
IN VIVO IMAGING IN 
PHARMACOLOGICAL 
RESEARCH
EDITED BY : Nicolau Beckmann, Igor A. Kaltashov and Albert D. Windhorst
PUBLISHED IN : Frontiers in Pharmacology

http://journal.frontiersin.org/researchtopic/3194/in-vivo-imaging-in-pharmacological-research
http://journal.frontiersin.org/researchtopic/3194/in-vivo-imaging-in-pharmacological-research
http://journal.frontiersin.org/researchtopic/3194/in-vivo-imaging-in-pharmacological-research
http://journal.frontiersin.org/researchtopic/3194/in-vivo-imaging-in-pharmacological-research
http://journal.frontiersin.org/journal/pharmacology


1 July 2017 | In Vivo Imaging in Pharmacological ResearchFrontiers in Pharmacology

Frontiers Copyright Statement

© Copyright 2007-2017 Frontiers 
Media SA. All rights reserved.

All content included on this site,  
such as text, graphics, logos, button 

icons, images, video/audio clips, 
downloads, data compilations and 

software, is the property of or is 
licensed to Frontiers Media SA 

(“Frontiers”) or its licensees and/or 
subcontractors. The copyright in the 

text of individual articles is the property 
of their respective authors, subject to 

a license granted to Frontiers.

The compilation of articles constituting 
this e-book, wherever published,  

as well as the compilation of all other 
content on this site, is the exclusive 

property of Frontiers. For the 
conditions for downloading and 

copying of e-books from Frontiers’ 
website, please see the Terms for 

Website Use. If purchasing Frontiers 
e-books from other websites  

or sources, the conditions of the 
website concerned apply.

Images and graphics not forming part 
of user-contributed materials may  

not be downloaded or copied  
without permission.

Individual articles may be downloaded 
and reproduced in accordance  

with the principles of the CC-BY 
licence subject to any copyright or 

other notices. They may not be 
re-sold as an e-book.

As author or other contributor you 
grant a CC-BY licence to others to 

reproduce your articles, including any 
graphics and third-party materials 

supplied by you, in accordance with 
the Conditions for Website Use and 

subject to any copyright notices which 
you include in connection with your 

articles and materials.

All copyright, and all rights therein,  
are protected by national and 

international copyright laws.

The above represents a summary 
only. For the full conditions see the 

Conditions for Authors and the 
Conditions for Website Use.

ISSN 1664-8714 
ISBN 978-2-88945-237-8 

DOI 10.3389/978-2-88945-237-8

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering 
approach to the world of academia, radically improving the way scholarly research 
is managed. The grand vision of Frontiers is a world where all people have an equal 
opportunity to seek, share and generate knowledge. Frontiers provides immediate and 
permanent online open access to all its publications, but this alone is not enough to 
realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online 
journals, promising a paradigm shift from the current review, selection and dissemination 
processes in academic publishing. All Frontiers journals are driven by researchers for 
researchers; therefore, they constitute a service to the scholarly community. At the same 
time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing 
system, initially addressing specific communities of scholars, and gradually climbing up to 
broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative 
interactions between authors and review editors, who include some of the world’s best 
academicians. Research must be certified by peers before entering a stream of knowledge 
that may eventually reach the public - and shape society; therefore, Frontiers only applies 
the most rigorous and unbiased reviews. 
Frontiers revolutionizes research publishing by freely delivering the most outstanding 
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting scholarly 
publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: 
they are collections of at least ten articles, all centered on a particular subject. With their 
unique mix of varied contributions from Original Research to Review Articles, Frontiers 
Research Topics unify the most influential researchers, the latest key findings and historical 
advances in a hot research area! Find out more on how to host your own Frontiers 
Research Topic or contribute to one as an author by contacting the Frontiers Editorial 
Office: researchtopics@frontiersin.org

http://journal.frontiersin.org/researchtopic/3194/in-vivo-imaging-in-pharmacological-research
http://journal.frontiersin.org/journal/pharmacology
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:researchtopics@frontiersin.org
http://www.frontiersin.org/


2 July 2017 | In Vivo Imaging in Pharmacological ResearchFrontiers in Pharmacology

IN VIVO IMAGING IN 
PHARMACOLOGICAL RESEARCH

Topic Editors: 
Nicolau Beckmann, Novartis Institutes for BioMedical Research Basel, Switzerland
Igor A. Kaltashov, University of Massachusetts Amherst, MA, United States
Albert D. Windhorst, VU University Medical Center Amsterdam, Netherlands

The discovery and development of a biological active molecule with therapeutic properties is 
an ever increasing complex task, highly unpredictable at the early stages and marked, in the 
end, by high rates of failure. As a consequence, the overall process leading to the production 
of a successful drug is very costly. The improvement of the net outcome in drug discovery and 
development would require, amongst other important factors, a good understanding of the 
molecular events that characterize the disease or pathology in order to better identify likely targets 
of interest, to optimize the interaction of an active agent (small molecule or macromolecule of 
natural or synthetic origin) with those targets, and to facilitate the study of the pharmacokinetics, 
pharmacodynamics and toxicity of an active agent in suitable models and in human subjects. 

The objective of this Research Topic is to highlight new developments and applications of imaging 
techniques with the objective of performing pharmacological studies in vivo, in animal models 
and in humans. In the domain of drug discovery, the pharmacological and biomedical questions 
constitute the center of attention. In this sense, it is fundamental to keep in mind the strengths 
and limitations of each analytical or imaging technique. At the end, the judicious application of 
the technique with the aim of supporting the search for answers to manifold questions arising 
during a long and painstaking path provides a continuous role for imaging within the complex 
area of drug discovery and development. 
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Editorial on the Research Topic

In vivo Imaging in Pharmacological Research

The discovery and development of a biologically active molecule with therapeutic properties is an
increasingly complex task, highly unpredictable at the early stages and frequently marked, in the
end, by high rates of failure. As a consequence, the overall process leading to the production of a
successful drug is very long and costly. The improvement of the net outcome in drug discovery
and development would require, amongst other important factors, a good understanding of the
molecular events that characterize the disease or pathology in order to better identify likely targets
of interest, to optimize the interaction of an active agent (a small molecule or a macromolecule of
natural or synthetic origin) with those targets, and to facilitate the study of the pharmacokinetics,
pharmacodynamics and toxicity of an active agent in both suitable models and human subjects.

This series of articles has been brought together to highlight new developments and applications
of imaging techniques with the objective of performing pharmacological studies in vivo, in animal
models as well as in humans. Imaging has the ability to study various biological and chemical
processes non-invasively in living subjects in a longitudinal manner. For this reason, imaging
technologies have become an integral part of the drug-discovery and development program and
are commonly used in both preclinical and clinical stages. The anatomical, functional, metabolic,
and molecular information that becomes accessible through imaging provides invaluable insights
into disease mechanisms and mechanisms of drug action.

Computerized tomography (CT) andmagnetic resonance imaging (MRI) belong to the so called
anatomy-based imaging techniques. They exploit intrinsic tissue characteristics as the source of
image contrast. However, both modalities may also rely on the use of agents to highlight some
particular contrast. The development of MRI contrast agents has been briefly discussed by Terreno
and Aime. The great advantage of CT and MRI in the context of drug research is their translational
nature. Thus, they may be used for compound testing in animal models of diseases and further
also in clinical studies. Here, Ashton et al. reviewed non-contrast-enhanced and contrast-enhanced
micro-CT applications for the study of anatomy and function in small rodents. Recent advances
of cardiovascular, neurovascular and renal MRI in small rodents were addressed by Niendorf
et al.; Jonckers et al. described the way functional MRI (fMRI) can be used to study the effects
of pharmacological modulations on brain function in a non-invasive and longitudinal manner.
Finally, Marzola et al. highlighted the use of imaging, especially micro-CT and MRI, for the in vivo
identification, quantification, and functional characterization of adipose tissues in animal models
of obesity, mainly from the point of view of biophysics and physiology.
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As the domain of imaging sciences transitions from
anatomical/functional to molecular applications, the
development of molecular probes becomes crucial for the
advancement of the field. Positron emission tomography (PET)
and single photon emission computed tomography (SPECT)
are molecular imaging techniques of great interest within
pharmacological research. They have the ability to provide
biomarkers that permit spatial assessment of pathophysiological
molecular changes and therefore objectively evaluate and follow
up therapeutic responses. They are known primarily for their
clinical applications, however, animal studies are also feasible,
emphasizing the translational character of these techniques.
Here, Declercq et al. illustrated the use of SPECT and PET
in the context of drug development for Alzheimer’s disease
(AD), specifically discussing a number of biomarkers that are
supporting emerging clinical therapies for this disease.

Targeted therapy with monoclonal antibodies (mAbs) is
an avenue pursued in the context of personalized medicine,
particularly for cancer patients. The assessment of in vivo
biodistribution and tumor targeting of mAbs to predict toxicity
and efficacy is an important step toward drug development
for individualized treatments. Jauw et al. discussed how PET
employing zirconium-89 (89Zr)-labeled mAbs, an approach also
termed 89Zr-immuno-PET, can be used to visualize and quantify
the uptake of radiolabeled mAbs in tumors. Overall, 89Zr-
immuno-PET provides imaging biomarkers to assess target
expression as well as tumor targeting of mAbs.

Ultrasound is a classical diagnostic imaging technique often
used to locate a source of a disease or to exclude any pathology.
It is largely used to visualize internal body structures, such
as tendons, muscles, joints or vessels, and internal organs.
Besides its ability to provide anatomical information, ultrasound
can also display information on blood flow, motion of tissue
over time, and tissue stiffness. Compared to other prominent
methods of medical imaging, ultrasound has several advantages,
including the acquisition of images in real-time, it is portable
and can be brought to the bedside, it is substantially lower in
cost and does not use harmful ionizing radiation. Drawbacks
of ultrasonography include limited field of view, difficulty in
imaging structures behind bone and air, and its dependence
on skilled operators. Seitz et al. showed that ultrasound is
sufficiently reliable to measure acute and chronic changes in the
diameter of splanchnic veins in intact rats. Although ultrasound
imaging of the abdominal vessels is not novel in experimental
research or in the clinics, assessment of diameter changes in
multiple splanchnic vessels is new as they relate to venous
capacitance.

Recently, ultrasound has also entered the arena of molecular
imaging. Paefgen et al. reviewed here the development of
bubble-based contrast agents for ultrasound imaging and
for imaging drug delivery. The basis for molecular imaging
applications is the coupling to the shell of bubbles of specific
ligands that bind to marker molecules in the area of interest.
Also, bubbles may be loaded with or attached to drugs,
peptides or genes. By applying ultrasound pulses, the bubbles

are destroyed, leading to a local release of the entrapped
agent. The use of microbubble-assisted ultrasound to deliver
chemotherapeutic agents has been extensively discussed by
Lammertink et al. One specific class of agents that might
be of interest for such delivery are S-tanathin functionalized
liposomes, as presented here by Fan et al. S-thanatin is a short
antimicrobial peptide with selective antibacterial activity (Wu
et al., 2010).

Optical imaging adds to the realm of molecular imaging
approaches. Main advantages of optical imaging are safety
and cost-effectiveness. Major drawbacks, however, are the
high scattering and high absorption of light in living tissues.
Arranz and Ripoll described the latest advances in optical
in vivo imaging with pharmacological applications, with special
focus on the development of new optical imaging probes
in order to overcome the strong absorption introduced by
different tissue components, especially hemoglobin, and the
development of multimodal imaging systems in order to
overcome the resolution limitations imposed by scattering.
Despite being mostly limited to small rodents, there is a large
interest for optical imaging in the context of pharmacological
research, as optical imaging is useful for selecting and
validating potential novel probes in an economic and safe
(radiation free). The in vivo performance of optical probes
may predict the outcome of the ensuing and much more
involved SPECT/PET tracer development (Sandanaraj et al.,
2010).

Animal models have in general been considered of importance
in the drug discovery process. On the other hand, the widespread
use and evolution of imaging would not have been possible
without animal studies. Animal models have allowed, for
instance, the technical development of different imaging tools
and probes. Santos et al. have critically discussed the value of
animal models in the context of cardiovascular imaging.

The focus in this series has been dedicated to in vivo
macroscopic imaging applications within pharmacological
research. Nonetheless, microscopic imaging has also an
important role to play in this domain. As an example, Xu
highlighted the latest advances in hepatotoxicity, cardiotoxicity,
and genetic toxicity tests utilizing cellular imaging as a screening
strategy.

In the domain of drug discovery, the pharmacological and
biomedical questions constitute the center of attention. In this
sense, it is fundamental to keep in mind the strengths and
limitations of each analytical or imaging technique. In this series,
our aim was to illustrate the fact that the judicious application
of a given technique to search for answers to manifold questions
arising during a long and painstaking path will continue to
rely on imaging as a must-have tool in drug discovery and
development.
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INTRODUCTION

The advent of the molecular imaging era has offered to pharmacologists very powerful tools for
drug discovery and development, in vivo evaluation of pharmacokinetic properties, andmonitoring
drug efficacy (Hargreaves, 2008; Nairne et al., 2015). In fact, molecular imaging technologies
provide minimally invasive procedures to visualize, characterize, and quantify biological processes
occurring at cellular/subcellular level (Weissleder and Mahmood, 2001), thus overcoming the poor
clinical translatability often exhibited by in vitro/ex-vivo experimental models.

The continuous advances in biomedical imaging technologies may significantly boost the
development of novel and more effective drugs, and accelerating the selection of lead compounds,
with important time and costs benefits for healthcare.

In vivo imaging of drug delivery and release, as well as monitoring of the therapeutic outcomes,
represent the base of personalized medicine, thus allowing patients to be successfully addressed to
the more effective therapeutic regime.

Overall, the use of molecular imaging procedures aimed at supporting any therapeutic
intervention (including surgery) falls within the scopes of theranosis (Lammers et al., 2011).

Focusing on pharmacological therapies, a typical theranostic procedure requires the design of
an imaging-traceable agent, whose structure and properties are suitably tailored to the aims of
the examination. Imaging drug-delivery allows the assessment of the accumulation of the drug
at the biological target, thus helping the selection of the more appropriate treatment. To get
accurate information, the imaging agent should have the same physico-chemical properties of the
drug. This requirement can be successfully met by labeling pharmaceuticals (organic molecules,
peptides, proteins, radiochelates) with PET- or SPECT-traceable radioisotopes, because of the
minimal structural perturbation caused by the introduction of commonly used radionuclides (e.g.,
18F, 11C, 123I, 68Ga, 111In; Baum et al., 2010; Gains et al., 2011; Gomes et al., 2011; Witzig et al.,
2013; Wynendaele et al., 2014).

On the other hand, when the drug is loaded into a nanocarrier, also the other available imaging
modalities (CT, MRI, NIRF, US, PAI) can be used to visualize the delivery of the pharmaceutical.
The imaging probe can be loaded in the carrier alone or together with the drug. The first option
is preferable for drug selection, the second one for monitoring therapies. Among the imaging
technologies, MRI is an excellent choice because combines exquisite spatial resolution, no limits
in tissue penetration, and a vast portfolio of probes and contrast modalities that allows the
design/selection of the best agent for any theranostic application.

CLASSIFICATION OF MRI CONTRAST AGENTS

MRI contrast agents can be grouped in five classes: T1 agents, T2/T2
∗ agents, CEST agents,

19F-based agents, and hyperpolarized probes (Figure 1).

8
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FIGURE 1 | Main classes of MRI Contrast Agents in pharmacological

research.

This section intends to provide the reader a brief description
of these systems focusing on their main pro and cons with
particular reference to the applications in pharmacological
research.

T1 AGENTS

T1 agents are mostly represented by paramagnetic metal [Gd(III)
or Mn(II)] complexes that enhance the MR water signal (signal
brightening) in T1w scans. The main benefits using T1 agents
relies on the high versatility of this contrast mechanism that is
affected by a large number of factors related to either structural
and dynamic characteristics of the agent or biological aspects
like the intra-voxel distribution of the probe (e.g., intra/extra-
vascular, intra/extra-cellular). A representative example is the
use of paramagnetic complexes to visualize the delivery and
the release of a drug from liposomes (Viglianti et al., 2006;
Hijnen et al., 2014; Rizzitelli et al., 2015). However, such
systems displayed a limited sensitivity that makes necessary
a local concentration of agent around 10µM. This drawback
can be partially overcome using nanometric materials that
can aggregate even millions of contrastographic units, thus
reducing significantly the local concentration of contrast agent
(here represented by the nanosystem) necessary to generate a
detectable T1 contrast.

T2/T2
∗ AGENTS

T2/T2
∗ agents are chemicals, mostly superparamagnetic

nanoparticles made of iron oxides, capable to shorten the T2/T2
∗

of water protons much more than T1. Thus, their presence in
the MRI image is signaled by a signal loss (darkening). Such
nanoparticles show an intrinsic higher sensitivity than T1 agents

that justifies their extensive use in MR-molecular imaging
procedures, especially for cellular imaging (Srivastava et al.,
2015). On the other side, these agents are often considered not to
be the candidates of choice for designing smart agents, due to the
difficulty to modulate the T2/T2

∗ contrast as a function of the
microenvironment characteristics. Furthermore, the signal loss
is not desirable when the target site has an intrinsically low signal
(e.g., lungs, hemorrhages). However, interesting and promising
theranostic applications of iron oxide nanoparticles for the
visualization of drug delivery and release have been recently
published (Krol et al., 2013; Liu et al., 2013).

CEST AGENTS

The family of CEST agents is constantly growing, and though
there are no agents in clinical trials yet, the peculiarities of these
systems could open new and interesting future perspectives for
MRI agents in pharmacology research. The acronymCEST stands
for Chemical Exchange Saturation Transfer and identifies those
chemicals that generate a MRI contrast through the transfer,
mediated by chemical exchange, of saturated (i.e., irradiated with
a frequency specific RF pulse) protons from the donor pool
(CEST agent) to the acceptor pool (bulk water).

The most important advantage of using CEST agents is that
the contrast can be detected only following the irradiation of the
specific NMR resonance of the donor pool. It follows that the
detection of the agent is frequency-encoded and this property
can be exploited for multiplex imaging or for the design of
concentration-independent smart agents, both tasks being very
challenging in the case of the above described relaxation agents.

The sensitivity of CEST contrast detection was recognized as
an issue since the early days of the development of these agents
(Ward et al., 2000). Few mM of the donor pool are necessary.
However, in analogy with T1 agents, a large sensitivity gain
can be accomplished by recurring to nanosystems. As far as
the use of CEST agents in pharmacology, excellent results have
been obtained using liposomes as carriers of a huge amount
of exchanging water protons (the water molecules entrapped
in the nanovesicles) properly shifted by the entrapment of a
paramagnetic shift reagent in the inner aqueous compartment.
The resulting systems (called LipoCEST, Aime et al., 2005) have
been demonstrated to be very promising for imaging drug release
at preclinical level (Langereis et al., 2009; Delli Castelli et al., 2010;
Castelli et al., 2014).

HETERONUCLEAR AGENTS

CEST agents share the frequency-encoded contrast property
with agents containing MRI detectable nuclei different from
protons. Among them, two classes deserve to be mentioned here
because there are compounds already approved for humans or in
advanced clinical trials: 19F agents and hyperpolarized probes.

19F AGENTS

19F nuclei are the most sensitive spins after protons, and,
therefore can be detected by MRI without any enrichment. The
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detection sensitivity is similar to CEST agents (few mM of
fluorine atoms). Consequently, 19F agents are almost exclusively
represented by nanosystems, among which perfluorocarbon
nanoparticles (PFCs) are by far the most commonly used (Jacoby
et al., 2013). The important advantage of fluorinated agents over
the other class of contrast media stems from the possibility
to directly correlate the MR signal to the agent concentration,
thus allowing the quantification of targeted biomarkers and/or
drugs delivered at the site of interest (Lanza et al., 2002). A
commercially available formulation of PFCs will enter soon in
clinical phase 1 for labeling and in vivo tracking human adipose-
derived stem cells for breast reconstruction [19F Hot Spot MRI
of Human Adipose-derived Stem Cells for Breast Reconstruction
(CS-1000), ID NCT02035085, source: ClinicalTrials.gov].

HYPERPOLARIZED PROBES

This class of MRI agents is by far the most sensitive one,
owing to the use of polarization techniques (like dynamic
nuclear polarization, DNP, laser optical pumping, para-hydrogen
induced polarization) that increase dramatically (up to five order
of magnitude) the population difference between the spin energy
levels. These agents have some similarity with PET tracer, not
only for the excellent sensitivity, but also for the decay of the
signal they generate (caused by the return back to the thermal
polarization) that occurs on the timescale of the T1 of the
polarized spin. Hence, one limitation in the use of hyperpolarized
probes is the signal loss over time that requires fast injection and
rapid accumulation at the target site.

Hyperpolarized gases (e.g., 3He and 129Xe) are clinically
used for imaging the respiratory apparatus (Liu et al., 2014),
whereas a 13C hyperpolarized compound (13C pyruvate)
is currently in phase 1 clinical trial as metabolic agents
for prostate cancer diagnosis (University of California,
2010). Besides cancer, 13C hyperpolarized agents are under
intense scrutiny in cardiovascular research (Rider and Tyler,
2013).

The use of hyperpolarized probes for imaging drug delivery
is quite limited, mainly due to the time constrain. Hence, their

impact in pharmacological research is primarily in monitoring
therapy outcome (Laustsen et al., 2014; Park et al., 2014).

A very intriguing combination between hyperpolarized and
CEST agents has been proposed using 129Xe-based probes. The
contrast arising from these agents (dubbed Hyper-CEST) relies
on the reversible binding of hyperpolarized Xe with amacrocyclic
host (e.g., cryptophane, cucurbituril; Schröder et al., 2006). The
large chemical shift difference between the exchanging free and
host-bound species allows the generation of a CEST contrast
where the presence of very small amounts of the host-bound
Xe can be detected after transferring its saturation to the signal
of the free gas. In vitro proof-of-concepts highlighting the great
potential and high sensitivity of these agents has been very
recently published (Kunth et al., 2015; Schnurr et al., 2015).

