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Intravascular imaging in percutaneous coronary interventions can be an invaluable tool in the treatment of
coronary artery disease. It is of signiﬁcant interest to provide molecular imaging contrast that is complementary
to structural contrast provided by optical coherence tomography (OCT) and intravascular ultrasound imaging
(IVUS). In this study, we developed a dual-modality intravascular imaging probe comprising a commercial OCT
catheter and a high sensitivity ﬁber optic ultrasound sensor, to provide both photoacoustic (PA) and OCT
imaging. With PA imaging, the lateral resolution varied from 18 μm to 40 μm; the axial resolution was consistently in the vicinity of 45 μm. We demonstrated the clinical potential of the probe with 2-D circumferential
PA and OCT imaging, and with multispectral PA imaging.

Intravascular (IV) imaging is widely used to guide treatment of
coronary artery disease (CAD) [1]. Optical coherence tomography
(OCT), also known as optical frequency domain imaging (OFDI), can
provide valuable information about plaque composition and features
which convey risk of plaque rupture, thereby guiding the deployment of
intracoronary stenting. OCT has spatial resolution that is suﬃciently
high to visualise individual cells in plaque, such as macrophages [2],
but it can often be challenging to measure lipid plaque burden due to
the limited imaging depth in tissue (typically 1–1.5 mm). Moreover,
OCT does not provide positive molecular contrast for lipid, so that lipidrich plaque can frequently be devoid of contrast. In contrast, optical
spectroscopy can provide detailed information about plaque composition. Infrared spectroscopy, Raman spectroscopy, and near infrared
ﬂuorescence molecular imaging have been shown to provide clinicallyrelevant information, but in general they do not allow for signals to be
resolved in depth [3]. This limitation of some spectroscopic methods
can be prominent when assessing lipid plaque burden. Photoacoustic
(PA) imaging, in which ultrasound (US) waves are generated in tissue
using pulsed excitation light, can provide depth-resolved intravascular
imaging with molecular contrast for lipids, at depths of up to 4 mm [4].
As such, PA imaging has strong potential as an imaging modality
complementary to OCT. Dual modality approaches combining PA and
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OCT have been demonstrated for non-invasive imaging applications
[5–7].
Performing both PA and OCT imaging with probes suitable for
human coronary arteries presents signiﬁcant miniaturization challenges. Several types of PA probes have been considered to date [8–14].
Typically, miniature PA catheters capable of providing volumetric
images for intravascular imaging are realized by integrating optical
ﬁbers for excitation light delivery with single-element piezoelectric
ultrasound (US) transducers. For circumferential imaging, rotational
scanning of the excitation light can be achieved by proximal rotation of
the excitation ﬁber [15] or by distal end rotation of a 45° reﬂective
mirror [16]. All-optical PA probe designs with endoscopic imaging
capabilities, comprising micro-rings [17] and π-shifted FBGs [18] for
ultrasound detection, were previously demonstrated. An all-optical IV
imaging probe that provided both PA and OCT, which included the use
of an integrated MMF for PA excitation light delivery and a ﬁber optic
heterodyne interferometer for ultrasound detection [19], was also demonstrated. Optical ultrasound detection in photoacoustics/optoacoustics was recently reviewed by Dong et al. [20] and Wissmeyer et al.
[21].
Fiber-optic (FO) US sensors based on high-ﬁnesse Fabry-Pérot (F-P)
cavities present several advantages in this context. As demonstrated
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provided by an external cavity wavelength-tunable CW laser with a
tuning range of 1500 nm–1630 nm (Tunics T100S-HP, Yenista, France).
Reﬂected light from the F-P cavity at the distal end of the ﬁber was
received via an optical circulator by a photo-receiver system with lowand high-frequency outputs. The former, which was digitized at 16 bits
with a sampling rate of 250 kS/s (PCI-6323, National Instruments, UK),
was used to measure the interference transfer function of the F-P cavity
and to adjust the interrogation wavelength to the optimum bias wavelength of the F-P cavity. The high-frequency output, which was digitized at 8 bits with a sampling rate of 250 MS/s and a bandwidth of
125 MHz (PCI-5114, National Instruments, UK), was used to measure
the PA time series (Fig. 1a). Averaging (25–50 times) across consecutive
PA time series was performed for noise reduction.
The FO US sensor was positioned adjacent to the OCT catheter
(Fig. 1b). Its buﬀer layer was aﬃxed to the outer tube using sealing wax
and epoxy. At the distal end, where the buﬀer layer had been removed,
there was a small gap between the cladding of the FO US sensor and the
outer tube of the OCT catheter (ca. 125 μm). The FO US sensor was
aligned so that photoacoustic excitation light emerged from the distal
optics of the OCT catheter slightly proximal to the F-P cavity (ca.
50 μm). The maximum diameter of the OCT-PA dual probe, which
comprised the OCT catheter and the FO US sensor was 1.25 mm. The
encapsulated SMF and distal-end optics rotated to perform circumferential imaging, whilst the FO US sensor was stationary. Rotation was
performed with a motorized rotation stage (PRM1/MZ8, Thorlabs, UK)
at the proximal end, with a custom built stator and rotor mounts. The
data acquisition and synchronized control of the motorized rotation
was performed with custom LabVIEW (National Instruments, UK)
script.
The spatial resolution (PA) of the probe was estimated using optically absorbing line phantoms. For lateral resolution measurements, a
carbon ﬁber (outer diameter: 7 μm) was imaged by translating the
probe, with the probe oriented so that the translation axis and the excitation light beam were both perpendicular to the ﬁber. The lateral
resolution was taken as the full width at half maximum (FWHM) of the
maximum PA pressure time series signal received at each translation
position, as estimated with Gaussian ﬁts. With the wire positioned at
depths (relative to the FO US sensor) that ranged from 0.5 mm to
2.5 mm, the lateral resolution varied from 18 μm to 40 μm (Fig. 2a). For
axial resolution measurements, a tungsten wire (outer diameter: 27 μm)

