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A B S T R A C T

Quantitative photoacoustic imaging in biomedicine relies on accurate measurements of relevant

material properties of target absorbers. Here, we present a method for simultaneous measurements of

the absorption coefficient and Grüneisen parameter of small volume of liquid scattering and absorbing

media using a coupled-integrating sphere system which we refer to as quantitative photoacoustic integrating

sphere (QPAIS) platform. The derived equations do not require absolute magnitudes of optical energy and

pressure values, only calibration of the setup using aqueous ink dilutions is necessary. As a demonstration,

measurements with blood samples from various human donors are done at room and body temperatures

using an incubator. Measured absorption coefficient values are consistent with known oxygen saturation

dependence of blood absorption at 750 nm, whereas measured Grüneisen parameter values indicate

variability among five different donors. An increasing Grüneisen parameter value with both hematocrit and

temperature is observed. These observations are consistent with those reported in literature.

� 2017 University of Twente. Published by Elsevier GmbH. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Quantitative photoacoustic imaging (QPAI) in biomedicine aims
at determining target chromophore concentrations such as
endogenous hemoglobin in human blood or exogenous contrast
agent levels [1]. Accurate measurement of concentrations can be
obtained from the absorption coefficient ma of absorbers of known
molar extinction coefficients. In PA images, ma can be accurately
measured if the Grüneisen parameter G of the target chromo-
phores is known [1]. Current photoacoustic imaging techniques
estimate the initial pressure distribution so which is a product of
these factors and the fluence distribution F: so = GmaF [1]. Accu-
rate measurement of each factor can give a good estimation of so

which can lead to contrast on photoacoustic images which has a
quantitative interpretation. Reconstruction algorithms usually
assume a constant G for all target absorbers wherein measurement
of so mainly indicates the absorbed optical energy density
maF. However, different materials have different G values since
G is also directly related to the material’s thermodynamic
properties such as thermal expansion coefficient b, specific heat
Cp, and speed of sound vs, as it is defined as G �bv2

s =Cp [2,3]. For
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example, in biological tissues, G varies from around 0.14 for blood
[4] to 0.80 for fat [5]. Several publications have reported different
techniques to measure G of biological chromophores [4–6]. How-
ever, the experimental setups require absolute detection sensitivity
measurements of the optical and acoustic signals and involve
stringent alignment between the incident light and target absorber
and acoustic detector which may not be very convenient for
measuring with liquid samples. In this paper, we present a method
for simultaneously measuring ma and G of small volumes of absorbing
and scattering liquids injected in a soft transparent tube mounted
through two integrating spheres [7]. With integrating spheres as
platform, uniform illumination on the target absorber is achieved.
Measuring ma of absorbing samples in a tube inside an integrating
sphere is possible even in the presence of scattering. This method of
determining ma is combined with the technique for measuring G of
target absorbers in photoacoustic setup. The coupled integrating
sphere system is referred to as the quantitative photoacoustic
integrating sphere (QPAIS). An equation for measuring ma using the
integrating sphere is derived. Details of the experimental setup and
procedures are enumerated. Absolute magnitudes of optical energy
and pressure are not necessary for determining ma and G; instead an
in situ calibration of the system is done prior to measurement with
samples of interest. The use of the system is demonstrated with
measurements on human blood samples. Measurements are done at
room and body temperatures using an incubator.
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2. Methodology

2.1. Double integrating sphere method and experimental setup

The method for measuring G of absorbing liquids using an
integrating sphere was already published [8] and was also
implemented and briefly described in this paper. The main
modifications were as follows: (1) the central frequency of the
transducer used for photoacoustic detection was 5 MHz, (2) a soft
transparent polyethylene tube with inner diameter = 0.58 mm and
outer diameter = 0.96 mm was used and (3) another similar
integrating sphere with the same physical properties was
connected to the one used for photoacoustic measurements so
that the absorption coefficient of the absorbing liquid inside the
tube could be simultaneously measured using spectrophotometry.

