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Replacement of invasive monitoring of cerebral venous oxygenation with noninvasive techniques offers
great promise in the management of life-threatening neurologic illnesses including traumatic brain
injury. We developed and built an optoacoustic system to noninvasively monitor cerebral venous oxy-
genation; the system includes a nanosecond Nd:YAG laser and a specially designed optoacoustic probe.
We tested the system in vitro in sheep blood with experimentally varied oxygenation. Our results
demonstrated that �1� the amplitude and temporal profile of the optoacoustic waves increase with blood
oxygenation in the range from 24% to 92%, �2� optoacoustic signals can be detected despite optical and
acoustic attenuation by thick bone, and �3� the system is capable of real-time and continuous measure-
ments. These results suggest that the optoacoustic technique is technically feasible for continuous,
noninvasive monitoring of cerebral venous oxygenation. © 2002 Optical Society of America
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1. Introduction

Continuous, noninvasive monitoring of blood oxygen-
ation �oxyhemoglobin saturation� in the brain, heart,
liver, and other organs is currently not clinically fea-
sible but would be invaluable for the management of
many life-threatening illnesses, including severe
traumatic brain injury, ischemia, sepsis, and shock.
In critically ill neurologic patients, particularly those
with traumatic brain injury, invasive monitoring of
cerebral blood oxygenation and brain tissue oxygen-
ation is now routinely performed in tertiary care cen-
ters, and information obtained from such monitors is
routinely used to direct therapy.1,2 Noninvasive
monitoring of cerebral blood oxygenation would be a
major advance in neurologic critical care because it
would permit broader application of physiologically
based therapy and would also permit earlier initia-
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tion of monitoring, even in prehospital emergency
vehicles. Despite years of effort, however, there
presently is no system for accurate, noninvasive, and
continuous monitoring of cerebral blood oxygenation.

To date, most attempts to engineer noninvasive
monitors of brain oxygenation have used near-infrared
�IR� spectroscopy, which remains a promising meth-
od3,4 that utilizes well-established differences in op-
tical absorption coefficients of oxyhemoglobin and
deoxyhemoglobin.5,6 However, this technique has
limitations associated with strong light scattering
and attenuation in tissues7 that result in limited ac-
curacy and depth of monitoring. At present, near-IR
spectroscopy cannot provide reliable and quantitative
measurement of cerebral blood oxygenation, at least
in part because it assesses hemoglobin saturation in
a heterogeneous area of brain tissue and cannot dis-
tinguish venous from arterial blood. The develop-
ment of near-IR monitoring of blood oxygenation also
has been slowed by the difficulty posed by measure-
ment or estimation of the path length of scattered
light through tissues.8 As a consequence, the tech-
nique has yet to be incorporated into routine clinical
practice. However, the technology continues to im-
prove as investigators develop more accurate meth-
ods of quantifying the signal.9,10

We proposed to develop an optoacoustic technique
that would utilize the differences in optical absorption
coefficients of oxyhemoglobin and deoxyhemoglobin to
accurately monitor and quantify blood oxygenation.11



In the optoacoustic technique, short laser pulses gen-
erate ultrasonic �optoacoustic� waves in absorbing me-
dia. An acoustic transducer then detects these
waves, and time resolution of the resulting signal de-
termines the depth from which the signal was de-
rived.12 Because scattering and attenuation of
ultrasonic waves in tissues are much less compared
with those of light waves, detection and analysis of the
temporal characteristics and amplitude of the opto-
acoustic pressure waves can be used for tissue charac-
terization with submillimeter resolution.13–17 The
high resolution of the optoacoustic technique may yield
accurate measurement of blood oxygenation directly
from blood vessels or localized tissues.

The superior sagittal sinus �SSS�, a large central
cerebral vein that is located immediately beneath the
top of the human skull in the midline, represents one
of the potential sites for optoacoustic monitoring of
cerebral blood oxygenation �Fig. 1�. After traumatic
brain injury and during cardiopulmonary bypass, low
oxygenation of blood circulating in the cerebral ve-
nous circulation is strongly associated with poor out-
come, including disability or death.18,19 Specially
designed probes may provide optimum conditions for
laser irradiation of the SSS and sensitive detection of
the induced optoacoustic waves.