CONCLUSIONS

In spite of the intrinsic limited sensitivity of NMR/MRI response,
several routes have been identified to allow the use of MRI probes
in pharmacological studies. The enhanced sensitivity allows to
take advantage of the superb spatial and temporal resolution of
the MR imaging modality. On this basis, MRI is increasing its
competitiveness in the Molecular Imaging arena, allowing the
design of innovative experiments that provide a detailed picture
of the biological microenvironment at cellular and molecular
level. Moreover, functional and molecular MRI investigations
imply a level of invasiveness that is definitively low in respect to
the commonly used probes for nuclear medicine.

Finally, the use of frequency-encoding agents opens new
horizons as they allow the visualization of more targets in the
same anatomical region, i.e., they provide the access tomulticolor
MR images of the kind the biomedical operators are used to deal
with in the histological characterization of bioptical specimens.
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Computed tomography (CT) is one of the most valuable modalities for in vivo imaging
because it is fast, high-resolution, cost-effective, and non-invasive. Moreover, CT is
heavily used not only in the clinic (for both diagnostics and treatment planning) but
also in preclinical research as micro-CT. Although CT is inherently effective for lung
and bone imaging, soft tissue imaging requires the use of contrast agents. For small
animal micro-CT, nanoparticle contrast agents are used in order to avoid rapid renal
clearance. A variety of nanoparticles have been used for micro-CT imaging, but the
majority of research has focused on the use of iodine-containing nanoparticles and
gold nanoparticles. Both nanoparticle types can act as highly effective blood pool
contrast agents or can be targeted using a wide variety of targeting mechanisms. CT
imaging can be further enhanced by adding spectral capabilities to separate multiple
co-injected nanoparticles in vivo. Spectral CT, using both energy-integrating and energy-
resolving detectors, has been used with multiple contrast agents to enable functional
and molecular imaging. This review focuses on new developments for in vivo small
animal micro-CT using novel nanoparticle probes applied in preclinical research.

Keywords: micro-CT, small animal imaging, nanoparticles, contrast agents, spectral imaging

INTRODUCTION

X-ray computed tomography (CT) is one of the most powerful and widely used imaging modalities
in modern clinical practice. CT provides non-invasive three-dimensional imaging capabilities at
lower cost and higher spatial and temporal resolution than other imaging modalities such as MRI
and PET (Kircher and Willmann, 2012). CT imaging can reveal a patient’s anatomy in exquisite
detail and is extremely useful in the diagnosis of a wide variety of diseases. CT systems with
high resolution (also known as micro-CT systems) have been developed over the last few decades
and have been used with great success in small animal studies. With micro-CT, animals can
be non-invasively imaged in vivo multiple times over the course of a preclinical study, which
significantly decreases the number of animals required compared to methods requiring ex vivo
analysis. Additionally, the continued development of micro-CT can help to test and optimize
imaging advances for translation to clinical CT. This review provides an overview of micro-CT
imaging principles and applications of micro-CT in preclinical small animal studies, with a special
emphasis on the use of nanoparticle contrast agents and spectral imaging methods that could serve
well in drug discovery and pharmacological research.
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MICRO-CT IMAGING PRINCIPLES

Imaging System
A CT system consists of an x-ray source and x-ray detectors,
between which the subject is placed. In clinical CT, the x-ray
source and detectors rotate around the subject to produce
projections of x-ray attenuation through the body at many
different angles. For micro-CT, the x-ray source and detectors
may also be static, while the small animal is rotated between
them. The x-ray projections acquired at each angle of rotation
are then used to reconstruct tomographic images, which are
visualized as 2D slices or 3D volumes of the specimen. The
most common reconstruction method for micro-CT is a cone-
beam implementation of filtered back projection (Feldkamp et al.,
1984). A schematic of a micro-CT system and reconstruction
process is shown in Figure 1.

X-ray Generation
X-rays are generated by accelerating electrons across a high
voltage to collide with an anode composed of a high atomic
number, high melting point material (commonly tungsten).
Interactions between the electrons and the tungsten anode lead
to the production of x-rays with a broad energy spectrum. The
maximum energy of the x-ray spectrum is determined by the
voltage applied in the x-ray tube. As tube voltage increases,
the mean x-ray energy and number of photons produced both
increase. This is demonstrated in Figure 2A for a tungsten anode
operating at two different voltages: 80 and 140 kV. The energy
of the produced x-rays is an important determinant of their
absorption by a given material. This energy spectrum can be
modified by filtration through metal filters. Filtration is primarily
used to increase the mean energy of the x-ray spectrum by
removing low energy photons. Filtration can be used to both
reduce radiation dose and improve image quality, and filtration
can be optimized depending on the imaging task (Hupfer et al.,
2012). Micro-CT x-ray tubes differ from clinical x-ray tubes in
that they usually have a much smaller focal spot (area where
the electron beam interacts with the anode), which reduces
the source function blur (i.e., penumbra blurring) and thereby
greatly improves the maximum image resolution. This increased
resolution is necessary for imaging small animals which have
much smaller features than humans.

X-ray Attenuation
X-rays travel from the focal point of the x-ray tube, through the
subject, and on to the x-ray detector. The x-ray detector measures
the relative amount of x-rays absorbed by the subject at any given
position. X-ray attenuation is given by

I = I0 e−µx

where I is the intensity of the x-rays transmitted through the
subject, I0 is the original intensity of the x-rays incident on the
object, µ is the linear attenuation coefficient of the object, and x
is the thickness of the object. Therefore, absorption of x-rays by a
material is dependent on the thickness of the material and on the
material-dependent attenuation coefficient. Diagnostic x-rays can

be absorbed by a material via two primary mechanisms: compton
scattering and the photoelectric effect.

Compton scattering occurs when an x-ray photon collides
with an outer shell electron within the subject. Upon collision, the
electron absorbs a portion of the x-ray energy and is ejected from
the atom. The x-ray photon is deflected from its original direction
and loses some energy. This scattering can occur in all directions
and can lead to noise at the detector. The amount of Compton
scattering that occurs within an object depends primarily on the
energy of the incident x-ray photon and the density of the object.
Compton scattering decreases slightly with increasing photon
energy, so higher energy x-rays are better able to pass through
a patient without attenuation. The density of outer shell electrons
increases with the mass density of a material, so denser materials
tend to have more Compton scattering and therefore more x-ray
attenuation.

The photoelectric effect occurs when an x-ray photon transfers
all of its energy to an inner shell electron within the subject. This
electron is ejected from the atom and its vacancy is subsequently
filled by an outer-shell electron, which leads to the release of a
secondary photon. The photoelectric effect is highly dependent
on both the energy of the incident x-ray and the atomic weight
of the object. The photoelectric effect is strongest when the x-ray
energy matches the binding energy of the inner-shell electrons.
As x-ray energy increases, the likelihood of the photoelectric
effect drops rapidly, proportional to the inverse cube of the
x-ray energy (1/E3). If the x-ray energy is below the energy
of a particular electron shell, then none of those electrons
can participate in the photoelectric effect because the x-ray
does not have enough energy to overcome the electron binding
energy. This leads to the K-edge effect, where the probability of
absorption due to the photoelectric effect jumps abruptly as the
x-ray energy increases above the K-shell electron binding energy.
The photoelectric effect is also proportional to the cube of a
material’s atomic number (Z3), so high atomic weight materials
exhibit a much stronger photoelectric effect than low atomic
weight materials. This is why contrast agents for CT traditionally
include high atomic weight elements (e.g., iodine, barium). The
K-edge effect is shown in Figure 2B, which demonstrates the
relative probability of x-ray photon attenuation at different x-ray
energies for several high Z materials such as iodine, gold, barium,
gadolinium, bismuth.

APPLICATIONS OF
NON-CONTRAST-ENHANCED
MICRO-CT

Micro-CT images only demonstrate high contrast when there are
large differences betweenmaterial densities (Compton scattering)
or atomic weights (photoelectric effect) within the patient. In
the case of soft tissue imaging, there is very little natural
contrast so an exogenous high atomic weight contrast agent
must be administered for effective imaging (Yu and Watson,
1999). However, non-contrast-enhanced micro-CT performs well
for bone and lung imaging, both of which have high inherent
contrast in the absence of exogenous contrast agents.
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FIGURE 1 | Schematic of a micro-CT system. Multiple x-ray projections are acquired over a 360◦ rotation around the subject. These individual x-ray projections
are then reconstructed to produce 2D cross-sectional images and 3D volumes.

FIGURE 2 | X-ray production and attenuation. (A) X-ray energy spectra produced at two different tube voltages: 80 and 140 kV. Both the number of photons
produced and the mean energy of the spectrum increases with higher voltage. (B) X-ray attenuation as a function of x-ray energy for multiple materials. In general,
the x-ray attenuation rapidly drops with increasing x-ray energy. At the K-edge of each material, there is a sharp rise in attenuation due to the photoelectric
absorption at that energy.

Bone Imaging
Micro-CT is well-suited for bone imaging because of the natural
contrast between bone and soft tissues, which is due to the high
effective atomic weight of bone. This makes micro-CT extremely
valuable for non-invasive, high-resolution bone imaging without
the need of an exogenous contrast agent. Bone imaging was one
of the very first common applications of micro-CT for small
animal imaging (Feldkamp et al., 1989; Kinney et al., 1995).
Micro-CT can accurately quantify a variety of bone parameters,
including cross-sectional area, cortical thickness, bone mineral
density, bone volume, bone surface ratio, and trabecular
thickness (Bouxsein et al., 2010). Structural micro-CT studies
have examined bone architecture (Waarsing et al., 2005; Hsu
et al., 2014), bone remodeling (David et al., 2003; Cowan et al.,
2007), and osteoarthritis (Appleton et al., 2007; McErlain et al.,
2008). Micro-CT has also been used to monitor bone healing
after treatment with basic fibroblast growth factor (Yao et al.,
2005), vascular endothelial growth factor gene therapy (Li et al.,
2009), or stem cell therapy (Lee et al., 2009). Micro-CT can also

be used to longitudinally track bone loss and structural changes
following radiation therapy and bone marrow transplantation
(Dumas et al., 2009) or after spinal cord injury (Jiang et al.,
2006). In the case of osteoporosis, micro-CT measurements have
been used to study disease progression after ovariectomy (Laib
et al., 2001) or immobilization (Laib et al., 2000). Micro-CT has
also been used to study early bone development and growth
(Guldberg et al., 2004). Additionally, micro-CT has been used
extensively in studies of bone regeneration (Umoh et al., 2009)
and bone tissue engineering (Lin et al., 2005; Ho and Hutmacher,
2006). In these cases, micro-CT can quantify mineral content,
porosity, and connectivity, as well as accurately determine three-
dimensional structures. Figure 3 illustrates the use of micro-
CT to evaluate healing of a tibial bone defect after treatment
with an osteoinductive gel scaffold (Sagar et al., 2013). This
study shows the ability of micro-CT to produce both 2D cross-
sectional bone images as well 3D reconstructions of entire bones.
Within the 3D reconstructions, bone microarchitecture is clearly
visualized.
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FIGURE 3 | Tibial bone defect micro-CT imaging. (A) Axial micro-CT cross-sections and (B) 3D reconstructions of tibial bone defects after treatment with an
osteoinductive gel scaffold. Longitudinal imaging was performed up to 25 weeks. Addition of the treatment gel significantly improves healing of the bone defect.
Reprinted from (Sagar et al., 2013) under the Creative Commons Attribution License.

Lung Imaging
The large difference in density between air-filled lungs and soft
tissues creates high contrast for lung imaging, which makes CT
an extremely useful modality for studying the lung. The primary
difficulty in imaging the lungs is respiratory motion. Small animal
respiratory rates are 3–4 times the average human respiratory
rate, so completing an entire scan between breaths is not practical.
Instead, various gating strategies are used which allow researchers
to acquire each projection at the same stage in the respiratory
cycle, so that there is only minimal motion from one projection
to the next. One of the most effective methods of respiratory
gating is to intubate the animal and control the respiration by
mechanical ventilation (Hedlund and Johnson, 2002; Namati
et al., 2006). This allows projections to be acquired at exactly
the same point in each respiratory cycle. For a less invasive
approach, the respirations of a freely breathing animal can be
monitored using a pressure transducer. The x-ray projections
can then be acquired automatically at the same point in the
measured respiratory cycle (Badea et al., 2004). This method does
not perfectly eliminate respiratory motion, but it is much less
invasive than mechanical ventilation and can still resolve features
down to∼150microns (Namati et al., 2006). Retrospective gating
is also possible, in which many projections are acquired rapidly
and sorted post-acquisition according to phase of the respiratory
cycle. Subsequently, these sorted projections are used for the

reconstruction of tomographic images corresponding to each
phase of the respiratory cycle (Ford et al., 2007).

Micro-CT with respiratory gating has been used to study
a wide variety of lung diseases. Micro-CT can be used to
longitudinally monitor mice for the presence of lung metastases
(Li et al., 2006) as well as follow the growth of lung tumors
(Hori et al., 2008; Namati et al., 2010; Li et al., 2013a; Rudyanto
et al., 2013). The treatment efficacy of chemotherapy (Ueno
et al., 2012) or radiation therapy (Perez et al., 2009, 2013; Kirsch
et al., 2010) on lung tumors can be measured using micro-
CT, and lung injury resulting from radiation therapy can also
be assessed (Saito and Murase, 2012). In addition to tumor
characterization, micro-CT is also useful for imaging diseases
of the lung parenchyma. Mouse models of emphysema created
by intra-tracheal instillation of elastase (Postnov et al., 2005;
Artaechevarria et al., 2011; De Langhe et al., 2012; Munoz-
Barrutia et al., 2012) or exposure to cigar smoke (Sasaki et al.,
2015) have been developed and characterized by micro-CT. In
emphysema, CT values decrease compared to normal lung due
to the loss of soft tissue parenchyma and increased air-trapping.
A mouse model of bleomycin-induced lung fibrosis has also been
studied extensively by micro-CT (Shofer et al., 2007, 2008; De
Langhe et al., 2012) and this model has been used with micro-
CT for the preclinical evaluation of drug efficacy (Scotton et al.,
2013; Choi et al., 2014; Zhou et al., 2015). In fibrosis, CT values
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increase due to an expansion of the parenchyma tissue. Lung
compliance and lung volume, which are important factors in both
emphysema and fibrosis, can also be measured by micro-CT.
Animals are mechanically ventilated at multiple pressures and
the lung volume at each pressure is measured. The resulting lung
pressure-volume curve can be used to calculate lung compliance
(Guerrero et al., 2006; Shofer et al., 2007). Figure 4 shows an
example of automatic quantification of lung air volumes using
micro-CT in normal mice and in mice with bleomycin-induced
fibrosis (De Langhe et al., 2012). Micro-CT has also been used
to detect chronic silicosis (Artaechevarria et al., 2010) and acute
respiratory distress syndrome (Voelker et al., 2014).

MICRO-CT CONTRAST AGENTS

Because of the lack of inherent contrast for soft tissue imaging,
the majority of CT scans make use of high atomic weight
contrast agents. In current clinical practice, iodine is the most
commonly used element for intravascular CT contrast. Iodine
contrast agents are made up of water-soluble aromatic iodinated
compounds. These compounds provide effective contrast due to
their high atomic number, which produces a strong photoelectric
effect. Because CT is relatively insensitive to contrast, high
concentrations of contrast agent (up to 400 mg iodine/mL) must
be injected in order to produce adequate image enhancement.
Clinical CT contrast agents are generally safe, but severe adverse
reactions sometimes occur. These adverse reactions are generally
divided into two types: allergic reactions and contrast-induced
nephropathy (CIN). CIN occurs due to the high osmolality and
viscosity of clinical contrast agents and is more common in
patients with chronic renal disease (Namasivayam et al., 2006;
Tepel et al., 2006; Wang et al., 2007). Iodinated contrast agents
are rapidly cleared from the bloodstream by the kidneys (Bourin
et al., 1997), so there is only a very short window for imaging
after injection. Additionally, these agents quickly distribute from

the intravascular to the extravascular space throughout the body.
Initially, this provides useful contrast, but after a short time this
nonspecific uptake leads to uniform enhancement throughout
most of the body. Development and optimization of these small
molecule contrast agents continues in order to address some of
these limitations, but no breakthroughs have occurred in clinical
contrast agents for many years (Lusic and Grinstaff, 2013).
This lack of progress is primarily due to the significant hurdle
of developing high atomic weight agents that simultaneously
demonstrate low toxicity, high efficacy, and low cost.

For small animal imaging, the use of clinical contrast agents
is particularly difficult. Small animals have much higher renal
clearance rates than humans, so injected contrast agents are
rapidly excreted. This can be illustrated for the case of a mouse.
In the average adult mouse, blood volume is approximately
1.5–2.0 mL (Diehl et al., 2001), and the glomerular filtration
rate (the volume of plasma filtered by the kidneys per time)
is approximately 0.4 mL/s (Cervenka et al., 1999). Therefore,
the whole mouse blood volume is filtered by the kidneys in
less than 5 s. Consistent with this filtration rate, it has been
shown that clinical iodine contrast agents drop to undetectable
levels in the bloodstream within 4 s of injection in a mouse
(Lin et al., 2009). This rapid clearance of contrast agent severely
limits the useful application of clinical contrast agents in small
animals.

To overcome the rapid clearance of traditional contrast agents,
blood pool contrast agents have been developed which exhibit
prolonged blood residence time and stable enhancement for
minutes to hours. Blood pool agents are made up of a wide
variety of high molecular weight compounds or nanoparticles
that avoid renal clearance due to their large size. Iodine-based
blood pool agents include iodine-containing polymers (Galperin
et al., 2007; Aviv et al., 2009), micelles (Trubetskoy et al., 1997;
Torchilin et al., 1999), emulsions (de Vries et al., 2010; Hallouard
et al., 2013; Li et al., 2013b), and liposomes (Krause et al., 1993;
Petersein et al., 1999; Mukundan et al., 2006; Ghaghada et al.,

FIGURE 4 | Automated analysis of lung air volumes for a normal mouse and a mouse with lung fibrosis. CT cross-sections of the lungs are thresholded to
include only those voxels which primarily contain air. These binary images are then converted to 3D volumes to visualize and quantify the aerated lung volumes. The
fibrotic lung has significantly reduced air volume compared to the normal lung. Reprinted from (De Langhe et al., 2012) under the Creative Commons Attribution
License.
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2011). A schematic demonstrating the configuration of several
iodine-containing nanoparticle agents is shown in Figure 5.
Historically, these iodine nanoparticles have been the most used
contrast agents for micro-CT imaging. The development and
use of these iodine-containing blood pool contrast agents have
been reviewed elsewhere (Hallouard et al., 2010; Annapragada
et al., 2012; Cormode et al., 2014; Li et al., 2014). Some iodine-
containing blood pool agents are commercially available for small
animal research, including Fenestra R© (MediLumine, Montreal,
QC, Canada) and ExiaTM (Binitio Biomedical, Inc., Ottawa, ON,
Canada), and ExitronTM P (Miltenyi Biotec, San Diego, CA,
USA).

Over the past several years, metal nanoparticle contrast
agents have been developed incorporating a wide variety of
elements. The most commonly used metal nanoparticles for
micro-CT consist of gold. Gold nanoparticles produce greater
CT enhancement than iodinated contrast agents because of
the high atomic number of gold (Z = 79) compared to
iodine (Z = 53). Gold nanoparticles are particularly promising
for in vivo imaging applications because gold is extremely
inert and gold nanoparticles can be readily modified with
surface-linked molecules to render them biocompatible (Li
et al., 2012). Bismuth is another promising element for use
as contrast agent because it is plentiful, inexpensive, and has
a high atomic number (Z = 83). Multiple formulations of
bismuth nanoparticles have been proposed for use as CT
contrast agents (Rabin et al., 2006; Ai et al., 2011; Perera
et al., 2011; Swy et al., 2014). Nanoparticles for micro-CT have
also been developed using other metals, including bismuth,
barium, tantalum, silver, gadolinium, ytterbium, and thorium
(Jakhmola et al., 2012). Some metal nanoparticle contrast agents
are commercially available, including the gold nanoparticle
agent AuroVistTM (Nanoprobes, Inc., Yaphank, NY, USA)

and the barium nanoparticle agent ExitronTM Nano (Miltenyi
Biotec).

Surface conjugation is important for nanoparticle contrast
agents, because bare nanoparticles adsorb serum proteins and are
readily recognized and cleared by the immune system. A variety
of molecules can be added to the nanoparticle surface to decrease
nanoparticle clearance, but the most common modification
strategy is the addition of polyethylene glycol (PEG; Jokerst et al.,
2011). Surface PEGylation significantly increases nanoparticles’
blood residence time, which allows them to be used as blood
pool contrast agents. Nanoparticles’ blood residence time and
biodistribution are also heavily influenced by their size and shape,
with smaller nanoparticles tending to have longer blood residence
times.

APPLICATIONS OF
CONTRAST-ENHANCED MICRO-CT

The development of nanoparticle contrast agents has opened the
door for many exciting applications in small animal imaging.
While imaging applications using low molecular weight contrast
agents have been limited, blood pool contrast agents have now
been used for a wide range of imaging applications. Important
modern applications for contrast-enhanced micro-CT in small
animals include imaging of the vasculature, heart, abdomen
and tumors. Current micro-CT contrast agent research is now
focused on developing agents with active targeting, multi-modal,
or theranostic capabilities.

Vascular Imaging
Vascular imaging for micro-CT is done primarily using blood
pool contrast agents. Micro-CT scan times must be longer

FIGURE 5 | Iodine-containing nanoparticles. (A) Representation of individual amphiphilic lipids that can be incorporated into nanoparticles. (B) Representation of
several configurations of self-assembling nanoparticles based on amphiphilic lipids. Iodine can be incorporated into the hydrophobic portion of the micelle, within the
non-polar core of an emulsion, or within the aqueous core of liposomes. Reprinted with permission from (Mulder et al., 2006).
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than clinical CT scan times due to the requirement for much
higher resolution. Higher resolution implies a need for more
x-ray flux, which is achieved with a longer integration time per
projection. Early micro-CT scanners required up to an hour to
complete a scan. In these cases, low molecular weight contrast
agents could not be used for vascular imaging, as they would be
cleared from the bloodstream long before the image acquisition
was completed. For current micro-CT scanners, scan times of
under a minute are now possible. Using these fast protocols,
low molecular weight contrast agents have been successfully
used for vascular imaging (Kiessling et al., 2004; Badea et al.,
2006; Schambach et al., 2010). However, these contrast agents
must be either repeatedly or continuously administered over
the course of a scan to achieve a constant level of vascular
enhancement. This increases the difficulty of imaging and may
significantly increase the injected dose of contrast agent. As
an alternative to low molecular weight contrast agents, blood
pool contrast agents have been successfully used for a variety
of vascular applications, including measurements of vascular
morphology, diameter, and branching (Vandeghinste et al., 2011),
imaging pulmonary vasculature (Johnson, 2007), imaging hepatic
vasculature (Chouker et al., 2008), imaging tumor vasculature
(Badea et al., 2006; Graham et al., 2008), and measuring vascular
permeability (Langheinrich and Ritman, 2006). By providing a
constant level of enhancement within the vasculature over a
prolonged period of time (minutes to hours), these contrast
agents simplify the acquisition of vascular images using micro-
CT and allow for a wider range of imaging protocols to be used.
Figure 6 shows an example of vascular imaging. In this study,
micro-CT was used with a liposomal iodine contrast agent in
order to study the vasculature associated with primary soft tissue
sarcomas of the hindlimb (Moding et al., 2013).

