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ABSTRACT

Photoacoustic imaging can provide high resolution images of tissue structure, pathology and function. As
these images can be obtained at multiple wavelengths, quantitatively accurate, spatially resolved, estimates
for chromophore concentration, for example, may be obtainable. Such a capability would find a wide range
of clinical and pre-clinical applications. However, despite a growing body of theoretical papers on how this
might be achieved, there is a noticeable lack of studies providing validated evidence that it can be achieved
experimentally, either in vitro or in vivo. Well-defined, versatile and stable phantom materials are essential to
assess the accuracy, robustness and applicability of multispectral Quantitative Photoacoustic Imaging (qPAI)
algorithms in experimental scenarios. This study assesses the potential of polyvinyl chloride plastisol (PVCP)
as a phantom material for qPAI, building on previous work that focussed on using PVCP for quality control.
Parameters that might be controlled or tuned to assess the performance of qPAI algorithms were studied:
broadband acoustic properties, multiwavelength optical properties with added absorbers and scatterers, and
photoacoustic efficiency.

The optical and acoustic properties of PVCP can be tuned to be broadly representative of soft tissue. The
Grüneisen parameter is larger than expected in tissue, which is an advantage as it increases the signal-to-noise
ratio of the photoacoustic measurements. Interestingly, when the absorption was altered by adding absorbers,
the absorption spectra measured using high peak power nanosecond-pulsed sources (typical in photoacoustics)
were repeatably different from the ones measured using the low power source in the spectrophotometer, indicative
of photochemical reactions taking place.

Keywords: quantitative photoacoustic imaging, phantoms, polyvinyl chloride plastisol, optical absorption co-
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1. INTRODUCTION

1.1 Quantitative Photoacoustic Imaging

Photoacoustic Imaging (PAI) is an emerging technique that retains the spectroscopic specificity of optical tech-
niques while benefitting from the high spatial resolution of ultrasound. One of the main remaining challenges
in PAI is to demonstrate that quantitative estimates of chromophore concentrations can be obtained accurately
from a set of multi-wavelength PA images. In recent years, a number of strategies of varying practicality have
been proposed to tackle this issue.1 An approach suitable for clinical or preclinical use must not only provide
accurate estimates with low uncertainty, but its validity must hold over a useful range of conditions, and it must
be robust to the uncertainties and noise associated with experimental measurements. Furthermore, it must be
experimentally validated over the full range of conditions in which it will be applied. Most of the suggested
qPAI strategies fail to meet at least one of these criteria; some by not going far enough and using only numerical
simulations, and some by going too far too fast and applying the algorithms in vivo without first testing the
limits of their validity. To have confidence in a particular strategy, testing and validation through phantoms
with realistic and known properties is required.
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1.2 Phantoms for Quantitative Photoacoustic Imaging

An adequate Quantitative Photoacoustic Imaging (qPAI) phantom should ideally possess: (i) tissue-like and con-
trollable acoustic properties; (ii) tissue-like and controllable optical parameters; (iii) realistic values for relevant
thermoelastic properties; (iv) realistic and versatile architecture; (v) long-term stability; (vi) reproducibility of
preparation. Further specific requisites for multiwavelength qPAI are that the number, type and spatial distri-
bution of the chosen absorbers should be broadly representative of biological tissue whilst also demonstrating
the generality of the technique.2 There is no extensive review of photoacoustic (PA) phantoms, nor a general
consensus on which type would be ideal for qPAI validation studies. Reviews exist of a range of acoustic3 and
optical phantoms,4 however it can be difficult to properly combine information on both if different varieties or
preparation techniques have been used.

Materials such as polyester resin and epoxy resin are popular optical phantom options, due to their optical
transparency and long term stability.4,5 However, in contrast to tissue, they have high sound speed and at-
tenuation, and support fast shear waves.3 Room-temperature vulcanising silicone is another option for optical
phantoms, but its sound speed is much lower than tissue.3 Water-based materials (gelatin, agarose) are popular
optical and acoustic phantoms, and have therefore been used widely in a PA context.6 Nevertheless, they cannot
be used multiple times since they are prone to water absorption, mechanical degradation and fungal infections.3

Polyvinyl alcohol (PVA) is a further material that suitably combines optical and acoustic properties, however
its preparation involves long freeze-thaw cycles and it is also sensitive to humidity.7

