1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Ann Biomed Eng. Author manuscript; available in PMC 2017 March 01.

Published in final edited form as:
Ann Biomed Eng. 2016 March ; 44(3): 621-635. doi:10.1007/s10439-015-1495-0.

-, HHS Public Access
«

Non-invasive and non-destructive characterization of tissue
engineered constructs using ultrasound imaging technologies: a
review

Kang KimaP.d.1 and William R. Wagnerb.c.d

aCenter for Ultrasound Molecular Imaging and Therapeutics, Department of Medicine, University
of Pittsburgh School of Medicine; Heart and Vascular Institute, University of Pittsburgh Medical
Center (UPMCQC), Pittsburgh, PA 15213, USA

bDepartment of Bioengineering, University of Pittsburgh School of Engineering, Pittsburgh, PA
15213, USA

¢Department of Surgery, University of Pittsburgh School of Medicine, Pittsburgh, PA 15213, USA

dMcGowan Institute for Regenerative Medicine, University of Pittsburgh and UPMC, Pittsburgh,
PA 15219, USA

Abstract

With the rapid expansion of biomaterial development and coupled efforts to translate such
advances toward the clinic, non-invasive and non-destructive imaging tools to evaluate implants in
situ in a timely manner are critically needed. The required multilevel information is
comprehensive, including structural, mechanical, and biological changes such as scaffold
degradation, mechanical strength, cell infiltration, extracellular matrix formation and
vascularization to name a few. With its inherent advantages of non-invasiveness and non-
destructiveness, ultrasound imaging can be an ideal tool for both preclinical and clinical uses. In
this review, currently available ultrasound imaging technologies that have been applied in vitro
and in vivo for tissue engineering and regenerative medicine are discussed and some new
emerging ultrasound technologies and multi-modality approaches utilizing ultrasound are
introduced.
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1. Introduction

In tissue engineering, scaffolds are designed from biodegradable materials to support tissue
growth, extracellular matrix (ECM) elaboration, and the eventual maturation or conversion
of the implanted construct toward functional, native tissue. The remodeling process is
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dynamic and complex, dependent not only on the scaffold chemistry and morphology, but
on the host implant site, inflammatory response, mechanical environment, and disease state,
to name but a few important parameters. Despite this complex situation, scaffold design
principles provide some general options in terms of chemistry and processing to tune
degradation, provided sufficient in vivo data are available to guide such design
modifications. The collection of such in vivo data often requires destructive analysis and
substantial animal use to allow the construct to be explanted and characterized histologically
and mechanically. 43 88. 79. 37 |deally, non-invasive methods would allow monitoring of the
scaffold site in situ and temporally, allowing longitudinal studies and consequently reducing
animal use and shortening study time.

Several different groups of biomaterials, primarily ceramics, and polymers of synthetic or
natural origin (e.g. collagen) have been used in the fabrication of porous scaffolds for tissue
engineering. There also has been growing interest in the use of a variety of animal-based
decellularized tissues, in vitro-cultured cell sheets together with their secreted extracellular
matrix (ECM), or this in vitro-derived ECM alone after cell removal.13 As proteins such as
growth factors, adhesion peptides, and cytokines play a central role in the natural tissue
regeneration and repair process, '® delivering such bioactive agents in the context of the
aforementioned scaffolds has also received considerable attention. 59,26

With such a rapidly diversifying set of approaches in regenerative medicine to scaffold
materials, delivery approaches, and targeted tissues, a common theme remains the
assessment of the implanted construct transition toward (hopefully) a functional scaffold that
is mechanically appropriate and integrated with the surrounding tissue. This remains true as
tissue engineering approaches are beginning to translate towards some promising clinical
applications.25,11 54 83 |t is in this current state of the field where a need remains for a non-
invasive, non-destructive, and non-ionizing imaging tool that could provide design feedback,
treatment monitoring, and intervention guidance, particularly from a mechanical
perspective, in both pre-clinical and clinical models.

