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pplication of optical coherence tomography, pulsed
hotoacoustic technique, and time-of-flight
echnique to detect changes in the scattering properties
f a tissue-simulating phantom
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Abstract. Intralipid is a well-known emulsion used as a tissue-
simulating phantom in developing optical imaging and diagnostic
techniques for medical applications. The optical coherence tomogra-
phy �OCT�, pulsed photoacoustic �PA�, and time-of-flight �TOF� tech-
niques were used to detect glucose-induced changes in the optical
properties of Intralipid. A comparison of the applicability of these
techniques to register changes in the scattering properties of Intralipid
samples showed that OCT is the most effective method, whereas the
sensitivity of the PA technique was less pronounced. Photon migration
studies with the TOF technique showed changes in pulse amplitude,
pulse width, and arrival time of the pulse maximum as a function of
changes in Intralipid concentration. Also the measured signal param-
eters showed changes when measuring high glucose concentrations.
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Introduction

hantoms are used as tools in developing imaging techniques
o detect tissue structures, tumors, and blood vessels, as well
s to monitor different constituents of a sample.1 By using
ifferent materials and particles as well as by changing the
tructure and concentrations of these samples, it is possible to
mitate the optical properties of human tissue, such as skin.
ptical techniques are widely studied due to their nondestruc-

ive nature. Among the most investigated optical methods for
maging purposes2 and for constituent monitoring are optical
oherence tomography �OCT�, pulsed photoacoustic �PA�,
nd time-of-flight �TOF� techniques.

OCT is based on using an interferometer to detect photons
hat are backscattered from a sample. It has been used for
maging eye3–5 and skin tissue structures6 with a high reso-
ution. The PA technique, on the other hand, is based on the
etection of pressure waves generated by short laser pulses
bsorbed in a sample. This technique has its main applications
n the imaging of strongly absorbing targets such as blood
essels7,8 and tumors.9 It can also be used for measuring blood
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niversity of Oulu, Finland; Tel: +358–8553–7686; Fax: +358–8553–2774;
-mail: matti.kinnunen@ee.oulu.fi
ournal of Biomedical Optics 024005-
oxygenation.10 The TOF technique is based on detecting the
transit time of short laser pulses.11 Photon migration studies
involve measuring the shapes of laser pulses that have trav-
eled through the investigated sample. Since its application to
distance measurements,12 the TOF technique has also been
applied to optical mammography.13 Both the OCT and PA
techniques have been used in noninvasive glucose monitoring
in vitro14,15 and in vivo,16,17 while the TOF technique based on
photon migration has been applied to monitoring glucose
in vitro.18,19

This article compares the usability of the OCT, PA, and
TOF techniques for detecting changes in the scattering prop-
erties of a sample. Their capability to monitor glucose-
induced changes in scattering are discussed in more detail.
Studies with different kinds of phantoms facilitate the optimi-
zation of measurement systems. Intralipid has been used as a
tissue-simulating phantom, because it is turbid and its scatter-
ing properties mimic those of human skin. Intralipid samples
with different concentrations are easy to prepare, and changes
in concentration mainly affect their scattering properties.20

This paper is an improved and extended version of the con-
ference paper21 presented at the Saratov Fall Meeting Confer-
ence in September 2005. The phenomenon has also been dis-
cussed in Ref. 22.

1083-3668/2008/13�2�/024005/9/$25.00 © 2008 SPIE
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Background of Experimental Techniques
.1 Optical Coherence Tomography
CT is a high-resolution imaging technique.3 It is based on an

nterferometer consisting of a low-coherence light source with
broad spectral width, a detector and a beam splitter, as well

s sample and reference arms. As the light source, the system
ay use a superluminescense diode �SLD� or a pulsed laser
ith a femtosecond pulse duration. A scanner placed in the

eference arm changes the arm’s length, allowing photons
ackscattered from the sample to be collected from different
epths. The detection of these backscattering photons is based
n observing interference between photons coming from the
ample and reference arms. To form interference, the path
ength difference of these photons has to be smaller than the
oherence length of the light source. Theoretical background
nd signal formation of OCT is described in more detail in
efs. 4 and 23–26, while applications of OCT are discussed in
ef. 26.

