dis-
cernible as a sharp rise of the blood volume.14 The outflow is
the passive emptying of the vascular bed, and its influence is
mostly seen at the latter part of the pulse waveform. Inflow
cannot be separated from the total flow without further
assumptions.14 Nevertheless, diagnostic importance lies in the
change of the inflow magnitude from pulse to pulse, rather
than on the variations of the inflow throughout the cardiac
cycle. Therefore, we suggest using the inflow peak value to
express the magnitude of the pulsatile flow for each pulse.
The peak of the total flow is approximately equal to the inflow
peak value, since the inflow peak occurs early in the pulse
when outflow is still relatively low and can still be
neglected.14 Therefore, we can assume that the peak of the
pulse derivative represents the magnitude of the pulsatile flow
into the local region throughout the time of one cardiac pe-
riod.

The objective of the ensuing analysis was to obtain time-
varying estimates of the arterial oscillation frequency, ampli-
tude, and maximum positive gradient. Amplitude is represen-
tative of the blood volume, and its maximum positive gradient
represents the pulsatile blood flow. The raw data for this
analysis were the time-varying light intensity measured with
each detector �Iraw�. This light intensity signal was normalized
by dividing it by its low frequency component ILP �0.6-Hz
cutoff frequency� and subtracting 1 �I= Iraw/ ILP−1�. This al-
lowed us to express the remaining heartbeat oscillations as a
relative change in the detected light intensity, which is also
proportional to changes in absorption in the case of constant
scattering. The local amplitude was the average relative inten-
sity difference between the peaks and troughs. The average of
20 pulses was used to calculate the pulse gradient �using win-
dowed linear regression�, and from there the maximum posi-
tive value was selected to represent blood flow �see Fig. 2�.
The temporal resolution of these results was determined by
the duration of the set of 20 pulses, which is typically between
7 and 10 s, depending on the heart rate of the piglet.

3 Results and Discussion
Figure 3 shows a representative measurement from a
6-day-old piglet with no surgical intervention to the skin �sur-
gical stage A�. Figures 2�a� and 2�b� correspond to different
S-D separations �15 and 4 mm, respectively�, which demon-
strate the hemodynamics of the brain and the skin, respec-
tively. The gray area indicates the hypercapnia period. The
plotted parameters are displayed as relative changes from the
baseline value. In these graphs, the light-color dots are the
results without any filtering, and the solid lines are the results
after removing the high frequency noise using a windowed
linear regression �250 point Hanning window, 249 point over-
lap�. The blue curves represent the changes in heart rate and

are the same in both graphs, as expected. The orange line
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represents the changes in arterial blood oxygenation �SaO2�
and shows that there were no significant changes in the pe-
ripheral blood oxygenation, which could have affected the
intensity of the measured signal. The green curves represent
the changes in blood volume, and the red curves show the
changes in blood flow.

Fig. 3 Representative curves derived from one hypercapnia cycle. �a
hemodynamics of the brain. �b� is from the short S-D distance and re

Fig. 4 Representative results from three different surgical stages in t

whereas the two columns on the right show results where no surgery was p
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For the large S-D separation, the pulsatile blood flow in-
creases steadily throughout the hypercapnia period and
reaches a maximum of 55% after 9 min �Fig. 3�a��. In the
posthypercapnia period, pCBF decreases exponentially. For
the small S-D separation �Fig. 3�b��, blood flow initially de-
creases by about 7% below baseline at the beginning of hy-

m the large S-D distance and therefore is more representative of the
ts the head skin hemodynamics.

e piglet. The two left columns show results from the surgical area
� is fro
presen
he sam

erformed. Each line is from a different surgical stage.
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percapnia and then slowly increases throughout this period
until it reaches 35% above baseline, 2 min after the end of the
CO2-breathing period. The different responses at the two S-D
separations are in agreement with changes in blood flow of
the brain and the skin reported in the literature. In fact, it is
known that cerebral blood flow increases during hypercapnia
and it is triggered by increased PCO2 in the arterial blood.20

In contrast, blood flow in the skin does not increase signifi-
cantly. This supports our hypothesis that at sufficiently large
S-D separations, we can measure relative changes of pulsatile
cerebral blood flow. Blood volume appears to increase in
similar ways in the large and short S-D distances, but by
different degrees: 65 and 30%, respectively.

Figure 4 shows representative results from three hypercap-
nia measurements in one animal during the different surgical
stages. The two left columns show results from probe 1, for
short and large S-D separations, whereas the right two col-
umns show results from the untouched probe 2 at short and
large S-D separations. The three rows represent the three dif-
ferent surgical stages under probe 1. It can be seen that for all
hypercapnia cycles probe 2 clearly shows different blood flow
at small and large S-D separations. The same is true for probe
1 during the first surgical stage �normal skin�. When the skin
blood flow is eliminated �surgical stage B, middle row�, the
short S-D separations do not detect heartbeat oscillations and
hence no blood flow and volume calculation is possible.
When noninvasive, with this S-D separation the calculated
parameters describe exclusively the scalp hemodynamics.
When the skin is removed �surgical stage C, bottom row� and
probe 1 is in direct contact with the skull, the detected heart-
beat oscillations are exclusively from the brain. In this case,
short and large S-D separations measure similar cerebral he-
modynamic responses.