Cardiac Imaging
Cardiac imaging is challenging in small animals due to their
rapid heart rate (∼600 bpm for mice). Like respiratory gating
(see Lung Imaging), cardiac gating can be used to minimize
artifacts due to cardiac motion in the resulting CT images.
Cardiac gating can be performed either prospectively (Badea
et al., 2005, 2008a, 2011b; Ford et al., 2005; Guo et al., 2011)
or retrospectively (Bartling et al., 2007; Song et al., 2007; Badea
et al., 2008a, 2011c; Ashton et al., 2014a). In both cases, the
ECG of the animal is continuously monitored. In prospective
gating, each projection is triggered at a pre-defined point of
the cardiac cycle, so that the heart is in the same position
in each of the projections. In retrospective gating, projections
are acquired rapidly over several rotations and then the timing
of the images is compared to the ECG tracing. Each of the
images is sorted into projections belonging to different points
in the cardiac cycle. Each set of projections can then be
compiled together for tomographic reconstruction. Retrospective
gating is much more rapid, but produces an irregular angular
distribution of projections, which can cause artifacts during
the reconstruction process. Because prospectively gated images
are acquired over many cardiac cycles, they require several
minutes to perform. Many cardiac imaging protocols incorporate
both respiratory and cardiac gating to minimize overall thoracic

FIGURE 6 | Coronal maximum intensity projection of intravascular
iodine in a mouse with a soft-tissue sarcoma in the right hindlimb.
Micro-CT imaging (88 µm voxel size) was performed immediately after
injection of a liposomal iodine contrast agent.

motion during the scan (Badea et al., 2004). We note that
intrinsic retrospective gating can also be implemented with
cardiac and respiratory motion signals derived from information
within each of the acquired projections, thus avoiding the
complications of having ECG or respiratory sensors attached to
the mouse (Bartling et al., 2008; Johnston et al., 2010; Kuntz et al.,
2010).

For all cardiac imaging, contrast agents are necessary to
differentiate the myocardium from the heart lumen. Because
cardiac-gated scans can require several minutes to perform,
enhancement of the blood within the heart must remain constant
for a prolonged period of time to produce high quality scans.
Such imaging is possible with low molecular weight contrast
agents by using continuous administration or repeated injections
(Sawall et al., 2012), but the vast majority of studies have made
use of blood pool contrast agents, which make cardiac-gated CT
protocols practical. Because images can be acquired over multiple
phases of the cardiac cycle, cardiac micro-CT can produce 4D
images of the beating heart. These datasets can be used tomeasure
cardiac function, including ventricular volumes, stroke volume,
ejection fraction, wall motion, and cardiac output (Badea et al.,
2005, 2007, 2008b, 2011b; Wetzel et al., 2007). Measurements
of cardiac function by micro-CT can be used to evaluate the
effect of drugs in preclinical studies. Cardiac micro-CT has
been used to measure changes in cardiac function as a result
of dobutamine-induced cardiac stress (Badea et al., 2011c), as
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shown in Figure 7A. Cardiac micro-CT can also be used to
longitudinally measure changes in cardiac function over time.
For example, left ventricular remodeling following a coronary
ligation-induced myocardial infarction has been tracked by
micro-CT (Sheikh et al., 2010). Measurements of cardiac function
and infarct size have also been performed in coronary ligation
mouse models using either a combination of blood pool agent
(Fenestra VC) and a low molecular contrast agent (Nahrendorf
et al., 2007) or a blood pool contrast agent (Exia 160) which shows
specific uptake inmyocardium (Ashton et al., 2014a). An example
of micro-CT imaging of myocardial infarction using a delayed
hyperenhancement protocol (Nahrendorf et al., 2007) is shown
in Figure 7B.

Liver and Spleen Imaging
Blood-pool contrast agents, which avoid renal clearance due
to their large size (>6 nm), are eventually cleared from the
bloodstream by phagocytic cells in the reticuloendothelial system
(Moghimi et al., 2001). This clearance occurs primarily in the
liver and spleen, which leads to accumulation of contrast in
those organs over time. This leads to high enhancement of
these organs for liver and spleen-specific imaging. One of the
most commonly used micro-CT contrast agents, Fenestra LC,
is composed of iodinated phospholipids which are recognized
by the ApoE receptor on hepatocytes and internalized in the
liver, which provides additional specificity for liver imaging.
Because these blood pool contrast agents get taken up by normal-
functioning liver and spleen, they can be used to identify necrotic
regions (Chouker et al., 2008), liver tumors (Almajdub et al.,
2007; Montet et al., 2007; Desnoyers et al., 2008; Graham et al.,
2008; Kim et al., 2008; Boll et al., 2011), and spleen tumors
(Almajdub et al., 2007), as well as to measure organ volume,
quantify hepatic necrosis (Varenika et al., 2013), and determine
liver anatomy (Fiebig et al., 2012). Figure 8 shows longitudinal
imaging of liver metastases as they increase in size over time
following a single injection of nanoparticle contrast agent (Boll
et al., 2011).

Cancer Imaging
Because tumors generally have the same density as their
surrounding tissues, contrast agents are necessary for tumor
identification and characterization by micro-CT. The vast
majority of cancer imaging studies have been performed using
blood pool nanoparticle contrast agents. Nanoparticles tend
to accumulate in tumors due to the enhanced permeability
and retention (EPR) effect (Maeda et al., 2000; Maeda, 2001).
Rapid angiogenesis within a tumor leads to the development
of immature, poorly organized, leaky vasculature. Gaps in this
leaky vasculature are large enough that nanoparticles (up to 200–
300 nm) can readily extravasate into the tumor tissue. Tumors
also tend to have very poorly developed lymphatic drainage,
so the nanoparticles are not cleared from the tumor once they
extravasate. This effect leads to the gradual passive accumulation
of nanoparticles in the tumor perivascular space over the course
of hours to days. EPR has been widely exploited for both tumor
imaging and therapy using nanoparticle agents.

Using micro-CT, dynamic biodistribution of contrast agent
within small animal tumor models can be tracked. A liposomal
iodine contrast agent was used in a rabbit tumor model for
contrast agent tracking and biodistribution analysis (Zheng et al.,
2009). Quantitative analysis was performed to determine the
percent contrast agent uptake within each organ, including the
tumor. Liposomal iodine was also used in two mouse models of
breast cancer to demonstrate dynamic changes in enhancement
within tumor vasculature and tumor parenchyma (Samei et al.,
2009; Ghaghada et al., 2011). Immediately after injection, the
contrast agent is entirely intravascular, with no significant
enhancement within the tumor tissue. This early phase allows for
the analysis of tumor vascular morphology, location, and density.
After the contrast agent was cleared from the bloodstream,
late phase imaging was performed to demonstrate passive
accumulation of the contrast agent in the tumors due to EPR. The
tumors showed heterogeneous enhancement throughout their
volumes, demonstrating spatial heterogeneity in tumor perfusion
and vascular permeability. Figure 9 shows an example of

FIGURE 7 | Cardiac micro-CT imaging. (A) Coronal micro-CT images through the left ventricle of a rat showing the heart in systole (left) and diastole (right) with
and without the administration of dobutamine (10 µg/kg/min). End systolic volume is significantly decreased and stroke volume and cardiac output are both
significantly increased. End diastolic volume is relatively unchanged after administration of dobutamine. (B) An axial image showing myocardial infarction in a rat
using delayed hyper enhancement. The yellow arrows show the boundaries of the region of myocardial infarction.
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FIGURE 8 | Longitudinal micro-CT imaging of liver metastases in a mouse following injection of a nanoparticle contrast agent. A single mouse is shown
at 9 days (A), 12 days (B), 14 days (C), and 19 days (D) after intrasplenic injection of tumor cells. Normal liver tissue is highly enhancing due to nanoparticle uptake,
while the tumor regions show no enhancement. The enhancement remains high within the normal liver over the entire course of the experiment. By day 19,
metastatic tumors take up the majority of the liver volume. Reprinted from (Boll et al., 2011) under the Creative Commons Attribution License.

FIGURE 9 | Longitudinal micro-CT imaging of liposomal iodine biodistribution. Liposomes slowly accumulate in the subcutaneous tumor, liver, and spleen
over the course of 72 h. The white arrow points to the location of the tumor in each image.

nanoparticle dynamic biodistribution and tumor accumulation
for a mouse injected with liposomal iodine (Ghaghada et al.,
2011). Immediately after liposome injection, blood vessels are

clearly outlined. At later time points, the liposomes accumulate
both in the flank tumor and in the liver and spleen. Further
studies have been done in mouse xenograft tumor models to
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carefully map the spatial and temporal distribution of liposome
uptake by micro-CT (Ekdawi et al., 2015), which has important
implications for nanoparticle-based drug delivery.Measurements
of tumor vascular density in early phase imaging and total
contrast accumulation in late phase imaging have also been used
in two mouse models of lung cancer to differentiate between
benign and malignant cancer types (Badea et al., 2012). Iodine-
containing nanoparticle contrast agents have also been used for
tumor imaging in two other models of lung cancer (Kindlmann
et al., 2005; Anayama et al., 2013) and a mouse model of liver
cancer (Rothe et al., 2015). Gold nanoparticles have also been
used for passive tumor targeting in mouse models of breast and
brain cancer (Hainfeld et al., 2006, 2013).

Active Targeting
In addition to the passive accumulation of nanoparticles in
the reticuloendothelial system or tumors, active targeting of
nanoparticles can be accomplished by conjugating specific
ligands to the nanoparticle surface which can then link to their
binding partners in vivo (Erathodiyil and Ying, 2011). Typically,
these binding partners are cellular receptors or extracellular
matrix proteins that are overexpressed in a pathological
condition, so binding is specific to the region of pathology.
Potential ligands for conjugation to the nanoparticle surface
include antibodies, antibody fragments, other proteins, peptides,
aptamers, lipids, carbohydrates, and other small molecules. The
use of targeted contrast agents for micro-CT has recently been
reviewed (Li et al., 2014). Gold nanoparticles have been used
extensively for active targeting due to the ease of gold surface
modification via gold-thiol bond formation. Gold nanoparticles
have been used as a micro-CT contrast agent for the targeting of
multiple tumor markers, including Her2 (Hainfeld et al., 2011),
the gastrin-releasing peptide (GRP) receptor (Chanda et al.,
2010), the epidermal growth factor receptor (EGFR) (Reuveni
et al., 2011b), the folic acid receptor (FAR) (Wang et al., 2013),
and tumor microcalcifications (Cole et al., 2014). Figure 10
demonstrates the use of EGFR-antibody conjugated gold
nanoparticles to target an EGFR-expressing subcutaneous tumor.
Tumor enhancement was significantly increased with targeted
gold nanoparticles compared to non-targeted gold nanoparticles
(190 HU vs. 78 HU). Gold nanoparticles have also been used for
CT imaging of lymph nodes by targeting CD4 (Eck et al., 2010),
imaging of inflammation by targeting intravascular E-selectin
(Wyss et al., 2009), imaging of atherosclerosis by targeting fibrin
(Winter et al., 2005), imaging of myocardial scars by targeting
collagen (Danila et al., 2013), and imaging of other cardiovascular
disease (Ghann et al., 2012). In addition to targeting by the
surface conjugation of a ligand, some nanoparticles have inherent
targeting abilities due to their nanoparticle chemistry. Gold
nanoparticle encapsulated within HDL particles are naturally
recognized by HDL receptors and taken up in atherosclerotic
plaques (Cormode et al., 2010). Exia-160 consists of iodinated
molecules which can be fully metabolized by the body, and
therefore the contrast agent accumulates in metabolically active
tissues, including the myocardium and brown adipose tissue.
This effect has been used to discriminate between healthy and
infarcted myocardium (Ashton et al., 2014a).

Targeted CT imaging can also be accomplished by labeling
cells with nanoparticle contrast agents. Cell labeling with
nanoparticles has been successfully used for MRI and other
imaging modalities, but has only recently been demonstrated for
CT (Betzer et al., 2014). In this study mesenchymal stem cells
were labeled with gold nanoparticles prior to injection into a
rat model of depression. Cell migration into depression-related
bring regions was successfully tracked up to 1 month post-
transplantation using micro-CT. The continued development
of CT contrast agents for targeted imaging and cell tracking
will improve the specificity of CT imaging for a wide range of
pathologies and cell therapies and will make molecular imaging
with CT a reality.

Multi-modality Imaging
Micro-CT can also be combined with other imaging modalities
in order to better study molecular and anatomical information
simultaneously. A micro-CT system can be combined with
single photon emission computed tomography (SPECT),
positron emission tomography (PET), or fluorescence molecular
tomography (FMT) into a single unit (Goertzen et al., 2002;
Liang et al., 2007). SPECT, PET, and FMT are all highly
sensitive, so targeted molecular imaging with radio-labeled or
fluorescently labeled small molecules or biomolecules is readily
accomplished. However, these modalities are all limited by poor
spatial resolution and poor anatomical imaging. By combining
these systems with micro-CT, high resolution anatomical images
can be co-registered with molecular images to produce highly
useful datasets. Combining micro-SPECT and micro-PET with
micro-CT can also improve the image quality of the resultant
SPECT and PET images by allowing for attenuation correction
(Chow et al., 2005; Hwang and Hasegawa, 2005). Figure 11
shows a combined micro-CT/micro-PET image for a tumor-
bearing mouse soon after injection of both liposomal iodine
and 18F-fluorodeoxyglucose (FDG) (Badea et al., 2011a). The
micro-CT image provides high resolution anatomical detail to
give context to the tumor signal seen in the micro-PET image.

A second application of multi-modal imaging which has
gained much attention recently is the use of agents that produce
contrast for multiple imaging modalities simultaneously. Thus,
multiple imaging modalities can be used after injection of
a single contrast agent. This helps to improve registration
between the different modalities, and increase the amount
of information gained from hybrid imaging systems. Many
different formulations of multi-modal contrast agents have been
developed, and the development of these agents has been
reviewed previously (Key and Leary, 2014). Combined CT/MR
contrast agents have been developed using gadolinium chelates
conjugated to gold nanoparticles (Alric et al., 2008) or gold
nanoshells (Coughlin et al., 2014), liposomes containing both
gadolinium and iodine-based contrast agents (Zheng et al., 2006),
and iron oxide core nanoparticles surrounded by either a gold
shell (Carril et al., 2014) or a mesoporous silica shell filled with
iodinated oil (Xue et al., 2014). A combined CT/SPECT agent
has been developed using a dendrimer linked to both iodinated
organic molecules and SPECT agent chelators (Criscione et al.,
2011). A combined PET/CT agent has been demonstrated using
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FIGURE 10 | 3D micro-CT reconstructions of mice with EGFR-expressing tumors. Mice were injected with (A) saline, (B) non-targeted gold nanoparticles, or
(C) EGFR-antibody targeted gold nanoparticles. Increased CT enhancement was seen for both types of nanoparticles, but targeted nanoparticles showed
significantly higher enhancement than non-targeted controls. Reprinted from with permission from (Reuveni et al., 2011a)

FIGURE 11 | Multi-modal micro-CT/micro-PET imaging. (A) Maximum intensity projection rendered micro-CT image acquired 1 h post-administration of
PEGylated liposomal-iodixanol. (B) The overlaid PET/CT image shows the metabolically active tumor (green ellipse).

gold nanoparticles conjugated to both glucose and 18F-FDG for
targeting of metabolically active tumors (Roa et al., 2012; Feng
et al., 2014). All of these formulations have been successfully
tested in vivo with multi-modal small animal imaging.

Theranostics
Another exciting topic of current research is the development
of theranostic nanoparticles – nanoparticles that can be used
for both therapy and diagnostic imaging. Many nanoparticles
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used as micro-CT contrast agents can easily be adapted to
incorporate therapeutics or act directly as a therapeutic agent
themselves. Gold nanoparticles, for example, have the inherent
ability to increase the effectiveness of radiation therapy, because
they absorb therapeutic x-rays efficiently and then release that
energy to the surrounding tissues. This can significantly increase
the locally delivered dose in regions of high nanoparticle
concentration. This has been used by several groups to effectively
treat cancer in multiple animal models (Hainfeld et al., 2004,
2008, 2010, 2013, 2014; Jeremic et al., 2013; Park et al.,
2015; Wolfe et al., 2015). Gold nanoparticles also exhibit
high absorbance of light at their surface plasmon resonance
wavelength, which can be tuned by altering the shape and size
of the nanoparticle. For many gold nanoparticle shapes (i.e.,
nanorods, nanoshells, nanostars), this plasmon resonance occurs
in the near infrared region, which is optimal for use with
photothermal heating. In photothermal heating, nanoparticles
convert laser light into heat, which leads to local hyperthermia.
This can be used for tumor ablation when nanoparticles are
accumulated within a tumor. The use of nanoparticle for
combined CT imaging and photothermal therapy has been
recently reviewed (Curry et al., 2014). Gold nanorods (Huang
et al., 2011) and hollow gold nanoshells (Park et al., 2015)
have both been used for combined CT imaging, radiation
therapy, and photothermal therapy. Figure 12 shows a gold
nanostar theranostic probe which was used for CT imaging
and photothermal therapy in a mouse model of primary soft
tissue sarcoma (Liu et al., 2015). This probe showed high tumor
accumulation and CT enhancement as well as effective tumor
ablation following photothermal therapy. Therapeutics can also
be incorporated into nanoparticles by direct conjugation to the
nanoparticle surface or by co-encapsulation of the therapeutic
with the imaging agent (e.g., within the aqueous core of a
liposome). Both methods have been used for the addition of
therapeutic radioisotopes or chemotherapy drugs to nanoparticle
contrast agents (Chen et al., 2014; Lu, 2014; Ryu et al., 2014; Zhu
et al., 2014).

FUTURE DIRECTIONS – SPECTRAL CT

Much effort has been made to overcome the low contrast
sensitivity inherent in CT imaging. The primary method, as
discussed above, is to add large amounts of an exogenous contrast
agent. However, significant developments have also been made
in imaging system design which can potentially improve CT
image contrast. One of the most promising recent developments
in CT has been the use of spectral information to improve
contrast discrimination. In traditional CT imaging, the overall
attenuation of x-ray intensity is measured by the detector, but
the detected x-rays are not spectrally resolved. The spectrum of
transmitted x-rays is important because the absorption of x-rays
by different materials is highly dependent on x-ray energy, so
the transmitted x-ray spectrum depends on what materials are
present along the x-ray path. Therefore, there is a significant
amount of information that can be gained by including spectral
data in the CT reconstruction process. Based on differences in

FIGURE 12 | Theranostic gold nanostars for micro-CT imaging and
photothermal therapy. (A) TEM image of gold nanostar (scale bar – 20 nm).
(B) Micro-CT axial section through the soft tissue sarcoma on a mouse
hindlimb following gold nanostar injection. Green represents gold
concentration (windowed from 2 to 10 mg/mL). (C) Photothermal therapy
after injection of either gold nanostars or saline. The mice receiving gold
nanostars showed complete remission of their sarcoma, while the control
mice had continued rapid tumor growth.

x-ray absorption, multiple materials can be differentiated and
quantified within a single scan using spectral CT.

There are two primary methods used to obtain spectral
CT data. The first method, dual-energy (DE) CT, uses x-ray
sources with two different energy spectra and traditional energy
integrating x-ray detectors. The second method uses a single
x-ray source but has energy-resolving detectors (photon counting
detectors) that can measure the energy of each detected photons.
DE CT is currently used clinically and has been successful in
improving imaging for a variety of applications (Jepperson et al.,
2013; Aran et al., 2014; Marin et al., 2014; Mileto et al., 2014;
Ohana et al., 2014; Paul et al., 2014; Bongartz et al., 2015)

Dual-energy CT
DE CT can use either a single x-ray source which rapidly switches
between two tube voltages or two separate sources (offset from
one another by 90◦) that each operate at a unique voltage.
In either case, x-ray projections are acquired at each rotation
angle using both x-ray sources. Additionally, a double-layer or
“sandwich” detector is sometimes used to separate low and high
energy x-rays. In DE CT, a complete CT dataset is acquired
for two different x-ray energy spectra. Most of a patient’s body
appears the same on both images, because absorption of x-rays by
low atomic weight materials, which is primarily due to Compton
scattering, is very weakly dependent on x-ray energy. However,
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the photoelectric effect in high atomic weight materials is highly
dependent on x-ray energy. Therefore, the attenuation coefficient
of high atomic weight materials (calcium in bone, iodine, gold)
will depend on the energy spectrum of the incident x-rays. This
effect is particularly pronounced if the two energy spectra fall on
either side of the K-edge for one of the materials. Because there
is a large increase in attenuation at energies above the K-edge
(see Figure 2B), this leads to a large difference in signal between
the two scans. By combining data from the two energy sets,
these high Z materials can be differentiated from one another
and quantified. This process is demonstrated in Figure 13A,
which shows scans of an in vitro phantom containing vials of
water, gold, iodine, or a mixture of gold and iodine. Scans at
two different energies were simultaneously acquired. These two
scans were thenmathematically decomposed into amap of iodine
concentration and a map of gold concentration (Clark et al.,
2013). We note that although the K-edges have helped with the
separation between iodine and gold, we are not able to deliver true
K-edge imaging as is possible with synchrotron mono-energetic
beams.