recently [22,23], they provide high sensitivity (noise equivalent pressure of ca. 10 Pa in a 20 MHz measurement bandwidth) and wide
bandwidths (40 MHz). Their miniature sizes are ideally suited for intravascular imaging. Here, we report the development of a ﬁber-optic
IV imaging probe that provides both OCT and PA imaging. Our probe
consists of a commercial OCT IV catheter and an integrated ﬁber optic
US sensor with a high-ﬁnesse F-P cavity. We present an initial demonstration of its capabilities to perform 2-D circumferential imaging
and multispectral photoacoustic imaging with stent and synthetic
phantoms.
Photoacoustic excitation light was provided by a wavelength-tunable dye laser pumped by a frequency doubled Q-switched Nd:YVO4
laser (Elforlight, UK) (Fig. 1a). This laser is tunable over the range of
560 to 610 nm; its pulse repetition frequency was set to 2.8 kHz. Light
was coupled into single mode ﬁber (SMF) using a precision ﬁber coupling ﬁxture (F-915, Newport Corporation, USA) for delivery into to the
OCT catheter. After coupling, the pulse energy varied from 50 nJ to
120 nJ across the wavelength range. A commercial OCT IV catheter
(DragonFly OPTIS imaging catheter, St Jude Medical Ltd., UK) and
console (ILLUMEN OPTIS, St Jude Medical Ltd., UK) was used for both
PA and OCT imaging. This catheter (outer diameter: ca. 1 mm; total
length: ca. 2 m) comprised a SMF and distal-end optics to focus and
deﬂect the light into tissue (ca. 102.5° to catheter axis), which were
encapsulated. This optical assembly was rotated within the ﬂuid-ﬁlled
outer tube of the catheter. The OCT catheter had a nominal axial resolution of 15 μm and a lateral resolution of ca. 25 μm [24]. The PA
excitation light had a ﬂuence ranging from 40 to 100 mJ/cm2 across the
wavelength range of the pulsed laser.
Reception of photoacoustically-generated ultrasound was performed with a ﬁber optic sensor, which comprised an SMF (outer diameter: 250 μm) with a plano-concave F-P cavity at the distal end. The FP cavity comprised a transparent polymer sandwiched between multilayer dielectric coatings, as previously described [25]. The sensor used
for studies in this paper had a noise equivalent pressure of ca. 40 Pa, as
measured with a calibrated planar transducer operating at 3.5 MHz
with a 20 MHz bandwidth. The sensor had an estimated detection
bandwidth of 27 MHz (−6 dB bandwidth: 3–30 MHz). Its sensitivity is
nearly omni-directional across this frequency range, which allows it to
receive ultrasound waves that are perpendicular to the SMF axis. Interrogation light for the ﬁber optic ultrasound (FO US) sensor was