2. PVCP AS A PHANTOM MATERIAL FOR QPAI

In this work, polyvinyl chloride plastisol (PVCP) is considered as a phantom material for qPAI, given its long-
term stability, optical transparency and tissue-like acoustic properties. It was first suggested for PA by Spirou
et al (2005)8 and has more recently been proposed for commercial PA system characterisation and quality
control.9–11

In previous studies, the optical absorption of PVCP mixtures has been tailored through the addition of
black pigment, whilst the reduced scattering has been tuned through the addition of titanium dioxide, TiO2.
Characterisation has been done at a single wavelength8,9, 12 and more recently at multiple wavelengths.10 Zinc
oxide ZnO has also recently been suggested as an alternative scatterer, in the context of the development of
an optical coherence tomography phantom.13 Sound speed and acoustic attenuation have been measured for
commercial PVCP formulations, at low frequencies.8 In addition, it has been recently shown that by using
custom-tailored dispersions of PVC in various plasticisers, a range of sound speed and acoustic attenuation
values that better approximate tissue behaviour could be obtained.10

Whilst the previous PVCP phantom studies have characterised acoustic and optical properties to different
extents, the focus was not on their use for the assessment and validation of PAI quantification strategies, which
presents additional challenges. In this study, further insight is given into characterising parameters that might be
tuned or estimated in order to assess the accuracy, robustness and validity of qPAI algorithms. Three pigment-
based absorbers with distinct spectral signatures were embedded in PVCP and their optical absorption spectrum
was characterised both with a standard spectrophotometer employing continuous-wave illumination and with a
photoacoustic spectroscopy system employing high peak power nanosecond pulsed illumination. In addition,
the reduced scattering coefficient of PVCP with addition of TiO2 and the intrinsic absorption coefficient were
characterised in the 400-2000 nm range. Regarding the acoustic properties, given the fact that PAI generates
signals that extend to tens of MHz,14 broadband characterisation of the phantom material was carried out.
Frequency dependent sound speed c(f) and attenuation α(f) were characterised up to 15-20 MHz, for PVCP
samples with different amounts of added softener. For the first time, the Grüneisen coefficient Γ, related to the
thermoelastic conversion efficiency, was characterised, as well as its behaviour with increasing optical absorber
concentration. A large number of theoretical qPAI frameworks assume that Γ is either constant or already
known beforehand,1 therefore when transitioning to experimental scenarios it is necessary to have a handle on
the behaviour of this parameter before these qPAI strategies can be applied to the data. Some frameworks
include Γ as an additional unknown to be estimated in the inversion process,15,16 in which case the knowledge
of Γ for PVCP can be useful for validation purposes.
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3. FABRICATION OF PVCP PHANTOMS

The manufacturing of PVCP phantoms was mainly based on a protocol described by Bohndiek et al (2013).9

The main steps were: (i) heat an oil bath to ∼200 oC; (ii) pour 30 mL PVCP (Lure Flex Firm, Lure Factors,
Doncaster, UK) into an Erlenmeyer flask; (iii) put flask in oil bath together with magnetic stirrer bar and stir
continuously; (iv) turn on vacuum line to eliminate air bubbles; (v) as viscosity and translucency increase, reduce
stirring speed; (vi) once the mixture becomes liquid (less viscous) again and largely transparent, restore initial
stirring speed. (vii) when PVCP reaches ∼180oC and a single phase is present, release the vacuum, swiftly pour
PVCP into a mould, and allow to cure. Optical absorbers or scatterers could be added to PVCP to tune its
properties. These should be mixed together at the beginning, with a sonicator being used to ensure maximum
homogenisation.

The quantities being used for fabrication can be adjusted, nevertheless increasing manufacturing volumes
whilst maintaining a homogeneous single phase over time provides a challenge. An increase in hardness of
the PVCP mixture also increases the viscosity during preparation. It might thus be worth considering using
mechanical or manual stirring to better deal with volume and/or viscosity increases.