Spectral separation using DE CT is somewhat limited by
our ability to minimize the overlap of x-ray spectra using
polychromatic sources. Although the peak tube voltage can be
changed over a wide range, the average energy of the resulting
spectrum does not change significantly, as was shown for the
two energy spectra in Figure 2A. The separation between the
two energy spectra can be improved by applying additional
filtration to the x-ray tubes, which can preferentially remove low
energy photons and further increase the average energy of the
x-ray spectrum. The other limitation for DE CT is its ability to
discriminate between closely related elements. Discrimination of
two elements using DE CT is best when there is a large difference
in their attenuations at the two x-ray energies. This works very
well for elements with widely different k-edges (gold and iodine),
but does not work for elements with very similar k-edges (barium

FIGURE 13 | Dual energy micro-CT material decomposition. (A), In vitro
phantom consisting of a large tube of water surrounded by vials containing
gold, iodine, or a mixture of the two. (B), In vivo imaging of gold nanoparticles
and iodine-containing liposomes within a mouse soft tissue sarcoma. The
iodine (shown in red) and gold (shown in green) maps are the result of dual
energy decomposition. In both cases, the decomposition was able to
successfully differentiate the signals from the gold and iodine contrast agents.

and iodine). By careful selection and design of contrast agents,
this limitation can be avoided.

Although DE CT is commonly used in the clinic, its use
has been limited to date in preclinical micro-CT imaging.
The primary challenge with translating CT to micro-CT is the
significant increase in resolution. Because voxel size is much
smaller, the noise is much higher for micro-CT than for clinical
CT. This could be improved by significantly increasing the
number of x-ray photons delivered in order to get the same
photon flux through each voxel. However, the radiation dose
must be limited for in vivo studies, so noise cannot be decreased
to the levels seen in clinical scans. This presents a problem
for DE reconstruction, because the mathematical decomposition
of multiple materials depends on having high quality (low
noise) measurements of attenuation at each voxel. High levels of
noise make material decomposition inaccurate. By minimizing
scatter during acquisition and applying post-acquisition image
processing strategies, beam hardening and noise can be reduced
to allow for successful DE decomposition. It has been shown that
applying joint domain bilateral filtration (an edge-preserving,
smoothing filter that incorporates data from both energy sets)
prior to DE decomposition significantly improves the DE
decomposition accuracy, precision, and limits of detectability
(Clark et al., 2013). The mean limits of detectability for each
element were determined to be 2.3 mg/mL (18 mM) for iodine
and 1.0 mg/mL (5.1 mM) for gold, well within the observed
in vivo concentrations of each element (I: 0–24 mg/mL, Au:
0–9 mg/mL) and a factor of 10 improvement over the limits
without post-reconstruction joint bilateral filtration. In vitro
testing of this method using imaging phantoms containing both
gold and iodine is shown in Figure 13A (Clark et al., 2013).
Using this method, DE micro-CT has been used successfully
for a variety of applications in mice. DE CT was used
for atherosclerosis imaging to differentiate liposomal iodine
accumulated in plaque macrophages from calcium within the
plaque (Bhavane et al., 2013). Iodine accumulated within the
myocardium has been separated from other soft tissues and from
calcium in the bone for imaging of myocardial infarction (Ashton
et al., 2014a). DE CT has been used to separate gold nanoparticles
accumulated within soft-tissue sarcomas (Clark et al., 2013) or
primary lung tumors (Ashton et al., 2014b) from liposomal
iodine within the vasculature. Images of the decomposed gold
and iodine maps for a soft-tissue sarcoma are shown in
Figure 13B. In these studies, the simultaneous measurement of
two different nanoparticle concentrations was used to calculate
tumor vascular density and vascular permeability. Validation
of the calculated results was performed using histology and ex
vivo measurements of tissue gold and iodine concentrations
(Ashton et al., 2014b). In two additional studies, DE CT was
used to assess vascular changes following radiation therapy.
In the first, the increase in vascular permeability in a soft-
tissue sarcoma was determined by measuring accumulation of
liposomal iodine (Moding et al., 2013). In the second study,
cardiac injury following radiation therapy was assessed using gold
nanoparticles and liposomal iodine (Lee et al., 2014). Cardiac-
gated CT imaging was performed to obtain a DE decomposition
of the myocardium at each phase of the cardiac cycle. This data
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was used to assess both extent of cardiac injury and change in
cardiac function.

Our group has recently also demonstrated triple-energy
micro-CT for the differentiation of three materials: gold, iodine,
and gadolinium. Using a novel algorithm called spectral diffusion
(Clark and Badea, 2014), these three materials were successfully
separated and quantified both in an in vitro phantom and in vivo.
Figure 14 shows in vivo images with decomposed concentration
maps depicting liposomal iodine accumulated within the liver
and spleen, gold nanoparticles within the vasculature, and a
low molecular weight gadolinium contrast agent in the kidneys.
Dual and triple-energy CT have the potential to be particularly
useful with targeted contrast agents, so that contrast agents with
multiple different targets can be co-injected and individually
quantified using a single scan.

Photon Counting X-ray Detectors
The alternative to DE CT is the use of energy-resolving photon-
counting x-ray detectors (PCXDs) for spectral CT imaging. The
PCXDs acquire data for each projection using multiple energy
bins. These detectors directly convert photons to a digital signal,
which decreases the noise that is inherent in traditional energy-
integrating detectors (Schirra et al., 2014). Each photon that is
counted by the detector is assigned into one of the energy bins,
which provides an approximation of the energy spectrum of the
transmitted x-rays. Energy bins can be chosen to include regions
of the spectrum above and below the K-edge of the elements of
interest. The measured attenuations from each energy bin can
then be used to simultaneously solve for the concentration of
one or more high atomic weight materials within a single voxel.
This method can also be used quantify the contribution of either
Compton scattering or the photoelectric effect within any given

voxel, which allows accurate separation between signal from soft
tissues and signal from high Z materials.

Photon-counting x-ray detectors are not yet used in standard
clinical CT imaging, but prototype photon counting CT scanners
have been deployed in some research hospitals. It is expected that
PCXDs will likely be generally adopted in the clinical realm once
the technology has further advanced (Taguchi and Iwanczyk,
2013). The primary drawback of current PCXDs is the relatively
low photon count rate for each individual detector. Because it
takes a finite amount of time to count a single photon, the
hardware can fall behind when photon flux is high. This leads to
pulse pileup, which can cause saturation of the detectors and loss
of spectral sensitivity and accuracy (Schirra et al., 2014). Clinical
CT operates at very high photon flux, so this problem must be
resolved before PCXDs can be effectively used clinically. The
most obvious solution is to decrease the detector size, which will
decrease the flux incident on each detector. However, as detectors
become smaller, the charge sharing between detectors increases,
which can lead to multiple counts for single x-rays and counts at
the wrong energies. This leads to spectral distortions and high
noise. Therefore, many researchers are focused on improving
both the hardware and reconstruction algorithms necessary for
optimal spectral imaging with PCXDs.

Although PCXDs are still experimental for clinical CT, their
use in preclinical small animal studies has been successfully
demonstrated. Spectral CT has been used with targeted
nanoparticles to image atherosclerotic plaques (Cormode et al.,
2010). Gold nanoparticles were encapsulated within high-density
lipoprotein (HDL) particles to target plaque macrophages.
A preclinical spectral CT system (Phillips Research, Hamburg)
was used to differentiate the gold from iodine, calcium, and
soft tissues. This analysis was first performed in an in vitro

FIGURE 14 | Three-energy micro-CT imaging in a mouse. Liposomal iodine was injected 72 h before imaging. Gold nanoparticles and low molecular weight
gadolinium were injected immediately before imaging. Images were acquired at three energies, filtered, then separated into maps of iodine (red), gold (green), and
gadolinium (blue) concentration.
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aorta phantom, as shown in Figure 15A. Spectral CT was used
to resolve the signals from gold, iodine and calcium within
the tissue phantom matrix. The spectral CT system successfully
differentiated the phantom regions containing gold, iodine, and
calcium, with very little overlap between the signals. They also
tested the targeting of their gold-HDL particles in a mouse
model of atherosclerosis. Spectral CT (and subsequent histology)
demonstrated that the gold successfully accumulated within
the plaques and that gold could be discriminated from iodine,
calcium, and soft-tissue in vivo, as seen in Figure 15B. The
same HDL-encapsulated gold nanoparticles have been used along
with a blood pool iodine contrast agent to simultaneously image
the signals from gold accumulated within lymph nodes, iodine
within the blood, bone, and soft tissue (Roessl et al., 2011).

Low density-lipoproteins (LDLs) labeled with gold nanoparticles
have also been used to image tumors using spectral CT (Allijn
et al., 2013). Gold nanoparticles accumulating in lymph nodes
after subcutaneous injection have been differentiated from
soft tissue and bone (Schirra et al., 2012). Iodine within the
vasculature and barium within the gastrointestinal tract have
been imaged and differentiated from bone and soft tissue
(Anderson et al., 2010). Spectral imaging has also been used
to detect novel ytterbium nanoparticles within the vasculature
(Pan et al., 2012) and organic bismuth nanocolloids targeted
to fibrin-rich clots (Pan et al., 2010). In both cases, spectral
CT was used to differentiate contrast agent signal from soft
tissue and bone. The primary limitation in all of these studies
was that the low photon-count rate limitations of the PCXD

FIGURE 15 | Spectral micro-CT imaging using photon counting x-ray detectors and HDL-encapsulated gold nanoparticles. (A) In vitro aorta phantom
study demonstrating the conventional CT image along with the decomposition of the CT image into gold, iodine, photoelectric, and Compton components. (B) In
vivo imaging of targeted gold nanoparticles and blood pool iodine in a mouse model of atherosclerosis. The iodine (red) can be clearly visualized within the aorta,
while the gold signal (yellow) is immediately adjacent to the aorta lumen in the atherosclerotic plaque. Reprinted with permission from (Cormode et al., 2010).
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system resulted in a long scan time. Because the scan time
was so long, the imaging was done after sacrificing the animals
in order to prevent motion over the course of the long
acquisition. Despite the limitations, these studies demonstrate
that spectral CT using a PCXD system has the potential for
high quality in vivo imaging and material discrimination. Some
technical problems remain to be solved, but PCXD systems
have great promise for use in both preclinical and clinical CT
imaging.

RADIATION DOSE CONSIDERATIONS

One of the primary drawbacks of x-ray CT imaging is exposure to
radiation. X-ray radiation exposure can lead to biological damage
and long-term health effects (Boone et al., 2004). Radiation
exposure is particularly important to consider for micro-CT
applications, because higher radiation doses are required for
high resolution CT scans. Signal-to-noise ratio in CT is inversely
proportional to the square root of the number of x-rays passing
through each voxel. As voxel size decreases, the number of
x-rays necessary to maintain a constant signal-to-noise ratio
increases significantly. In planning micro-CT studies, a balance
must be made between desired image quality and radiation
exposure.

The LD50/30 radiation dose in mice (the dose required to
kill 50% of mice within 30 days) depends on many factors,
but tends to be between 5 and 8 Gy (Ritman, 2004; Carlson
et al., 2007). The typical radiation dose for a single micro-
CT scan can vary widely and reported values in the literature
range from 0.017 Gy to 0.78 Gy (Carlson et al., 2007). Rodents
have the ability to repair damage from low doses of radiation
(∼0.3 Gy) over the course of several hours (Parkins et al.,
1985), so most low dose micro-CT scans should have limited
biological impact, even when the same animals are longitudinally
scanned over the course of a study. But for higher dose
scans, longitudinal imaging can potentially lead to a cumulative
dose that could affect biological function (particularly immune
function and tumor response) and long-term health (Boone
et al., 2004). Therefore, careful consideration must be made
to determine the optimal imaging protocol for each individual
application to minimize the effects of radiation dose on the
experiment. With additional advances in micro-CT technology
and reconstruction algorithms, radiation doses should further
decrease, which will help to overcome radiation as a limitation
of micro-CT imaging.

NANOPARTICLE CONTRAST AGENT
SAFETY

Understanding the potential toxicity of nanoparticles is essential
in order to apply nanoparticle contrast agents in vivo and
eventually translate these contrast agents to the clinic. Because
blood pool contrast agents are not rapidly cleared from the
body by the kidneys, they have much more opportunity to
interact with the body and accumulate in various organs.

Since each nanoparticle formulation is unique, rigorous toxicity
testing must be performed for any proposed contrast agent
in order to fully understand its usefulness for both preclinical
research and potential clinical translation. For example, there is
strong evidence regarding bio-compatibility of gold (Cervenka
et al., 1999; Hainfeld et al., 2006; Lin et al., 2009). Gold-based
nano-products are now undergoing clinical trials, e.g., colloidal
Au-based tumor necrosis factor (CYT-6091, CytImmune, Inc.,
Rockville, MD, USA) and gold nanoshells (Nanospectra, Inc.,
Houston, TX, USA). However, there is still uncertainty
regarding the toxicity of many of the recently proposed
nanoparticle contrast agents; although most of the studies
reviewed here have stated that no toxicity has been observed,
comprehensive prospective toxicity studies are still required
to be performed. Because many nanoparticles can accumulate
in the body for up to several months, in depth studies
of long term toxicity are particularly important. A better
understanding of nanoparticle toxicity is necessary for the
further advancement of the field of nanoparticle CT contrast
agents.

CONCLUSION

Micro-CT has become an extremely important tool in small
animal research. Micro-CT produces non-invasive, three-
dimensional, high resolution anatomical images, which can
provide a wealth of information about normal animal function
and pathology. Although x-ray CT is limited by low tissue
contrast, developments in contrast agent design show great
promise for use in imaging a wide range of organ systems
and pathologies. Additional new developments in spectral
imaging will further improve the usefulness of micro-CT
in acquiring functional and molecular information. This will
greatly expand the potential applications for micro-CT in
small animal research. The increasing availability and low cost
of micro-CT scanners promises to greatly increase the use
and impact of micro-CT imaging on small animal studies.
Given the common use of mouse models of disease to
validate potential drug targets, to assess therapeutic efficacy,
and to identify and validate biomarkers of drug efficacy
and/or safety, micro-CT with nanoparticle based contrast agents
can have far-reaching applications in drug discovery and
pharmacology. Continuous development of novel CT/micro-CT
imaging technology and contrast agents will serve well drug
discovery and result in better medicines. Contrast agents and
technology developed for preclinical micro-CT also have the
potential to translate to significant improvements in clinical CT
imaging.
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Research in pathologies of the brain, heart and kidney have gained immensely from the

plethora of studies that have helped shape new methods in magnetic resonance (MR)

for characterizing preclinical disease models. Methodical probing into preclinical animal

models by MR is invaluable since it allows a careful interpretation and extrapolation of

data derived from these models to human disease. In this review we will focus on the

applications of cryogenic radiofrequency (RF) coils in small animal MR as a means of

boosting image quality (e.g., by supporting MR microscopy) and making data acquisition

more efficient (e.g., by reducing measuring time); both being important constituents for

thorough investigational studies on animal models of disease. This review attempts to

make the (bio)medical imaging, molecular medicine, and pharmaceutical communities

aware of this productive ferment and its outstanding significance for anatomical and

functional MR in small rodents. The goal is to inspire a more intense interdisciplinary

collaboration across the fields to further advance and progress non-invasive MRmethods

that ultimately support thorough (patho)physiological characterization of animal disease

models. In this review, current and potential future applications for the RF coil technology

in cardiovascular, neurovascular, and renal disease will be discussed.

Keywords: magnetic resonance, MRI, cardiovascular imaging, neurovascular imaging; renal imaging, MR

technology, radio frequency coils, cryogenic

INTRODUCTION

For several decades animal models have served a wide span of applications in the life sciences.
Transgenic systems have been invaluable for studying molecular signatures and specific cell
populations as well as tools for non-invasive reporter gene imaging. Animal models that simulate
human pathologies have also been indispensable for uncoveringmechanisms behindmajor diseases
as well as the identification of their respective treatments.
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A thorough characterization of each animal model remains
the crux of the matter. It ensures that the right conclusions are
drawn from preclinical studies dealing with questions around
pathogenesis and therapy as well as molecular studies that set the
groundwork for future therapies and drug design. It is getting
increasingly clear that most conditions and diseases, even those
with an underlying genetic component, are multi-factorial and
complex in nature suggesting that therapy should be equally
intricate and versatile. It has been suggested that partial, but
multiple, drug actions might be more efficient than a complete
drug action at a single target in complex multifactorial disease.
This calls for novel drug-design strategies that will depend
not only on computational modeling for identifying correct
multiple targets but also importantly on more-efficient and high-
throughput in vivo testing. Further developments in non-invasive
in vivo imaging in small rodents are necessary to guarantee this,
as well as a swift and robust translation into clinical practice. For
this to be achieved there is an absolute need for (i) anatomical and
function imaging with a superb spatial and temporal resolution,
(ii) high reproducibility in results, and (iii) longitudinal studies
with sufficient statistical power.

Preclinical Magnetic Resonance Imaging (MRI) is
conceptually appealing in the pursuit of basic and translational
research as well as for explorations into cardiovascular,
neurovascular, and renal disease. MRI has become increasingly
important for small animal imaging at multiple levels of pre-
clinical research. A growing number of reports manifest the
advances for morphological and functional MRI of the heart,
large blood vessels, CNS, and kidney. Notwithstanding its success
and ubiquity, the relatively low sensitivity of conventional MRI
constitutes an impediment for translational research and pre-
clinical applications. Constraints common to standard room
temperature RF MR detectors include contrast-to-noise-ratio
(CNR) and spatial resolution but also acquisition time and
signal-to-noise ratio (SNR), which are particular currencies
spent for image quality.

In recent years, cryogenic RF coil technology that provides
significant improvements in image quality has been made
commercially available to small animal researchers. The
cryogenic technology substantially increases SNR over standard
room temperature RF-coils by considerably reducing thermal
noise and signal losses in the RF receiver electronics. This
facilitates the acquisition of high spatial resolution images within
shorter scan times. The gain in SNR via cryogenic-cooling
corresponds to the gain achieved by an equivalent increase in
magnetic field strength, but without the extra challenges and
costs—which could be prohibitive at extreme ultrahigh magnetic
fields.

Recognizing the technical advancement in cryogenic RF
coil technology this review attempts to make the (bio)medical
imaging, molecular medicine, and pharmaceutical communities
aware of this productive ferment and its outstanding significance
for anatomical and functional MR in small rodents. The goal
is to inspire collaborations across disciplinary boundaries and
to attract basic scientists, translational researchers, clinician
scientists, and new entrants into the field to advance the
capabilities of non-invasive MR imaging through the RF coil

technology. In the sections that follow some of the potential
applications for cryogenic RF coil technology are discussed.
Neurovascular applications for cryogenic RF coil technology
include morphological imaging and functional brain mapping in
mice. The benefits of cryogenically-cooled RF coils in supporting
MRI microscopy (defined by a spatial resolution <100µm) in
vivo are demonstrated; the morphological detail reveals brain
pathology in animal models of neuroinflammatory diseases,
which opens the opportunity to follow neuroinflammatory
processes even during the early stages of disease progression.
Examples of MR angiography are presented, especially within
the context of neurovascular disease. Early and frontier
applications of cryogenic RF coil technology in cardiovascular
MRI are surveyed together with the opportunities for high
spatial resolution cardiac chamber quantification and parametric
mapping; all being facilitated by the traits of cryogenic RF coil
technology. Last but not least, the sensitivity gain of cryogenic RF
coil technology is put to good use for renal MR microscopy and
in vivoMRI to support explorations into renal diseases with non-
invasive techniques for probing renal perfusion, hypoxia and
inflammation. A concluding section ventures a glance beyond
the horizon and explores future directions. Of course, MRI of
small rodents is an area of vigorous ongoing research, and many
potentially valuable developments will receive only brief mention
here.

TECHNICAL CONSIDERATIONS

State of the Art
To date, cryogenic RF coils have been developed by making
use of either copper or high-temperature superconducting
(HTS) material. In this review we limit ourselves primarily to
copper cryogenic coils (CryoProbe, Bruker Biospin, Erlangen,
Germany) since these are available to a broader spectrum of
users. Pioneering HTS coils have been developed by specialized
research groups and are not commercially available yet. Although
complex to operate, these coils can achieve SNR gains of more
than 10-fold as demonstrated in small excised samples at high
field (Black et al., 1993) or in the living mouse at 1.5 T (Poirier-
Quinot et al., 2008).

Image Quality and Signal-to-noise Ratio
Image quality describes the perceived or quantitatively
measured degradation of an image in comparison to its
“perfect” counterpart. In MRI this translates into how well the
reconstructed image represents the characteristics of the RF
signals originating from the excited MR nuclei. Image contrasts
are the core information in the majority of MRI applications.
Contrasts allow the delineation of morphological structures
and pathological lesions (spatial contrast) or the detection of
signal intensity changes over time in functional MRI (temporal
contrast). Detrimental factors for MR image quality include
artifacts and noise.

The SNR is a quantitative metric of image quality with regards
to noise. From an MR image SNR is commonly calculated by
dividing the mean signal intensity of a uniform region of interest
covering the target region by the standard deviation of the
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noise commonly derived from the background free of signal
or artifacts. While high SNRs (>100) allow high confidence
in the MR data, low SNRs (<20) mean that the true image
characteristics are increasingly masked by noise.

The SNR dependence on MR protocol parameters for a
conventional 2D experiment is (McRobbie et al., 2006):

SNR ∝

FOVFE · FOVPE · △z · Fsequence ·
√

NA
√

BW · NFE · NPE
(1)

where FOV is the field-of-view in frequency encoding (FE)
and phase encoding (PE) direction, 1z is the slice thickness,
Fsequence is the appropriate sequence dependent factor [including
repetition time TR and echo time TE in relation to the relaxation

times T1 and T
(∗)
2 ], NA is the number of signal averages, BW is

the receiver bandwidth across the image and N is the acquisition
matrix size in FE and PE direction. In practice, temporal signal
averaging is the most commonly used approach to balance
the competing needs for high spatial resolution, high spatial
coverage, temporal resolution, and sufficient signal to noise. Yet,
signal averaging comes at the cost of scan time when using
standard gradient echo or spin echo imaging techniques, without
the implementation of acceleration techniques such as parallel
imaging or compressed sensing. The square root relation of SNR
with the number of averages very quickly sets a limit at which
more averages can no longer be justified with a substantial SNR
gain due to the severe scan time penalty governed by the power
of 2 of the number of averages.