Fig. 1 shows a schematic top view illustration of the coupled
integrating sphere setups. For clarity, only the optical sources and
detectors are shown. The transducer (Olympus Panametrics NDT
V309 5MHZ/0.5 in. 878182), positioned along the z-axis, the
amplifier (Panametrics NDT Ultrasonic Preamp 5678) and oscillo-
scope (200 MHz, 2 GS/s, Tektronix TDS 2022C/24C) used for
photoacoustic detection are not shown on the illustration. Details
on photoacoustic measurements are given in [8].

A soft polyethylene tube (Portex, Smiths Medical International,
Ltd., UK) with inner diameter of 0.58 mm was inserted through
small holes on each integrating sphere (Thorlabs IS200) such that
the tube was positioned horizontally inside both spheres. The
vertical height of the tube was about 4 mm above each sphere
center which ensured that light was directly incident on the sphere
wall, avoiding direct illumination of the sample.

Absorption measurement was done using an air-filled integrat-
ing sphere 1. A halogen lamp (Avantes AvaLight-Hal) light source
was fiber-coupled to this integrating sphere while a spectrometer
(Avantes AvaSpec 2048) connected to another port on this sphere
using a similar fiber optic was used to monitor the variation on the
optical output signal.

Photoacoustic measurement of G was done using integrating
sphere 2 which was filled with water for acoustic matching with
the transducer. A pulsed laser source (OpoletteTM 532I) with
wavelength of 750 nm, pulse length 7 ns and a pulse repetition
frequency of 20 Hz was connected to this second sphere using an
optical fiber (Newport, 0.22 NA, core diameter of 1 mm).
Photodetectors (Thorlabs DET10A/M-Si detector) were used to
monitor the relative input and output light energy. The uniform
illumination on the tube was not affected by the introduction of[(Fig._1)TD$FIG]
Fig. 1. Top-view schematic diagram of the double integrating sphere setup for

measuring absorption coefficient ma and Grüneisen parameter G. The tube is

positioned approximately 4 mm above the center plane where the optical ports are

located.
water inside the sphere cavity since the sphere wall coating
(spectralon material) maintains its high reflectance property even
in the presence of water. Moreover, the tube was inserted in a very
small hole (with diameter same as the outer diameter of the tube)
through the appropriate port plugs such that water did not leak out
of the sphere.

For body temperature measurements, the two-integrating
sphere setup was placed inside an incubator where ambient
temperature adjustments and measurements were possible. A
built-in blower warmed the air while a thermal sensor controlled
the temperature inside the incubator. It took approximately
10 min to increase from room temperature 22 8C to body
temperature of 37 8C. The reservoirs with the medium of interest
were also placed inside the incubator so that they were in thermal
equilibrium with the entire system during optical and photo-
acoustic measurements. Another thermal probe (National Instru-
ments NI USB-TC01) was used to monitor and record the
temperature measurements. Immediately before absorption and
photoacoustic measurements, the air temperature within the
incubator, water temperature inside the integrating sphere and
temperature of the samples were measured to ensure that they
were all in thermal equilibrium. The temperature was monitored
throughout the experiments, with the thermal probe positioned
close to the tube that goes into integrating sphere 2.

2.2. Preparation of human blood samples

Blood samples from healthy donors were obtained from the
Experimental Center for Technical Medicine (ECTM) of the
University of Twente (UT), which implements proper ethics and
approved procedure in utilizing humans and human tissues in
research. Blood was directly drawn into vacuum sealed tubes with
anticoagulant (either EDTA or heparin) for temporary storage.
Immediately before absorption and photoacoustic measurements,
blood from each vacuum-sealed tube was pipetted into Eppendorf
tubes to obtain three samples from the same donor, each about
1 ml in volume. This step ensured that the oxygen saturation of the
hemoglobin in the blood would not abruptly change when blood
was injected into the tube in the integrating sphere setup.

