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Abstract—An advanced in-vivo imaging technology; namely, 
combined ultrasound, elasticity and photoacoustic imaging, 
capable of visualizing both structural and functional properties 
of living tissue, is presented. This hybrid imaging technology is 
based on the fusion of the complementary imaging modalities and 
takes full advantage of the many synergistic features of these 
systems. To highlight fundamental differences and similarities 
between the imaging systems and to appreciate advantages and 
limitations of each imaging system, the basic physics of each 
imaging system is described. The experimental aspects of 
combined imaging including hardware, signal and image 
processing algorithms, etc. are presented. Noise and primary 
artifacts associated with each imaging modality and combined 
imaging system are analyzed, and techniques to increase and 
optimize contrast-to-noise and signal-to-noise ratios in the images 
are discussed.  Finally, biomedical and clinical applications of the 
combined ultrasound, elasticity and photoacoustic imaging 
ranging from macroscopic to microscopic imaging of pathology 
are demonstrated and discussed. 
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I.  INTRODUCTION  

The noninvasive and quantitative visualization of 
morphological and physiological properties of tissue is desired 
in the field of biomedical imaging.  We present an advanced in-
vivo imaging technology; namely, combined ultrasound, 
elasticity and photoacoustic imaging, capable of visualizing 
both structural and functional properties of living tissue. This 
hybrid imaging technology is based on the fusion of the 
complementary imaging modalities and takes full advantage of 
the many synergistic features of these systems. 

The objective of the current study was to investigate 
whether synergy of ultrasound, photoacoustic and elasticity 
imaging is possible. In this paper, we describe the analytical, 
numerical and experimental studies to evaluate the 
performance of the combined ultrasound, photoacoustic, and 
elasticity imaging. The experimental aspects of combined 
imaging including hardware, signal and image processing 

algorithms, etc. are described. Finally, we demonstrate and 
discuss biomedical and clinical applications of the combined 
ultrasound, elasticity and photoacoustic imaging in 
interventional cardiology, tissue engineering, and cancer 
detection, diagnosis and therapy monitoring. 

II. BACKGROUND 

A. Ultrasound Imaging 
Ultrasound imaging is a relatively inexpensive, real-time 

imaging modality that is widely used in clinical practice.  
Ultrasound is excellent for non-invasive imaging and diagnosis 
of various tissue abnormalities, and it is extensively used for 
evaluating the prostate, breast, kidneys, liver, pancreas, thyroid, 
heart, and blood vessels. Ultrasound is also used to guide fine 
needle, tissue biopsy to test for tissue pathology and to identify 
cancerous tissue.  In addition, ultrasound imaging is heavily 
used in obstetric medicine. 

During the past decade, there have been unprecedented 
activities towards improving the quality of ultrasound imaging.  
New digital signal processing techniques have led to better 
images with higher signal-to-noise ratio and tissue contrast. 
Advances in transducer technology (increased number of 
elements, higher frequency and bandwidth, 1.5-D arrays, etc.) 
and introduction of digital scanners have further improved the 
accuracy, contrast and resolution of ultrasound images, and 
reduced noise and image slice thickness. Advanced ultrasound 
techniques have been developed including harmonic imaging 
and imaging with contrast agents.  Along with improvements in 
image quality, clinical applications of sonography have also 
been extended to new fields.  Overall, ultrasound is now widely 
accepted for many diagnostic and clinical applications. 

There are, however, some limitations of ultrasound 
imaging. Perhaps the most important one is the ability of 
ultrasound imaging to identify all abnormalities – there may be 
low or no contrast between the abnormality and the 
surrounding tissue in ultrasound images. This is due to the fact 
that bulk modulus variations in soft tissue – the primary 
contrast mechanism in current ultrasound imaging – are only a 
few percent (Fig. 1). Sonography is also an operator-dependent, 
subjective test – the more experience the operator has, the 
better the examination and the results.  
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therefore, this spectral range is very suitable for photoacoustic 
imaging of tissue. 

The contrast mechanism in photoacoustic imaging offers 
the prospect of identifying both anatomical features and 
different functional activity of tissues that may be 
indistinguishable using other imaging modalities such as 
ultrasound, MRI or X-ray alone. For example, malignant 
tumors are associated with higher blood content and increased 
concentrations of hemoglobin [11, 12]. The increased 
concentration of strongly absorbing molecules (hemoglobin 
and other porphyrins) was shown to yield 2-6 fold optical 
contrast between tumors and normal tissues.  Furthermore, 
malignant tumors have enhanced and noticeably hypoxic blood 
content.  In contrast, benign tumors have a normal level of 
blood oxygenation.  Since oxy- and deoxy-hemoglobin have 
distinct absorption spectra in the near infrared spectral range, 
the photoacoustic imaging using several optical wavelengths 
allows for the quantitative assessment of physiologic 
characteristics of tumors. 