We designed and built an optoacoustic system that
incorporates �1� a nanosecond Nd:YAG laser for gen-
eration of optoacoustic waves; �2� an optoacoustic
probe containing both optical fibers for laser light
delivery and piezoelectric detectors of optoacoustic
waves; and �3� an electronic system for signal ampli-
fication, acquisition, and recording with a PC. Us-
ing the system, we performed in vitro tests in sheep
blood at different oxygenation and in tissue phan-
toms simulating conditions typical for in vivo moni-
toring of blood oxygenation in large blood vessels.

2. Theoretical Background

Absorption of light energy in a medium is followed by
rapid thermal relaxation and a temperature increase

in the medium. Thermal expansion of the irradi-
ated medium induces mechanical stress �pressure
rise�. This mechanism is referred to as the thermo-
optical mechanism of pressure generation.12 A
short optical pulse with the incident fluence Fo in-
duces a pressure rise P�z� in the medium �without
optical scattering� upon the condition of stress con-
finement12:

P� z� � ��cs
2�Cp��a F � ��a F� z�

� ��a Fo exp���a z�, (1)

where � �1�°C� is the thermal expansion coefficient, cs
�cm�s� is the speed of sound, Cp �J�g °C� is the heat
capacity at constant pressure, F�z� �J�cm2� is the flu-
ence of the optical pulse, and �a �cm�1� is the absorp-
tion coefficient of the medium. The optoacoustic
pressure in Eq. �1� can be expressed in joules per
cubic centimeter or in bars �1 J�cm3 � 10 bars�. The
expression ��cs

2�Cp� in Eq. �1� represents the dimen-
sionless Grüneisen parameter �. The exponential
attenuation of the optical radiation in the medium is
represented by exp���az�.

The condition of stress confinement means that
there is insignificant stress relaxation in the irradi-
ated volume during the optical pulse. Nanosecond
laser pulses can be used to generate conditions of
stress confinement for many optoacoustic applica-
tions.

According to Eq. �1�, optoacoustic pressure ampli-
tude is proportional to the Grüneisen parameter, flu-
ence, and absorption coefficient of the medium,
whereas the pressure spatial profile is dependent on
the absorption coefficient.

Because z and t are related by the simple equation

z � cs t, (2)

the spatial distribution of laser-induced pressure P�z�
is detected by a wide-band acoustic transducer as a
temporal profile P�t�:

P�t� � ��a Fo exp���a cs t�. (3)

Therefore, by recording and analyzing the tempo-
ral profile of optoacoustic waves, one can measure the
absolute value of the absorption coefficient of the ir-
radiated medium.

Most tissues are strongly scattering media in the
visible and near-IR spectral range. Three major op-
tical parameters are responsible for distribution of
light in tissues: the absorption ��a�, scattering ��s�,
and effective attenuation ��eff� coefficients. The ef-
fective attenuation coefficient is related to �a, �s, and
the anisotropy factor �g�, thus

�eff � �3�a	�a � �s�1 � g�
�1�2, (4)

where �s�1 � g� is the reduced scattering coefficient
�s�.6 Light penetration depth in tissues is defined as
1��eff. Absorption and reduced scattering coeffi-
cients of tissues are low in the near-IR spectral range
�from 600 to 1300 nm�, which results in deeper pen-
etration of near-IR radiation compared with that of

Fig. 1. Novel optoacoustic system for cerebral blood oxygenation
monitoring.

1 August 2002 � Vol. 41, No. 22 � APPLIED OPTICS 4723



other parts of the spectrum. Application of near-IR
radiation will allow sufficient penetration of light
in tissues for optoacoustic monitoring of blood
oxygenation.

Hemoglobin has a high absorption coefficient in the
visible and near-IR spectral range.6 Moreover, the
hemoglobin absorption coefficient is dependent on he-
moglobin saturation �i.e., oxygenation�. Therefore
both the amplitude and the spatial distribution of the
generated optoacoustic pressure induced in blood are
dependent on oxygenated hemoglobin concentration.