Several fresh human blood samples were collected on various
days. Measurements were done to investigate the measurable
values of ma and G for blood samples (1) drawn from the same
donor on various days with new setup calibration (2) drawn from
three different donors on the same day with same setup calibration
and (3) drawn from various donors on various days with new setup
calibration. Absorption and photoacoustic measurements were
done within one to two hours after the blood sample was drawn
from the donor. Measurements on the same day were done to
indicate using the same set of calibration constants for measuring
ma and G of blood samples from various donors. On the other hand,
measurements on various days implied investigation on the
measurable values using new calibration measurements of the
system since calibration was always done immediately prior to
measurements with the samples of interest.

For hematocrit dependence investigation, whole blood samples
inside the vacuum sealed tube were placed in a centrifuge for
about 10 min at 2000 rpm until all RBC settled into the bottom of
the tube. Plasma and RBC were separated and were pipetted into
Eppendorf tubes to obtain about three samples from the same
donor, each about 1 ml in volume. Mixtures of red blood cells (RBC)
and plasma in varying RBC concentrations (for example, 30 vol%
RBC to have hematocrit of approximately 30%) were prepared.
Actual hematocrit values were determined by measuring the
relative height of the RBC column in capillary tubes.

In order to have absorbing plasma samples at the 750 nm
wavelength, small amount of indocyanine green dye solutions (less
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than 10 vol%) were added to plasma samples prior to pipetting into
Eppendorf tubes to obtain three 1 ml samples from the same
donor, which corresponds to bloods samples with zero hematocrit.

2.3. ma measurement

Each absorbing sample of interest was injected into the tube
until it flowed out the other end to ensure that the same sample
was mounted in both integrating spheres. Simultaneous detection
of the optical and photoacoustic signals were done in a similar
manner as in the calibration measurement.

The absorption coefficient ma of the absorbing blood sample
inside the tube mounted in the integrating sphere 1 was derived
using simple energy balance within the sphere. The incident light
energy Ein was distributed over and was absorbed by the various
parts within the sphere, such that Ew, Ea and Eout are the
magnitudes of the absorbed energy by the sphere wall, absorber
tube and output port, respectively. From simple energy balance
considerations, an equation could be written as follows

Ein ¼ Ew þ Ea þ Eout (1)

Eq. (1) could also be written in terms of the uniform fluence F
within the sphere

Ein ¼ cwfþ cafþ cof (2)

cw, ca and co depend on the materials used. For the case of a weakly
absorbing sample inside the tube (relatively low absorption
coefficient which is less than 2 mm�1), ca = ma V, such that
absorption was uniform over the entire physical volume V. Using
Eout = coF, Eq. (2) becomes

Ein ¼ cw
Eout

co
þmaV

Eout

co
þ Eout (3)

Eq. (3) simplifies to

Ein

Eout
¼ aþ bma (4)

where a ¼ ðcw=coÞ þ 1 and b = V/co

Moreover, Ein could be determined using Eout if there is no
absorbing sample inside the tube since Ein = cinEout,no absorber. Also,
Eout ¼ coutE

0
out where cout is a constant that takes into account

experimental factors such as sensitivity of detection and conver-
sion from absolute value to arbitrary units, for example Joules to
Counts, as well as the attenuation due to fiber coupling. Thus,
Eq. (4) could be written as

E0in
E0out

¼ Aþ Bma (5)

where E0in ¼ E0out;no absorber, the measured output signal when there
is no absorber inside the tube, and A and B are constants which
could be measured experimentally via a calibration procedure as
described above. Rearranging Eq. (5) gives

ma ¼
ðE0in=E0outÞ�A

B
(6)

2.4. G measurement

The corresponding Grüneisen parameter G was measured using
the following equation [8]

G ¼ Vppðc þmaVÞ
E0in;PAkma

(7)

Here, Vpp was the voltage-peak-to-peak amplitude of the
detected photoacoustic signal generated by the absorbing blood
sample with ma and volume V. ma was determined via simulta-
neous spectrophotometry using integrating sphere 1 as described
above, whereas V = 0.0134 cm3, the physical volume of the tube. c

and k are the instrument constants determined via the calibration
method described in reference [8]. E0in;PA is the relative energy of
the incident pulse measured by the photodetector. A detailed
derivation of Eq. (7) is given in Ref. [8].