Fig. 1. (a) Schematic of the console for the dual-modality photoacoustic (PA) and Optical Coherence Tomography (OCT) probe. PA light excitation delivery and OCT
imaging are performed with an optical ﬁber within a commercial OCT catheter, and optical ultrasound reception is performed with a ﬁber optic ultrasound sensor. (b)
A microscope image of the distal end of the probe, with a schematic overlay showing PA excitation light and corresponding PA ultrasound waves generated from an
absorbing target within a vessel wall. The red spot is from a test laser at 632 nm. In this image, the polymer encapsulation of the OCT catheter was removed for
clarity. PC: personal computer; DAQ: data acquisition; VHF: high frequency voltage output; VLF: low frequency voltage output. SMF: single-mode ﬁber; FO US sensor:
ﬁber-optic ultrasound sensor.
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was imaged. The envelope of the PA time series signal was obtained and
the FWHM, converted to distance (speed of sound: 1485 m/s), was
taken as the axial resolution. The tungsten wire was preferable for axial
resolution measurements as ringing artefacts were visually absent, but
its outer diameter was too large for lateral resolution measurements.
The average axial resolution across the depth range of 0.7–2.7 mm was
45 μm, with a maximum variation of ± 3.5 μm (Fig. 2a).
The PA signal strength varied with the angle of the photoacoustic
excitation light beam relative to the FO US sensor, θ. To estimate this
variation, a circular absorbing line phantom was used. This phantom
was a black silicone cylinder with an inner diameter of 6 mm. The probe
was positioned such that the FO sensor was at the centre of the cylinder,
and imaging was performed with rotational scans (Fig. 2b). Each depth
scan in an image was acquired with averaging across 50 consecutive PA
time series; the magnitudes of Hilbert-transformed averaged PA time
series were displayed on a linear scale in Cartesian coordinates. When
the excitation light beam was directly in front of the FO US sensor
(θ = 0°), photoacoustically generated ultrasound waves had a direct
path to this sensor. In contrast, when the excitation light beam was in
the opposite direction (θ = 180°), the ultrasound waves received by the
FO US sensor had an indirect path that included propagation within the
acoustically heterogeneous OCT catheter. Whilst PA signal was observed for all angles, the strength was lowest in the vicinity of θ = 180°.
The signal-to-noise ratio (SNR), varied from a minimum of 30 to a
maximum of 316. The highest SNR values were obtained at angles in
the vicinity of θ = 90° and θ = 270°, where the ﬂuence of excitation
light at the inner surface of the cylinder may have been higher than that
when θ = 0° due to the oﬀset between the centre of the cylinder and the
OCT catheter axis. An expanded coronary stent was clearly visible with
PA imaging (Fig. 2c). The stent (Xience Pro, Abbott, UK) had a postexpansion diameter of 3.6 mm and a strut thickness of 125 μm. The
probe was positioned inside the stent, oﬀset from the centre. Stent
struts were visible at all angles, albeit with diﬀerences in PA signal
strength that were consistent with those observed with the cylinder
phantom. With stent imaging, each PA time series was ﬁltered in the
Fourier domain to compensate for the frequency-dependence of the FO
US sensor sensitivity. This was done by choosing the time-series signal
from one of the struts with relatively high SNR (from θ = 270° region)
and taking the Fast Fourier Transform of this signal as the reference to
normalize the each time-series data in the Fourier domain.
A vascular phantom with inclusions was used to demonstrate multispectral PA imaging. This phantom comprised PDMS with 0.2% TiO2
to simulate the optical scattering of vascular tissue [26]. A wall-less
cylindrical cavity with an inner diameter of 3.15 mm was created by
withdrawing an acrylic tube after PDMS curing. Along the length of the
cavity, two polymer micro-capillary tubes (ID/OD: 500/600 μm) to
mimic inclusions were positioned. Aqueous solutions were injected into
the tubes served as PA contrast agents: methylene blue (ca. 1.1 g/L) in
one tube, and India ink (ca. 0.9 mL/L) in the other. The cavity and both
inclusions were clearly apparent with OCT imaging (Fig. 3a). Due to
strong optical absorption, a shadow was apparent beyond the inclusion
with India ink. For PA imaging (Fig. 3b), the probe was positioned close
to the centre of the cavity and the images were acquired with diﬀerent
excitation light wavelengths (λexc) that ranged from 565 nm to 605 nm.
Both inclusions were apparent at all PA excitation wavelengths. PA
signal artefacts beyond the inclusions were apparent, which may have
originated from non-uniform frequency response of the FO US sensor;
the ﬁltering performed for stent imaging did not have an appreciable
eﬀect for the vessel phantom and therefore it was not used. There were
prominent diﬀerences in the wavelength-dependencies of the PA signal
amplitudes obtained from the two inclusions (Fig. 3c). In particular,
there was a two-fold increase in the PA signals obtained from the Methylene blue inclusion across the measured wavelength range (cf. a 3fold increase in the optical absorption coeﬃcient, as measured spectrophotometrically), whereas the PA signals obtained from the India ink
inclusion were nearly constant.