We anticipated that high z-axial resolution of the
optoacoustic technique would permit direct measure-
ment of blood oxygenation in the SSS because the
optoacoustic waves induced in the blood would arrive
at the acoustic transducer at the time defined by
Eq. �2�.

3. Materials and Methods

We developed and built a system for optoacoustic
monitoring of blood oxygenation with the following
components: �1� a Q-switched nanosecond Nd:YAG
laser �Quanta-Ray, DCR-11, Spectra-Physics Inc.,
Mt. View, Calif.�, �2� a fiber-optic light delivery sys-
tem combined with a sensitive acoustic transducer in
an optoacoustic probe, and �3� a computer for signal
registration and processing. The laser generates
10-ns pulses at the wavelength of 1064 nm �funda-
mental harmonic� with an energy level as great as 0.1
J and a repetition rate as high as 5.0 Hz. Laser
fluence incident on the samples was 0.1 J�cm2, and
the repetition rate was 1 Hz. In some experiments,
we used laser fluence below 0.1 J�cm2.

The laser head was coupled with one end of a fiber-
optic bundle. The other end of the bundle was
incorporated into the optoacoustic probe. The opto-
acoustic probe combines a sensitive polyvinylidene
fluoride piezoelement with a diameter of 8.0 mm and
optical fibers with a diameter of 0.2 mm surround-
ing the piezoelement. Axial resolution of the opto-
acoustic probe as defined by the bandwidth of the
piezoelement was 0.3 mm. This probe allowed mea-
surement in the backward mode—irradiation and de-
tection from the same side of the samples. In
experiments in the forward mode �irradiation and
detection from opposite sides�, we used acoustic
transducers without a fiber-optic light delivery sys-
tem. Preamplifiers with low input capacitance then
amplified the signals from the optoacoustic probe and
acoustic transducers. The amplified signals were
recorded by a portable digital scope �TDS 520, Tek-
tronix Inc., Beaverton, Ore.� and stored on a com-
puter �Dell Computer Corp., Round Rock, Tex.; the
processor was a Pentium III, 550 MHz�.

Arterial and venous blood samples �total hemoglo-
bin concentration was 5.0 g�dl� were taken from
sheep femoral and pulmonary arteries, respectively.
The artery and vein were catheterized, and blood was
taken with a 5-ml syringe filled with heparin. To
obtain systemic venous blood with low oxygenation
�analogous to low cerebral oxygenation during brain
hypoperfusion�, hemorrhagic shock was induced in

the sheep. A spectrophotometric cuvette with a
thickness of 1.0 cm was used in the first set of exper-
iments 	Fig. 2�a�
. To prevent the contact of blood
with air, we placed a mineral oil film �thickness of 3
mm� over the bottom of the cuvette. We then in-
jected blood �total volume of 2.0 ml� into the cuvette
using a syringe with a needle that passed under the
mineral oil film. Pure arterial and pure venous
blood as well as their mixtures were used in the ex-
periments. The arterial and venous blood were
mixed in the cuvette in different proportions to vary
the blood oxygenation. Immediately after opto-
acoustic data acquisition, blood was taken from the
cuvette with 1.0-ml syringes, and oxygenation mea-
surements were performed with a standard CO-
Oximeter �IL 813 Instrumentation Laboratories,
Lexington, Mass.�.

We performed studies demonstrating the capabil-
ity of the optoacoustic technique to monitor rapid
changes in blood oxygenation continuously and in
real time. The changes in oxygenation were induced
by air insufflation into venous blood in the cuvette for
several seconds. Air insufflation rapidly increased
blood oxygenation. Optoacoustic signals were re-
corded after each insufflation.