Biomedical ultrasound imaging is based on the measurement of ultrasound waves as they
interact with tissues. Among several common non-invasive imaging modalities, ultrasound
imaging stands out as an ideal candidate for tissue engineering and regenerative medicine.
Not only does ultrasound imaging provide the inherent advantages associated with non-
invasiveness and non-destructiveness, but at low cost it provides real-time temporal
resolution and relatively high spatial resolution with advances in transducer arrays and
related beamforming technologies. As such, ultrasound has been widely used in clinics for
decades. Ultrasound imaging now has a well-established place in clinical practice such that
it currently accounts for about one in four of all imaging procedures worldwide82, thus it is
expected to be highly translatable for tissue engineering and regenerative medicine
applications.

Current imaging strategies for tissue engineering and regenerative medicine have recently
been summarized by Nam et al.52 and Appel et al.3 in their review papers where different
imaging modalities for various applications in tissue engineering and regenerative medicine
were discussed along with their strengths and weaknesses. Successful applications for
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different levels of information including construct morphological and functional changes,
tissue formation through growth factor release and cell infiltration, and the therapeutic
outcomes were introduced. These applications in vitro and in vivo cover a wide range from
subcellular to whole body in animal model as well as some human subject study. In addition,
the potential of some emerging new technologies were introduced.

The objective in this review will be to focus on ultrasound imaging technologies that have
been applied for tissue engineering and regenerative medicine purposes and introduce new
emerging ultrasound-based technologies and their potential applications in this growing
field. In addition to conventional B-scan and Doppler imaging for structural and
physiological information, respectively, ultrasound elasticity imaging that includes
compressional elasticity imaging and shear wave elasticity imaging for mechanical property
assessment, tissue characterization for cell density and ECM elaboration, and novel
photoacoustic imaging (PAI) for vascularization, cell tracking, and scaffold degradation will
be discussed. These imaging modalities have high potential for ultimate use in both pre-
clinical and clinical studies in the area of tissue engineering and regenerative medicine.

2. Back scattering imaging

Backscattered ultrasound from soft tissues allows for the formation of anatomical images
based on conventional gray-scale brightness, while advanced signal processing techniques
facilitate a more thorough analysis of characteristics such as cell density and ECM
elaboration and other morphological features. For instance, the spectral parameters of
backscattered ultrasound such as slope and mid-band fit (MBF) are known to be related to
tissue microstructural properties such as size, concentration, and acoustic impedance.39,3°
These parameters have been used for assessing tissue characteristics, including cancers?2,18
and intravascular plaques.#?,53 Similar imaging techniques that utilize the spectral analysis
of raw ultrasound backscattered radio frequency (RF) data can characterize microstructural
properties of engineered tissue constructs. While gray-scale analysis is relatively
straightforward using commercially available ultrasound scanners, the results can be either
operator or system dependent. Spectral analysis that can be calibrated to the ultrasound
system provides more instrument-independent measurements, while it requires an ultrasound
system that provides an RF signal access and more intensive post signal processing.

Continued monitoring of such parameters can provide important information about how
implanted scaffolds are interacting with surrounding native tissues and about the pace and
extent of the regeneration processes. In vitro, in order to achieve high spatial resolution, a
very high frequency (> 50 MHz) single element ultrasound transducer is generally used,
while preclinical or clinical imaging is performed using either a commercial transcutaneous
array transducer in mid-range frequency (2-10 MHz) for a larger imaging depth or a
catheter-based intravascular ultrasound system (IVVUS) with a high frequency (15-30 MHz
or above).

The collagen content in tissue-engineered constructs based on fibrin 34 and ECM
deposition 1973 have been quantitatively analyzed with gray-scale ultrasound scans in which
the change of ultrasound signal intensity reflects the gradual increase in density of cells or
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extracellular proteins. Using an ultrasound microscopy system with a high frequency (50
MH?z) single element transducer, Winterroth et al. imaged the surface irregularities of an ex
vivo produced oral mucosal equivalent developed on a cellular cadaveric dermis, as seeded
cells adhered and grew and a keratinized protective outermost layer formed.8° In other in
vitro work, by estimating the sound speed and the attenuation in each section of the
explanted constructs using high-frequency ultrasound microscopy, the distribution of
nonhomogeneous tissue content in tissue-engineered scaffolds made from various polymers
loaded with chondrocytes/atelocollagen mixture were examined two months after
implantation in the subcutaneous space of nude mice.”® High-frequency ultrasound
backscatter measurements over a broad range of frequencies (13- 47 MHz) were able to
quantify the cell concentration from cell-embedded, 3-D agarose hydrogels in vitro. 48(Fig.
1A) Similarly, high resolution spectral ultrasound imaging (SUSI) was used to monitor the
differentiation of MC3T3 pre-osteoblasts seeded within collagen hydrogels, providing the
number and differentiation state of the cells23(Fig.1B) and mineralization in collagen
hydrogels.18 Comparing measurements at 50 MHz and 100 MHz when analyzing the sound
speed and the attenuation slope in the gels allowed for in vitro assessment of the degradation
of chondrocyte encapsulated hydrogel.8”