Fig. 2. (a) Photoacoustic (PA) axial and lateral resolution of the probe estimated in the depth range from 0.5 to 2.5 mm. (b) A 2D PA circumferential
image of an absorbing circular line phantom, with the signal-to-noise ratio
(SNR) at diﬀerent angular positions indicated. (c) A 2D PA image of a coronary
stent. All of the struts are visible; those in the ultrasonic shadow of the OCT
catheter (arrows) have lower signal intensities. A micrograph (inset) of the stent
shows the position of the imaging plane (red dashed line). Images (b) and (c)
are displayed on linear scales.

67

Photoacoustics 11 (2018) 65–70

S.J. Mathews et al.

In summary, we demonstrated an all-optical, dual modality intravascular probe using a commercial OCT IV catheter and a high
sensitivity ﬁber optic F-P cavity US sensor. To the authors’ knowledge,
this is the ﬁrst demonstration that a OCT catheter, including both the
distal-end light-focusing optics and the proximal-end rotary components, can deliver excitation light for PA imaging. The use of a high
sensitivity ﬁber optic US detector preserves the all-optical design of the
probe; it leads to a minimal increase in lateral dimensions and does not
hinder the OCT operation. Moreover, optical ﬁbers confer immunity to
electromagnetic interference, which can be important in the cardiac
catheterisation room [27]. This probe was shown to provide lateral PA
resolution that is similar to that of OCT imaging (18 μm–40 μm) and
high PA axial resolution (ca. 45 μm). As with OCT, the optical focus is
the governing factor for the lateral resolution of photoacoustic imaging;
the frequency response of the ultrasound detector determines the axial
resolution. The excitation light wavelength used for this study is outside
the operational range of single-mode telecommunications ﬁber, which
has a cut-oﬀ wavelength at ca. 1250 nm. As a result, there is multimode
propagation of the excitation light in the wavelength range used for the
current study that could increase the focused spot size of the PA excitation beam and thereby decrease the lateral resolution. The probe is
likely to have a better lateral resolution with excitation wavelengths
closer to the single mode operation range of the OCT ﬁber, for example
at the lipid absorption wavelength of 1210 nm. One limitation of the
current probe conﬁguration is that a stationary ﬁber optic ultrasound
receiver results in shielding of the PA waves by the OCT catheter for
certain excitation angles. As a result, the detected PA signal amplitude
varies relatively with respect to the receiving angle in the rotation
plane. In future versions of the probe, an additional US sensor positioned diametrically opposite to other could eliminate the shielding
eﬀect. The rotational scanning speed of the probe in the current design
is greater than 4 rotations per minute (rpm), which is limited by the
speed of the motorized rotation stage. This could be signiﬁcantly improved with the use of a commercial ﬁber optic rotatory joint, which
can have a nominal rotation rate of 10,000 rpm, provided that the pulse
repetition frequency of the excitation laser source was suﬃciently high.
Greater excitation light energies could be delivered through the inner
cladding of a double clad ﬁbre, leveraging advances in dual modality
OCT/ﬂuorescence imaging [28].
Further development of the console and probe are required to enable in vivo lipid imaging. As recently reviewed by Li and Chen [29],
excitation light sources of 1210 and 1720 nm have been found to be
useful for providing lipid contrast [30–33], but an excitation light
source at one of these wavelengths with a suﬃciently rapid repetition
rate and pulse energy for real-time imaging has proven elusive. For PA
probes, optimizing catheter design has been the focus of several studies
[11–14], and identifying a protective sheath material that is transparent
to PA and US signals has emerged as a one of the primary challenges
[34]. The inclusion of OCT as an additional probe modality could impose even more stringent demands on the sheath material to minimise
distortion of the OCT beam, if a single sheath were to encapsulate both
the OCT probe and the FO sensor. The addition of intravascular ultrasound imaging capabilities to this probe could be valuable to provide
structural contrast at depths signiﬁcantly greater than those of OCT.
These capabilities could potentially be added with a ﬁber optic
ultrasound transmitter, leveraging recent advances in optical ultrasound generation with nanocomposites [35] and in vivo demonstrations
[36]. The ability of the probe presented here to distinguish between
diﬀerent absorbing chromophores, by judicious choice of excitation
wavelength(s), suggest that combined photoacoustic and OCT imaging
could be a powerful tool to obtain functional, depth-resolved
information on plaque and lipid pools inside the depth of the vessel wall
to improve stent placement.

Fig. 3. (a) OCT image of the vascular phantom with two inclusions within the
wall: methylene blue (MB) within one tube and India ink (II) in another. b) A
2D photoacoustic (PA) circumferential image of the phantom at an excitation
wavelength (λexc) of 565 nm. c) The PA amplitude wavelength dependencies for
the dyes (MB & II) estimated from PA images of the phantom acquired at
multiple wavelengths in the range from 565 nm to 605 nm.

68

Photoacoustics 11 (2018) 65–70

S.J. Mathews et al.

Conﬂict of interest
[23]

The authors declare that there are no conﬂicts of interest.

[24]

Acknowledgements
[25]

The authors gratefully acknowledge funding from the European
Research Council (ERC-2012-StG, Proposal 310970 MOPHIM, ERC
Advanced Grant Ref: 741149), the Wellcome Trust (WT101957), and
the Engineering and Physical Sciences Research Council (NS/A000027/
1 and EP/N021177/1).

[26]

[27]

References

[28]
[1] S. Koganti, T. Kotecha, R.D. Rakhit, Choice of intracoronary imaging: when to use
intravascular ultrasound or optical coherence tomography, Interv. Cardiol. Rev. 11
(2016) 11–16.
[2] G.J. Tearney, S. Waxman, M. Shishkov, B.J. Vakoc, M.J. Suter, M.I. Freilich,
A.E. Desjardins, W.Y. Oh, L.A. Bartlett, M. Rousenberg, B.E. Bouma, Three-dimensional coronary artery microscopy by intracoronary optical frequency domain
imaging, JACC Cardivasc. Imaging 1 (2008) 752–761.
[3] M.J. Suter, S.K. Nadkarni, G. Weisz, A. Tanaka, F.A. Jaﬀer, B.E. Bouma,
G.J. Tearney, Intravascular imaging technology for investigating coronary artery,
JACC: Cardivasc. Imaging 4 (2011) 1022–1039.
[4] B. Wang, A. Karpiouk, D. Yeager, J.H. Amirian, S. Litovsky, R. Smallings,
S. Emelianov, Intravascular photoacoustic imaging of lipid in atherosclerotic plaque
in the presence of luminal blood, Opt. Lett. 37 (2012) 1244–1246.
[5] E. Zhang, B. Povazay, J. Laufer, A. Alex, B. Hofer, B. Pedley, C. Glittenberg,
B. Treeby, B. Cox, P. Beard, W. Drexler, Multimodal photoacoustic and optical tomography scanner using an all optical detection scheme for 3D morphological skin
imaging, Biomed. Opt. Express 2 (2011) 2202–2215.
[6] M. Liu, B. Maurer, B. Hermann, B. Zabihian, M.G. Sandrian, A. Unterhuber,
B. Baumann, E.Z. Zhang, P.C. Beard, W.J. Weninger, W. Drexler, Dual modality
optical coherence and whole-body photoacoustic tomography imaging of chick
embryos in multiple development stages, Biomed. Opt. Express 5 (2014)
3150–3159.
[7] M. Bondu, M.J. Marques, P.M. Moselund, G. Lall, A. Bradu, A. Podoleanu,
Multispectral photoacoustic microscopy and optical coherence tomography using a
single supercontinuum source, Photoacoustics 9 (2018) 21–30.
[8] S. Sethuraman, J.H. Amirian, S.H. Litovsky, R.W. Smallings, S.Y. Emelianov,
Spectroscopic intravascular imaging to diﬀerentiate atherosclerotic plaques, Opt.