Why Cooling the Radiofrequency Hardware
Improves Image Quality
SNR of an MR image is closely linked to the quality of
the acquired RF signals it is composed of. These RF signal
measurements—like all analog electronic measurements—are
degraded by noise, which reduces signal quality and hence image
quality. RF coil efficiency relies on overcoming thermal noise
induced by conductive samples (Hoult and Lauterbur, 1979).
The noise in MR signal acquisitions originates predominantly
from thermal (Brownian) motion of electrical charge carriers
within the passive receiver electronics (e.g., coil, conductors,
passive components) and within the sample itself. Particularly
susceptible to noise are those parts of the electronics in which
the RF signal is very small, i.e., from the RF coil until the
preamplifier output. The contribution of a 50Ohm preamplifier
to the noise cannot be so easily described because of the reactive
part of its impedance, though it can be evaluated by acquiring and
comparing noise images at different temperatures e.g., at 77 and
293K (Poirier-Quinot et al., 2008; Vaughan and Griffiths, 2012).

The concept of cooling RF coil hardware to reduce thermal
noise was originally proposed in the 1970s by D. I. Hoult
and R. E. Richards (Hoult and Richards, 1976), although the
first actual application of cooled RF coils in room-temperature
samples was introduced nearly a decade later (Styles et al., 1984).
The temperature dependency of the SNR can be described with
(Kovacs et al., 2005; Junge, 2012):

SNR ∝

ω0B1
√

RSTS+RCTC+(RS+RC)TA

(2)

where ω0 is the Larmor angular frequency, B1 is the effective
RF field in the sample volume, RS represents the so-called
magnetic and electric loss in the sample (sample resistance),
RC is the resistive loss in the RF coil and TS/C/A is the
temperature of the sample, coil, and the noise temperature of the
preamplifier, respectively. Cooling reduces the coil noise RCTC

and preamplifier noise (RS+ RC)TA and directly increases SNR.
An additional benefit of cooling the receiver electronics is owed
to the decrease of electrical resistances in the conductor (RC) with
decreasing temperatures. Reducing losses within the RF receive
chain enhances the SNR.

However, SNR is also dependent on other factors such as
frequencyω0, RF coil geometry/quality (creating the effective B1)
and sample noise RSTS. Comparing the impacts of coil noise and
sample noise on SNR in the context of RF coil size helps to answer
the question whether—and under which circumstances—cooling
the RF coil is worthwhile. As shown by Junge (2012), the coil and
sample noise contributions to SNR at room temperature are of
comparable magnitude for a single loop coil with a diameter of
approximately 3.0 cm (at 1.5 T) or 1.4 cm (at 9.4 T). For larger
RF coils sizes, as commonly used in human MRI, sample noise
contributions dominate SNR. For small animal MRI the volumes
of interest and RF coil sizes are typically in the range of 1–2 cm,
rendering coil noise contributions comparable or larger than
sample noise contributions. Although cooling the RF hardware
will always reduce noise, the engineering and cost of cryogenic
RF hardware starts to pay off only when the thermal noise
originating from the receiver electronics is comparable or larger
than the noise originating from the sample (patient, animal,
object under investigation). It is for that reason that cryogenic
RF coils have been developed primarily for nuclear magnetic
resonance spectroscopy (NMR; see review Kovacs et al., 2005)
using small samples of few millimeter diameter or few cubic-
millimeter volume and more recently for small animal MRI.

The theoretical upper limit for the SNR improvement at a
magnetic field strength of 9.4 T (f = 400MHz) is an estimated
factor of 2.8 for a transmission line resonator consisting of
two planar split rings (with an inner diameter of 14mm) that
are placed on either side of a dielectric substrate, under the
assumption of cooling the RF coil from room temperature down
to 0K (Junge, 2012). Cooling the preamplifier has a similar effect
on SNR for small samples (Kovacs et al., 2005), but taking a
typical preamplifier noise temperature of 15K with a dominating
sample noise (RS >> RC) at 310K, the SNR equation shows that
the noise contribution from the preamplifier is not that critical.
In practice however the SNR gain achievable by a cryogenic RF
coil is lower than the theoretical estimate. The RF hardware
cannot be cooled down to 0 K. RF coil and preamplifier are
typically operated at temperatures around −253◦C (20K) and
−193◦C (80K), respectively. Notwithstanding these limitations,
an SNR gain as high as 2.5 was reported for in vivo mouse
brain MRI when comparing cryogenic RF hardware (400MHz
CryoProbe, Bruker Biospin MRI GmbH, Ettlingen, Germany)
with a conventional room temperature RF coil setup of similar
geometry (Baltes et al., 2009).

According to Hoult and Lauterbur (1979), sample resistance
RS increases quadratically with the Lamor frequency ω0 for
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a well-designed RF coil. Thus, it may counterbalance the
upper frequency term in the above Equation (2) toward higher
frequencies. Higher SNR gains are expected at frequencies lower
than 400MHz and have been indeed reported at 200MHz
using the same cooled copper coil technology (Ratering et al.,
2008). The gain becomes even higher when using the HTS coil
technology at lower frequencies (Darrasse and Ginefri, 2003):
SNR gains larger than 10-fold were achieved at 64MHz in
the living mouse brain (Poirier-Quinot et al., 2008). Thus, the
cryogenic technology will be particularly valuable for preclinical
studies when used in combination with clinical field strengths.

Cryogenic Radiofrequency Coil Hardware
The first commercial cryogenically cooled RF probe for NMR
spectroscopy was installed in 1999 (Kovacs et al., 2005). It
took almost 10 years for this technology to mature and to
become commercially available for small animal MR scanners.
The feasibility and benefit of cryogenically-cooledMRI RF probes
was demonstrated for in vivomouse brain imaging at 9.4 T (Baltes
et al., 2009). This success built upon the pioneering explorations
into cryogenic RF coil designs for biomedical MRI by researches
such as Hurlston et al. (1999), Ginefri et al. (2007), Nouls et al.
(2008) and the successful development of a prototype for 4.7 T
(Ratering et al., 2008).

Modern cryogenic RF hardware employs high temperature
superconducting (HTS) materials to dramatically reduce resistive
losses (Black et al., 1993; Hurlston et al., 1999; Darrasse and
Ginefri, 2003; Ginefri et al., 2007; Nouls et al., 2008; Junge,
2012; not commercially available yet). Cold helium gas has
replaced liquid cryogens as cooling media. Simply speaking,
Helium gas is compressed in one chamber and then chilled
through expansion in another chamber in a closed-loop cooling
system—comprised of the RF coil, a cryogenic cooling unit and
a helium compressor. The waste heat produced during the gas
compression is transferred from the helium compressor to a cold
water system via a connected water chiller.

For a review of cryogenically cooled RF coil hardware, we
will focus here on the range of commercially available cryogenic
RF surface coils for preclinical MRI (CryoProbe™, Bruker
Biospin MRI GmbH, Ettlingen, Germany). The RF coil head
(CryoProbe; Figure 1A left) is installed at the center of the
magnet bore. In this type, a set of torque rods (Figure 1A center)
are fitted to the RF probe to allow its tuning and matching
from the rear end of the MR system. The preamplifier and the
interconnection between preamplifier and CryoProbe are also
cryogenically cooled (Figure 1A right). Positioning of the mouse
underneath the CryoProbe is facilitated by a dedicated animal
cradle (Figure 1B top), which features a warm water heated floor,
nose cone with tooth bar and anesthetic gas outlet, ear bars for
head fixation, and spacers to adjust the z-axis position of the
cradle, as well as a lever system to permit lifting the cradle closer
to the CryoProbe once both are fully inserted and the mouse is
located below the RF coil (Figure 1B bottom).

Since the introduction of the first cryogenic MRI RF coil
the range of CryoProbes is steadily expanding. The initial
mouse brain quadrature transmit/receive MRI CryoProbes (for

FIGURE 1 | Hardware components and setup of MRI with cryogenic

radiofrequency coil technology (9.4 T MRI system 94/20 Biospec with

400MHz Quadrature TxRx CryoProbe, Bruker Biospin MRI GmbH,

Ettlingen, Germany; some parts not shown). (A) left: RF coil head

(CryoProbe); center: tuning/matching unit that is attached to the rear of the

CryoProbe when installed in the scanner; right: view of the rear of the magnet

with the CryoProbe and tuning/matching unit inserted into the magnet bore,

which are connected to the cryogenic preamplifier visible on the right hand

side. (B) top: cradle tailored to the CryoProbe, incorporating a warm water

based floor heating, nose cone with tooth bar (black), and outlet of anesthetic

gas, ear bars (black) for fixation of the mouse head, spacers (beige) to adjust

the z-axis position of the cradle underneath the CryoProbe, a lever system to

permit lifting the cradle slightly upwards closer to the CryoProbe once the

cradle has been fully inserted and the mouse is located below the CryoProbe;

bottom left and right: front of the cradle with a mouse set up for MRI, showing

the muzzle of the mouse in the nose cone, the ear bars fixing the head (see

view from above in right panel) and a rectal temperature probe (yellow) to

monitor core body temperature.

4.7–15.2 T MR systems) are now-a-days complemented by four-
channel array receive-only CryoProbes (for 7.0 and 9.4 T MR
systems), four-channel array CryoProbes for rats, and mouse X-
nuclei CryoProbes (for 9.4 T; e.g., 13C, Sack et al., 2014). The
latter are used in conjunction with a built-in room temperature
1H RF coil for decoupling and acquisition of anatomical
reference images. Finally, the receive-only CryoProbes allow
for the use of a room temperature volume resonator for RF
excitation, which improves transmission field (B+1 ) homogeneity.

Characteristics of Cryogenic RF Surface
Coils—The Pros and Cons
Cryogenic cooling of the RF coil and preamplifier more than
doubles the SNR compared with an equivalent RT coil setup.
In vivo mouse studies revealed typical SNR gains of 2.5–2.8
in the brain (Figure 2; Baltes et al., 2009, 2011; Junge, 2012),
3.0–5.0 in the heart (Wagenhaus et al., 2012), and 3.0–3.5 for 13C
spectroscopy in the brain (Sack et al., 2014). These examples of
sensitivity enhancements obtained for 400MHz (9.4 T) may only
serve as a basic reference because the SNR gain depends on the
frequency (see equation for SNR and Ratering et al., 2008) and the
choice of RT coil against which the performance of the CryoProbe
is benchmarked.
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In practical terms, a 100% SNR gain by use of a CryoProbe
is substantial enough to facilitate an improvement in spatial
resolution from e.g., (100 × 100)µm2 to (71 × 71)µm2 by
reducing the FOV. Maintaining the same FOV and acquisition
time the spatial resolution can be improved to (63× 63)µm2, as
a result of increasing the matrix size (by 58%) combined with a
reduction in the number of averages (by 36%). Alternatively an
acquisition time reduction by 75% could be attained with this
SNR gain via reducing the number of averages.

An SNR gain of 100% is equivalent to significantly increasing
the magnet field strength, which is not only more cost
intensive, but also comes along with challenges such as increased
susceptibility artifacts, disadvantageous relaxation time changes,
extra constraints for RF coil design at higher frequencies due
to wave length shortening and adverse effects for physiological
signals due to the interference with the magnetic field.

A surface coil design CryoProbe is essential to position the coil
as close as possible to the object under investigation, to conform

FIGURE 2 | Mouse brain gradient-echo images acquired at 9.4 T with a

RT receive-only RF coil (A) and a transmit/receive quadrature

CryoProbe (B). The overall SNR gain for the delineated brain region of interest

was 2.8. From Junge (2012), by permission of John Wiley & Sons Limited.

the coil geometry to the target anatomy, to keep coil size small
and remain within the coil noise dominated regime. Although
beneficial for signal sensitivity, an inherent limitation of surface
coils is an inhomogeneous distribution in both the transmit
RF field (B+1 ) and receive sensitivity profile (B−1 ). Figure 3

demonstrates the depth dependence of SNR for a spin-echo
imaging protocol. SNR is greatly enhanced by the CryoProbe,
but only within a certain range of depth, here approximately 2–
8mm from the surface of the coil. The receive sensitivity profile
of the surface RF coil reduces the ability to detect RF signals from
locations very close to as well as far away from the RF coil. These
variations might be a result of a transmit RF field inhomogeneity
of the coil which then translates into a variation in flip angle
across the field of view, thereby impacting on the signal intensity
and T1 image contrast. This applies to flip angles of excitation
pulses as well as any other RF pulses, such as refocussing RF
pulses with the exception of adiabatic pulses. Over a typical
field of view of 6–8mm (perpendicular to RF coil surface) the
relative B1 that is proportional to the flip angle can vary by
up to a factor of 2 (Figure 4; Baltes et al., 2009; Wagenhaus
et al., 2012). In gradient-echo images this variability may often
go unnoticed. However, in spin-echo images, large deviations
from the 90◦ excitation pulses and the 180◦ refocusing pulses
will eventually lead to inevitable signal losses. Transmit/receive
surface coils like most of the CryoProbes require RF power
adjustment on a coronal slice (rather than the standard axial
slice) which must be carefully positioned to achieve sufficient RF
power at larger depths while avoiding signal loss close to the RF
coil in spin-echo acquisitions due to too much RF power. B+1
inhomogeneity can be largely avoided with the recently available
receive-only CryoProbes, which make use of an additional RT
volume resonator for RF transmission.

In conclusion, various factors play a role in determining the
actual SNR gain, including magnet field strength, MR nucleus,
distance to the RF coil, RF power adjustment as well as the
MRI acquisition method. The typical improvement in SNR by

FIGURE 3 | SNR dependence on distance from RF coil surface (A) and corresponding ex vivo MR image of a mouse brain (B). Comparison of a 400MHz

transmit/receive linear CryoProbe with a RT quadrature receive-only RF coil. From Junge (2012), by permission of John Wiley & Sons Limited.
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FIGURE 4 | (A): illustration of the spatial variation of flip angle as relative

B+

1 -map of a mouse heart in short axis view for a 400MHz transceiver

CryoProbe with surface coil design. (B): Plot of the B+

1 profile along a line

crossing the heart (dotted line in B+

1 -map). The B+

1 decrease from anterior

(close to RF coil) to posterior is approximately 50% (factor of 2). From

Wagenhaus et al. (2012), by permission of Public Library of Science.

commercially-available CryoProbes can be expected to be a factor
of 2–3, which can be translated into more than 60% higher spatial
in-plane resolution or 75% shorter acquisition time.

NEUROVASCULAR APPLICATIONS

Animal Models of Multiple Sclerosis
The two key benefits of an SNR gain when using cryogenically-
cooled coils—namely reduced scan time and/or increased image
detail—are fundamental for studying dynamic pathological
processes in animal models of disease. In several pathological
conditions, especially those related to inflammation and vascular
remodeling, an important challenge is to differentiate between
hemodynamic alterations, inflammation, and degenerative
processes during different stages of disease. Differentiating
between pathological processes is essential in chronic
neuroinflammatory conditions such as multiple sclerosis
(MS) that include an inflammatory, demyelinating and
neurodegenerative component. A differentiation between these
processes is necessary to make the right therapeutic decision and
follow the correct line of treatment for each individual patient
(Sinnecker et al., 2012a,b, 2013; Wuerfel et al., 2012; Kuchling
et al., 2014).

The histopathological hallmark of MS is the demyelinated
plaque, which is associated with perivascular and parenchymal
inflammatory cell infiltration and axonal injury (Kuhlmann
et al., 2008). MS plaques can occur throughout the CNS;
in periventricular and deep white matter, optic nerves and
tracts, cerebellar peduncles, brainstem, spinal cord, and also
in the gray matter (Sinnecker et al., 2012b). MRI is the most
sensitive test to detect and demonstrate MS lesions (Milo and
Miller, 2014): while active inflammation is associated with newly
appearing, hyperintense MS lesions on T2-weighted MRI and
enhancement on T1-weighted MRI after contrast agent (Barkhof
et al., 1997; Brück et al., 1997), neurodegeneration is associated
with hypointensities on T1-weighted images and indicates severe
tissue damage (Van Waesberghe et al., 1999).

An animal model that resembles MS pathology is the
experimental autoimmune encephalomyelitis (EAE). EAE can be
induced by immunizing different susceptible species of animals

with specific CNS antigen e.g., proteolipid protein (PLP) in SJL/J
mice. The EAE model has been indispensable for understanding
neuroinflammatory disease (Ransohoff, 2009) and for evaluating
the effectiveness of nascent therapeutic approaches for MS (Ben
Nun et al., 1981; Steinman and Zamvil, 2006; Ransohoff, 2012).
Similarly to MS, lesions that are hyperintense on T2-weighted
MRI are present in EAE brains and correspond to inflammation,
demyelination and neurodegeneration (Deboy et al., 2007).
Also similar to MS, EAE lesions are distributed in time and
space (Baxter, 2007), commonly in the brain stem, midbrain,
cerebellum and periventricular area (especially in non-human
primates) but also in spinal cord, corpus callosum and cerebral
gray matter in small rodents (Verhoye et al., 1996; Hart et al.,
1998; Boretius et al., 2006; Deboy et al., 2007; Wuerfel et al., 2007;
Waiczies et al., 2012).

Brain MR microscopy is an invaluable tool to visualize
succinct inflammatory patterns, even prior to neurological
disease in the EAE. The main strengths of cryogenically-cooled
coils to boost SNR and thereby provide high resolution MR
microscopy and/or reduced scan time are best appreciated in
animal models such as EAE that undergo highly dynamic disease
profiles. Apart from the established hyperintense lesions on T2-
weighted images (commonly in the cerebellum), focal hypo-
intense lesions were identified in the somatosensory cortex of
EAE mice, when using high spatial resolution T2

∗ and T2

MRI in association with the CryoProbe (Waiczies et al., 2012).
With the cryogenic system, an in plane resolution is as good
as (35 × 35)µm2 and complete coverage of the brain could
be achieved on both T2

∗ and T2-weighted imaging. With this
capacity clear punctate lesions in cerebral gray matter could be
revealed in association with intracortical vessels and distributing
into the corpus callosum (Waiczies et al., 2012). Thanks to the
spatial resolution facilitated by Cryoprobe technology the lesions
that were revealed in vivo by MR histology could be clearly
corroborated as inflammatory infiltrates with hematoxylin and
eosin histology (Figure 5).

To gain a comprehensive and longitudinal view of brain
inflammation, particularly during the early stages of EAE,
MR methods that increase SNR are advantageous not only to
increase detail via high resolved brain microscopic imaging but
also to reduce scan time. Highly resolved MR images of the
whole brain could be achieved in 11min with the CryoProbe
(Figure 5; Waiczies et al., 2012). By reducing scan time, the
number of measurements per individual animal can be increased
during progression of disease. Repeated MR measurements
are fundamental when making assessments regarding structural
changes relevant to the pathology; even macroscopic changes
(that do not require highly resolved MRI to be revealed) can be
easily revealed. As a result of the reduced scan time and repeated
measurements achievable by the CryoProbe, ventriculomegaly
prior to neurological symptoms was revealed in the EAE (Lepore
et al., 2013).

In the past few years animal models that simulate the
neurodegenerative and demyelinating components of MS have
been studied independently of the inflammatory component
(Ransohoff, 2012). For instance transgenic models involving
suicide genes that induce oligodendrogliopathy are powerful
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FIGURE 5 | Hypo-intense regions on microscopic MRI correspond to cellular infiltrates detected by histology. (A) Coronal T2* weighted imaging (T2*W)

using a multislice fast low angle shot (2D FLASH: TR/TE: 473/18ms, FA 40◦, matrix 512× 512) sequence with an in plane resolution of (35× 35)µm2, 22 slices of

500µm, acquisition time to image the whole mouse brain = 11min. (B) Cellular infiltrates in cerebral cortex; the overview of the H&E histology is overlaid with a

coronal slice (plate 41) from Paxinos and Franklin (2013), by permission of Elsevier. (C) Susceptibility weighted imaging (SWI) of T2*W scans using fully-automated

post-processing by ParaVision 5.1 (Bruker, Ettlingen, Germany). From Waiczies et al. (2012), by permission of Public Library of Science.

tools for studying non-inflammatory demyelination and
remyelination (Traka et al., 2010; Pohl et al., 2011). Using a
cryogenically-cooled RF coil, pronounced T2 hyperintensities
were revealed in brain stem and cerebellar structures of this
model (Figure 6A); these changes were accompanied with
a decreased magnetization transfer ratio (MTR; Figure 6B;
Mueggler et al., 2012). MTR reflects the exchange of
magnetization between pools of differently mobilized protons
(Wolff and Balaban, 1989), commonly a rather freely mobile pool
and a rather immobile pool associated with macromolecules,
such as in axonal membranes or myelin (Alonso-Ortiz
et al., 2015). MTR correlates significantly with the degree
of myelination as shown in postmortem tissue of MS patients
(Schmierer et al., 2004). The decline in MTR that was observed
in the oligodendrogliopathy model with the aid of the CryoProbe
(Figure 6B) could be corroborated with evidence of white matter
pathology upon histological analysis (Figure 6C; Mueggler et al.,
2012).