.2 Pulsed Photoacoustic Technique
he pulsed photoacoustic technique is based on the photoa-
oustic effect, in which short laser pulses are used to generate
ressure waves. Incident photons that are absorbed in the
ample increase its temperature and induce a volumetric ex-
ansion. A semiquantitative explanation of the photoacoustic
ffect is given in the following presentation. To start with, the
emperature rise induced by the absorption of photons can be
escribed as:

�T =
Ea

CP�V
, �1�

here CP and � are the specific heat and density in the opti-
ally absorbed volume V, and Ea is the absorbed energy. This
emperature rise induces changes in pressure in accordance
ith:

�P = �v2 · ��T, = ��v2

CP
� · �Ea

V
� = �H�a, �2�

here � is the thermal expansion coefficient, and v is the
peed of sound in the optical absorption region. The expres-
ion �v2 /CP is a temperature function that depends on the
roduced thermal energy being converted to mechanical
tress, known as the Grüneisen parameter �. Ea /V is the ab-
orbed optical energy density and equals the product of the
aser fluence H and the tissue absorption coefficient �a. It is
seful to highlight that the pressure change is proportional to
he optical absorption coefficient.

Also the scattering properties of a sample may affect the
A signal. Changes in the sample’s optical scattering proper-
ies will alter the optical energy distribution and the energy
uence in the PA sound source and, hence, the PA pulse

ntensity.27,28 The shape of the acoustic sound source, be it
at, cylindrical, or spherical, is defined by the sample’s opti-
al properties.

To generate acoustic waves with optical pulses in the nano-
econd range, confined stress conditions have to be satisfied.
n scattering-dominated media, these include the following
equirements: �1� Stress has to be limited to the thermal elas-
ournal of Biomedical Optics 024005-
tic expansion volume and must not be allowed to relax during
irradiation, and �2� �a��L and �a��h ��a is the stress relax-
ation time, i.e., the time it takes for sound to propagate
through the thickness �1 /�ef f� of the irradiated region; �L is
the laser pulse duration; and �h is the heat diffusion time� or
�ef fv�L�1. �ef f is the effective attenuation coefficient
��ef f = �3�a��a+�s���1/2� ��s� is the reduced scattering coeffi-
cient and can be defined by �s�=�s�1−g�, where �s is the
scattering coefficient, and g is the anisotropy factor�.28–30

2.3 Time-of-Flight Technique

The TOF technique is based on measuring the flight time of
short laser pulses in the sample and the shape and arrival time
of laser pulses in photon migration studies. Laser pulses can
be detected in both the transmittance and the reflectance
�backscattered� modes, which enhances the applicability of
this technique. In highly scattering materials, incident photons
undergo multiple scattering, producing random changes in
their flight times and path lengths. As a result, the temporal
profiles of the incident laser pulses reaching the detector will
be modified. The process of light scattering in a turbid sus-
pension can be described by the nonstationary radiative trans-
port equation �also known as the Boltzmann transport
equation�.31 Diffuse approximation of this equation and its
boundary conditions, as well as TOF and photon migration
applications, are described in Refs. 31–37.

Figure 1 introduces the basics of the measurement tech-
niques, which differ in nature. OCT is based on detecting
backscattered photons with an interferometer �a�, the PA tech-
nique is based on detecting acoustic waves generated by the
photoacoustic effect �b�, and the TOF technique is based on
measuring the laser pulse profiles and the average transit time
�c�.

2.4 Matching of Refractive Indexes

Increasing the glucose concentration of a medium increases
its refractive index38 and reduces the refractive index mis-
match between the medium’s scattering centers and its bulk
material. The OCT technique relies mainly on measuring
changes in the medium’s scattering properties. In noninvasive
glucose monitoring, this is accomplished by analyzing
changes in the OCT signal’s slope value, fitted to the
depth profile at a certain depth. In the first approximation,
light attenuation according to the Beer-Lambert law �I=
I0 exp�−�tz�� can be used �I0 is the incident light intensity, I
is the detected light intensity, �t=�a+�s, and z is distance�.
In TOF signals, the effect of glucose manifests itself predomi-
nantly as a change in the rising part of the pulse and in pulse
intensity. These changes are largely related to changes in the
medium’s scattering properties, while changes in absorption
play a minor role. In the PA technique, the effect of glucose
can be analyzed by detecting changes in the peak-to-peak
�PP� value of laser-induced pressure waves. This can be done,
because glucose affects the Grüneisen parameter � and the
energy density distribution in the photoacoustic sound source.
March/April 2008 � Vol. 13�2�2
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Materials and Devices
.1 Intralipid
ntralipid is an intravenous nutrient consisting of an emulsion
f phospholipid micelles and water. It is a turbid medium with
relatively inert chemical nature. Its scattering properties