2.5. Calibration measurement

A calibration procedure was done to determine the instrument
constants. Aqueous ink dilutions were used as absorbers with
known ma values as measured by the standard transmission
spectrophotometry technique (Shimadzu UV-VIS). Black Ecoline
ink (Royal Talens Ecoline 700 8265) was diluted with deionized
and demineralized water in order to make at least five concentra-
tions with ma values ranging from about 0.2 to 2 mm�1. Each ink
dilution was injected into the tube until it flowed out the other end
to ensure that the same absorbing sample was mounted in both
integrating spheres. Simultaneous measurements of the optical
output and photoacoustic signals were done by synchronizing data
collection via computer interface using AvaSpec and LabVIEW
software. The AvaSpec software recorded the amount of light
reaching the output port of the sphere which was fiber-coupled to
the spectrometer that scans a spectrum between 400 nm and
900 nm wavelengths. With the assumption that only the
introduction of the absorbing ink was changed in the integrating
sphere system, the relative input light energy E0in;abs was taken as
the detected output signal with only water (no absorbing ink)
inside the tube whereas the relative output light energy E0out;abs was
equivalent to the signal with the absorbing ink inside the tube.
Absorption other than that due to ink absorption was assumed to
be the same in all measurements and can be cancelled out in the
calculation for ma of the absorber in the tube. The necessary
constants for measuring ma of samples were obtained from a plot of
E0in;abs=E0out;abs ratio versus ma values. On the other hand, the
LabVIEW program recorded the temporal photodetector and
transducer photoacoustic signals. The area under the curve of
the photodetector signal was taken as the relative input energy
E0in;PA, whereas the voltage-peak-to-peak Vpp of the photoacoustic
signal was proportional to the initially generated pressure
amplitude. To obtain the necessary instrument constants for
determining G, the measured Vpp=E0in;PA ratio was plotted against
corresponding ma values of ink dilutions. The measured ma values
of the aqueous ink absorbers were used in E0in=E0out versus ma and
Vpp=E0in;PA versus ma calibration plots as shown in Figs. 2 and 3.

3. Results

Examples of detected photoacoustic signals with ink absorbers
and human blood samples are shown in Fig. 2. As can be seen in
Fig. 2a, the Vpp amplitude of the signal increases with ma of the
aqueous ink calibration samples. The corresponding Vpp=E0in;PA

versus ma plot is given in Fig. 3b. From this plot, the calibration
constants are k = 1.17 m3 s�1 and c = 3.55 � 10�5 m2. Simulta-
neous with detecting photoacoustic signals, the spectrum of the
optical output signal from the second sphere is also measured and
the corresponding E0in=E0out ratio for increasing ma is given in Fig. 3a.
A linear fit on this plot gives A = 1.02 and B = 0.21 mm�1.
Immediately after obtaining the calibration data, photoacoustic
measurements with blood samples inside the tube are done for
several times. Example of the detected signals from whole blood
samples is given in Fig. 2b. Each plot corresponds to the average of
five measurements averaged from 128 pulses. As a reference, the
detected signal with water inside the tube is also given in Fig. 2b
The corresponding E0in=E0out for blood sample, together with the
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Fig. 3. Example of calibration plots for determining the constants (a) A = 1.02 and B = 0.21 mm�1 (R2 = 0.99) used for calculating ma and (b) k = 1.17 m3 s�1 and

c = 3.55 � 10�5 m2 (R2 = 0.98) for measuring G.

[(Fig._2)TD$FIG]

Fig. 2. Example of detected photoacoustic signals with (a) aqueous ink dilutions of known ma and (b) human whole blood sample inside the tube (measured three times).

Measurement with water (black line) is shown for reference.
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calibration constants A and B are used in Eq. (7) to determine the
ma,blood of the blood sample. This measured ma,blood, together with
the constants k and c, V = 0.0134 cm3 and corresponding Vpp=E0in;PA

are substituted into Eq. (1) to compute Gblood.