4. SOUND SPEED AND ACOUSTIC ATTENUATION

Frequency-dependent sound speed c(f) and attenuation α(f) were studied for different compositions of PVCP.
The hardness of PVCP was tuned by adding a softener agent (Lure Factors, Doncaster, UK). Samples of different
thickness (10 and 20 mm, two each) were prepared for characterisation. For the softest formulation, two 2 mm
samples were also prepared in order to extend the characterisation to higher frequencies. To measure c(f)
and α(f) a through-transmission substitution setup available at the National Physical Laboratory (NPL)17 was
used. This method is comparative, since it obtains the material properties in relation to water. The broadband
transducer (active diameter 12 mm, Medicoteknisk Institute, Denmark) was placed within the water tank and
driven by a single cycle sinusoidal burst with central frequency 9 MHz. A broadband hydrophone (30-mm active
element diameter bilaminar membrane hydrophone manufactured by Marconi) was used for detection.
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Figure 1: Sound speed (a) and acoustic attenuation (b) for PVCP samples with various levels of hardness. The 2 mm
soft PVCP slabs extend the frequency range for α(f) from 10 to 15 MHz.

Figure 1 shows the sound speed of PVCP up to 20 MHz and the acoustic attenuation up to 15 MHz. Table 1
presents the results obtained in terms of speed of sound c at 5 MHz and the attenuation power law parameters
a and b (α(f) = a f b, where f is in MHz), and provides comparison to literature values for PVCP formulations
from other manufacturers. Increasing hardness produced an increase of sound speed and attenuation. Acoustic
properties were broadly comparable to tissue, although c was ∼10% lower than tissue values and the attenuation
power law b was higher than the typical 1-1.35 range.18 It has been shown recently that the use of different
plasticisers to suspend PVC particles can increase the sound speed to more tissue-like levels, though at the cost
of an increased ultrasonic attenuation.10
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Composition Softener Sound speed c a b Samples Temperature

% v/v [ms−1] [dB cm−1 MHz−b] # [oC]

Hard 5 1408.3±0.8 @ 5 MHz 0.67±0.02 1.55±0.01 4 (20.5-20.8)±0.03

Medium 10 1406.7±0.7 @ 5 MHz 0.62±0.03 1.54±0.02 4 (20.5-20.8)±0.03

Soft 20 1402.3±0.7 @ 5 MHz 0.55±0.05 1.53±0.01 4 (20.6-20.9)±0.03

Spirou 20058* 1400±20 @ 1MHz 0.57±1.01 1.51±0.06 3 -

Madsen 200319+ 1395 1.05 dB cm−1MHz−1 @ 4.5 MHz 1 22

Vogt 201510# 1380-1575 1-30 dB cm−1MHz−1 @ 4.0 MHz - -

Table 1: Sound speed and acoustic attenuation for the various PVCP compositions. Standard uncertainty is given.
Comparisons are made with literature values for other PVCP formulations: * MF Manufacturing; + unknown origin; #

various custom formulations.

5. OPTICAL ABSORPTION AND SCATTERING

PVCP itself is not particularly scattering or absorbing, but optical scatterers and absorbers can be added to the
PVCP mixture to tune its properties. To yield tissue-like scattering behaviour, titanium dioxide (TiO2) can be
used as a scatterer.8 2 mm thick soft PVCP samples were prepared with embedded TiO2 (Titanium IV Oxide,
Anatase, 232033, Sigma-Aldrich, Germany), at 2, 1, 0.5 and 0.25 mg/ml. The reduced scattering coefficient µ′s
and absorption coefficient µa were recovered by measuring total transmittance (MT ) and total reflectance (MR)
between 400-2000 nm in a 100 mm integrating sphere mounted in a dual-beam spectrophotometer (Lambda
750, Perkin Elmer, Waltham, MA, USA). 4 spots were interrogated per sample (2 on each side) and averaged.
Inverse Adding-Doubling (IAD)20 was then used as an inverse light modelling strategy to recover µ′s and µa,
by iteratively finding the adding-doubling solution to the radiative transfer equation (RTE). IAD assumes the
sample under study is an infinite plane with homogeneous absorption and scattering behaviour. The scattering
anisotropy g was in this case assumed known and chosen according to Mie Theory predictions derived elsewhere,
g = 0.6.21
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Figure 2: (a) Reduced scattering spectra of PVCP with varying concentrations of TiO2. (b)-(c) Absorption spectrum
of soft PVCP.