Ultrasound gray-scale imaging has also been used for longitudinal assessment of adipose
tissue engineering’8 and tissue engineering techniques applied to ischemic
cardiomyopathy?2? in preclinical animal studies. Ultrasound imaging, specifically serial
intravascular ultrasound imaging (IVUS), has been employed to evaluate the evolution of
atherosclerotic plaque in coronary bifurcations after implanting a bioresorbable scaffold in
human subjects. IVUS-virtual histology (VH) allowed identification of four plaque
components: dense calcium, necrotic core, fibrofatty and fibrotic tissue that are illustrated in
a color coded map.36 (Fig.2)

3. Doppler imaging

The capability to measure hemodynamic information, such as blood perfusion of the micro-
vasculature growing into an implant site, the patency and blood flow in tissue engineered
vascular grafts and the flow patterns associated with tissue engineered heart valves, is
critically needed to evaluate tissue construct success over time. Doppler ultrasound imaging,
which is one of the standard imaging modes in most commercial ultrasound scanners, allows
for visualization of local fluid flow in a non-invasive manner. Of course, patency of vascular
grafts can still be examined by using gray-scale brightness to identify the open lumen area of
the vessels, but sensitivity is greatly limited. 274465 For instance, blood flow in acellular
vascular grafts engineered with collagen-elastin composites that was implanted in the rat
infrarenal aortic position, was monitored using Doppler ultrasound imaging by Kumar et
al.3% Several other studies have similarly used Doppler ultrasound imaging in pre-clinical
studies to evaluate patency and flow in tissue-engineered vascular grafts, both in vitro and in
vivo. 4 77:86.2 Ultrasound Doppler imaging has also been utilized to effectively monitor the
mechanical stability of tissue-engineered vascular grafts that was implanted to serve as
arteriovenous shunts in end-stage renal disease patients*’ and also in this application area to
monitor blood flow and to detect potential aneurysms or wall degradation in allogeneic
tissue-engineered vascular grafts.8” (Fig.3A)
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Microvasculature can be visualized with significantly enhanced sensitivity of Doppler
imaging through the use of exogenous imaging contrast agents, mostly microbubbles.
Microbubbles have been injected into extracellular matrix scaffolds to measure flow rates
and image microvessel network in 3D, characterizing their volume and size, and delineating
the background matrix from the vascular circuits.?! (Fig.3B) Nonlinear harmonic imaging
with microbubbles has been applied to assess vascularization of hydrogels in vivo as well.28
In some commercial ultrasound scanners, nonlinear harmonic imaging mode for use of
microbubbles is available. In addition, Doppler ultrasound imaging can be used to
demonstrate the function of a tissue-engineered heart valve, as has been shown with a
tubular leaflet design in a flow-loop bioreactor with the injection of air bubbles.81

4. Elasticity imaging

A degradable scaffold is implanted to serve a mechanical role while the new tissue assumes
the physiological load as the scaffold degrades. If this mechanical hand off fails, the
consequences are often dire, resulting in failure of the procedure. As such, the degradation
rate of the scaffold is of paramount importance for the long-term performance of tissue-
engineered constructs in vivo. Accurate in vivo temporal data for scaffold degradation and
load-bearing tissue growth are required for the rational design of scaffolds used in
mechanically loaded tissues. Ideally, tissue engineers would be able to monitor construct
remodeling in the same specimen over time. Elasticity imaging techniques using ultrasound
is a well-suited candidate for this purpose.