3.1. Measurements with fresh blood samples from the same donor

with corresponding setup calibration on various days

Absorption and photoacoustic measurements with fresh blood
samples from the same donor are done at various days, using a new
calibration of the setup each day. Simultaneous with absorption
and photoacoustic measurements, oxygen saturation (SO2) values
of each blood sample are measured using an oximeter (Avoxi-
meter). The values given in Table 1 indicate that measurable values
of ma,blood of fresh blood samples from the same donor can change
at various days which mainly depend on the oxygen saturation
(S02) levels. For the highest measured S02 = 93%,
ma,blood = 0.431 � 0.009 mm�1, whereas for the S02 = 46%,
ma,blood = 0.807 � 0.010 mm�1, which is consistent with the generally
reported value at 750 nm [9]. On the other hand, the measured Gblood

ranges from 0.16 to 0.18 with an average value of
Gblood = 0.166 � 0.008. The standard deviation is only 5% of the
average value which indicates that the measureable G value for blood
samples from the same donor is repeatable. Moreover, the measured
Table 1
Measured values of absorption coefficient ma and Grüneisen parameter G for each of

the blood samples from the same donor. The absorption and photoacoustic

measurements are done on different days and correspondingly with different

calibration of the setup. The average G value from these three independent

measurements is Gblood = 0.166� 0.008.

Measurement ma, mm�1 (mean� SD) G (mean� SD)

1 0.811� 0.093 0.169�0.008

2 0.431� 0.009 0.157�0.003

3 0.807� 0.010 0.176�0.002
value of 0.166 for this human blood sample is only 4% different from
the reported value of bovine blood [5].

3.2. Measurements with fresh blood samples from different donors

with one setup calibration

Table 2 shows a summary of the measured ma,blood and Gblood

from three different donors (labeled A, B, C) using one set of
calibration plots. Three measurements with the same whole blood
sample from the same donor are done which gives the standard
deviation values. The corresponding hematocrit for each whole
blood sample is measured and is also given in Table 2. Measured
SO2 value ranges from 46% to 84%. The low SO2 level indicates that
the blood sample is indeed vacuum-sealed and minimally exposed
to air from the time it is drawn from the healthy human donor until
it is placed into the oximeter. Moreover, the measured ma,blood

varies with the measured SO2 values. In particular, as the SO2

increases, the measured ma,blood decreases which is consistent with
the reported behavior of ma at 750 nm wavelength [9].

In further investigating the dependence of Gblood on hematocrit,
Fig. 4 shows a plot of the measured Gblood versus hematocrit. For
zero hematocrit, measured Ghct=0 = 0.120 � 0.002 which is within
10% different from the reported value for bovine serum [5]. As shown
in Fig. 4, the measured value of G increased to 0.196 � 0.010 for 100%
hematocrit, or the case when there are only erythrocytes inside the
tube. The general trend is increasing G for increasing hematocrit,
except for between 47 and 60 which shows a slight decrease in
G. Moreover, measurements are done with only the red blood cells
(RBC) of the samples drawn from the same donors A, B and C. Table 3
shows the measured values of ma,RBC and GRBC which are relatively
higher than those given in Table 2. The relatively higher values of
ma,RBC can be attributed to the absence of plasma which is mostly
(about 90%) water and has relatively low absorption at 750 nm
wavelength whereas the higher GRBC values can be due to the



Table 2
Measured values of oxygen saturation (SO2), hematocrit (hct), absorption coefficient ma and Grüneisen parameter G for each of the blood samples from donors A, B and C.

Samples SO2, % (mean� SD) Hematocrit, % (mean� SD) ma, mm�1 (mean� SD) G (mean� SD)

A 63�4 49�2 0.694�0.026 0.177�0.005

B 84�4 46�1 0.580�0.016 0.166�0.006

C 46�3 47�1 0.807�0.010 0.173�0.002

[(Fig._4)TD$FIG]

Fig. 4. Measured Grüneisen parameter G versus blood hematocrit.