The reduced scattering spectra and intrinsic absorption spectrum are given in Figure 2. Oscillations at
about 850 nm are artefacts due to the spectrometer changing detectors. Scattering and absorption values are
comparable in magnitude to what is seen in biological tissue,22 and to what has been used as background
attenuation values in quantitative PAI simulation studies.23,24 Scattering µ′s displays reasonable linearity with
increasing scatterer concentration. Though in the same range, values differ among various µ′s characterisation
studies10,21 since different types of TiO2 can vary in particle size distribution and even refractive index, two
parameters that affect µ′s. Scattering values should thus be calibrated per product batch, unless the particle size
distribution is known to a high degree of accuracy. Furthermore, attention should be given to the type of TiO2

used (rutile, anatase), since these possess different refractive indices.
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Figure 3: (a)-(c) Absorption spectra of PVCP slabs with embedded absorbers, at different concentrations. (d)-(f) Linear-
ity of spectroscopic µa with increasing concentration at the peak wavelength. (g)-(i) Comparison of extinction coefficient
measured through: transmittance in spectrometer [S], exponential fit of photoacoustic signal [P] and transmittance with
OPO source [T].

PVCP has prominent absorption peaks at 910, 1190, 1400 and 1720 nm, most likely representative of vi-
brational energy transitions in PVC. It should be noted that the intrinsic absorption may vary to a certain
extent with the sample preparation process, including heating rate and final heating temperature, therefore a
standardised preparation of the material is advised.8,25 For example, PVC undergoes a significant drop in optical
transmission when held around 190-205oC.25

To study the possibility of tailoring the absorption of PVCP, a set of pigment-based absorbers (black, red
and blue) suitable for PVCP dispersion and fabrication were obtained from the same supplier (Liquid Colour,
Lure Factors, Doncaster, UK). These were mixed at 0.5, 0.25 and 0.125 % v/v with soft PVCP through serial
dilution, from which one 2 mm thick slab each was made. The absorption coefficient µa was measured with the
spectrophotometer and a standard detector. Four points were probed per sample (2 on each side).
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Absorption coefficient measurements on 1% v/v 20 mm slabs of the same batch were also made with photoa-
coustic spectroscopy.26 The excitation laser system employed was a fibre-coupled Nd:YAG pumped wavelength-
tunable optical parametric oscillator (OPO) system (GWU, Spectra-Physics, Santa Clara, CA, USA), providing
7 ns long pulses at 10 Hz. The system was tunable between 500 and 680 nm, and between 740 and 2100 nm. The
PA signal was detected by a transducer comprising a 10 mm × 10 mm × 50 µm polyvinylidene fluoride (PVDF)
film bonded to a Perspex backing.26 The PA signal S(t) = βΓΦ0µae

−µact [V] was recorded, where β is a scaling
parameter accounting for the sensitivity of the acoustic detection system, Γ is the Grüneisen parameter, Φ0 is
the incident fluence, µa the absorption coefficient and c the speed of sound of the material. The absorption
coefficient µa was retrieved through curve-fitting.

The spectroscopy slabs with embedded absorbers showed good µa linearity with increasing concentration and
spectrally distinct features amongst absorbers (Figure 3, a-f). However, preliminary results show that there are
discrepancies between spectrometer-derived and photoacoustic-derived µa spectra. Figure 3 (g-i) shows this for
the various absorbers. For the red absorber in particular, not only does the absolute value change but the shape
of the spectrum as well, since the plateau seen between 550-580 nm in the spectroscopic ([S]) data turns into a
more peak-like feature at 550 nm for the photoacoustically generated signal ([P]). One possible reason for the
discrepancy is that the photoacoustic spectra were obtained using nanosecond laser pulses which, although of
low energy, are of high peak power (∼1MW). The latter may induce a transient change in the photochemical
properties of the absorber. To investigate this, transmittance measurements were performed on some of the 2
mm slabs using an OPO laser source with similar characteristics to the one used to generate the photoacoustic
spectra. The results (Figure 3, g-i, [T]) show that the estimated absorption is comparable to the photoacoustic
measurements. This suggests that the absorbers do indeed undergo changes in their photo-chemical behaviour
when exposed to the high peak power pulses emitted by an OPO laser system27–31 that are not experienced
when they are exposed to the lower power continuous-wave illumination of the spectrophotometer (∼W).