Generally, 5-10 ns long pulses are used in photoacoustic 
imaging – longer pulses do not satisfy the stress confinement 
criteria (e.g., continuous wave irradiation produces no 
photoacoustic signal), and shorter pulses produce weaker 
photoacoustic transients. The laser fluence is determined by the 
maximum permissible radiation for tissue.  The 25-30 mJ/cm2 
laser fluence of near-infrared irradiation is sufficient to deliver 
optical energy to deep tissues and to produce photoacoustic 
transients – this laser fluence represents safe level of laser 
irradiation of tissue in the wavelength range from 700-nm to 
1100-nm defined by the American National Standards [13]. 
Therefore, photoacoustic level of pulsed laser energy does not 
produce any damage to the tissue, resulting in a negligible 
temperature increase at the surface and within the tissue [14]. 

D. Combined Imaging 
The rationale to combine ultrasound, photoacoustic and 

elasticity imaging is based on multiple factors [15]. Fusion of 
these ultrasound-based techniques may result in an advanced 
imaging system capable of simultaneous morphological 
(ultrasound imaging) and physiological (photoacoustic and 
elasticity imaging) assessment of tissue – a desperately needed 
imaging tool needed in many clinical applications. The 
presence of a common detector (ultrasound transducer) leads to 
ease of integration – combined imaging approach would be 
relatively inexpensive. The prospect of improving the 
effectiveness of pathology detection and diagnosis makes the 
integration clinically significant. 

III.  COMBINED INTRAVASCULAR IMAGING 

The combined intravascular ultrasound (IVUS), elasticity 
(IVE) and photoacoustic (IVPA) imaging represents a 
sophisticated in vivo imaging technology [15] capable of direct 
assessment of both functional and morphological properties of 
coronary atherosclerotic plaques [16, 17]. This technique may 
allow precise diagnosis, disease characterization and evaluation 
of the effects of treatment thus efficiently guiding interventions 
and reducing associated morbidity and mortality [18]. 

Indeed, IVUS imaging can provide insight into the extent 
and distribution of atherosclerotic plaque, allowing 

characterization of vessel wall and plaque morphology but 
IVUS imaging alone cannot reliably differentiate soft or lipid-
rich, i.e., vulnerable, plaques [19].  IVUS-based elasticity 
imaging aims to detect regions of increased strain (or decreased 
hardness) that are prone to rupture, thus improving the 
discrimination between lipid-rich and fibrous plaque, 
traditionally a limitation of standard IVUS. Photoacoustic 
imaging can detect composition and functional changes in 
tissues – the optical properties of the imaged tissue can be used 
to discriminate between different tissue/cell types. 
Furthermore, the photoacoustic signal can be resolved with 
spatial resolution on the order of a few tens of micrometers – a 
scale appropriate for imaging thin fibrous cap. However, IVPA 
imaging will greatly benefit if the functional properties of the 
plaques are visualized in context of the overall anatomical 
structures of the surrounding tissues, i.e., in context of IVUS 
images.   

The combined IVUS/IVE/IVPA imaging system is 
presented in Fig. 3 [20, 21]. The core of the system is a 2.5F 
(0.83-mm diameter) catheter with a 40 MHz, single element, 
intravascular ultrasound transducer (Atlantis™ SR Plus IVUS 
imaging catheter, Boston Scientific, Inc.) Other major 
components of the system are ultrasound pulser/receiver 
(Panametrics, Inc.) interfaced with IVUS catheter, 
microprocessor unit (Pentium 4 PC) with A/D digitizer (Gage 
Applied Technologies, Inc.), an Nd:YAG Q-switched pulsed 
laser operating at 532 nm wavelength (New Wave Research, 
Inc.), and a custom-built, microprocessor-controlled scanning 
assembly to allow rotation of either catheter or sample. The 
Nd:YAG laser operating at a maximum pulse repetition 
frequency of 20 pulses per second was capable of providing a 
maximum energy of 24 mJ. The sample was irradiated from 
outside while the IVUS imaging catheter was positioned inside 
the lumen. To reduce laser fluence on the vessel to 
approximately 1 mJ/cm2, the laser beam was broadened using a 
ground glass optical diffuser.  
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Figure 3: Experimental setup for IVUS, IVPA and IVE imaging. 

All components of the system were interfaced and 
controlled using custom-designed Lab Windows (National 
Instruments, Inc.) application such that temporally consecutive, 
spatially concurrent IVUS, IVE and IVPA imaging modes can 
be executed. Specifically, the photoacoustic response of the 
tissue, followed by ultrasound pulse-echo signal, was recorded 
(Fig. 4) as the sample was rotated around the longitudinal axis. 
In IVE imaging, the phantom was pressurized while the IVUS 
frames were collected. Typically, one IVUS and IVPA image 
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