Table 3
Measured values of absorption coefficient ma and Grüneisen parameter G for

samples with 100% hematocrit (containing only red blood cells) from each of the

blood samples from donors A, B and C. Three simultaneous absorption and

photoacoustic measurements are done for each sample to obtain the standard

deviation (SD).

Samples ma, mm�1 (mean� SD) G (mean� SD)

A 0.949�0.022 0.189� 0.006

B 0.818�0.015 0.207� 0.019

C 0.906� 0.011 0.192� 0.009

Table 5
ma and G values of blood samples from one donor measured at room (22 8C) and

body (37 8C) temperatures.

�1
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modified thermophysical properties of an ensemble of RBC compared
to that of whole blood. For example, the thermal expansion coefficient
(b) of RBC is relatively higher than that of whole blood, which is
directly proportional to G.

3.3. Measurements with fresh blood samples from various donors

with corresponding setup calibration on various days

The results of the measurements from various donors done on
various days are summarized in Table 4. The range of values of
measured G for fresh human blood samples from five donors varies
from 0.141 to 0.177, with a mean value of 0.162 and standard
deviation (SD) of 0.016 which is 10% of the mean. It should also be
noted that the lowest measured value is within 20% different from
the highest measured value, which can indicate a person-to-person
variability in G that may be attributed to variations in hematocrit
and blood composition and condition.
Table 4
Measured values of the Grüneisen parameter

G for blood samples from five different

donors (donors D1–D5). Three simultaneous

absorption and photoacoustic measurements

are done for each sample to obtain the

standard deviation (SD).

Samples G (mean�SD)

D1 0.177� 0.005

D2 0.152� 0.020

D3 0.166� 0.008

D4 0.176� 0.007

D5 0.141� 0.003
3.4. Comparison between measurements at room and at body

temperatures

Table 5 shows ma and G values of blood samples measured at
room (22 8C) and body (37 8C) temperatures. Optical absorption of
the samples does not change with temperature. On the other hand,
photoacoustic efficiency G increased with temperature. For this set
of measurements, G increased by about 70%, from 0.150 � 0.011 at
22 8C to 0.245 � 0.006 at 37 8C. Measurements at 37 8C are done five
times. Table 6 shows a summary of measured values for blood
samples from five different donors. As noted above, the values of
measured ma change due to the inherent oxygenation level of the
blood samples. On the other hand, the average G = 0.226 � 0.015 at
37 8C has 7% standard deviation which indicates that the measured G
at body temperature also varies minimally relative to mean value,
although the lowest measured value of 0.208 is approximately 18%
different from the highest measured value of 0.245 which is similar to
the difference observed at 22 8C. Comparing the average G measured
at 37 8C with the one measured at 22 8C, measured G increased by
about 40% with increased temperature. The increased value of
measured G can be mainly attributed to the combined increase in the
relevant thermal expansion properties of the different components of
blood, such as red blood cells and plasma which is mostly water
which increases with temperature [3,10]. Furthermore, it is recently
reported that the photoacoustic signal from blood samples with
varying hematocrit increases with temperature which gives an
indication on the temperature dependence of G [11].

4. Discussion

Prior to performing measurements with blood samples, the
influence of light scattering to measureable values of absorption
coefficients and Grüneisen parameter of aqueous ink solutions
with intralipid was investigated as presented in our paper
[12]. Results show that the range of values that can be accurately
measured using our integrating sphere method are ma < 1.5 mm�1

and m0s <3 mm�1, which are within the range of reported values
for most biological fluids including blood, at infrared wavelengths.
Photoacoustic measurements with these absorbing aqueous ink
samples (with and without the intralipid) give values of the
Grüneisen parameter close to that of water, as expected since the
Temperature ( 8C) ma (mm ) G

22 0.501�0.028 0.150�0.011

37 0.493�0.034 0.245� 0.006

Table 6
ma and G values of blood samples from five different donors measured at body

temperature of 37 8C.