A comparison between the two probes at large S-D sepa-
rations shows that the shape of the measured cerebral hemo-
dynamic response is not affected significantly by the presence
of the scalp. Specifically, the pulsatile blood flow measured
by large S-D of probe 2 �normal skin� is significantly corre-
lated with the measurement of the large S-D of probe 1 �no

2

Fig. 5 Representative results from one hypercapnia cycle simultaneou
�a� shows the time course results of both methods, and �b� the results
perfusion units�.
skin� �R =0.874� and uncorrelated with the measurement of
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the short S-D of probe 2 �R2=0.019�. Nevertheless, the
changes in pCBF and pCBV for probe 1 have larger magni-
tude than for probe 2, where skin blood flow or skin is not
removed. This is probably because, although the large S-D
separation is mostly sensitive to heartbeat oscillations within
the brain, we still have a contribution of the skin pulsate flow,
which partially contaminates the measured signal in probe 2.

Combining the results of the hypercapnia measurements on
all of the animals for both protocols A and B at large separa-
tion distances �36 hypercapnia cycles on eight animals, probe
2 for protocol A and probe 1 for protocol B, all with p
�0.05�, we found the average change of the pulsatile CBF to
be 50.7±21.7% �percent change from baseline,
mean±standard deviation�.

Figure 5 shows comparative measurements during a hyper-
capnia cycle on a 7-day-old piglet. Figure 5�a� illustrates the
laser Doppler results �gray thick line� and the results of our
method �black line� for the large S-D separation. Both mea-
surements are normalized so that the baseline and the maxi-
mum change correspond to values 0 and 1. It is apparent that
there is good correlation between the two methods. The pulse
gradient peak parameter appears to respond slightly earlier
�30 to 40 s� to changes of the breathing gasses. This could
potentially be attributed to the different volumes and depths
the two methods are probing. Figure 5�b� shows a plot of the
results of one method against the other. There appears to be a
strong linear correlation between the results of the pulse gra-
dient peak parameter and the laser Doppler results with R2

=0.937. The average correlation coefficient of 12 hypercapnia
cycles on four animals was found to be 0.892±0.078 �stan-
dard deviation�. Although the method presented is sensitive to
changes of the pulsatile flow, the results appear to agree with
the laser Doppler measurements of the total CBF, which in-
cludes both the baseline and pulsatile components.

Although we have found that there is some variability in
the results from piglet to piglet and even between different
measurements on the same animal, the hemodynamic re-
sponses of all animals measured were found to follow the

asured with the suggested NIRS method and a laser Doppler system.
one method against the other with a linear fit �au: arbitrary units, PU:
sly me
of the
same general trend, as shown in Fig. 4. Differences between
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measurements could be due to altered animal physiology, de-
terioration of the animal health due to anesthesia and surgery,
or even different sensitivity of each animal to hypercapnic
stresses. The blood flow response of the skin was found to be
more irregular and less reproducible than the brain response.
One of the reasons could be that the pressure applied by the
probe on the skin was not reproducible and could have caused
partial occlusion of the local blood circulation. On the con-
trary, the CBF exhibits a relatively consistent and reproduc-
ible response, as shown in Fig. 4, in all four animals.

4 Conclusions and Future Work
The results presented here indicate the ability of NIRS to
measure relative changes of pulsatile cerebral blood flow and
volume from the shape of heartbeat oscillations. We demon-
strate that different S-D separations probe heartbeat oscilla-
tions at different depths. In particular, we find that for an
appropriately large S-D separation, the influence of the scalp
on the measured signal is minimized and therefore the mea-
sured signal is mostly representative of the brain cortex. Good
linear correlation of the results with the laser Doppler mea-
surements of CBF indicate the potential of the method to pro-
vide information about the relative changes of CBF by mea-
suring relative changes of the pulsatile component of the flow.

The instrumentation required for the implementation of
this method is portable, inexpensive, and safe for continuous
bedside monitoring in neonates. This method for measuring
relative changes of CBF and CBV could be easily incorpo-
rated into a NIRS system that measures tissue optical proper-
ties �absorption and scattering� and therefore calculates oxy-
and deoxy-hemoglobin concentrations, tissue oxygen satura-
tion, and total hemoglobin concentration. Combinations of
these parameters can be used to derive other physiologically
and clinically interesting parameters such as the tissue meta-
bolic rate of oxygen consumption.

Despite the encouraging preliminary results, more mea-
surements are required to further test the method and estimate
the sensitivity and accuracy. Moreover, further development
of the theoretical model that correlates the waveform of the
detected heartbeat oscillations and the hemodynamic param-
eters could improve the accuracy of the method and poten-
tially lead to a better quantification of the measured param-
eters.
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