Express 16 (2008) 3362–3367.
[9] X. Bia, X. Gong, W. Hau, R. Lin, J. Zheng, C. Liu, C. Zeng, X. Zou, H. Zheng, L. Song,
Intravascular optical-resolution photoacoustic tomography with a 1.1 mm diameter
catheter, PLoS One 9 (2014) e92463.
[10] X. Dai, H. Yang, T. Shan, H. Xie, S.A. Berceli, H. Jiang, Miniature endoscope for
multimodal imaging, ACS Photon. 4 (2017) 174–180.
[11] Y. Cao, J. Hui, A. Kole, P. Wang, Q. Yu, W. Chen, M. Sturek, J.X. Cheng, Highsensitivity intravascular photoacoustic imaging of lipid–laden plaque with a collinear catheter design, Sci. Rep. 6 (2016) 25236.
[12] X. Ji, K. Xiong, S. Yang, D. Xing, Intravascular confocal photoacoustic endoscope
with dual-element ultrasonic transducer, Opt. Express 23 (2015) 9130–9136.
[13] S. Iskander-Rizk, M. Wu, G. Springeling, F. Mastik, R.H.S.H. Beurskens, A.F.W. van
der Steen, G. van Soest, Catheter design optimization for practical intravascular
photoacoustic imaging (IVPA) of vulnerable plaques, Proc. SPIE 10471, Diagnostic
and Therapeutic Applications of Light in Cardiology 1047111 (2018).
[14] Y. Li, X. Gong, C. Liu, R. Lin, W. Hau, X. Bai, L. Song, High-speed intravascular
spectroscopic photoacoustic imaging at 1000 A-lines per second with a 0.9-mm
diameter catheter, J. Biomed. Opt. 20 (2015) 065006.
[15] K. Jansen, A.F.W. van der Steen, H.M.M. van Beusekom, J.W. Oosterhuis,
G.V. Soest, Intravascular photoacoustic imaging of human coronary atherosclerosis,
Opt. Lett. 36 (2011) 597–599.
[16] J.M. Yang, C. Favazza, J. Yao, R. Chen, Q. Zhou, K.K. Shung, L.V. Wang, Threedimensional photoacoustic endoscopic imaging of the rabbit esophagus, PLoS One
10 (2015) e0120269.
[17] B. Dong, S. Chen, Z. Zhang, C. Sun, H.F. Zhang, Photoacoustic probe using a microring resonator ultrasonic sensor for endoscopic applications, Opt. Lett. 39 (2011)
4372–4375.
[18] A. Rosenthal, S. Kellnberger, D. Bozhko, A. Chekkoury, M. Omar, D. Razansky,
V. Ntziachristos, Sensitive interferometric detection of ultrasound for minimally
invasive clinical imaging applications, Las. Photon. Rev. 8 (2014) 450–457.
[19] J. Eom, J.G. Shin, S. Park, S. Rim, B.H. Lee, An all-ﬁber-optic combined system of
noncontact photoacoustic tomography and optical coherence tomography, Sensors
16 (2016) 734.
[20] B. Dong, C. Sun, H.F. Zhang, Optical detection of ultrasound in photoacoustic
imaging, IEEE Trans. Biomed. Eng. 64 (2017) 4–15.
[21] G. Wissmeyer, M.A. Pleitez, A. Rosenthal, V. Ntziachristos, Looking at sound: optoacoustics with all-optical ultrasound detection, Light Sci. Appl. (2018), https://
doi.org/10.1038/s41377-018-0036-7 accepted article preview 30 May.
[22] J.A. Guggenheim, J. Li, T.J. Allen, R.J. Colchester, S. Noimark, O. Ogunlade,
I.P. Parkin, I. Papakonstantinou, A.E. Desjardins, E.Z. Zhang, P.C. Beard,