Sample number ma (mm�1) G

1 0.493� 0.034 0.245� 0.006

2 0.738� 0.003 0.216� 0.005

3 0.497� 0.012 0.208�0.007

4 0.908� 0.032 0.226� 0.005

5 0.905� 0.012 0.240�0.005
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samples are composed mostly of water. It should be noted that the
absorption coefficient can also be measured from the temporal
profile of the photoacoustic signal using backward mode detection
[13,14]. This photoacoustic measurement of the optical absorption
is also investigated for turbid medium using Monte Carlo
simulations [15]. In this research, it has been shown that the
diameter of the incident laser beam can be chosen such that the
absorbed optical energy, which is proportional to the photo-
acoustic amplitude, is linearly dependent on the absorption
coefficient, independent of the scattering coefficient. In our
integrating sphere method, the incident light is homogeneously
distributed on the absorbing target independent of the beam
diameter for ma < 1.5 mm�1 and m0s <3 mm�1.

Absorption and photoacoustic measurements were done on
fresh blood samples from healthy human donors. No further
analyses on the samples were done to check for similarities and
differences in their physiological conditions. Therefore, different
measurement scenarios were designed and implemented to
investigate the influence of variations in either the blood samples
or the experimental setup. Performing measurements on various
days (not necessarily at regular intervals) were aimed at investigating
on the measurable values of G with various fresh blood samples using
the integrating sphere setup with new calibration measurement for
every sample. This was to investigate the stability of the method and
setup and how any perturbation on the system, such as changing the
absorbing sample or doing new instrument calibration, could affect
the measurable values. Results indicated that the measured ma

changes with blood oxygenation and the measured G of blood
samples from a particular donor was the same for three independent
measurements with a relative error of only 5%.

To investigate further, measurements with more fresh blood
samples from various human donors aspirated on different days
were performed. Results indicated that the values of measured G
vary among five different donors with a maximum difference of up
to 20%, which is twice the measured experimental error obtained
with calibration of the system, as described in [8]. This observation
suggested that the G of human blood may vary from person to
person which depends on physiological factors. Unfortunately, no
further analysis on the composition and condition of the obtained
blood samples was done. One possible reason for the difference
could be the variations in the hematocrit of the samples. However,
based on the results of hematocrit dependence measurements
shown in Fig. 4, the G values of 0.14 and 0.17 would correspond to
hematocrits of 20 and 60, respectively, which are beyond the
normal range for healthy whole blood. Another possible source for
the variation in measured G could be the variation in the sample
temperature. From the measured average values, an increase from
0.16 at 22 8C to 0.22 at 37 8C implies that 0.004 increase in G per
degree increase in temperature. This would give a temperature
fluctuation of 10 degrees between G = 0.14 and 0.17, which is very
unlikely since the measured ambient temperature during the entire
experiment varies within one degree only. Therefore, variations in
hematocrit and temperature, although they may have a small effect,
were not the main reason for the observed variation in G of blood
from various human donors. More measurements can be done to
explore on the variability of G from person-to-person and to further
investigate the relevant physiological factors affecting this.

Results shown in Fig. 4 indicated that the measured value of G
generally increases with blood hematocrit. Blood sample with zero
hematocrit corresponds to sample which contains blood plasma
and that with 100% hematocrit corresponds to sample which
contains only red blood cells. The difference in the values of G for
these two samples (with zero and 100% hematocrit) could be
mainly attributed to the difference in the composition (with
different thermophysical properties). For the samples with
hematocrit between zero and 100%, the combination of plasma
and red blood cells may have different thermophysical properties
which give a different effective G values, more red blood cells may
indicate higher G. It has also been reported (as described in Ref.
[16]) that scattering effects could result to higher value of
calculated G.

The observed variation in G with hematocrit and temperature
could have consequences for in vivo photoacoustic imaging of
microcirculation of blood. Smaller blood vessels tend to have lower
hematocrit, the so-called Fahraeus effect, which lowers the
effective blood viscosity in the smaller vessels of the microcircu-
lation, especially in neonates [17,18].