A. Compressional ultrasound elasticity imaging

Ultrasound elasticity imaging (UEI), also known as ultrasound elastography, or sono-
elastography, has the potential to become a valuable tool for monitoring the mechanical and
structural changes of implanted engineered tissues at reasonably high spatial resolution with
substantial imaging depth. Since it was introduced in the early 1990s as a non-invasive tool
to investigate the mechanical properties of biological tissues,38 61. 72 UEI has been applied
in a wide spectrum of applications for native tissues and organs in vitro and in

vivo.20, 66 24 31 While many unique signal processing procedures have been adopted in
each new applied approach, the most commonly used elasticity imaging techniques are
based on 2-D correlation-based speckle tracking methods. 33 60. 640 Qver the past several
years, UEI based on speckle tracking has been shown to have great potential for clinical use,
but mostly in applications involving native tissues.64 45 70.42

For high spatial resolution, an ultrasound microscopy system with a high frequency (50
MH?z) single element transducer was used to obtain strain images of a tissue-engineered
smooth muscle sample which clearly identified a several hundred micron thick cell layer that
exhibited a different stiffness from its supporting matrix.! Using the same system,
Winterroth et al. later monitored changes in the morphology and nonlinear elastic properties
of engineered oral mucosal tissues under normal and thermally stressed culture conditions.8*
In vivo,3% UEI using a commercial array transducer was applied to detect the degradation of
the poly(1,8-octanedio-co-citrate) polymer scaffolds subcutaneously implanted in the backs
of mice. With limited sample numbers and time points, the results supported the feasibility
of UEI as a non-invasive monitoring tool for mechanical property changes of tissue
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scaffolds in vivo. The change in strains from UEI due to scaffold degradation compared well
with direct mechanical measurements; however, any tissue in-growth was not included in
the investigation. To systematically investigate the correlation of the dynamic, adaptive
mechanical and structural property changes with varying rates of scaffold degradation and
tissue in-growth, porous scaffolds made from three biodegradable elastomers with different
degradation rates were used in a later study: poly(ether ester urethane) urea (PEEUU) for a
fast degradation rate, poly(ester urethane) urea (PEUU) for a moderate degradation rate and
poly(carbonate urethane) urea (PCUU) for a slow degradation rate.8°

These three different types of scaffolds were implanted as full thickness replacements of the
rat muscular abdominal wall, and then UEI was systematically applied with a high
frequency ultrasound scanner at time points for up to 12 weeks. As shown in Fig. 4A below,
changes in scaffold morphology and stiffness were observed as time passed with scaffolds
becoming smaller and thinner as the degradation progressed. Mechanically, the tissue
constructs became harder or softer with time as indicated by the average normalized strain in
Fig. 4B (a), indicating overall stiffness changes of the tissue constructs, while the
surrounding native tissue stiffness remained near constant. From compression testing in Fig.
4B (b) the temporal changes in overall compliance correlated well with strains measured
from UEI in Fig. 4B (a). In Fig. 4 B (c), the normalized strain values from UEI and the
compliance from the compression tests exhibited a strong linear relationship. This study
demonstrates the ability of nondestructive ultrasound methodology to provide an alternative
method for the assessment of mechanical behavior as three different types of elastic,
biodegradable scaffolds remodeled in a mechanically loaded environment in situ.

Although UEI has great potential to benefit preclinical animal studies and eventually be
translated into the clinic, the technique has some inherent limitations: 1) the application is
limited to areas where physical compression can be easily applied, 2) the normalization of
the measured strain developed inside the constructs to the overall applied strain to the
animal body can produce error, and 3) the measured strain can be subjective to the boundary
conditions associated with applied force and surrounding anatomy.89: 303 |t should however
be noted that in cardiovascular applications where physiologic pulsatile pressure can be used
as the tissue deformation source, external mechanical compression is not required.15:2

B. Ultrasound shear wave elasticity imaging

Ultrasound shear wave elasticity imaging (USWEI), also known as transient elasticity
imaging or supersonic shear wave imaging can be an alternative to UEI because this
technique employs a remote palpation and provides absolute elastic modulus that can be
reconstructed from the shear wave propagation speed measurements, provided the density of
the tissue is known. The shear wave propagation speed is directly related to shear modulus
of the underlying tissue.”! The shear modulus of the target tissue can be reconstructed from
the displacement field of the propagating shear waves using the Helmholtz inversion
equation®%:5 or time of flight estimation.9