Animal Models of Cerebral Amyloid
Angiopathies
Neurodegenerative pathologies that involve cerebrovascular
dysfunction include the cerebral amyloid angiopathies (CAA);
these form a major part of the pathophysiology of Alzheimer’s
disease (AD; Biffi and Greenberg, 2011). Also in this field,
transgenic systems and high resolution MR imaging are
proving extremely valuable for investigating the role of vascular
dysfunction and amyloid deposition in the pathophysiology and
treatment of CAA and AD (Klohs et al., 2014). An important
role for MR methods is for them to capture vascular remodeling
as a result of hemodynamic alterations; this is important when
studying the outcome of CAA on vascular integrity and function
(Salat, 2014). The cerebral vascular tree can be assessed by
different magnetic resonance angiography (MRA) techniques.
The signal in time-of-flight (TOF)-MRA depends on the blood
flow and is useful for determining changes in the architecture
of major blood vessels as well as reduced blood flow in mouse

models of AD and CAA. When spatial resolution is limited,
the tissue surrounding vessels also contributes to the MR signal.
Originally TOF-MRA was limited to large cerebral vessels with
high flow rates; small vessels suffer from both spin-saturation
artifacts and partial volume effects and their edges are more
difficult to visualize (Lin et al., 1997). The application of a
cryogenically-cooled coil system to increase the resolution of
TOF-MRA is a key to improve the detection of smaller vessel
(Figure 7A) in order to help identification of pathologies related
to neurovascular disease. The enhanced spatial resolution per
unit time introduced by the cryogenic system is key to start
overcoming some of the partial volume effects that contribute
to loss of small vessel visualization. Using a spatial resolution of
(150×100× 100)µm3, flow disturbances at the level of the circle
of Willis could be observed in the major arteries of aged animals
containing the amyloid precursor protein (APP)23 transgene
using TOF-MRA (Beckmann et al., 2003). Administration of
superparamagnetic iron oxide (SPIO) particles in association
with signal attenuations on three-dimensional (3D) gradient-
echo MRI also revealed CAA-related microvascular lesions in
different transgenic mouse models of AD including APP23 even
at a spatial resolution of (109 × 133 × 300) µm3 (Beckmann
et al., 2011). Using a cryogenically-cooled coil system and a
spatial resolution of (60 × 60 × 61) µm3, contrast-enhanced
(CE) micro (µ)MRA identified age-dependent and CAA-related
remodeling of the cerebral microvasculature in arcAβ mice
(Klohs et al., 2012). These transgenic mice express human APP
and are characterized by strong CAA pathology (Merlini et al.,
2011). Using longer san times, CE-µMRA was performed at
even higher spatial resolutions of (31 × 31 × 93) µm3 and
vessels could be tracked far into the periphery (Figueiredo
et al., 2012). Contrast enhanced (CE)-µMRI is expected to
complement TOF-MRA (Klohs et al., 2012); after administration
of the iron oxide contrast agent, hypointensities not discernable
on the precontrast image become visible; these represent intact
blood vessels (Figure 7B). In this study, CE-µMRA in association
with a CryoProbe revealed a reduction in the density of the
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FIGURE 6 | MRI signature in a novel mouse model of genetically induced adult oligodendrocyte cell death. (A) Parasagittal, quantitative T2 maps at

baseline (day 2), and end stage (day 41) oligodendrogliopathy following tamoxifen-induced ablation of oligodendrocytes (+TAM) and controls (−TAM). (B) MTR maps

from representative animals before (−TAM) and after (+TAM) oligodendrocyte ablation at baseline (day 2) and end stage (day 41). MTR maps are color-coded for

percentage and superimposed on T2-weighted images (cerebellum and brainstem section at the level of −2.3mm relative to Bregma). (C) Magnifications of

Histological cerebellar sections from end stage diseased animal stained with Luxol-Nissl for myelin content. From Mueggler et al. (2012), by permission of Academic

Press.

microvasculature in the arcAβ mouse during advanced disease
state (Klohs et al., 2012).

Tumor Models
The summed-up advantages of the Cryoprobe are of significant
benefit to visualize the pathology of tumor disease as well as
assess the outcome of treatment options. One major drawback
of standard clinical tumor imaging is associated with limitations
in spatial resolution. This major limitation hinders an adequate
delineation of tumor tissue from the surrounding healthy tissue
prior to surgical tumor resection and results in the reported
brain shift during navigated neurosurgical procedures (Reinges
et al., 2004). A thorough delineation of tumor borders could be
recently achieved in an animal model of high grade glioma by
using a Cryoprobe for acquisition of MR images with an in-plane
spatial resolution of 51mm (Ku et al., 2013; Vinnakota et al.,
2013). In these studies tumor MR microscopy was employed
to determine the molecular mechanisms behind tumorgenesis
as a precursor to therapeutic studies directed toward identified
molecular targets.

Angiogenesis and neovascularization are histopathological
hallmarks of cancer (Welti et al., 2013). Molecular determinants
that pave these processes need to be targeted to overcome the
current limitation of standard treatment regimen in reaching
malignant gliomas (Agarwal et al., 2011). The tumor vasculature
is functionally and structurally irregular and anti-angiogenic
therapies aim to normalize this vascular irregularity (Jain, 2005).
MR methods measuring perfusion, permeability, and vessel size
has been a necessary tool, commonly requiring application of
different contrast agents to monitor tumor neovascularization
especially as a means of assessing antiangiogenic therapy
response (Zwick et al., 2009; Knutsson et al., 2010). Recently,

vessel architectural imaging (VAI) was introduced and exploited
to study tumor vessel caliber, hemodynamics, and relative oxygen
saturation and used as a determinant of vessel type and function,
especially for therapy response, in glioma patients (Emblem
et al., 2013). Vessel size imaging (VSI) and DCE-MRI produce
complementary information about the tumor vasculature but
need to be performed separately due to the interaction between
contrast agents regarding magnetization (Beaumont et al., 2009;
Zwick et al., 2009). Recently, a cryogenically-cooled RF coil
system was used to combine VSI and DCE-MRI in a glioma
mouse model; a single shot gradient echo spin echo (GE-
SE) sequence was combined with echo-planar imaging (EPI)
and one contrast agent was used (Kording et al., 2014). The
superior SNR of the cryogenically-cooled coil that made an
increase in the receiver bandwidth possible, in combination with
careful shimming routines, ascertained that segmentation and
geometry between T2 maps, ADC maps, GE and SE echo planar
images (EPI) was not severely distorted (Kording et al., 2014).
In this study the distribution of vessel size was shown to be
larger in untreated glioma mice when compared to glioma mice
treated with anti-VEGF antibody (bevacizumab) (Kording et al.,
2014).

Blood Oxygenation Level Dependent
(BOLD) Functional MRI
With the increase of SNR in small animal MRI it has become
increasingly rewarding to advance upon investigations related
to central nervous processing. Functional MRI (fMRI) in mice
is a crucial tool to characterize transgenic mouse models of
human cerebral pathologies and determine the outcome of
therapies on the function of large-scale brain circuits. Functional
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FIGURE 7 | Visualization of vascular structures using cryogenically cooled RF coil technology to provide high resolution time-of-flight (TOF)-MRA and

spin dephasing following intravascular iron oxide contrast agent. (A) High-resolution 3D TOF-MRA (axial and horizontal view) of the intracranial and extracranial

vasculature of a 2-month-old wild type control mouse using a gradient echo sequence with flow compensation acquired at 9.4 T using the CryoProbe (TR = 30ms,

TE = 5.9ms, FOV = (30× 15 × 15) mm3, 512× 256 × 256, isotropic resolution = 59µm3. From Supplementary Data in Waiczies et al. (2012), by permission of

Public Library of Science. (B) Contrast-enhanced cerebral MRA of a 24-month-old wt mouse and an age-matched arcAβ mouse before and after administration of a

superparamagnetic iron oxide contrast agent. Images were acquired using a 3D FLASH sequence [TR = 150ms, TE = 2.9ms, FA = 20◦, FOV = (15× 12 × 2.2)

mm3, spatial resolution of (60× 60 × 61) mm3]. Difference images were obtained by subtraction of postcontrast image from precontrast image. The arrows point to

focal hypointense areas that are present before administration of the contrast agent. Scale bar: 1mm. From Klohs et al. (2012), by permission of Elsevier.

MRI takes advantage of neurovascular coupling as surrogate
of neuronal activity. Established measuring techniques track
local temporal changes in either blood flow, blood volume or
blood oxygenation—all shown as positively correlated with firing
rates of adjacent neuronal cell populations (Kim and Ogawa,
2012). Most common techniques in human fMRI make use of
the blood oxygenation level-dependent (BOLD) effect. Due to
different magnetic properties of oxygenated and deoxygenated
hemoglobin temporal changes in local field homogeneity can be
detected by T2

∗ weighted MR techniques. Single shot gradient
echo based echo planar imaging (GE-EPI) is commonly applied
to meet the requirements on BOLD signal sensitivity and high
temporal resolution.

To gain sufficient SNR at short acquisition times of 1–
8 s comes at the cost of spatial resolution limits in mouse
fMRI. At (ultra)high magnetic fields partial brain volumes are
commonly acquired with in plane resolutions of about 190–260
microns and a slice thickness of 500µm (Adamczak et al., 2010;
Baltes et al., 2011; Bosshard et al., 2012; Nasrallah et al., 2014;
Schroeter et al., 2014). At these voxel sizes GE-EPI is prone
to severe image distortions induced by macroscopic magnetic
field inhomogeneities, which increase with field strength. Mostly
affected regions are air-tissue boundaries (interfaces of bone,
tissue, and air). Gaining SNR by using systems with B0 ≥ 11.7
T further increases EPI image distortions (Adamczak et al.,
2010). Improving upon SNR by utilizing a CryoProbe permits
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preserving MR signal in imperiled brain regions. The CryoProbe
was shown to achieve a three-fold increase in SNR for GE-EPI
at 9.4 T compared to a conventional RT surface coil (Baltes et al.,
2011). Leveraging on the sensitivity gain of a cryogenically cooled
RF coil permits increases in receiver bandwidth, which facilitates
inter-echo time shortening in EPI. This results in an increase in
the bandwidth along the phase encoding direction which allows
for reduction in EPI image distortion (Figure 8A).

Functional brain mapping surveys voxel-wise signal changes
over time series of acquired image volumes. Signal and image
consistency can be significantly impaired by physical (thermal
noise, gradient heating) and physiological noise (cardiac,
respiration, vascular oscillations). For mouse fMRI physiological
noise is particularly relevant: due to the small body size inner
organs like heart and lungs are in close proximity to the receiving
RF head coil. Physiological noise (e.g., respiratory induced
periodic changes in B0 field homogeneity) gets amplified with
higher field strengths. Temporal SNR (tSNR) considers physical
and physiological fluctuations over time making it an important
measure for fMRI data quality. Baltes and colleagues reported
a 1 to 3-fold increase in tSNR with the CryoProbe over a
conventional RT mouse head coil at 9.4 T (Baltes et al., 2011).

Somatosensory studies using the CryoProbe revealed most
significant BOLD signal magnitudes in mouse fMRI with
external stimuli (Bosshard et al., 2010, 2012, 2015; Baltes et al.,
2011; Mueggler et al., 2011; Schroeter et al., 2014). Signal

intensity changes of up to 3.5% were observed in the primary
somatosensory cortex for electro-stimulation (Figures 8A,B;
Bosshard et al., 2010, 2012; Baltes et al., 2011; Schroeter et al.,
2014) and moderate noxious heat stimulation (Bosshard et al.,
2015) of the murine paw under isoflurane anesthesia. In murine
fMRI studies investigating somatosensation and pain commonly
anesthesia is applied for ethical and practical reasons (Borsook
and Becerra, 2011). Under these conditions BOLD magnitude
strongly depends on the applied anesthetic protocol and control
of physiological parameters (Schroeter et al., 2014). This makes
it somewhat difficult to compare fMRI data obtained with a
CryoProbe setup to other somatosensory mouse fMRI studies
using conventional room temperature RF coils.

A direct comparison of maximum BOLD signal changes
during electrostimulation of the murine forepaw using the
CryoProbe compared to a conventional RF mouse head coil was
conducted by Baltes et al. (2011). In this study scalp temperature
was found to be an important factor influencing the BOLD
signal magnitude. To ensure physiological temperatures at the
surface of the CryoProbe it features a thermal shield, which can
be adjusted in a certain temperature range. An internal heater
generates a thermal gradient along the ceramic surface. The
shield heating can be adjusted to result in the desired temperature
at the scalp-coil interface. In anesthetized mice reduced scalp
temperatures promote vasoconstrictive effects ascertained by
reduced baseline perfusion (Baltes et al., 2011). Higher SNR

FIGURE 8 | Blood oxygenation level-dependent (BOLD) fMRI significance maps (upper panel) and signal intensity time courses (lower panel) in mice

for electrical stimulation of the forepaw during isoflurane anesthesia (1%) and mechanical ventilation. (A) Upper panel shows BOLD significance maps

(upper row) for time series acquired using the CryoProbe revealing significant voxel clusters in primary somatosensory cortex (S1) and thalamic nuclei (TN) at 1.5mA

(p < 0.0001). Intensity corresponds to the number of animals displaying a significant BOLD signal. GE-EPI images (lower row) reveal only slight distortions. Lower

panel shows signal intensity changes over time for significant voxel clusters in S1 during stimulation at 0.5, 1.0, 1.5, and 2.0mA. Stimulus periods shaded in gray.

From Bosshard et al. (2010), by permission of Wolters Kluwer Health, Inc. (B) Comparison of mouse fMRI data for significant voxel clusters in S1 acquired using a

room temperature (RT) radiofrequency mouse head coil and the CryoCoil at different thermal shield temperatures. From Baltes et al. (2011), by permission of John

Wiley & Sons Limited.
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is expected to aid BOLD signal detection but should not alter
the BOLD effect itself. At physiological temperatures (Tscalp

of approx. 33.5◦C) maximum BOLD magnitude was found
to be similar for the CryoProbe and conventional RF mouse
head coil during electrostimulation of the forepaw (Figure 8B).
Mild cerebral hypothermia (Tshield = 27◦C) was shown to
significantly boost BOLD signal magnitude whereas severe
hypothermia (Tshield = 20◦C) decreased BOLD signal intensity,
most likely due to impairments in physiological processes. The
temporal noise for baseline measurements was significantly
reduced for the CryoProbe for all thermal shield temperatures
up to factor 2 compared to conventional RF mouse head coil
(Baltes et al., 2011). Therefore, the CryoProbe provides higher
BOLD signal sensitivity and might be capable to detect smaller
neurovascular changes. The possibility to adjust its surface
temperature permits to sustain more physiological thermal
conditions in anesthetized mice.

CARDIOVASCULAR APPLICATIONS

In Vivo Assessment of Cardiac Morphology
and Function
Realizing that cardiovascular disease (CVD) is one of the
leading causes of death (Heidenreich et al., 2011), research in
pathologies related to heart function remain at the forefront
of academia and pharmaceutical industry. For phenotyping of
disease models (e.g., myocardial infarction or hypertension-
induced myocardial injury/remodeling), as well as assessment
of gender effects, evaluation of novel therapeutics and long-
term follow-up studies non-invasive in vivo imaging of the heart
is conceptually appealing. Cardiovascular magnetic resonance
(CMR) is widely used in preclinical studies, the workhorse
being an assessment of cardiac morphology and function. For a
comprehensive and up-to-date review of CMR in small rodents
please refer to Bakermans et al. (2015).

A highly reproducible quantitative assessment of cardiac
morphology and function by CMR demands excellent spatial and
temporal resolution. Both come at the cost of SNR loss, which
can only be partially compensated for by increasingmeasurement
time. Together with the small size of the mouse heart and
its rapid motion (typical heart rates are 400–600 beats per
minute) these SNR limitations pose serious challenges to CMR
in mice. For cardiac chamber quantification and left ventricular
function assessment an excellent delineation of myocardial
borders, high ventricular blood-to-myocardium contrast and full
coverage of the cardiac cycle with high temporal resolution are
required. Furthermore, a complete coverage of the entire heart
with a sufficiently high spatial resolution to facilitate reliable
segmentation of the endo- and epicardial borders is crucial.

Current experimental CMR of mice uses dedicated birdcage
volume RF coils or surface RF coil arrays with the geometry
adjusted to the anatomy of the mice (Epstein, 2007; Heijman
et al., 2007; Hiba et al., 2007; Young et al., 2009; Ratering et al.,
2010; Schneider, 2011; Schneider et al., 2011) and affords images
with a typical in-plane spatial resolution of 100–200µm, heart
coverage of 6–13 slices of 1.0mm thickness and measurement

of 10–20 cardiac phases (Epstein, 2007; Heijman et al., 2007,
2008; Hiba et al., 2007; Sosnovik et al., 2007; Young et al.,
2009; Ratering et al., 2010; Bovens et al., 2011; Schneider,
2011; Schneider et al., 2011). Although providing acceptable
image quality for the quantitative assessment of the left ventricle
(LV), further improvement in image quality is highly desirable,
particularly for the assessment of the right ventricle (RV).
To meet this goal, enhancements in the spatial resolution are
essential, which in turn build upon SNR improvements.

An average gain in SNR of 3.6 in murine cardiac MRI
was achieved when comparing a CryoProbe at 9.4 T with a
conventional room temperature RF coil setup (receive-only four-
element mouse heart surface array RF coil in combination
with a volume resonator for transmission (Wagenhaus et al.,
2012). The SNR gain ranged 3.0–5.0 within the myocardium and
could be translated into higher spatial resolution imaging. The
highly detailed anatomical images derived from the CryoProbe
acquisitions provided significantly improved myocardial border
sharpness vs. the RT-coil acquisitions as illustrated in Figure 9A.
Hard evidence for the benefit of the enhanced image quality
was the improved reproducibility of the quantitative morphology
and function assessment. Using the CryoProbe, intraobserver,
and interobserver variability were smaller for almost all cardiac
function parameters. For instance intraobserver variability in
end-diastolic mass (EDM), end-diastolic volume (EDV), and
end-systolic volume (ESV) were reduced on average by 59 and
66% for the left and right ventricle, respectively. The practical
advantage is two-fold. An increased sensitivity will allow an
earlier detection of pathological changes as well as a more
thorough assessment of therapeutic effects. A smaller statistical
variability within experimental groups allows for a significant
reduction in animal group size.

Currently available cryogenic RF technology comes along with
some challenges for performing CMR. The CryoProbe cannot
easily be placed onto any anatomical region of interest since it
must be installed inside the magnet bore. Instead, the animal is
placed underneath the surface RF coil using a dedicated cradle.
This set-up is tailored and well-suited for mouse brain MRI. To
use it for CMR requires a special supine positioning of themouse.
Training and practice is necessary to position the heart correctly
within the field of view of the CryoProbe. The supine position
alters the shape of the RV (see short-axis view in Figure 9A and
long-axis view in Wagenhaus et al., 2012) but does not impact
on the functional parameters (Wagenhaus et al., 2012). In some
animals the supine position is accompanied by a difference in
motion of the septum, which continues throughout diastole and
results in blurring of the endocardial borders of the septum.

Inherent to surface coils is a decrease in signal-amplitude with
increasing distance (as explained above). Hence the CryoProbe
setup—just like the conventional RT surface RF coil setup—
displays a spatial variation in SNR across the myocardial
segments of a short axis view (Figure 9B), which can be explained
with the proximity to the surface coil. Inhomogeneity on the
RF transmit side (B+1 ) is usually of little concern for gradient-
echo based protocols such as the CINE FLASH commonly used
for assessment of cardiac morphology and function (Figure 9A;
Wagenhaus et al., 2012). Yet for techniques in which an exact
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FIGURE 9 | (A) Comparison of end-diastole short axis views acquired using a spatial resolution of (69× 115 × 800)µm3. Myocardial border delineation and depiction

of anatomic details for left ventricular papillary muscles and right ventricular trabeculae is enhanced in the CryoProbe (CP) image compared to the room temperature

(RT) coil image. (B) Bar plot of mean left ventricular myocardium SNR measured in images acquired with the CryoProbe (gray bars) or RT RF coil (white bars) in the

different segments of a six-segment model. The segments were numbered clockwise, starting at the inferoseptal segment. The region closest to the coil (segment 3)

showed the highest SNR, and SNR decreased with distance from the coil. From Wagenhaus et al. (2012), by permission of Public Library of Science.

flip angle is crucial—such as saturation based T1-weighted
gadolinium-enhanced first pass bolus perfusion studies (Utz
et al., 2007, 2008) or inversion recovery prepared T1-mapping
for detection of fibrosis or characterization of myocardial
tissue (Messroghli et al., 2003)—B+1 inhomogeneity may be
an unfavorable characteristic of the CryoProbe. Such cardiac
applications can benefit from using a volume resonator for
transmission in conjunction with the state-of-the-art receive-
only CryoProbe.

In conclusion, cryogenically cooled RF coils represent a
valuable means of enhancing the image quality in in-vivo CMR
of mice. They permit high spatial resolution CINE imaging
of the mouse heart with excellent SNR, which measurably
improves the reproducibility of quantitative cardiac morphology
and function assessment. This is important since segmentation of
themyocardium is challenging and prone to introduce significant
data variability.

Ex Vivo MR Microscopy of the Rodent
Heart
MRmicroscopy is a powerful tool to get an insight into the micro
architecture of myocardial tissue and provides results similar to
histology in a non-invasive matter. High spatial resolution and
an appropriate organ coverage are both essential. Quantitative
techniques like T2

∗ mapping, diffusion tensor imaging (DTI) or
quantitative susceptibility mapping (QSM) can complement the
information provided from common MR contrasts and allow
intersubject assessment. DTI or QSM require 3D datasets with
high isotropic resolution. Combining the requirements of high
resolution MR microscopy with large volume or whole heart
spatial coverage already puts a strain on balancing SNR with
scan time. T2

∗ weighting and diffusion weighting, as needed
for DTI or QSM, are also factors that inherently reduce SNR:
Sufficient initial SNR is needed, to ensure adequate signal even at
long TEs or for strong diffusion weighting. Thus, several features
of quantitative myocardial MR microscopy constrain SNR and
bring about the need for lengthy scan times to compensate for
SNR losses. Even in ex vivo scans where acquisition time is
by far not as limited as in in vivo scans, counteracting SNR

losses by averaging can easily result in days of acquisition
time. Unfortunately, this condition is not feasible even in an
ex vivo setting. Using a cryogenic RF probe helps to balance
the competing constraints of high spatial resolution, high spatial
coverage and sufficient T2

∗ or diffusion weighting in acceptable
acquisition times at ample signal to noise.