The dependence of G on blood hematocrit and temperature
could form a complication for quantitative photoacoustic imaging,
with the aim to determine true absorption coefficients. For
example, based on the obtained results, a change in hematocrit
values from 50% to 20%, which is found in the microcirculation
when comparing blood in large microcirculatory vessels with small
vessels, could decrease the Grüneisen parameter by approximately
20%. Furthermore, a five-degree variation of temperature within
the body could induce at least 10% variations of the Grüneisen
parameter. Such a five-degree temperature difference may exist
between the body core and the skin, for instance. Hence, natural
variations in local temperature or hematocrit may cause a
significant variation in the Grüneisen parameter. Since the
photoacoustic stress so is related to G, ma and optical fluence F
as so = Gma F, these natural variations in the value of G could
introduce an extra uncertainty into the problem of quantifying ma,
on top of the uncertainty in fluence F.

It should also be noted that in our measurements with aqueous
ink and blood samples, the difference in acoustic impedance
between calibration medium and blood medium was not explicitly
considered in the calculations. The polyethylene tube used to
mount the sample inside the integrating sphere system was chosen
because it has acoustic impedance similar to that of soft biological
tissues. Even though the acoustic impedance is not considered in
the calculations, the G values we obtained are in quite good
agreement with that for bovine blood reported in related literature.
Moreover, the observations for varying hematocrit and temperature
are not affected by a potential difference of acoustic impedance
between blood and the calibration medium. Also the variations of G
between subjects, or between days, are not affected by this.

5. Conclusion

A method and system for determining the absorption coeffi-
cient ma and Grüneisen parameter G liquid absorbing and
scattering samples were designed and implemented using coupled
integrating spheres. One sphere was used as a platform for doing
absorption measurements and another sphere for photoacoustic
measurements with the sample inside a tube mounted simulta-
neously through both spheres. Using the measured relative optical
output ratios, a linear equation for determining ma was derived
based on simple energy balance within the sphere. This measured
ma was used in calculating for G of the sample. The application of
the developed platform referred as quantitative photoacoustic
integrating sphere (QPAIS) was demonstrated by measuring ma

and G of human blood. At room temperature measurements, for a
particular donor, the measured ma of blood ranged from
0.807 mm�1 to 0.431 mm�1 with S02 values of 46% and 93%,
respectively and corresponding measured G = 0.166 � 0.008 was
repeatable for three independent measurements with new setup
calibration at various days. This value is in good agreement with the
values obtained for bovine blood [5]. More measurements with fresh
blood samples from various donors indicated a decreasing ma value
for increasing blood oxygenation levels which is consistent with that
reported in [9]. There was an observed variation in the measured G of
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blood samples from five human donors, with approximately 20%
difference between lowest value 0.141 and highest value 0.177, each
within 15% difference from the mean. Measurements with varying
blood hematocrit indicated that G increases with blood hematocrit.
However, the variation in whole blood hematocrit was too small to
cause the observed 20% variation in G. The blood samples obtained
were assumed to be from healthy donors. The actual physiological
state of the blood samples and its effect on the measurable G could be
further investigated. Moreover, measurements at body temperature
of 37 8C gave an average G = 0.226 � 0.015 which is about 40%
different from the measured value at 22 8C. This observation of
increasing G value with increasing temperature was consistent with
results in Ref. [11].

The shown dependence of Grüneisen parameter on blood
hematocrit and temperature could form an extra complication for
quantitative photoacoustics, because of the natural variations of
hematocrit found in the microcirculation, and temperature
differences between the body core and the skin.

The method presented here could be used for measuring with
other weakly absorbing liquid samples which are relevant to
biomedicine, particularly the target absorbers in photoacoustic
imaging. It should be noted that the demonstration of the method
was presented here using only one wavelength. In principle, QPAIS
could be used with a range of wavelengths such that further
quantitative investigations could be done. Additionally, the
required incident energy per pulse was relatively low such that
the laser source could be changed to a portable laser diode with
reasonably short pulse duration. A light source with less energy per
pulse (approximately <3 mJ per pulse) could be used, instead of
the high energy sources used for photoacoustic imaging.
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