In an in vivo study using the rat abdominal repair model %3, two biodegradable polymers
with different mechanical property and degradation rates were implanted: the PEUU
mentioned above, which is a relatively soft material and degrades at moderate rate and
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polydioxanone (PDO), which is a stiff material but degrades rapidly. Fig. 5A provides
representative shear modulus images overlaid on B-mode images of PEUU and PDO
constructs over time that were implanted in the rat abdominal wall. The stiffness changed
the most for both scaffold types in the first 8 weeks during which the PEUU stiffness first
increased and then began to decrease at week 4, while PDO continued softening up to the
eighth week. In Fig. 5B (a), the Young's modulus of the constructs measured by direct
mechanical testing after explantation at weeks 0, 4, 8, and 12 is shown. In a control group of
rats, the Young's modulus of the native abdominal wall remained unchanged over 20 weeks.
In Fig. 5B (b), the average shear modulus obtained by USWEI of the constructs (red open
triangle) and the adjacent, native tissue (blue open square) is plotted over time. Note the
shear modulus in each construct shown in the white dashed circle and the native tissue area
on the opposite side shown in the red dashed circle depicted in Fig. 5A was spatially
averaged. The mean value was then taken over 10 samples. The stiffness for the PEUU
scaffolds after 8-12 weeks was found to be similar to that of the native neighboring tissues.
In contrast, for the faster degrading PDO scaffolds the stiffness continued to decrease and
dropped below the surrounding native tissues after week 8. Scatter plots showing the
relationship between the Young's modulus obtained by mechanical compression testing and
the USWEI-derived shear modulus for the same samples and time points are shown in Fig.
5B (c).

A limitation in this method is that only the shear storage modulus was determined using an
inversion of the Helmholtz equation and viscoelastic behavior and the shear loss modulus
were not considered. Advanced shear wave analysis might be used to address the dispersive
characteristics of the propagating shear wave in viscoelastic materials.14 A more accurate
estimate of shear modulus can be achieved using a more robust estimate of sheer wave
speed, such as time of flight.59 Shear modulus can be estimated with improved accuracy by
applying spatially modulated ultrasound radiation force.*6

Other novel, advanced ultrasound elasticity imaging technnologies and their derivatives can
be applied in tissue engineering and regenerative medicine for their own advantages and
applicability such as acoustic radiation force impulse imaging (ARF1) 57 and vibro-
acoustograpyl’” among others. Ultrasound elastography is found in most commercial
ultrasound scanners, and acoustic radiation force imaging and swear wave imaging have
been implemented in a few commercial ultrasound scanners and the number continues to
grow.

5. Multi-modality imaging approach

There are a variety of newly emerging approaches that aim to overcome the inherent
limitations with individual imaging methods. Among them, one of the most promising
technologies is photoacoustic imaging, which benefits from characteristics inherent to both
acoustics and optics since the technology involves the conversion of optical to ultrasonic
energy.58:16.80.1241 |n this technique, photon energy delivered by a short laser pulse
transiently increases the local temperature of target molecules in biological tissue that results
in rapid thermal expansion.16:80.12 The acoustic wave generated through this mechanical
vibration can be detected by ultrasound sensors. Since ultrasound scattering in biological
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tissue is less than optical scattering by three orders of magnitude, photoacoustic imaging
depth can be much larger than optical microscopy. In addition, imaging depth and spatial
resolution can be tradeoff with appropriate acoustic and optical design of the photoacoustic
system. This allows for a wide range of photoacoustic imaging application from the
subcellular scale to the whole animal level 8% With aid of various endogenous contrast such
as hemoglobin and melanin or exogenous contrast agents, including nanoparticles and dyes,
photoacoustic imaging can provide functional and molecular/cellular information.941.51
Imaging at various wavelengths opens further possibilities, such as the separate mapping of
blood oxygen saturation and nanoparticle distribution.32