6. THERMOELASTIC EFFICIENCY (GRÜNEISEN)

PA amplitude is directly related to the Grüneisen parameter Γ, which quantifies the conversion of optically
absorbed energy to pressure. As such, its characterisation might be important for inversion or validation purposes
in qPAI. To retrieve Γ of PVCP, a photoacoustic spectroscopy based method was employed that uses water as
a reference.32 Briefly, if PA measurements are made for both water and the sample of interest, their fluence-
normalised amplitudes will be defined by S0,water/Φ0 = βΓwaterµa,water and S0,sample/Φ0 = βΓsampleµa,sample
respectively. The PA measurement of water within the 1350-1850 nm region was used to determine the sensitivity
parameter β from S0,water through least-squares regression, given that µa,water and Γwater are known from the
literature.33,34 Using this β value as input for the equation for S0,sample alongside µa,sample values retrieved
through curve-fitting at the relevant wavelengths, Γsample can be obtained.

6 acquisitions were made on a 20 mm slab of PVCP for the 1700-1750 nm region, each acquisition being
comprised by the averaging of 300 waveforms. Additionally, 3 acquisitions each were made for methanol and
ethanol placed in a cuvette, in order to validate the method. The literature values are given in Table 234 and
are in good agreement with the measured values.

The effect of adding either blue or red absorbers to PVCP was also studied on 20 mm thick slabs with
concentrations of 2, 1 and 0.5 %v/v. Measurements were made at 1715 nm given the prominent intrinsic PVCP
absorption and residual pigment absorption at that wavelength. Potential variations in S0,sample with absorber
concentration should thus be mainly due to changes in thermoelastic efficiency rather than µa.

Grüneisen parameter characterisation results for PVCP are shown in Table 2. Furthermore, Figure 4 shows
that there is negligible change in Grüneisen parameter with pigment addition.

7. CONCLUSION

The optical, acoustic and thermoelastic properties of PVCP were studied. This thorough characterisation is
essential if these phantoms are to be used in validating qPAI inversion schemes. The intrinsic optical absorption
was measured to be close to values seen in soft tissue, and the optical scattering could be tuned to tissue-realistic
values. The sound speed increased with decreasing levels of softener to within ∼10% of tissue-realistic values.
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Material T Cp c αv ρ Z Γlit Texp Γ̂exp

[oC] [Jmol−1K−1] [ms−1] [oC−1] [MRayl] [oC]

Water 20 75.3 1482.3 20.6×10−5 1 - 0.116
21.7 - 1487.4735 1 0.12 21.7±0.1 -

Ethanol 20 112.3 1159 140×10−5 0.7893 0.91 0.772 21.5±0.2 0.78±0.04

Methanol 20 81.1 1116 149×10−5 0.7917 0.88 0.733 19.9±0.3 0.71±0.02

PVCP 20 - 1402 (exp) - 1.008 (exp) 1.41 (exp) - 21.9±0.1 1.01±0.05

Table 2: Tabulated properties in the literature vs experimental results (subscript −exp) . All literature values taken from
reference34 unless otherwise indicated. T - temperature; Cp - specific heat capacity at constant pressure; c - sound speed;
αv - volume thermal expansion coefficient; ρ - specific gravity; Z - acoustic impedance Z = ρc; Γlit - Literature-derived
Grüneisen coefficient Γ = αvc

2/Cp; Γ̂exp - Estimated Grüneisen coefficient.
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The variation is negligible.

The acoustic attenuation remained within reasonable bounds over the frequencies measured, although a fitted
power law showed it increasing slightly more quickly with frequency than most tissue types. The only property
whose value was measured well outside the expected tissue range was the Grüneisen parameter, which was
considerably larger in PVCP than expected for tissue. This is an advantage, as it will increase the photoacoustic
signal thereby improving the signal-to-noise ratio in phantom measurements. Finally, it was observed that the
absorption spectrum of PVCP with added optical absorbers measured using high peak power nanosecond pulsed
sources - of the kind used in photoacoustics - differed, to a repeatable extent, from the absorption spectrum
measured using the low power source in the spectrophotometer.
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eter of tissue.,” Journal of Biomedical Optics 19(1), 017007 (2014).

[33] Palmer, K. F. and Williams, D., “Optical properties of water in the near infrared,” J. Opt. Soc. Am. 64(8),
1107–1110 (1974).

[34] Haynes, W., [CRC Handbook of Chemistry and Physics, 93rd Edition ], Taylor & Francis (2012).

[35] Bilaniuk, N. and Wong, G. S. K., “Speed of sound in pure water as a function of temperature,” The Journal
of the Acoustical Society of America 93(3), 1609–1612 (1993).

Proc. of SPIE Vol. 9539  953911-9

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/04/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx