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

Ultrasensitive plano-concave optical microresonators for ultrasound sensing, Nat.
Photon. 11 (2017) 714–719.
E.Z. Zhang, P.C. Beard, Characteristics of optimized ﬁbre-optic ultrasound receivers
for minimally invasive photoacoustic detection, Proc. SPIE 9323 (2015) 932311.
E. Regar, N. van Ditzhuijzen, J. van der Sijde, J. Ligthart, K. Witberg, G. van Soest,
A. Karanasoshe, Identifying stable coronary plaques with OCT technology, Contin.
Cardiol. Educ. 2 (2016) 77–88.
E. Zhang, J. Laufer, P. Beard, Backward-mode multiwavelength photoacoustic
scanner using a planar Fabry-Perot polymer ﬁlm ultrasound sensor for high-resolution three-dimensional imaging of biological tissues, Appl. Opt. 47 (2008)
561–577.
D.M.D. Bruine, R.H. Bremmer, V.M. Kodach, R.D. Kinkelder, J.V. Marle,
T.G.V. Leeuven, D.J. Faber, Optical phantoms of varying geometry based on thin
building blocks with controlled optical properties, J. Biomed. Opt. 15 (2010)
025001.
G. van Soest, E. Regar, A.F.W. van der Steen, Photonics in cardiovascular medicine,
Nat. Photon. 9 (2015) 626–629.
H. Yoo, J.W. Kim, M. Shishkov, E. Namati, T. Morse, R. Shubochkin, J.R. McCarthy,
V. Ntziachristos, B.E. Bouma, F.A. Jaﬀer, G.J. Tearney, Intra-arterial catheter for
simultaneous microstructural and molecular imaging in vivo, Nat. Med. 17 (2011)
1680–1684.
Y. Li, Z. Chen, Multimodal intravascular photoacoustic and ultrasound imaging,
Biomed. Eng. Lett. 8 (2018) 193–201.
M. Wu, G. Springeling, M. Lovrak, F. Mastik, S. Iskander-Rizk, T. Wang, H.M.M. van
Beusekom, A.F.W. van der Steen, G. Van Soest, Real-time volumetric lipid imaging
in vivo by intravascular photoacoustics at 20 frames per second, Biomed. Opt.
Express 8 (2017) 943–953.
P. Wang, T. Ma, M.N. Slipchencko, S. Liang, J. Hui, K.K. Shung, S. Roy, M. Sturek,
Q. Zhou, Z. Chen, J.X. Cheng, High-speed intravascular photoacoustic imaging of
lipid-laden atherosclerotic plaque enabled by a 2-kHz barium nitrite Raman laser,
Sci. Rep. 4 (2014) 6889.
Z. Piao, T. Ma, J. Li, M.T. Wiedmann, S. Huang, M. Yu, K.K. Shung, Q. Zhou,
C.S. Kim, Z. Chen, High speed intravascular photoacoustic imaging with fast optical
parametric oscillator laser at 1.7 μm, Appl. Phys. Lett. 107 (2015) 083701.
J. Hui, Q. Yu, T. Ma, P. Wang, Y. Cao, R.S. Bruning, Y. Qu, Z. Chen, Q. Zhou,
M. Sturek, J.X. Cheng, W. Chen, High-speed intravascular photoacoustic imaging at
1.7 μm with a KTP-based OPO, Biomed. Opt. Express 6 (2015) 4557–4566.
Y. Cao, Kole A, J. Hui, Y. Zhang, J. Mai, M. Alloosh, M. Sturek, J.X. Cheng, Fast
assessment of lipid content in arteries in vivo by intravascular photoacoustic tomography, Sci. Rep. 8 (2018) 2400.
S. Noimark, R.J. Colchester, R.K. Poduval, E. Maneas, E.J. Alles, T. Zhao,
E.Z. Zhang, M. Ashworth, E. Tsolaki, A.H. Chester, N. Latif, S. Bertazzo, A.L. David,
S. Ourselin, P.C. Beard, I.P. Parkin, I. Papakonstantinou, A.E. Desjardins,
Polydimethylsiloxane composites for optical ultrasound generation and multimodality imaging, Adv. Funct. Mat. 28 (2018) 1704919.
M.C. Finlay, C.A. Mosse, R.J. Colchester, S. Noimark, E.Z. Zhang, S. Ourselin,
P.C. Beard, R.J. Schilling, I.P. Parkin, I. Papakonstantinou, A.E. Desjardins,
Through-needle all-optical ultrasound imaging in vivo: a preclinical swine study,
Light Sci. Appl. 6 (2017) e17103.

Sunish J. Mathews completed his Master’s degree in
Applied Physics from CMS College (Mahatma Gandhi
University), Kerala, India. He received his PhD in 2011
from Dublin Institute Technology (DIT), Ireland. His PhD
research was focused on ﬁber optic sensors based on photonic crystal ﬁbers. He has worked as a Postdoctoral
Researcher at DIT for integration of miniature ﬁber optic
sensors in laparoscopic surgical instruments. He is currently
a Research Associate in the Department of Medical Physics
and Biomedical Engineering, University College London.
His current research is focussed on all-optical probes for
photoacoustic sensing and imaging. His research interest
include ﬁber optic sensors for minimally invasive surgery
and for the detection of ultrasound in biomedical imaging.