In tissue engineering applications, cell population inside engineered tissue constructs and its
change over time have been successfully monitored by photoacoustic imaging in vitro with
aid of exogenous photoacoustic contrast agents such as dyes or gold nanoparticles, or
endogenous optical contrast by melanoma cells.9:91.10 Gold nanoparticles have also been
targeted to endothelial cells to enhance visualization of angiogenesis with photoacoustic
microscopy(PAM ) as demonstrated in vivo in a hydrogel scaffold containing FGF-2.62 In
vivo animal studies have been performed utilizing many different photoacoustic imaging
systems at once that includes a photoacoustic microscopy (PAM) using a single element
ultrasound transducer, B-mode cross sectional imaging a linear array ultrasound transducer,
and tomography. PAM successfully visualized vasculature development and scaffold
degradation in the nude mouse ear at high spatial resolution and sensitivity.”92 (Fig.6)
When a ultrasound array transducer is used, with enhanced imaging depth, in vivo
photoacoustic imaging can be applied in tissue regeneration studies in a rat model.’4-°1
Mesenchymal stem cells that were labeled with gold nanoparticles and delivered to ischemic
muscle in a PEGylated fibrin gel were successfully monitored in vivo.0.68(Fig.7) Polymer
scaffolds incorporated with single-walled carbon nanotubes, which enhance the
photoacoustic signal as well as reinforce the mechanical properties of the scaffolds were
imaged and compared with micro-CT for better imaging contrast and structural
information.” In work related to that discussed for USWEI above, two types of
biodegradable polymers with different stiffness and degradation rates stained with
indocyanine green for optical contrast were monitored in vivo for their structural changes by
photoacoustic imaging.53(Fig. 8)

In other efforts to combine imaging modalities, changes in ECM content occurring during
chondrogenic differentiation of equine adipose stem cells on 3D biodegradable matrices
have been evaluated using a prototype system combining time-resolved fluorescence
spectroscopy, fluorescence lifetime imaging microscopy, and ultrasound backscatter
microscopy by Fite et al.1? Using the same system, self-assembled engineered articular
cartilage constructs treated with chemical agents for biochemical and subsequent mechanical
changes were monitored in vitro by Sun et al. from the same group.’® Non-invasive, non-
destructive monitoring that couples structural degradation and mechanical strength changes
in engineered tissue constructs would provide a pivotal tool for tissue engineers to evaluate
and better design candidate scaffolds. Concurrent in vivo monitoring of both mechanical
stiffness and structural changes were reported using photoacoustic imaging and shear wave
elasticity imaging.83 Integration of these two imaging technologies into a single ultrasound
platform for automated co-registration has been introduced by Nguyen et al.%® (Fig. 9)
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Neovascularization of porous polymer foams implanted in mice ears has been monitored
over a six-week time period using PAM and optical coherence tomography (OCT), with
capillary-level resolution.8 (Fig. 10)

6. Conclusion

Considering the rapidly increasing number of scaffold design and implantation approaches
being proposed for regenerative medicine applications, there is a need for more effective
non-invasive, non-destructive evaluation tools to maximize the quality of data coming from
pre-clinical evaluations. Looking forward to the clinical setting, such non-invasive imaging
tools will become critically necessary. Among currently available imaging modalities,
weighing their advantages and disadvantages, ultrasound is an attractive choice for both pre-
clinical and clinical uses in that it is non-invasive, nondestructive, affordable, and capable of
real-time imaging. In this review some successful applications of ultrasound imaging
techniques for monitoring engineered tissue constructs have been introduced. Depending on
the required information for specific applications, selection of imaging techniques, sensors,
systems, and associated parameters such as operating frequency should be carefully
considered. In general, for in vitro examinations requiring high spatial resolution, ultrasound
microscopic approaches with a high frequency transducer are attractive, while for in vivo
study, mid or low frequency array transducers will provide enough depth information in
exchange for a somewhat compromised spatial resolution. Except for the peripheral vascular
grafts, intravascular ultrasound (IVUS) provides the needed accessibility to the deep major
vessels with some compromise in invasiveness. In addition to morphological information,
some currently available advanced ultrasound imaging technologies allow for measurement
of important information such as cell density, vascularization and perfusion, and mechanical
parameters for constructs in situ. Some of those imaging technologies have already been
used on human subjects, providing a high likelihood of smooth translation of these
technologies into clinics if needed. Ultrasound does have inherent limitations, providing
only 2D cross-sectional imaging using a 1D array transducer, which can be responsible for
the reported variability in study and clinical diagnosis. With the recent development of 2D
array transducers, which are now commercially available, 3D volume imaging in real-time
(4D) has been realized, albeit with a relatively low spatial resolution and limited contrast. To
overcome these drawbacks and limitations, a multi-modal approach bringing to bear other
imaging tools and techniques in concert with ultrasound is most promising. A few such
novel approaches in combination with photoacoustics imaging, swear wave elasticity
imaging, fluorescence imaging, and optical coherence tomography have shown promise in
regenerative medicine applications. Further advances in ultrasound-based imaging are
expected to appear in the coming years as investigators are constantly looking for methods
that will provide better information on how implanted tissue constructs may or may not be
remodeling in vivo to provide functionally beneficial and safe clinical outcomes.
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Figure 1.
Panel A: Imaging agarose gels fabricated with three distinct regions of homogeneous

distribution of mouse embryonic fibroblasts at different concentrations of 3x10°, 1x10°, and
2x10° cells/mL, (a). Representative B-mode (gray scale) image of an agarose gel, and
overlaid parametric images of cell concentrations in regions of interest (ROIs) that have (b)
56, (c) 28, (d) 14, and (e) 7 radiofrequency (RF) data lines. Data were acquired using the 38-
MHz transducer. The linear regression equation of the integrated backscattering coefficient
(I1BC) as a function of cell concentration was used to convert IBC values to corresponding
cell concentration estimates. Each ROI had an axial dimension of 25 wavelengths. Adapted
from Fig. 8.48 Panel B: Overlaid B-mode (grayscale) and color maps of high resolution
spectral ultrasound imaging (SUSI) parameters. The changes in (2) cell diameter, and (b)
mass of calcium deposition of MC3T3 cells embedded in collagen constructs in control and
osteogenic media were monitored in vitro over the time period of 21 days. Adapted from
Fig. 8.23
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Baseline 2-Year Follow-Up

Figure 2.
A typical IVUS-virtual histology (VH) on the bifurcation segment at baseline and at 2 years

follow-up of human subjects with obstructive coronary artery diseases who underwent
percutaneous coronary intervention with the everolimus-eluting bioresorbable vascular
scaffold. A The proximal rim of the ostium of the side branch, B the in-bifurcation segment
and C the distal rim of the ostium of the side branch are shown. The white color corresponds
to the calcified tissue, the red to the necrotic core, the light green to the fibro fatty and the
green to fibrotic tissue. Adapted from Fig. 2.36
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Figure 3.
Panel A: Ultrasound imaging used clinically with an acellular hemodialysis access graft

implanted as a shunt in an 80-year-old female patient with glomerulonephritis and coronary
artery disease. She had been receiving hemodialysis for 4.5 years, with previous failures of
an ambilateral brachial-cephalic access and of tunneled hemodialysis catheters in multiple
locations, recurrent catheter infections and thromboses, hospitalizations for pneumonia, and
lower limb deep venous thrombosis. (a) Preimplantation hematoxylin and eosin staining of
the devitalized graft. (b) Macroscopic view shows the implanted graft. Doppler ultrasound
results at (c) 1 month, (d) 6 months, and (e) 11 months (composites from scan of entire
length of graft) demonstrating no evidence of aneurysm or wall degradation. At 11 months
(e), restenosis was noted near the medial anastomosis (MA), 6 months after percutaneous
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transluminal angioplasty. Flow shown in color was 1.3, 0.7, and 0.4 L/min at 1, 6, and 11
months, respectively. AA, Arterial anastomosis; VA, venous anastomosis; MA, medial
anastomosis. Adapted from Fig.1.87 Panel B: Vessel networks are visualized from a-c) 3D
renderings of in vitro acoustic angiography obtained by vessel segmentation, after injecting
microbubbles in an extracellular matrix scaffold prepared by decelluarizing a rat liver. Three
samples were prepared. Color is defined as either inside (green) or outside (purple) of the
manually defined construct border. d) Quantitative assessments of vascular network volume,
length, and vascularity ratio. Data are normalized to sample #1 for comparison purpose.
Adapted from Fig. 4.21
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degradable elastomeric scaffolds implanted to replace the rat abdominal wall. Average strain
and compliance over time. Panel B: (a) Normalized strain obtained from UEI for scaffold
averaged over 8 samples (except when scaffold develops hernia) and surrounding tissue over
time. (b) Mean compliance (1/elastic modulus) from compression tests. (c) Scatter plots of
the compliance and normalized strain values based on the same samples at corresponding
time points. R denotes correlation coefficient and P indicates the p-value for the correlation
between compliance and normalized strain. Samples with hernia are represented by open

symbols. Adapted from Fig. 3.89
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Fig. 5.