ominate over absorption properties.39 The optical parameters
�a, �s, and g� of Intralipid are wavelength dependent.39,40

hospholipid micelles are generally spherical in shape, and
heir size varies between 25 and 675 nm, the average and
tandard deviation being 97 nm and 3 nm, respectively.40 The
mallest particles show the largest deviation from the spheri-
al shape, and due to their small size, they can be treated as
ayleigh scatterers. The acoustic impedance of Intralipid is
lmost identical to that of water. In our experiments, different
ntralipid concentrations were prepared by diluting 10% In-
ralipid �Fresenius Kabi AB, Uppsala, Sweden� with distilled
ater.

Many publications show that �s is nonlinearly dependent
n concentration.41–43 Moreover, the results by Zaccanti et
l.42 demonstrate that also the values of �a and g change
hen the particle concentration of Intralipid increases. Ac-

ording to Ref. 40, the refractive index �n� of 10% Intralipid
s about 1.337 at the wavelength of 910 nm �nsoybean=1.463
nd nwater=1.323�.

.2 Glucose
ur experiments were conducted using D-Glucose �C6H12O6,
=198,17 g /mol, Merck, Eurolab�, which was added to

amples at concentrations of 1000 and 5000 mg /dl. Large
oncentrations were used, because the effect of glucose on the
ptical properties of Intralipid is very weak.

Fig. 1 Principles of the measurement technique
ournal of Biomedical Optics 024005-
3.3 Experimental Devices

3.3.1 OCT
This study employed a commercial OCT device manufactured
by the Institute of Applied Physics, Nizhny Novgorod, Russia.
Its light source had a wavelength of 910 nm, and the spec-
trum width was 49 nm. With a Doppler frequency of
1415 kHz, the device’s axial resolution in air was �10 �m
and its lateral resolution was �10 �m without any magnifi-
cation in the probe. The device was controlled with a PC via
a USB channel. Signals were measured with a fiber optic
probe and saved on the computer. Scanning of sample sur-
faces was accomplished by a scanner, placed inside the optical
probe. This scanner’s adjustable scanning range along the x
and y axes was between 0 and 2.2 mm. The inner diameter of
the optical fiber tip was 6 �m, the diameter of the cladding
was 125�1 �m, and the outside diameter was
245 �m�5%. The size of the focus point was 8.4 �m, when
in the center of the probe’s focal range and with the magnifi-
cation of the optics set at 1.4. Both the diameter of the prob-
ing beam and the lateral scanning range increase proportion-
ally with the magnification rate of the output lens. The
numerical aperture of the optical fiber was in the range of 0.13
to 0.15. Figure 2�a� shows a schematic diagram of the setup
used in the OCT experiments, and Fig. 2�b� illustrates the
setup of the optical probe and sample. The optical probe was
aligned perpendicular to the sample surface, just above the
sample surface.

3.3.2 PA technique
A diode-pumped solid state Nd:YAG laser with a passive
Q-switched crystal �Model LCS-DTL-112QT� was used in the

CT, �b� PA technique, and �c� TOF technique.
s: �a� O
March/April 2008 � Vol. 13�2�3
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A measurements. This Nd:YAG-laser produced laser pulses
t 1064 and 532 nm, with an energy of 2 �J and 1 �J, re-
pectively. Its pulse repetition rate was 200 Hz, and its pulse
ength was 10 ns. A photoacoustic transducer, made of a
2-�m-thick polyvinylidene difluoride �PVDF� material, was
sed for pressure wave detection. The preamplifier had 40-dB
ain and a bandwidth of 3 MHz, while the three-stage invert-
ng main amplifier had a gain of 60 dB. To measure the sig-
als, the setup employed a Tektronix TDS 420A 4-channel
igital oscilloscope. All measurements were performed by im-
ersing the acoustic transducer into a liquid placed in a cu-

ette measuring 25 mm	25 mm �length and width, respec-
ively�. Figure 3 shows the experimental PA setup.