Figure 10 shows examples for high resolution T2
∗ weighted

3D MR microscopy of the fixed ex vivo rat heart at 9.4 T.
These short and long axis views of the heart were derived from
acquisitions using a conventional room temperature birdcage
RF coil and a cryogenic surface RF coil (Huelnhagen et al.,
2014; Peper et al., 2015). Signal magnitude and corresponding
T2

∗ maps derived from fitting the signal decay over 5 echo
times are shown. Sub-millimeter structures, which can clearly
be delineated in images obtained with the CryoProbe, are
dominated by noise in the images acquired using the room
temperature RF coil. With identical sequence and protocol
settings and equal acquisition times approximately a five-fold
mean SNR enhancement was achieved in this example when
using the cryogenic RF probe. Attributing the SNR increase in
this case solely to the fact that a cryogenic probe has been used
would not be entirely appropriate since moving from a volume
to a surface RF resonator usually goes along with an SNR gain
at least in regions close to the RF coil. Notwithstanding this
limitation it is fair to state that high SNR level images obtained
with the cryogenic RF probe cannot be accomplished with the
room temperature probe using the same imaging protocol and
scan times. The SNR and signal uniformity implications of the
limited field of view and B1 gradient of the cryogenic surface
RF coil can be recognized from the axial images. These non-
uniformities can be corrected but might constitute a challenge
for sample sizes not matching the coil geometry. If the sample
size however, is in the range of the field of view specifications of
the cryogenic RF surface coil, high resolution MR microscopy
provides images that are comparable with histology, earning
heart MR microscopy the moniker of cardiac MR histology.
Figure 11 illustrates an example of a fixed ex-vivo mouse heart
scanned in 3D with an isotropic spatial resolution of 55µm3

using a cryogenic surface RF coil at 9.4 T (Peper et al., 2015).
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FIGURE 10 | Axial (top) and coronal (center) views of high resolution T2* weighted 3D MR microscopy images (A) and corresponding T2* maps (B) of

the fixed ex vivo rat heart acquired using a room temperature volume RF resonator and a cryogenic surface RF probe at 9.4 T [3D multi echo gradient

echo technique, TR = 19ms, TE = 2.14–13.54ms, TE spacing 2.85ms, spatial resolution = (94 × 94 × 94)µm3, FOV = (20 × 15 × 15) mm2, acquisition

time 12.7 h]. Bottom: Detail views of areas marked by colored rectangles. Dashed white lines mark the position of the slices. Data from Huelnhagen et al. (2014);

Peper et al. (2015).

FIGURE 11 | Sagittal slices of high resolution 3D MR microscopy images of the fixed ex vivo mouse heart acquired at 9.4 T using a cryogenic RF

probe: (A) signal magnitude image, TE = 2.14ms (B) principal diffusion direction derived from DTI (C) T2* map and (D) quantitative susceptibility map.

Acquisition parameters: 3D multi echo GRE: TR = 250ms, TE = 2.14–44.96ms, TE spacing 2.85ms, spatial resolution = (55× 55 × 55) µm3, FOV = (10× 10 × 10)

mm3, TA = 13.7 h; DTI-EPI: TR = 1000ms, TE = 22.84ms, spatial resolution = (156× 156 × 156) µm3, FOV = (10× 10 × 10) mm3, b = 2000 s/mm2, 30 directions,

TA = 17 h. Data from Peper et al. (2015).

Making use of the SNR gain of the cryogenic RF probe, despite
the very high spatial resolution, an SNR of more than 60 was
achieved for the first echo (TE = 2.14ms). Even for long echo
times SNR obtained with the cryogenic RF coil is appropriate to
accommodate accurate T2

∗ mapping.
To summarize, MRmicroscopy of the heart with a high spatial

coverage heavily benefits from using cryogenic RF resonators
especially when contrast weighting is required, as in parametric

mapping or diffusion weighted applications. The benefit is
paramount during the characterization and phenotyping of
animal models of cardiac disease as it provides a valuable means
of getting a better understanding of myocardial microstructure
and myocardial remodeling. The value of such improvements
are in positive alignment with human MR studies at ultrahigh
magnetic fields (VonKnobelsdorff-Brenkenhoff et al., 2010, 2013;
Dieringer et al., 2011; Thalhammer et al., 2012; Winter et al.,
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2012; Graessl et al., 2014) which strive for a relative spatial
resolution (number of pixel per cardiac anatomy) approaching
that of experimental MRI in small rodents with the ultimate
goal to provide imaging means for diagnostics and for guiding
treatment decisions in cardiovascular and metabolic diseases
(Niendorf et al., 2010, 2013, 2015a).

RENAL APPLICATIONS

Ex Vivo MR Microscopy of the Rodent
Kidney
Hurlston et al. (1999) ventured into an early exploration
of ex vivo mouse kidney MR microscopy; their prototype
HTS Helmholtz RF probe provided a seven-fold gain in SNR
compared to a room temperature Helmholtz RF coil. Using the
superconducting coil, the feasibility of renal MR microscopy was
demonstrated at 9.4 T with 17µm in-plane resolution in little
more than an hour scan time (Figure 12; 3D spin-echo, (17× 17
× 136)µm3 spatial resolution).

The sensitivity gain of cryogenic RF coil technology
can be put to good use for renal MR microscopy of
glomeruli, the microscopic filtering units of the kidney.
Glomerular size and number is thought to be linked to several
renal and cardiovascular diseases (Hoy et al., 2008). While
established techniques for measuring/counting glomeruli rely on
extrapolations made from measurements/counts within small
samples (Beeman et al., 2011), a total and direct quantification
can be made by renal MR microscopy (Beeman et al., 2011;
Heilmann et al., 2012). By exploiting the sensitivity boost of
a CryoProbe, Heilmann et al. (2012) were able to quantify
glomerular number and size in ferritin labeled rat kidneys ex vivo
with a scan of less than 5 h duration. Automatic segmentation
of 3D GRE images with (35 × 35 × 35)µm3 spatial resolution
yielded glomerular diameters (mean ± SD = 109 ± 4.9µm) and
counts (mean ± SD = 32,785 ± 3117) with low intra-subject
variability in one-seventh of the time required for traditional
stereology.

In Vivo Structural and Functional Renal
MRI
To date the potential for improving spatial resolution and
increasing temporal resolution by use of a CryoProbe for in vivo
renal MRI remains largely untapped. The boost in SNR can be
expected to be similar to that reported for cardiac applications,

FIGURE 12 | Early proof-of-concept for renal MR microscopy at 9.4 T

with 17µm in-plane resolution. (A) Room temperature Helmholtz RF coil.

(B) High-temperature superconducting Helmholtz RF probe. From Hurlston

et al. (1999) by permission of John Wiley & Sons Limited.

i.e., approximately three-fold (Wagenhaus et al., 2012). Organ
size and depth of location within the thorax/abdomen are
comparable. The same room temperature RF coils are typically
used for both applications, commonly a four-element saddle-
shaped receiver (RX) array in conjunction with a larger transmit
(TX) volume resonator. In vivo MRI of a mouse kidney is
perfectly feasible with a mouse CryoProbe (Xie et al., 2014;
Figure 13). However, imaging of both kidneys simultaneously
requires a much larger field of view than needed for a single
kidney or the heart. The rat CryoProbe may be an attractive
alternative as it provides a uniform signal intensity distribution
over a larger field of view than the mouse CryoProbe (Figure 14).
Objective signal and noise measurements will however still
be required since these coils were not originally designed for
matching the geometry of the mouse body and for optimized
kidney imaging.

The combination of high speed acquisition with almost
microscopic spatial resolution is of great interest also in other
areas of functional renal MRI, such as T2

∗ monitoring, as
surrogate for renal blood oxygenation. Parametric mapping
of T2

∗ with sub-minute temporal resolution is essential for
capturing the fast dynamic changes in renal hemodynamics
and oxygenation during acute ischemic events or physiological
test stimuli (Pohlmann et al., 2013b, 2014a). Comparison
with renal MR microscopy images (Xie et al., 2012; Niendorf
et al., 2015b) suggests that the limited spatial resolution of
current in vivo protocols used for monitoring T2

∗ masks some
of the underlying intra-layer heterogeneity of renal structure
and function. Higher spatial resolution for renal parametric
MRI, which puts a strain on SNR, is therefore warranted
especially in the mouse. Reduced oxygenation of intrarenal
blood can lead to an additional loss of signal, which can be
substantial in images acquired at larger echo times. Elucidating
ischemia/reperfusion (I/R) injury, a consequence of kidney
hypoperfusion or temporary interruption of blood flow—a
common cause of acute kidney injury (AKI)—requires fast
continuous T2

∗/T2 mapping throughout baseline, ischemia,
early reperfusion, and recovery (Pohlmann et al., 2013b) and
hence benefits from scan acceleration using parallel imaging
strategies. To this end, the SNR gain offered by a multi-
channel receive cryogenic RF coil array is instrumental for
compensating noise amplification inherent to parallel imaging
(Niendorf and Sodickson, 2006a,b, 2008). The speed gain is
of benefit in preclinical renal MRI studies where multiple
parameters are assessed by multiple modalities including (i)
quantitative physiological measurements such as renal perfusion
pressure, renal blood flow, local cortical and medullary tissue
pO2 and blood flux and, (ii) comprehensive MRI protocols with
tight spatio-temporal resolution constraints dictated by renal
(patho)physiology and the interleaving with the quantitative
physiological measurements (Pohlmann et al., 2014a). For
all these reasons, cryogenic RF coil technology holds great
potential for enabling non-invasive in vivo investigations into
renal hemodynamics and oxygenation with MRI. Conventional
methods for assessing renal hemodynamics and oxygenation
such as fiber-optical pO2 probes or ultrasonic flow probes
provide quantitative physiological data, but are invasive and the
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FIGURE 13 | CryoProbe application in fast DCE-MRI of the mouse kidney (Xie et al., 2014). T1-weighted renal images (top) are shown for 7 out of 390

acquired time points. Signal time-courses for small regions-of-interest in renal cortex (CO), outer stripe (OS), and inner stripe (IS) of the outer medulla, and the inner

medulla (IM) illustrate the excellent SNR. The derived parameters time-to-peak and decay constant reflect the inter-layer functional differences. From Xie et al. (2014)

by permission of John Wiley & Sons Limited.

FIGURE 14 | Comparison between an axial view of the mouse kidneys using a mouse CryoProbe and a rat CryoProbe at 9.4 Tesla. The mouse

CryoProbe only permits imaging of one kidney due to the limited field of view (A). Using the rat CryoProbe enables simultaneous imaging of both mouse kidneys with

a more homogenous signal intensity distribution (B: axial view, C: coronal view). Experimental details are: (A) FLASH, TR = 350ms, TE = 5.4ms, FOV = (30× 20)

mm2, resolution = (156× 208)µm2, slice thickness = 1000µm, scan time = 0.6min. (B) FLASH, TR = 120ms, TE = 2.9ms, FOV = (30× 30) mm2, resolution =

(136× 94)µm2, slice thickness = 500µm, scan time = 1.3min. (C) TurboRARE, TR = 750ms, TE = 24ms, FOV = (30× 30) mm2, resolution = (94× 94)µm2, slice

thickness = 500µm, scan time = 4.5min.

fiber probes enable measurements in pin-point locations only
(Arakelyan et al., 2013; Pohlmann et al., 2013a).

Assessing Renal Perfusion, Oxygenation,
or Inflammatory Cell Infiltration Using
Fluorine (19F) MRI
Renal tissue hypoxia and inflammatory mechanisms play
prominent roles in the pathophysiological chain of events that
lead to acute kidney injury and promotes progression from acute
injury to chronic kidney disease. Dependent on disease etiology,
the contribution and impact of inflammatory mechanisms may
vary (Chawla et al., 2014). Inflammatory processes, including

early responses dominated by the innate immune system as
well as later responses by the adaptive immune system, can
support repair and restoration of renal functions but may also
promote renal tissue injury and transition to chronic disease
(Bonventre and Yang, 2011; Kinsey and Okusa, 2014; Molitoris,
2014).

Acute kidney injury can also trigger a systemic immune
response that may lead to secondary dysfunction of organs such
as heart, brain, and lung (Grams and Rabb, 2012). Alternatively,
systemic immune diseases can have a crucial impact on
the kidney e.g., antineutrophil cytoplasmic antibody (ANCA)-
associated vasculitis often affects the kidneys leading to rapid-
progressive glomerulonephritis (Schreiber and Choi, 2015).
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Renal blood volume, blood oxygenation, and inflammatory
cell migration can be assessed and monitored using cutting-edge
19F MR techniques (Ruiz-Cabello et al., 2011; Hu et al., 2014).
MRI of x-nuclei suffers from an inherently low SNR due to
limited MR sensitivity (19F ≈

1H) but also a low abundance of
nuclei in the tissue of interest. Indeed, 19F is virtually absent in the
living tissues of rodents and the 19F signal is created by injection
of exogenous 19F contrast agents. A commonly used variant of
such 19F agents is perfluorocarbon (PFC) (Ruiz-Cabello et al.,
2011), which can be used to label inflammatory cells in vivo
after systemic application (Waiczies et al., 2013) or track specific
immune cells in vivo after in vitro labeling (Ahrens et al., 2005;
Waiczies et al., 2011).

Systemic i.v. administration of 19F nanoparticles (droplet
emulsion) results in uptake and self-labeling by phagocytic
immune cells e.g., macrophages, neutrophils or dendritic
cells. Application of these nanoparticles to an ANCA-induced
glomerulonephritis model demonstrated a significant 19F MRI
signal in the kidney (in contrast to kidneys of control animals
that showed negligible signal). This method provides an in vivo
depiction of renal inflammatory cell dynamics (Figure 15;
Pohlmann et al., 2014b).

Yet, the rather low spatial resolution of (0.94 × 0.94 × 1.88)
mm3 and required acquisition time of almost an hour leave a lot
to be desired. Here the low SNR is a fundamental factor that is
restricting the capabilities of 19F MR in rodents. SNR negatively
correlates to the detection limit for 19F labeled cells. Applications
in which harvested immune cells are labeled in vitro and re-
applied to an animal have an even greater need for high sensitivity
because in this case the number of labeled cells in the region of
interest is much smaller (Waiczies et al., 2013).

Noteworthy for 19F MRI, a gain in SNR of 3.0–3.5 for the
13C CryoProbe (Sack et al., 2014) and 2.5 for the 1H CryoProbe
(Baltes et al., 2009) were reported at 9.4 T. Considering the
close proximity of 19F and 1H frequency, an SNR gain of at
least 2.5 will be expected for a 19F CryoProbe at 9.4 T, a gain
that would permit an enhanced spatio-temporal resolution of
preclinical 19F MRI and pave the way for better detection and
more efficient tracking of cellular therapies such as dendritic cells
that are used in a variety of cancers. With a technology that
provides better detection of cells, even in far reaching organs,
the best cell therapy solutions for pathologies such as recalcitrant
cancers can be determined more efficiently and swiftly. These
therapeutic solutions in combination with advanced clinical
imaging technologies can ultimately be translated to the clinic
and incorporated into personalized medicine.

OUTLOOK

The cryogenic RF coil technology has introduced significant
advancements to small animal MR image acquisition in different
areas of disease research. With the ever increasing clinical needs
and research explorations looming over the MR horizon, further
innovations in association with this technology are nevertheless
likely to be expected. The opportunity of increasing sensitivity
as well as spectral, spatial, and temporal resolution as a result
of increased SNR with the cryogenic RF coil technology opens

FIGURE 15 | (A) Coronal 19F images of a mouse with ANCA-induced

glomerulonephritis; 8 weeks after bone marrow transplantation showing

extensive renal inflammatory cell infiltration, particularly in the cortex in

comparison with a naïve mouse (B) showing a high signal in liver and spleen,

but none in the kidneys. The low SNR of room temperature RF technology

severely limits the spatial resolution achievable even at extended scan

durations of almost 1 h. L indicates liver, S indicates spleen, and yellow dot

lines depict kidneys. Data from Schreiber et al. (2013).

up more prospects for advancing evolving MR techniques in
spectroscopy (MRS), imaging (MRI), or spectroscopic imaging
(MRSI). MR methods for studying the detection and distribution
of metabolites containing proton (1H) and x-nuclei e.g., carbon
(13C), oxygen (17O), sodium (23Na), and phosphorous (31P) will
benefit immensely from the introduction of cryogenically-cooled
coils. In addition to the increased SNR, which is particularly
favorable for nuclei with a relatively low biological abundance
(e.g., 13C, 23Na, 31P), better spectral resolutions are expected
to reveal metabolites that have until now remained undetected,
keeping in mind that resolution comes at a cost in SNR. Another
evolving field that will benefit from cryogenically cooled RF coils
is functional MRS (fMRS), which when used in conjunction with
BOLD fMRI will be invaluable to study changes in resting and
activation states in the brain. MRSI employing high-speed echo-
planar encoding will also benefit from sensitivity gains to spatially
map multiple tissue metabolite signals in vivo.

A gain in sensitivity and resolution that can be delivered
by cryogenically cooled RF coils can be attained by increasing
magnetic field (B0) strengths, but the side effects and costs
associated with higher B0 are in such a case non-existent.
Challenging adverse effects of higher B0 (that can be eliminated
with cryogenic RF coil cooling at lower fields) include saturation-
related signal losses due to longer T1 relaxation times, shorter
echo time acquisitions to compensate for sensitivity losses due to
shorter T2 relaxation times and line broadening or off-resonant
effects due to B0 susceptibility effects. For small animal imaging,
cryogenically cooled RF coils would benefit from small cryogen-
liquid free magnets systems with variable field operation and
automatic field ramping. These MR systems can be operated
at magnetic field strengths of 1.5, 3.0, or 7.0 T and hence
provide opportunities for harmonizing basic with translational
research. The installation andmaintenance of suchMR systems is
affordable and thus ideal for preclinical research. Equipped with
one cryogenically cooled RF coil suchMR systems with cryogenic
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liquid-free magnets will be an invaluable technology for disease
phenotyping, multi-modal imaging as well as for spanning of
an assortment of x-nuclei for metabolic, molecular, and cellular
imaging.

The benefits of the cryogenically-cooled RF coil technologies
are in positive alignment with our human MR studies at
ultrahigh B0 fields, which strive for the spatial resolution used
in experimental small animal MRI, but necessitate complex
techniques (such as volume-selective higher-order B0 shimming
and phase correction strategies) to counterbalance the B0 adverse
effects. Considering the advantages of cryogenically cooled
RF coils and the expected immense application for human
studies a swift clinical translation is warranted. For starters,
tremendous sensitivity gains will be expected when using smaller
cryogenically cooled coils in association with higher B0; the
stronger magnetic coupling between small coil and sample is
attributed to higher signal sensitivities and the smaller volume
of tissue seen by smaller coils is attributed to lower noise. MR
applications that will particularly benefit from cryogenically-
cooled RF coil systems, particularly at UHF strengths, are
diffusion weighted imaging (DWI) methods employing stronger
diffusion-weighting (b-values > 2000 s/mm−2) in order to
demonstrate the biexponential decay of brain diffusion, and
better differentiate between different water compartments,
especially during ischaemic and other brain pathology (Norris
and Niendorf, 1995; Dijkhuizen et al., 1996; Niendorf et al.,
1996). Although higher b-values yield higher diffusion contrast,
lower SNR is expected on heavily diffusion-weighted images,
such that cryogenically-cooled coils will surely be invaluable
for this application. Alternatively, the SNR gain inherent to
cryogenically-cooled RF coils could be transferred into using
a larger range of diffusion weighting, which would be of
great benefit for in vivo explorations into the biophysics of
water diffusion in tissue (Niendorf et al., 1994; Norris et al.,
1994; Pyatigorskaya et al., 2014; Le Bihan and Iima, 2015)
but also for the study of intracellular compartmentation of
metabolites, with the implication feeding into neuroradiology,
neurology and related clinical disciplines (Najac et al., 2014).
Other foreseen human applications for cryogenically-cooled RF
coils will include anatomic micro-imaging of the skin. Pioneering
work undertaken with a HTS coil at 1.5 T recently demonstrated
a subnanoliter spatial resolution (80µm3) for human skin

MR microscopy (Laistler et al., 2015). Skin-sodium storage, as
a physiologically important regulatory mechanism for blood
pressure, volume regulation, and indeed survival, has recently
been rediscovered. This prompted the development of MRI
methods to assess sodium storage in humans with 23Na-MRI
at 3.0 Tesla (Kopp et al., 2012, 2013) and at 7.0 T; the latter
facilitating a spatial resolution across the skin of as good as
1mm in-plane (Linz et al., 2015). To this end, cryogenically
cooled RF technology indeed represents a powerful research tool
that can potentially help to unlock questions regarding Na+

balance and Na+ storage functions of skin with the ultimate
goal to provide imaging means for diagnostics and for guiding
treatment decisions in cardiovascular and metabolic diseases. It
is however envisioned that the benefits of cryogenically-cooled
coils for human application at ultrahigh fields will also go beyond

skin microimaging of sub-nanoliter voxels. The significance of
the cryogenic technology to advance upon current x-nuclei
MR methods for metabolic probing (Linz et al., 2015) and
pharmacological studies (Ji et al., 2015) is an area that will
definitely receive considerable attention in the coming years.
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on small rodents to study brain
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Annemie Van der Linden*

Bio-Imaging Lab, Department of Biomedical Sciences, University of Antwerp, Antwerp, Belgium

Functional magnetic resonance imaging (fMRI) is an excellent tool to study the
effect of pharmacological modulations on brain function in a non-invasive and
longitudinal manner. We introduce several blood oxygenation level dependent (BOLD)
fMRI techniques, including resting state (rsfMRI), stimulus-evoked (st-fMRI), and
pharmacological MRI (phMRI). Respectively, these techniques permit the assessment
of functional connectivity during rest as well as brain activation triggered by sensory
stimulation and/or a pharmacological challenge. The first part of this review describes
the physiological basis of BOLD fMRI and the hemodynamic response on which the
MRI contrast is based. Specific emphasis goes to possible effects of anesthesia and the
animal’s physiological conditions on neural activity and the hemodynamic response. The
second part of this review describes applications of the aforementioned techniques in
pharmacologically induced, as well as in traumatic and transgenic disease models and
illustrates how multiple fMRI methods can be applied successfully to evaluate different
aspects of a specific disorder. For example, fMRI techniques can be used to pinpoint
the neural substrate of a disease beyond previously defined hypothesis-driven regions-
of-interest. In addition, fMRI techniques allow one to dissect how specific modifications
(e.g., treatment, lesion etc.) modulate the functioning of specific brain areas (st-fMRI,
phMRI) and how functional connectivity (rsfMRI) between several brain regions is
affected, both in acute and extended time frames. Furthermore, fMRI techniques can be
used to assess/explore the efficacy of novel treatments in depth, both in fundamental
research as well as in preclinical settings. In conclusion, by describing several exemplary
studies, we aim to highlight the advantages of functional MRI in exploring the acute and
long-term effects of pharmacological substances and/or pathology on brain functioning
along with several methodological considerations.
Keywords: fMRI, rsfMRI, phMRI, BOLD, rodents

Abbreviations: 5-HT, serotonin; 5-HT1A-R, serotonin 1A receptor; AD, Alzheimer’s disease; ALFF, amplitude of low
frequency fluctuations; ASL, arterial spin labeling; BOLD, blood oxygenation level dependent; CBF, cerebral blood flow;
CBV, cerebral blood volume; CMRO2, cerebral metabolic rate of oxygen consumption; CT, computed tomography; DCE,
dynamic contrast enhanced; DSC, dynamic susceptibility contrast; EEG, electroencephalography; EPI, echo planar imaging;
FC, functional connectivity; FDG, fluoro-deoxy-glucose; fMRI, functional MRI; FSL, FMRIB software library; GABA, gamma
amino-butyric acid; GRASE, gradient- and spin-echo; GS, global signal; HD, Huntington’s disease; HDR, hemodynamic
response; ICA, independent component analysis; LFP, local field potential; mAChR, muscarinic Acetylcholine receptor;
MEG, magnetoencephalography; MRI, magnetic resonance imaging; NIRS, near-infrared spectroscopy; NMDA, N-methyl-
D-aspartate; ofMRI, optogenetic fMRI; pCO2, partial pressure of CO2; PD, Parkinson’s disease; PET, positron emission
tomography; phMRI, pharmacological MRI; ROI, region-of-interest; rsfMRI, resting state fMRI; SPM, statistical parametric
mapping; st-fMRI, stimulus-evoked fMRI; SSRI, selective serotonin re-uptake inhibitors.
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INTRODUCTION

Magnetic resonance imaging tools are widely used to evaluate
brain structure and function even in a single experiment. The
major advantage of MRI techniques is that they are non-invasive,
do not use radioactive agents (as opposed to PET) and do not rely
on hazardous ionizing radiation (as opposed to CT), rendering
MRI a safe imaging tool appropriate for longitudinal follow up.
MRI is based on a magnetic field and radiofrequency pulses and
most of the MRI applications use the intrinsic tissue contrast
relying on different features of 1H protons in tissue water without
the need of injecting contrast agents.