Bovine bone slabs with thicknesses of 4.0–13.0 mm
were used to simulate a human skull. In these ex-
periments, we measured transmission of laser light
	Fig. 2�b�
 and optoacoustic waves 	Fig. 2�c�
 through
bone tissue. Laser pulses were directed onto the
bone slab of different thickness 	Fig. 2�b�
 placed on
top of an absorbing phantom �absorbing aqueous so-
lution of Naphthol Green, a dye that absorbs light at
the Nd:YAG laser wavelength, in a plastic vessel�.
The solution had optical properties typical of normal
venous blood. The amplitude of the optoacoustic sig-
nal generated in the absorbing phantom was depen-
dent on the thickness of the bone slab. This allowed
measurement of optical transmission through bone
tissue. To measure acoustic transmission of opto-
acoustic pulses through bone, laser pulses were di-
rected onto the same absorbing phantom placed on
top of the bone slab 	Fig. 2�c�
. To simulate laser
irradiation of blood and detection of the induced op-
toacoustic signal through bone, we performed a set of
experiments using two bones �with thicknesses of 4.5
and 4.8 mm� with the absorbing solution placed be-
tween them 	Fig. 2�d�
.

Our next set of experiments was performed in the
backward mode with the optoacoustic probe. First,
a turbid uniform gel slab �50 cm  50 cm� with a
thickness of 15 mm was made of gelatin �10%� and
milk to simulate tissue with high scattering. The
reduced scattering coefficient of the turbid gel, �s�,
was 2.9 cm�1. The absorption coefficient of the tur-
bid gel ��a � 0.11 cm�1� was close to that of water
�0.12 cm�1� at the Nd:YAG laser wavelength of 1064
nm. These absorption and scattering coefficients
yielded the effective attenuation coefficient �eff � 1.0
cm�1 typical of tissues with relatively low blood con-
tent in the near-IR spectral range.6

To simulate blood circulating in the SSS under the
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human skull, a layered tissue phantom was used
	Fig. 2�e�
. The first 9.0-mm layer simulating the
human skull was made of the same turbid gel. The
second 9.0-mm layer was made of gel with a higher
absorption coefficient �5 cm�1� typical of venous blood
in the near-IR spectral range. We achieved the
higher absorption coefficient by adding Naphthol
Green. The optoacoustic probe was placed on the
surface of the uniform turbid phantom or the layered
phantom, and data acquisition was performed.

We also evaluated the performance of our system
in vitro with use of a blood-primed extracorporeal
pump oxygenator �COBE Cardiovascular Inc., Ar-
vada, Colo.�, which circulated blood of varying
oxygenation through a simulated SSS. The extra-
corporeal pump oxygenator consists of a reservoir in
which blood accumulates, a supply of gases �oxygen,
carbon dioxide, and nitrogen�, a membrane oxygen-
ator, an arterial tube �which, in patients, would be
inserted into the aorta�, a rotary pump, and a venous
tube �which, in patients, would return blood from the
great veins in the chest�. In this model, the arterial
and venous tubes were simply connected through a
tissue phantom �that replicated features of tissue
through which vessels course� to form a complete ex
vivo circuit. By changing the gas supply into the
membrane oxygenator and permitting time for equil-
ibration, we can adjust the oxyhemoglobin saturation
over a broad range, and we can also change the ran-
dom order. For example, changing the gas supply to
95% oxygen results in nearly complete oxyhemoglo-
bin saturation, whereas changing the gas supply to
5% oxygen results in oxyhemoglobin saturation of
approximately 50%. Changing the gas supply below
5% provides oxyhemoglobin saturation below 50%.

To model the SSS, a thin-walled 5.0-mm tube was
embedded in a plastic cuvette with 7.0-mm walls.
The tube was connected to the oxygenator. Blood at
different oxygenation was circulating through the
tube. The signals were recorded in the backward
mode through a 5.0-mm slab �made of the same tur-
bid gel� and the cuvette. Blood samples �1.0 ml�
were taken simultaneously with the optoacoustic
data acquisition, and blood oxygenation was mea-
sured with the CO-Oximeter.

4. Results

Blood in the cuvette was irradiated by laser pulses as
shown in Fig. 2�a�. Ultrasonic gel was used to pro-
vide acoustic contact between the acoustic transducer
and the cuvette. Optoacoustic pressure waves in-
duced in the blood propagated to the transducer and
were recorded on the scope. The optoacoustic pres-
sure signals recorded at different blood oxygenation
are displayed in Fig. 3�a�. Variation of blood oxy-
genation dramatically changed the amplitude and
slope of the pressure signals. The amplitude of the
optoacoustic pressure, presented in Fig. 3�b� as a
function of blood oxygenation, increased linearly as
blood oxygenation increased. The amplitude of op-
toacoustic pressure recorded from pure arterial blood
�92.6% saturation� was approximately 1.6 times

Fig. 2. �a� Irradiation of blood in a cuvette and detection by use of
an acoustic transducer of optoacoustic waves induced in blood, �b�
layered system with bone �on top� and an absorbing phantom used
in the experiment on transmission of optical pulses through bone,
�c� layered system with absorbing phantom �on top� and bone used
in the experiment on acoustic transmission of optoacoustic waves
through bone, �d� irradiation and detection of optoacoustic waves
from an absorbing solution simulating venous blood through two
bones, �e� layered system with turbid and absorbing gels used in
the experiment with optoacoustic probe.
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greater than that from normal venous blood �68.6%
saturation�. The amplitude in normal venous blood
was approximately fourfold greater than in venous
blood obtained during severe hemorrhagic shock
�23.9% saturation�.

In our experiment, the optoacoustic pressure slope
was linearly dependent on blood oxygenation 	Fig.
3�c�
. We calculated the slope of the optoacoustic

signals by using the exponential fit of the signals.
Because the speed of sound in blood is known �1.5
mm��s�, we calculated the blood attenuation coeffi-
cient at different oxygenation by converting the tem-
poral scale into the spatial distribution of light in
blood. The blood attenuation coefficient calculated
from the optoacoustic pressure signals was approxi-
mately 4.2, 3.5, and 1.8 cm�1 for pure arterial, nor-
mal venous, and desaturated venous blood,
respectively. This yields a 20% difference in the at-
tenuation coefficient between arterial and normal ve-
nous blood and a 100% difference between normal
and desaturated venous blood.

The optoacoustic signals were recorded after each
insufflation 	Fig. 4�a�
. One can see that each insuf-
flation changes both the amplitude and the profile of
the optoacoustic signals. Figure 4�b� shows that the
optoacoustic signal amplitude increases from values
typical of venous blood �275 mV� to that typical of
arterial blood �510 mV�. The delay between the op-
toacoustic data acquisitions �several seconds� was
limited by the time required for insufflation.

Transmission of the Nd:YAG laser radiation with
the wavelength of � � 1064 nm through bone is pre-
sented in Fig. 5�a� as a function of bone thickness.

Fig. 3. �a� Optoacoustic signals measured from blood with differ-
ent oxygenation, �b� optoacoustic signal amplitude as a function of
blood oxygenation, �c� attenuation coefficient of blood calculated
from the optoacoustic signals at different blood oxygenation.

Fig. 4. �a� Optoacoustic signals detected from blood before and
after insufflation of air, �b� amplitude of optoacoustic signal de-
tected from blood before and after insufflation of air.
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The curve represents an exponential fit to the exper-
imental data points. These results show that ap-
proximately 3% of pulse energy is transmitted
through bone of 10-mm thickness. The error in the
data points is caused by variation in the optical prop-
erties of the bone samples. Experiments on trans-

mission of optoacoustic pressure waves through bone
	Fig. 5�b�
 showed that the amplitude decreases by a
factor of 12.5 at a bone thickness of 10 mm compared
with the amplitude of the incident pressure wave.
By using the phantom with two bones and an absorb-
ing solution 	Fig. 2�d�
, we simulated simultaneously
optical and acoustic attenuation of laser pulses and
optoacoustic waves in bone tissue. A signal with an
amplitude of approximately 200 mV was detected at
a laser-pulse energy of 5.0 mJ and a laser fluence of
0.05 J�cm2 �Fig. 6�. The noise level of the registra-
tion system was 0.5 mV.

Figure 7�a� shows an optoacoustic signal recorded
in the backward mode by use of the optoacoustic
probe from the 15-mm gel slab with the optical prop-
erties typical for tissues such as skull and skin in the
near-IR spectral range. The first peak was due to
optoacoustic wave generation on the surface of the
probe by laser light reflected back from the scattering
gel. The second �wide� peak with the following neg-

Fig. 6. Optoacoustic signal recorded from the absorbing solution
simulating venous blood in the SSS.

Fig. 5. �a� Optical transmission through bone samples of different
thickness, �b� transmission of optoacoustic waves through bone
samples of different thickness.

Fig. 7. �a� Optoacoustic signal recorded with the optoacoustic
probe from 15-mm turbid uniform gelatin simulating thick tissue;
�b� optoacoustic signal recorded with the optoacoustic probe from a
layered tissue phantom �9-mm turbid gelatin slab and a slab of
absorbing gelatin simulating blood under thick tissue�.
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ative deflection was due to optoacoustic wave gener-
ation in the turbid gel. This optoacoustic signal is
typical for uniform media. The signal recorded from
the layered phantom 	Fig. 7�b�
 had one more peak at
5.95 �s. This peak was produced in the absorbing
gel.

Optoacoustic signals were recorded with the opto-
acoustic probe in the backward mode from blood with
different oxygenation circulating in the 5.0-mm latex
tube simulating the SSS 	Fig. 8�a�
. Oxyhemoglobin
saturation was varied by the blood oxygenator. The
measurements were performed through the turbid
gel slab simulating tissue in the near-IR spectral
range. The signals are presented in Fig. 8�b�. The
optoacoustic signals were recorded from the phantom
at different levels of blood hemoglobin saturation
�100, 90, 44, 27, and 10%�. The first peak was pro-
duced by generation of optoacoustic waves directly on
the surface of the optoacoustic probe. The long sig-
nal with the wide maximum at 2.4 �s was due to
optoacoustic wave generation in the turbid gel. The
signal between 5.0 and 8.0 �s was generated in blood
circulating in the tube. The parameters of the sig-
nal clearly are dependent on blood oxygenation.
The amplitude 	Fig. 8�c�
 and slope 	Fig. 8�d�
 of the
signal increased linearly with blood oxygenation be-
cause of a higher absorption coefficient of oxyhemo-
globin compared with that of deoxyhemoglobin. To
calculate the slope of the optoacoustic signals mea-
sured in the backward mode, we normalized the sig-
nals induced in blood. The slope of the normalized
signals is not dependent on amplitude and increases
linearly with blood oxygenation. Therefore the mea-
surement of the normalized signal slope can be used
to monitor blood oxygenation in a vessel in the back-
ward mode because the slope is not dependent on
optical and acoustic transmission of tissues between
the probe and the blood in the vessel.

5. Discussion

The amplitude and the slope of optoacoustic waves
increase linearly with blood oxygenation 	Figs. 3�a�
and 3�b�
 because of a higher absorption coefficient
of oxyhemoglobin compared with that of deoxyhemo-
globin at the Nd:YAG laser wavelength. Increasing
hemoglobin saturation raises the hemoglobin absorp-
tion coefficient that then increases the blood attenu-
ation coefficient 	Fig. 3�c�
, which was calculated from
the optoacoustic signals by use of the exponential fit
of the slope. The linear dependence of the opto-
acoustic amplitude and slope on blood oxygenation
can be used for absolute measurement of blood oxy-
genation. The slope of the signal is more appropri-
ate for continuous monitoring, because in vivo the
amplitude of the optoacoustic waves recorded from
blood will also depend on the thickness of tissues
between blood and the optoacoustic probe, the varia-
tion of optical and acoustic transmission of these tis-
sues, and the diffraction of optoacoustic waves that is
due to propagation from blood to the probe. These
parameters vary from patient to patient and may
change in one patient during blood oxygenation mon-

Fig. 8. �a� Measurement of optoacoustic signals through a turbid
tissue phantom with the optoacoustic probe from blood with differ-
ent oxygenation circulating in the SSS phantom, �b� optoacoustic
signals recorded with the optoacoustic probe from the SSS phantom
with blood at different oxyhemoglobin saturation �90, 44, 27, and
10% saturation� circulating in a 5-mm tube, �c� optoacoustic signal
amplitude as a function of circulating blood oxygenation, �d� opto-
acoustic signal slope as a function of circulating blood oxygenation.
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itoring. In contrast, the optoacoustic pressure slope
is defined only by the optical properties of blood and
is not influenced by variations in these parameters.
The diffraction effect can be corrected by application
of the algorithm reported in references 12 and 16.
Therefore we anticipate that the optoacoustic pres-
sure slope may provide quantitative measurements
of blood oxygenation in vivo.

Rapid changes in blood oxygenation induced by in-
cremental air insufflation with a syringe did not pro-
vide uniform oxygenation in the samples. This
prevented accurate measurement of the optoacoustic
pressure slope of the signals recorded immediately
after each insufflation. However, in vivo blood oxy-
genation in large veins is uniformly mixed. Only
use of the extracorporeal pump oxygenator provided
homogeneity of blood and rates of changes in blood
oxygenation that are typical of in vivo situations.
Consequently, the experiments with the oxygenator
are more representative of the expected performance
in large animals and humans.

Each air insufflation took several seconds in our
experiment. This limited the speed of data acquisi-
tion in the experiments on rapid changes in blood
oxygenation. Optoacoustic data acquisition and
processing with this system can be performed every
second. A similar optoacoustic system has been
used for real-time monitoring of rapid changes in
tissue temperature as well as changes in optical prop-
erties during tissue hyperthermia and coagula-
tion.20,21 Therefore blood oxygenation can be
measured every second with the optoacoustic tech-
nique. These results show that �1� blood oxygen-
ation can be monitored continuously and �2� rapid
changes �within seconds� in blood oxygenation can be
detected with the optoacoustic technique.

Optoacoustic wave amplitude induced in tissue
slightly increases �approximately 1.5%�°C� when tis-
sue is heated in the range from 30 °C to 41 °C.20,21

This is due to the increase of the tissue Grüneisen
parameter with temperature.20,21 The temperature-
induced variation of optoacoustic signal amplitude
cannot change the slope of the optoacoustic signals
induced in blood because it is dependent only on op-
tical properties of blood. Changes in blood optical
properties can be produced only at higher tempera-
tures �more than 50 °C� that are used for thermother-
apy �thermal coagulation of tissue�. However, these
temperatures are not expected when thermotherapy
is not used. Therefore thermally induced changes in
optoacoustic wave parameters cannot decrease the
accuracy of blood oxygenation measurement with this
technique.

The data obtained in the experiment on optical and
acoustic transmission through thick bone demon-
strate that optoacoustic signals induced in blood cir-
culating in the SSS can be measured with an
acceptable signal-to-noise ratio. Moreover, we an-
ticipate that both optical and acoustic transmission
through bone in vivo will be greater than in vitro.
Under in vitro conditions, dessication produces air
pockets that decrease acoustic and optical transmis-

sion. The skin and dura are thin and have optical
and acoustic transmission substantially better than
the skull. Therefore we anticipate that overall opti-
cal and acoustic transmission in vivo through the
tissues between the optoacoustic probe and the SSS
will be sufficient for accurate measurement of blood
oxygenation with high signal-to-noise ratio.

The optoacoustic probe, which combines optical fi-
bers and a piezoelement, allowed measurement of
optoacoustic waves in the backward mode. The ex-
periments on layered gel and the SSS phantom dem-
onstrated that optoacoustic signals were detected by
the probe through thick scattering gels from absorb-
ing layers 	Figs. 7�a� and 7�b�
 and blood circulating
in the 5.0-mm tube simulating a blood vessel 	Fig.
8�b�
. Both the amplitude and the slope of the sig-
nals recorded from blood increased linearly with
blood oxygenation 	Figs. 8�c� and 8�d�
. Therefore
these experiments demonstrate the capability of the
optoacoustic technique to detect changes in blood ox-
ygenation continuously, noninvasively, and in real
time through a tissuelike turbid medium with the
optoacoustic probe. The signal-to-noise ratio can be
substantially increased with further optimization of
the parameters of the probe as well as the preampli-
fier.