Pagnel A: Shear modulus maps reconstructed using USWEI for two types of polymeric
scaffolds (PEUU and PDO) that were implanted in the rat abdominal wall and overlaid B-
mode images over implantation period. White and red dashed circles denote the engineered
tissue construct and surrounding native tissue, respectively. Panel B: Elastic modulus
obtained by USWEI compared with direct compression measurements. Panel B: (a) Young's
modulus obtained by compression tests using a commercial testing machine. (b) Average
shear modulus of the constructs (red open triangle) and native tissue (blue open square)
obtained by USWEI over implantation period. (c) Scatter plots presents the relation between
the Young's modulus and shear modulus from the same samples for corresponding
implantation time periods. R denotes the correlation coefficient and P represents the p-value
for the correlation between the Young's modulus (a) and shear modulus (b). Adapted from
Figures 3 & 4.63
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Figure®6.
Both scaffold (green in the middle) degradation and vascular remodeling (red in the

periphery) viewed in co-registered 3D reconstructed acoustic resolution photoacoustic
microscopy (AR-PAM) images obtained at two different wavelengths (578 nm, 638nm). (a-
d) Images were taken from a poly(lactide-co-glycolide) inverse opal scaffold implanted in
the ear of a nude mouse for 0, 1, 3, and 6 weeks, respectively. Scale bars: 2 mm. Adapted
from Fig. 4.92
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Figure7.
In vivo tracking of gold nanotracers (Au NT) labeled mesenchymal stem cells (MSCs)

intramuscularly injected in the lower limb of the Lewis rat, using combined ultrasound and
photoacoustic (US/PA) imaging. The ultrasound image shows the structural information of
the lower limb, but the location of MSCs cannot be identified. However, the photoacoustic
and US/PA images clearly show the location of the nanotracer signal from MSCs in the gel
outlined in yellow (B). (A-D) In vivo ultrasound, photoacoustic, US/PA, and US/
spectroscopic images of the lateral gastrocnemius (LGAS) in which PEGylated fibrin gel
containing Au NT loaded MSCs (1x10° cells/mL) was injected. The gel location is outlined
with yellow dotted circle. Injection depth was about 5 mm under the skin. (E-H) Control at
the region of the LGAS of the other hind limb without any injection. Spectral (650-920 nm)
analysis of photoacoustic signal was able to differentiate skin (shown in yellow), oxygenated
(red) and deoxygenated (blue) blood, and Au NT loaded MSCs (green). The images measure
23 mm laterally and 12.5 mm axially. Adapted from Fig. 6. 0
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Figure8.
Photoacoustic images that identify scaffold remainders (bright red-yellow-white) overlaid on

B-mode anatomical images that locate implant sites (hypoechoic areas in gray scale) for the
PEUU (A) and PDO (E) constructs implanted in in the rat abdominal wall at 4, 8 and 12
weeks. Masson’s trichrome staining of PEUU (B) and PDO (F) constructs. Representative
areas in the central (green box) and peripheral (black box) regions of PEUU (C) and PDO
(G) constructs are magnified. Adapted from Fig. 4.53
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Figure9.
Co-registered ultrasound swear wave elasticity images that represent shear elastic modulus

map (A) and photoacoustic images that identify scaffold remainders (B) overlaid on B-mode
images for anatomy of a PDO scaffold implanted for 4 weeks. 2D imaging planes are
separated by ~2 mm. White circles trace the implant sites.
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Figure 10.
Optical resolution photoacoustic microscopy (OR-PAM) and optical coherence tomography

(OCT) co-registered images showing the development of neovasculature (red) and scaffold/
tissue construct (green) at 2 (A), 4(B), and 6(C) weeks after implantation of Poly(d, I-
lactide-co-glycolide) (PLGA) inverse opal scaffold in the nude mouse ear. Arrowheads
indicate the growth of neovasculature into the scaffold pores (scale bars: 500 mm). (D-F)
Co-registered B-scan images at the planes indicated by dotted lines in (a—d), respectively,
showing the blood vessel growth into the inner scaffold pores. Adapted from Fig. 3.8
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