Callum Little is a Cardiology trainee specialising in percutaneous coronary interventions within the North West
London training deanery. Currently, he is taking an out of
programme period to pursue research interests and obtain a
higher research degree (PhD). He is employed as a clinical
research fellow at the Wellcome-EPSRC Centre for
Interventional and Surgical Sciences since October 2017.
His research interests include the clinical translation of
novel devices for complex interventional, vascular imaging
and characterisation of coronary artery disease.

69

Photoacoustics 11 (2018) 65–70

S.J. Mathews et al.
Christopher D. Loder completed his Science degree from
Sydney University. He joined the Royal Free London NHS
Foundation Trust in 2003, working in the Cardiac Cath
(Interventional) environment. He has designed the current
labs there and has taken an early interest in intravascular
imaging. He completed his post graduate studies at London
South Bank University. Initially delving into Intravascular
Ultrasound he found contribution from several companies
providing this technology, encouraging its use at the Royal
Free Hospital. Early interest with Optical Coherence
Tomography (OCT) LightLab brought close association with
interest in its clinical use and research into further development. He has worked with engineers and software development in this arena. He is currently an Advanced Multi-skilled Practitioner at the
Royal Free Hospital, London. He regularly attends ‘Optics in Cardiology’ and was
awarded best clinical poster in 2015 for his work utilising OCT in the Pulmonary arteries.

Malcolm C. Finlay qualiﬁed from Oxford University in
Medicine in 2001, and gained his PhD in Cardiac
Electrophysiology in 2014 from University College London.
He is currently an Honorary Senior Lecturer in the
Department of Medical Physics & Biomedical Engineering
and a Consultant Cardiologist at BARTS Heart Centre &
University College London. He is a faculty member for
several national and international academic conferences
including Heart Rhythm Congress and the EHRA. He is a
member of the European Heart Rhythm Society
Accreditation Committee. He has published > 50 papers in
the ﬁeld of cardiac arrhythmia and medical engineering,
including recent works identifying the interplay between
mental stress and propensity for abnormal heart rhythms. He has a deep interest in the
development of new technology and translation. He continues to be actively involved in
research, particularly into the pathogenesis of atrial ﬁbrillation and the use of novel
technologies in investigation and treatment.

Roby D. Rakhit qualiﬁed from Charing Cross &
Westminster Medical School (Imperial College London)
with general cardiology and interventional training in
London and Switzerland. His academic training has included a Wellcome Research Fellowship at the Rayne
Institute, St.Thomas’ Hospital, Kings College London (MD)
and British Heart Foundation International Fellowship at
the Swiss Cardiovascular Centre, Bern. He is currently a
Consultant Interventional Cardiologist at the Royal Free
Hospital, London and Honorary Senior Lecturer at the
Institute of Cardiovascular Science, University College
London. He combines a busy clinical job with an active
teaching and translational research programme at
University College London with interests in acute coronary syndrome, microparticles,
intra-coronary imaging and high risk coronary disease (diabetes, Familial
Hyperlipidaemia and HIV). He is the principal investigator for a number of National
Institute of Health Research portfolio adopted studies. He is also the Associate Editor of
Clinical Medicine Journal and British Journal of Cardiology.

Adrien E. Desjardins received his B.Sc. degree in Physics
and Mathematics from the University of British Columbia,
Canada, in 2001, and his Ph.D. degree in Biophysics and
Biomedical Engineering from Harvard University and the
Massachusetts Institute of Technology, USA, in 2007. He is
currently an Associate Professor/Senior Lecturer in the
Department of Medical Physics and Biomedical
Engineering, University College London, UK. His research
interests are centered on the development of medical imaging and sensing devices to guide minimally invasive procedures.

Wenfeng Xia received his BSc in Electrical Engineering
from Shanghai Jiao Tong University, in Shanghai, China, in
2005, and MSc in Medical Physics from University of
Heidelberg, in Heidelberg, Germany, in 2007. He obtained
his Ph.D from University of Twente, Enschede, the
Netherlands, in 2013. In 2014, he joined the department of
Medical Physics and Biomedical Engineering at University
College London as a Research Associate. He is currently a
Senior Research Associate in the same department. His research interests include non-invasive and minimally invasive photoacoustic imaging and sensing, medical devices
tracking, and medical phantoms.

70