.3.3 TOF technique
nformation about the shapes of laser pulses was acquired by
sing a streak camera as detector. As the light source in pho-
on migration measurements, we used a GaAs diode laser
ith a wavelength of 906 nm, spectral width of 13 nm, and

ull width at half maximum �FWHM� of 30 ps. To obtain a
ood incoming pulse profile without a tail �FWHM=51 ps�
equired adjusting the laser’s temperature. The laser’s pulse
epetition rate was 1 kHz, and the energy of each pulse 1 nJ.
ll samples were measured through a 1-cm glass slab cuvette

with a glass thickness of 2.3 mm� such that the laser beam
as focused perpendicular to the cuvette wall. Transmitted

ight was then directed via a mirror and detected by a
AMAMATSU streak camera with a time resolution of 1 ps.

mages from the cathode ray tube were photographed by a
CD camera and saved on the computer �using the HPD-TA
AMAMATSU program�. Figure 4 shows a schematic dia-
ram of the setup used in the TOF studies.

ig. 2 �a� A schematic diagram of the setup used in the OCT experi-
ents, and �b� setup of optical probe and sample.

ig. 3 PA experimental setup: 1—laser unit, 2—laser resonator,
—focusing lens, 4—filter, 5—cuvette and sample, 6—acoustic trans-
ucer, 7—photoacoustic preamplifier, 8—main amplifier, 9—power
nit, and 10—oscilloscope.
ournal of Biomedical Optics 024005-
More detailed descriptions of the measurement setups used
in this study can be found elsewhere.18,44–47

3.4 Registered Signal Parameters
Changes in the samples’ scattering properties were detected
by registering the following signal parameters with different
techniques: OCT signal slope value, PA signal PP value as
well as the width �FWHM�, amplitude and arrival time of the
maximum of the photons’ TOF distribution. Figure 5 shows
how these parameters were determined. Figure 5�a� shows the
fitting of a line to the depth profile of an OCT signal, Fig. 5�b�
shows the determination of the PP value of a PA signal, and
Fig. 5�c� shows the registered pulse parameters in the TOF
technique.

4 Results
4.1 Effect of Intralipid
First, the capabilities of the three techniques were demon-
strated and compared by varying the Intralipid concentration
of test samples. Increasing Intralipid concentration induces
different changes in signals measured by the OCT, PA, and
TOF techniques. In the OCT technique, an increase in In-
tralipid concentration raises the signal’s slope value, whereas
in the PA technique, the PP value of the PA signal decreases
and its pulse maximum shifts to later times. In photon migra-
tion studies, changes can be observed in pulse amplitude,
pulse width, and the arrival time of the pulse maximum. Ad-
ditional parameters can also be determined to show changes
in the scattering and absorption of light.48,49

Raising Intralipid concentration from 1% to 2% resulted in
a 103.45% increase in the OCT slope value, a 14.40% de-
crease in the PP value of PA signals, a 64.69% decrease in
TOF pulse amplitude, a 27.7% increase in pulse width, and a
69.05% increase in pulse delay. Raising the Intralipid concen-
tration to 5% increased the OCT slope value by 390.89%,
increased the TOF pulse width by 102.7%, delayed the pulse
maximum by 207.14%, and decreased the pulse intensity by
91.78%.

It is assumed in the Intralipid experiments that increasing
concentration mainly affects the scattering properties of the
measured sample.20 The values presented earlier show that the
effect of changing Intralipid concentration is largest on the
slope value of the OCT signal and smallest on the PP value of

Fig. 4 Schematic diagram of the setup used in the TOF experiments:
1—picosecond laser module, 2—blanking unit, 3—fast speed sweep
unit, 4—streak camera, 5—digital camera, 6—PC, 7—camera con-
troller, 8—power supply unit, and 9—delay unit.
March/April 2008 � Vol. 13�2�4
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he PA signal. Values for the TOF measurements were ob-
ained without optical fibers. Although optical fibers have the
dvantage of simultaneously measuring back scattered pho-
ons at several distances from the emitting fiber,50 the mea-
urement results show that they greatly diminish the optical
ower delivered to the sample, thereby lowering the system’s
esolution and detection sensitivity.18

.2 Effect of Glucose
t the next stage, the effect of adding 1000 mg /dl glucose to
%, 2%, and 5% Intralipid suspensions was studied using the
hree techniques under consideration. Table 1, a modified ver-
ion of that given in Ref. 22, presents the main results of the
lucose and Intralipid experiments.

Contrary to earlier results producing a 4.4% change51 in
he slope value of the OCT signal in 5% Intralipid, the present
esults44 show a change of only 1.6%. According to Monte
arlo simulations, the effect of glucose on the OCT signal’s

lope value should be larger in 2% Intralipid than in 5%
ntralipid.51 This prediction is borne out by our experiments,44

nd the obtained value for 2% Intralipid �3.9%� was indeed
arger than that for 5% Intralipid �1.6%�.

As for PA measurements, glucose-induced changes of

ig. 5 Registered signal parameters with the different techniques: �a
mplitude, width, and time of arrival of the pulse maximum.
ournal of Biomedical Optics 024005-
2.74% and 5.49% were recorded in the PP values of PA sig-
nals in 1% Intralipid in different sets of experiments.45–47 Re-
sults of measurements on the effects of adding glucose to
water and to 1% and 2% Intralipid samples show that in-
creased glucose concentration raises the recorded PP value in
both media. In water, the effect of adding 5000 mg /dl of
glucose varied in the range of 6 to 14%, while the correspond-
ing range for 1% and 2% Intralipid was 6 to 9% and 6 to 14%,
respectively, in two different measurements on different days.
In agreement with Ref. 52, these results indicate that, in low-
scattering suspensions, the PA signal is not much affected by
glucose-induced changes in scattering. Thus, the paremeters
�, v, and CP, which are affected by glucose,29 form the basis
for detecting glucose-induced changes in low-concentration
Intralipid suspensions.

The results of photon migration studies indicate that the
addition of glucose has a larger effect on the transmitted
pulse’s amplitude than on its width and the maximum’s arrival
time.45,47 Detecting glucose-induced changes in 2% Intralipid
by the TOF technique using optical fibers suffered from poor
accuracy and resolution,18 produced partly by the low output
energy of the picosecond laser module.

signal slope value, �b� PA peak-to-peak value, and �c� TOF pulse
� OCT
March/April 2008 � Vol. 13�2�5
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Discussion
he results show that a change in Intralipid concentration has
much stronger effect on the slope value of OCT signals

+103.45% � than on the PP value of PA signals
−14.40% �. This can be explained by the fact that OCT relies
n detecting changes in the light scattering properties and
efractive index of Intralipid suspensions, whereas the PA
echnique is based on the absorption of photons that generate
ressure waves. A change in the scattering property of In-
ralipid produces a corresponding alteration in the energy den-
ity of the sound source and, consequently, the PP value of the
A signal.

In photon migration studies, photons are scattered and ab-
orbed in the sample through which they propagate. As their
aths constantly change over the whole sample depth, the
uvette’s length affects the strength of these scattering-
nduced changes. Multiple scattering photons are observable
s a broadening of the pulse. Both single scattering and mul-
iple scattering change the energy density of the PA sound
ource in weakly absorbing samples, but the effect of increas-
ng the Intralipid concentration from 1% to 2% is less notice-
ble in the PA signal than in the TOF signal. This effect is less
vident in the PA signal, due to the complicated energy con-
ersion process required to generate pressure waves.

Detected laser pulses in the TOF technique yield informa-
ion about the total path length of photons, be they ballistic,
nake, or diffuse photons. Typically, early arriving, i.e., bal-
istic and snake, photons are used in imaging. Interestingly,
he same photons are the most important in determining
hanges in the scattering properties of samples. OCT, on the
ther hand, provides information obtained from specific
epths within a sample. The TOF technique’s resolution is
educed by multiple scattering photons, but because OCT col-
ects backscattered photons that have not lost their coherent
roperties, the number of multiple scattering photons in OCT
ignals is much smaller.

Table 1 Comparison of glucose-induced chang
concentration of 1000 mg/dl.

Measured signal parameter


 �nm�

OCT, slope value 832

910

PA, peak-to-peak value 1064 5.5

2.7

TOF, pulse amplitude 906

TOF, pulse width 906

TOF, pulse arriving time 906
ournal of Biomedical Optics 024005-
The OCT, PA, and TOF techniques are different in origin.
As a result, they have different optimal application areas and
different components are used in these applications. Proper-
ties needed to sense glucose-induced changes in the scattering
properties of a sample are presented in Table 2, including
detection principle, power or energy of light source, possible
wavelengths, probing depth, and possibly determined optical
parameters. Data in the table were collected with experimen-
tal devices in the Optoelectronics and Measurement Tech-
niques Laboratory at the University of Oulu, Finland, as well
as from relevant literature.

Providing a comparison of the techniques is a demanding
task, because the OCT, PA, and TOF techniques involve dif-
ferent experimental geometries. In OCT experiments, the op-
tical probe must always be kept in the same position near the
sample surface to improve accuracy. In that way, the position
of the focus in the sample remains unchanged. The observed
glucose-induced changes in the OCT and PA signals are rela-
tively similar. Experiments with glucose in Intralipid phan-
toms show disparate results. In PA measurements, when the
transducer is immersed in the liquid, a change in the position
of the acoustic transducer relative to the incoming laser beam
as well as the detection distance has a clear effect and may
explain the disparate results for water and 1% and 2%
Intralipid.45–47 In 2% Intralipid, the variation in results ob-
tained with the TOF technique are caused by the use of optical
fibers, variations in the incoming laser pulses, and different
geometries of the cuvettes used.18,45,47 Also signal processing
and accuracy of sample preparation affect the results. Varia-
tions in the shape of the incoming laser pulse can be de-
creased by averaging. Another important consideration in-
volves stabilizing the setup during the measurements.

The measurement results demonstrate that the studied tech-
niques are capable of detecting glucose-induced changes in
the optical properties of a sample in a single measurement.
However, when the measurement geometry is changed, the

ignals measured from Intralipid with a glucose

Intralipid

2% 5%

4.4% �Ref. 51�

3.9% �Ref. 44� 1.6% �Ref. 44�

47� 4.7% �Ref. 47�

46�

5.8% �Ref. 18�

�30% �Ref. 47�

−1.3% �Ref. 18�

−12% �Ref. 47�

−1.1% �Ref. 18�

−25.6% �Ref. 47�
es in s

1%

% �Ref.

% �Ref.
March/April 2008 � Vol. 13�2�6
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esults may vary. Thus, future research should study the re-
eatability of the measurements in more detail.

The absorption capacity of Intralipid suspensions is as-
umed to equal that of water. Because absorption changes as a
unction of wavelength, the photoacoustic effect varies at dif-
erent wavelengths. Results in Ref. 45 show that PA systems
an be used to detect changes in scattering properties at
064 nm, but not at 532 nm. This is due to the different ab-
orption properties of water at these wavelengths.54,55 Also the
cattering coefficient of Intralipid changes as a function of
avelength.40 Thus, the effect of glucose on the measured

ignals will be different with different techniques at different
avelengths.

The devices used in our experiments had different light
ources. The picosecond laser module used in the TOF experi-
ents had a pulse energy of 1 nJ, resulting in a low glucose-

etection sensitivity. In addition, its long pulse duration
�30 ps� prevented us from observing glucose-induced
hanges in pulse profiles with low glucose concentrations,
articularly when using fiber-optic probes.18 A pulsed laser
ith a pulse duration in the femtosecond range might offer
etter sensitivity to evaluating the effect of glucose. Also the
d:YAG laser used in the PA measurements had a fairly low

nergy output. Due to the conversion of optical energy to
coustic energy, the energy used with the 10-ns laser pulses
as insufficient for detecting changes in the PA pulse profiles

t low glucose concentrations. Moreover, the achieved accu-
acy in the detection of pressure waves was not high enough
nd has to be improved. However, the OCT device has a
ufficiently high energy output to enable the detection of
cattering-induced changes almost to the depth of 1 mm, but
he position of the light beam’s focus area greatly affects the
egistered profiles.

Problems were confronted in the OCT experiments when
ocusing the beam into the sample. It was not possible to
xactly determine the place of the focus under the surface. We
ttempted to minimize the effect of the focus plane’s curva-

Table 2 Properties of the techniques use

ompared property OCT

orking principle Interferometer Pressu

ight source SLD, pulsed laser with
femtosecond-range

pulse duration

Pu
na

p

ptical mean power of the
ight sources or energy of
he laser pulse

0.5–1 mW 2 �J �Ref.

sed wavelength 830, 910, 1300 nm 5

etector Photodetector Photo
or

robing depth 1–2 mm Severa

eterminated parameters �s, geff, �rms, n

easurement time with
veraging

Tens of seconds
ournal of Biomedical Optics 024005-
ture on the results by selecting a narrower lateral scanning
range for the optical beam.

Conditions in most in vivo measurements necessitate con-
ducting the measurements on the same side of the measured
object as the incident light source. This requires specialized
sensor design, particularly as the probes cannot be immersed
in the sample. Our comparison of the techniques is based on
in vitro measurements involving Intralipid suspensions. When
aiming toward noninvasive glucose monitoring, biological
materials and in vivo measurements would be very important.
Fortunately, the effect of glucose has been found to be larger
in such conditions with both the OCT and the PA
techniques.44,46

The experiments described in this paper are based on the
assumption that changes in Intralipid concentration and in-
creases in glucose concentration mainly affect scattering. In-
creasing glucose concentration increases the refractive index
of the medium and, hence, manifests itself as a scattering
change. This basis is not sufficient for the determination of
specific glucose concentrations, because many other bodily
substances may also change the refractive index mismatch. In
the future, more specific methods for detecting glucose should
be investigated. These could include the concurrent use of
different techniques as well as searching for specific spectral
features of each studied technique.

6 Conclusions
OCT shows the largest change in the registered slope value of
the recorded signals as a function of increasing Intralipid con-
centration, whereas changes in laser pulse properties mea-
sured with the TOF technique are less pronounced. In con-
trast, the PA technique shows the smallest signal change when
measuring 1% and 2% Intralipid suspensions, indicating that
the method lends itself to measuring strongly absorbing tar-
gets. In weakly absorbing turbid suspensions, the range of
changes induced by the addition of glucose is the same for the

ting glucose detection sensitivity.

Photon migration with TOF

e generation Detection of short laser pulses

ser with
nd-range
uration

Pulsed laser with pico-/femtosecond-range
pulse duration

00 mJ �Ref. 30� 1 nJ �Ref. 18�–38 mJ �Ref. 53�

64 nm 906 nm

c transducer
detector

Streak camera

f millimeters Several tens of millmeters

eff, �s� �s, �a

inutes Tens of minutes �photon
counting�
d affec

PA

re wav

lsed la
noseco
ulse d

46�–2
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optical
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CT slope value, PA PP value, and transmitted pulse ampli-
ude of the photons’ TOF distribution. However, the detection
rinciple of OCT, which enables acquiring information from
pecific depths, makes it superior to the TOF method. More-
ver, unlike the PA technique with a piezoelectric transducer,
CT does not require direct contact with the investigated

ample in phantom measurements. It needs to be emphasized
hat the Grüneisen parameter is affected by glucose and con-
ributes to the glucose-induced change in the PA signal. Thus,
ince only a minor part of the changes in the PA signal may be
aused by changes in scattering, the PA technique differs in
rinciple from the presented glucose-sensing techniques based
n optical scattering. Our photon migration studies demon-
trate that the long measurement time and small output energy
f the picosecond laser module restrict the TOF technique’s
pplicability to detect glucose-induced changes in the scatter-
ng properties of Intralipids. Noninvasive glucose monitoring
ould benefit from the simultaneous use of different tech-
iques to measure the effect of glucose.
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