Optoacoustic signal parameters are dependent not
only on blood oxygenation but also on total hemoglo-
bin concentration. This is because the blood absorp-
tion coefficient is dependent on total hemoglobin
concentration. To provide accurate values of blood
oxygenation despite variations of total hemoglobin
concentration, one can use a measurement of opto-
acoustic waves induced at two different wavelengths.
An Alexandrite laser with a wavelength of 750 nm
can be used as a second source of pulsed laser radi-
ation in the near-IR spectral range. Because oxy-
genated and deoxygenated hemoglobin have different
absorption at the Nd:YAG and Alexandrite laser
wavelengths, one can measure optoacoustic signals
at these two wavelengths and calculate blood oxygen-
ation by solving two equations:

�a�1064� � C	oxy
 � K	oxy, 1064
 � C	deoxy


� K	deoxy, 1064
, (5)

�a�750� � C	oxy
 � K	oxy, 750
 � C	deoxy


� K	deoxy, 750
, (6)

where �a �1064� and �a �750� are absorption coeffi-
cients of blood measured by the two-wavelength op-
toacoustic system at 1064 and 750 nm, respectively;
C	oxy
 and C	deoxy
 are concentrations of oxyhemo-
globin and deoxyhemoglobin in blood; and K 	oxy,
1064
, K 	deoxy, 1064
, K 	oxy, 750
, and K 	deoxy,
750
 are known values of extinction coefficients of
oxyhemoglobin and deoxyhemoglobin at these two
wavelengths. Having the two equations and the two
unknowns �C	oxy
 and C	deoxy
�, one can calculate
C	oxy
 and C	deoxy
 and hence oxygenation of the
blood circulating in a vessel that is determined as the
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ratio C	oxy
��C	oxy
 � C	deoxy
�. Therefore use of
the two-wavelength approach can provide absolute
values of blood oxygenation with high accuracy at
different hemoglobin concentrations. We believe
that the two-wavelength system can accurately mea-
sure cerebral blood oxygenation at a variation of
other physiological parameters of the patient �tem-
perature, intracranial pressure, blood flow� because
they can produce only minor changes in the param-
eters of the optoacoustic wave recorded from the SSS.

Because Nd:YAG and Alexandrite can produce
short �nanosecond� optical pulses with sufficient en-
ergy and are commercially available, they are good
candidates for the two-wavelength system. How-
ever, any other lasers that can produce short pulses
in the near-IR spectral range can be used for the
two-wavelength optoacoustic system including
pulsed laser diodes. Use of the pulsed laser diodes
in optoacoustic systems can dramatically decrease
dimensions, weight, and cost of the systems because
they are substantially smaller, lighter, and less ex-
pensive than the solid-state lasers. Recent progress
in the development of laser diodes with nanosecond
pulse duration and high pulsed power indicates that
the laser diodes can potentially be used in optoacous-
tic systems, including the systems for cerebral blood
oxygenation monitoring. Currently, we are develop-
ing a laser diode optoacoustic system that will have
less weight, dimensions, and cost compared with the
systems based on the solid-state lasers.

6. Conclusion

We developed, built, and tested in vitro a laser opto-
acoustic system with a probe designed for noninva-
sive monitoring of blood oxygenation in structures
such as the SSS. Our results demonstrated that �1�
the amplitude and temporal profile of the optoacous-
tic waves are linearly dependent on blood oxygen-
ation in the wide range of blood oxygenation from
24% to 92%; �2� the system is capable of real-time and
continuous measurements; �3� optoacoustic signals
can be detected despite optical and acoustic attenu-
ation by thick bone; and �4� the system is capable of
blood oxygenation measurements in model 5.0-mm
veins through thick, light-scattering tissue phan-
toms. We believe that the optoacoustic technique
can potentially be used for noninvasive, accurate, and
continuous monitoring of blood oxygenation in both
cerebral and systemic veins. Our next investigation
will focus on in vivo tests of the system in large ani-
mals. Our specific plan is to monitor cerebral blood
oxygenation in the sheep SSS.

These studies are supported in part by grant 1 R21
NS40531-01 from the National Institutes of Health.
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