In short, the technique provides excellent soft tissue contrast,
rendering it very appropriate to investigate the brain. Apart
from giving anatomical information, MRI allows studying
other specific properties of brain tissue using Diffusion-
weighted, Diffusion Tensor, and Diffusion Kurtosis Imaging.
Additionally, metabolic information can be obtained using
Magnetic Resonance Spectroscopy or Chemical Exchange
Saturation Transfer. Moreover brain function can be assessed
by measuring cerebral perfusion, blood flow (ASL, DSC
MRI, and DCE MRI) and brain activity (Functional MRI,
rsfMRI, phMRI; [for review see for example (Denic et al.,
2011)].

These different techniques can be applied within a single
scanning session. After co-registration of the different images,
multi-parameter information can be obtained on voxel level
or from specific brain regions of interest. Although anatomical
and diffusion information allows assessing structural changes
induced by neurological disorders, functional changes might
occur even much earlier and are of great interest for early
diagnosis.

The focus of this review is to describe the use of fMRI
to evaluate the effects of pharmacological agents on neuronal
activity in small animals using different fMRI techniques.
Since its introduction over 20 years ago (Ogawa et al., 1990;
Kwong et al., 1992), fMRI has gained immense popularity to
study brain activation and brain activity patterns in health
(Di Salle et al., 1999; Logothetis, 2008; Bandettini, 2012) and
disease (Iannetti and Wise, 2007), both in humans and animal
models (Van Der Linden et al., 2007). These methods are
especially useful to document the neuro-modulatory actions of
pharmacologically active compounds. fMRI allows to determine
and localize the target area, that is, the area with the appropriate
receptors for the neuromodulator (phMRI). At the same
time the technique can estimate the effect on the targeted
brain circuitry and potentially beyond (st-fMRI) and rsfMRI.
Furthermore, longitudinal fMRI allows to unravel the effect of
pharmacological agents upon acute and chronic treatment and
one can investigate the interaction between the neuromodulator,
the brain and the resulting behavior in the same animal over
time.

In this review we try to give an overview of the vast
amount of information that can be obtained with small rodent
fMRI in pharmacology completed with an overview of specific
applications in different animal disease models and their
translation to the clinic.

fMRI METHODOLOGY

Physiological Basis of fMRI
A variety of MRI pulse sequences exist which exploit different
features of water protons in tissue. The most widely used MRI
contrasts are found in T1-, T2-, T2∗- and proton density weighted
images. The resulting images provide superior anatomical
contrast allowing qualitative and quantitative assessment of
overall brain anatomy. To study brain functioning the sequence
is adapted to acquire the BOLD contrast which is based on
the differential magnetic properties of oxygenated (diamagnetic)
and deoxygenated (paramagnetic) hemoglobin. Upon neural
activation, changes in local CBF, CBV, and CMRO2, i.e., the
hemodynamic response leads to a locally increased ratio of
oxygenated over deoxygenated hemoglobin, resulting in an
enhancement in T2(∗)-weighted signal intensity (cfr. Figure 1).
BOLD fMRI is thus an indirect measure of neuronal activity. For
a more detailed description please consult (Buxton and Frank,
1997; Logothetis and Wandell, 2004).

The hemodynamic response, is markedly slower (in the order
of seconds) than the actual neural activity elicited by neurons,
which is in the order of milliseconds (Logothetis et al., 2001;
Logothetis and Wandell, 2004). Although over recent years,
numerous variations to the well-established EPI and GRASE
pulse sequences have been developed enabling a repetition time
up to 0.500 s [for review of recently implemented fast and high-
resolution fMRI sequences (Feinberg and Yacoub, 2012)] this
strongly contrasts to other functional imaging measurements
such as EEG,MEG, NIRS which provide more direct information
and require a substantially higher temporal resolution (sampling
frequency in the range of kHz). Despite its relatively low temporal
resolution, fMRI provides the best three dimensional spatial
resolution covering the entire brain in comparison to the other
techniques mentioned above.

FIGURE 1 | Overview of the physiological basis of fMRI situating the
different techniques reviewed in this paper.
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Magnetic resonance imaging also allows to detect brain
activity based on local changes in CBF or CBV and specific
methods exist to assess these changes. One of these methods is
ASL, in which the inflowing water proton spins in the arterial
blood are magnetically tagged (inverted) serving as endogenous
tracer to observe the effects of inversion on the contrast of brain
MRI which can then be used tomeasure stimulus-evoked changes
in CBF (Williams et al., 1992; Detre and Wang, 2002).

In CBV-weighted fMRI (Mandeville et al., 1998; Smirnakis
et al., 2007; Ciris et al., 2014), injection of exogenous intravascular
contrast agent (e.g., iron oxide particles) is required to monitor
brain activity changes represented by signal intensity changes
induced by local CBV alterations (Mandeville, 2012).

Within this review we opted to describe BOLD based
fMRI techniques and applications while methods using labeling
methods or contrast injections -which are also applied in
pharmacological research (Borsook and Becerra, 2011; Jenkins,
2012)- were considered beyond the current scope.

Different fMRI Methods
Different applications of BOLD fMRI allow for the study of
neuronal activity after imposing a certain task or stimulus (st-
fMRI), during rest (rsfMRI), or as response to acute drug
challenges (phMRI). In the following sections, each of these
techniques will be discussed in detail (For an overview cfr.
Figure 1).

Stimulus-evoked fMRI allows for the investigation of neural
activity as a response to a specific stimulus or task. In most
rodent st-fMRI studies externally applied sensory-motor stimuli
are used while in human st-fMRI studies also cognitive task
can be applied. The most commonly used stimulus presentation
designs for fMRI experiments are (i) a block design and (ii)
an event-related design (Amaro and Barker, 2006). In a block
design, two ormore different conditions are alternated in order to
determine the differences between the two conditions. A control
or rest situation may be included in the presentation occurring
between the two conditions. In event related designs the time
in between stimuli can vary while also much shorter stimuli are
used. Although preclinical studies most often implement block
designs, event-related designs are becoming more and more
established (Schlegel et al., 2015).

Instead of using sensory or cognitive stimuli, BOLD fMRI can
be used to study the direct effect of pharmacological modulations
on neuronal activity (phMRI). In this case the acute injection of a
compound during the fMRI scan evokes changes in the BOLD
response in brain areas that express specific receptors for the
injected compound and also in their projection areas. In phMRI
the experimental design is dependent on the pharmacokinetic
and pharmacodynamic profile of the drug. The inability to
control, or even to know the timing and amplitude of the
stimulus renders this method considerably more challenging than
conventional st-fMRI studies where the timing depends on the
predefined paradigm (Jenkins, 2012).

Both techniques, fMRI and phMRI, can be combined
when investigating the modulatory effects of a pharmaceutical
compound on a conventional st-fMRI read-out, such as the
effects of dopaminergic drugs on cognitive tasks (Dodds et al.,

2009). Moreover, repeated phMRI studies after chronic drug
application could provide insights in the resulting adaptations
of the brain such as changes in receptor density or sensitivity.
However, additional measures (such as CBV and CBF) are
required in case the used pharmacological compound has
concomitant vaso-active properties.

Functional imaging can also be used to study FC by
monitoring BOLD signals at rest (rsfMRI). During rest, it was
shown that the BOLD signal shows spontaneous fluctuations
over time. Functional connectivity is defined as the temporal
correlation of low frequency (0.01–0.1 Hz) fluctuations of the
BOLD signal between spatially distinct brain regions (Lowe et al.,
2000). Consequently, the spontaneous low frequency fluctuations
of the BOLD signal are used as indirect marker to depict the
functional architecture of the brain.

Several applications of rsfMRI have demonstrated that the
healthy brain is organized into functional networks and that these
networks can be affected by neurological disorders. In humans,
and to some extent also in rodents, large scale ‘resting state
networks’ can be detected that include brain regions involved in
auditory processing, motor function, visual processing, memory,
and executive functioning (Damoiseaux et al., 2006; Jonckers
et al., 2011). Moreover networks anatomically homologous to
the so-called human ‘default-mode network’ (DMN), which
is activated during rest and deactivated during goal-directed
tasks (Fransson, 2005; Upadhyay et al., 2011; Lu et al., 2012;
Sierakowiak et al., 2015) and its anti-correlated ‘salience network’
(SN) are also detected in rodents (Sforazzini et al., 2014).

fMRI Data Processing and Presentation
Althoughmost fMRI processing software so far was optimized for
human data, processing strategies are usually similar in humans
and rodents. Also, an increasing number of analysis packages are
being tailored to fMRI studies of rodents (Sawiak et al., 2009;
Chavarrias et al., 2015).

Functional MRI data (fMRI, rsfMRI, and phMRI) are
typically pre-processed before the actual data analysis. The most
commonly used software packages are SPM1 and FSL2. Pre-
processing includes (1) slice timing correction and realignment
over time, (2) spatial normalization to a standardized stereotactic
space, and (3) smoothing (James et al., 2014). An important
difference between human and rodent fMRI processing is the
way group data are handled. The Montreal Neurological institute
(MNI) defined a standard brain from a large series of MRI scans
of normal controls (Evans et al., 1992). For instance, this template
is automatically provided in SPM, one of the commonly used
fMRI processing toolboxes. Although the same toolbox can be
used for rodent fMRI, the rodent data has to be normalized
to a study-specific template such as the mean of all control
animals. Alternatively, an atlas can be developed from in-house
measurements or obtained from a publically available source
[e.g., (mice)3; (mice, rats, etc.4).

1http://www.fil.ion.ucl.ac.uk/spm/software/spm8
2http://www.fmrib.ox.ac.uk/fsl
3http://brainatlas.mbi.ufl.edu/
4http://scalablebrainatlas.incf.org/
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Resting state fMRI data pre-processing might include extra
steps such as GS regression, and temporal filtering. GS regression
serves to remove global fluctuations that mask circuit-level
organization, to remove global physiological artifacts, and
to enhance the reliability of the experimental results (Fox
et al., 2009). Temporal filtering may be included to restrict to
fluctuations between 0.01 and 0.1 Hz, which are of interest in
rsfMRI research. Nevertheless, recently an increasing number of
studies explored correlations in BOLD fluctuations beyond this
frequency band. The resulting data suggested that long-distance
connections peak at low frequency bands, whereas short-distance
connections are distributed in a relatively wider frequency range.
Moreover, the dominance of different frequencies seems to
characterize different brain networks. (Wu et al., 2008; Boubela
et al., 2013).

After pre-processing, st-fMRI and phMRI data can be
processed by different methods. Typically, a voxel-based
approach is adopted. After pre-processing, the BOLD signal
is modeled (e.g., general linear model) as the convolution of
the applied stimulation design (block or event-related design)
with the hemodynamic response function (HRF) in order to
have a better estimation of the true design-related BOLD signal
(Lindquist et al., 2009).

Finally, statistics can be performed on the model estimates
(i.e., stimulus specific BOLD responses) via parametric or non-
parametric methods resulting in statistical maps indicating areas
of activation. These maps are first created on the single subject
level (first level analysis) after which they are used in second
level analyses to perform group statistics. To define brain regions
activated by acute compound injection (phMRI) also a voxel
based approach can be applied by statistical comparison of the
repetitions before injection (baseline) with those after injection.

The aforementioned analyses techniques do not take into
account the temporal dynamics of the BOLD-signal after
sensory or pharmacological stimulation. Upcoming analysis
methods apply spectral analysis to the BOLD time series to
obtain information on the temporal behavior of the BOLD
response function [for more details see (Muller et al., 2001)].
Figure 2 shows examples of typical time courses for the different
techniques and how they are related to the applied stimulus.

Both rsfMRI and event related st-fMRI need fast MRI sequences
(e.g., TR = 2 s, i.e., one image in 2 s) to be able to acquire
BOLD fluctuations and responses to the fast consecutive stimuli,
respectively. A typical rsfMRI acquisition lasts 5–12 min. In a
block design the length of the different blocks in the paradigm
determines the required acquisition speed. Moreover the total
scan-length is dependent on the complexity of the paradigm,
increasing the number of scans needed when more stimuli are
introduced or the differences between stimuli are more subtle.
For phMRI the timing is dependent on the pharmacokinetics of
the injected compound.

For processing of rsfMRI data, various software packages
exist, supporting different processing strategies (Margulies et al.,
2010). The most widely used methods in FC analysis of resting
state data are ROI-based (Biswal et al., 1995), seed-based and
model-free, data-driven approaches such as ICA (Calhoun et al.,
2001; Beckmann and Smith, 2004). Other data-driven techniques
are clustering approaches and graph analysis [for methodological
review: (Margulies et al., 2010)] (see Figure 3). Finally alternative
processing techniques are available to map the directionality of
the connectivity, such as dynamic causal modeling (Friston et al.,
2003) and Granger causality analysis (Roebroeck et al., 2005)
which can also be applied on activity-induced fMRI data to define
regions that drive the activation. Apart from FC analysis, also
the low frequency fluctuation themselves can be affected during
disease conditions and studied using ALFF analysis. ALFF is
defined as the total power within the frequency range between
0.01 and 0.1 Hz, and thus indexes the strength or intensity of
Low Frequency Fluctuations. Measurements of ALFF are more
often applied in humans but some rodent students already report
changes in ALFF in animal models (Li et al., 2012; Yao et al.,
2012).

Important Considerations when Planning
fMRI Experiments in Rodents
Rodent fMRI studies have great potentials and can provide
an immense contribution to pharmacological research, but
it must be underscored that attention and expertise is
necessary when rodent fMRI experiments are designed and
performed. The functional status of the brain is highly

FIGURE 2 | Example of typical time courses for st-fMRI, rsfMRI, and phMRI.
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FIGURE 3 | Basic principles of rsfMRI Analysis. (A) Independent Component Analysis divides the BOLD signal of all brain-voxels in different spatially confined
independent sources, or components. Each ICA component consists of brain regions with correlated BOLD time courses. In other words, voxels of one component
represent regions that are functionally connected. (B) In voxel-based analyses, the mean BOLD signal time course of a specific seed region is extracted from a series
of EPI images. This time course is compared to the time course of all other voxels in the brain, resulting in a functional connectivity map (voxel based processing).
(C) In an ROI based approach, the mean BOLD signal time courses of multiple brain regions are compared, resulting in FC matrices showing the strength of
connectivity between each pair of brain regions (warmer colors indicate stronger functional connectivity, colder colors represent anti-correlation). These matrices can
then be used to visualize brain networks as nodes (brain regions) and edges (connections). Moreover, the brain network can be divided into modules that represent
brain circuits where similar time courses are displayed by different colors (graph approach). (Adopted from Jonckers et al., 2013b).

dependent on the physiology of the animal. Much more than
for anatomical imaging, monitoring and controlling for this
physiology is essential during rodent fMRI studies. Accounting
for physiological changes is especially important in rodent studies
since typically animals need to be anesthetized.

Moreover optimized protocols of the imaging set-up and
processing tools for rats can not always simply be duplicated for
mice since there are important differences between these rodent
species, which we outline below.

First of all, it is important to mention that most of the
reported fMRI work in rodents is performed in rats, despite

the existence of a wide array of mouse models mimicking
neurological disorders. One of the reasons behind this is the
fact that it is very challenging to acquire reproducible brain
activation upon stimulation in mice. Since the introduction of
rsfMRI, more studies usemice as an animalmodel but most of the
basic research, (i.e., optimization of analysis and unraveling the
underlying mechanisms) is still performed in rats. Nevertheless,
it is very important to take into account that conclusions drawn
in rats are not necessarily applicable in mice. Moreover, recent
advances such as the development of cryo-coils have dramatically
improved mouse fMRI (Ratering et al., 2008).
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When studying functional connectivity using rsfMRI, one
should also consider the impact of hormones and age-
related hormonal changes on brain connectivity as was
demonstrated in human studies. In a recent review, the
association between functional connectivity and endogenous sex
hormone fluctuations across the menstrual cycle in humans
was described (Weis et al., 2011). When endogenous estradiol
and progesterone levels are high, functional communication
between both hemispheres is enhanced. Also gender and overall
hormonal status throughout the lifespan of an individual has
a major impact on the functional connectivity of the brain.
Specifically, ovarian hormones (estradiol and progesterone)
may enhance both cortico-cortical and subcortico-cortical
functional connectivity, whereas androgens (testosterone) may
decrease subcortico-cortical functional connectivity but increase
functional connectivity between subcortical brain areas. Similar
investigations using rsfMRI in rodents have not been reported
yet but human studies suggest that caution is required
when examining healthy brain development and aging or
when investigating possible biological mechanisms of ‘brain
connectivity’ diseases. Therefore, the contribution of sex steroids
should not be ignored (Peper et al., 2011).

Effects of Anesthesia on the st-fMRI and phMRI
Outcome
Magnetic resonance imaging studies in rodents require the use
of anesthetic agents to minimize stress and to prevent motion
artifacts during the scans. Several anesthetics are optimized
for MRI acquisitions, but for fMRI it is utterly important to
take into account how the anesthesia affects neuronal activity
and the hemodynamic response. Moreover, distinct levels of
consciousness could result in different fMRI outcome. Finally,
when a pharmacological agent is used in phMRI, possible
interactions between the pharmacological compound and the
applied anesthetic have to be taken into account as well
(Hodkinson et al., 2012). On the other hand phMRI protocols
can be used to assess the time-dependent effects of anesthetics on
the BOLD signal. Figure 4 shows the T2∗ signal intensity changes
over time induced by a single bolus of medetomidine (Shah
et al., 2015a). These changes over time underscore the need for a
highly optimized anesthesia protocol applied in exactly the same
manner to every animal within the study (Magnuson et al., 2014).
Moreover stable conditions can be obtained by combining bolus
injections to induce anesthesia followed by continuous infusion.

A robust and reproducible BOLD response can be observed
in rats and mice anesthetized with commonly used anesthetics
for MRI, such as medetomidine, isoflurane, α-chloralose
and urethane (Austin et al., 2005; Adamczak et al., 2010).
Nevertheless, under anesthesia, more intense stimuli must be
presented to evoke a BOLD response in comparison to awake
conditions. The cerebral hemodynamic response upon sensory
stimulation shows an anesthesia-specific modulation which can
be largely explained by the effects of the anesthetics on animal
physiology. Strikingly, independent of the anesthetic used, fMRI
responses may additionally be influenced by stimulus-induced
cardiovascular changes, which may mask specific fMRI signals
associated to the stimulus (Schroeter et al., 2014).

The anesthetic agent α-chloralose is a GABA-A agonist that
binds to a site on the GABA-A receptor complex distinct from
the benzodiazepine neurosteroid and barbiturate sites (Garrett
and Gan, 1998). It has long been considered the gold standard for
fMRI due to its minor effects on cardiovascular function, and is
presumed to only minimally suppress neuronal activation. When
using α-chloralose, strong neuronal activation is induced even
with very subtle stimuli such as whisker deflection. Nevertheless,
due to its toxicity -mainly for the liver- it has been considered as
a terminal drug and its use was abandoned.

However, it was recently demonstrated that using a new
formulation in a careful application scheme this anesthetic allows
for repeated fMRI studies on the same rat (Alonso Bde et al.,
2011).

Medetomidine, which results in sedation rather than
deep anesthesia, is the anesthetic of choice for longitudinal
functional imaging studies in rats (Fukuda et al., 2013).
Medetomidine is an α2 agonist predominantly acting on
presynaptic receptors in the locus coeruleus, resulting in
decreased noradrenaline release. Medetomidine typically induces
cerebral vasoconstriction mediated by direct agonist binding to
receptors on the cerebral vessels resulting in reduced baseline
CBV and CBF (Nakai et al., 1986). The degree of vasoconstriction
depends on the dose and delivery method (topical vs. systemic).
The effects of medetomidine can easily be reverted with
Atipamezole (Scheinin et al., 1987).

Inhalation anesthetics (e.g., isoflurane) are preferred for
longitudinal fMRI experiments (Kim et al., 2010) due to fast
recovery and low mortality rates. Isoflurane acts on γ-amino
butyric acid type A (GABA-A) receptors through depression of
excitatory synaptic transmission (Larsen and Langmoen, 1998).
Importantly, most inhalation anesthetics evoke vasodilation in
a dose-dependent manner, which might obscure the actual
experimental outcome since changes in vascular properties are
very likely to affect the BOLD signal. Therefore, functional
experiments are typically performed under lower doses (1–1.5%)
as compared to structural MRI studies (2%). The dose used can
even be lowered by combining isoflurane with medetomidine.
This combination protocol has the additional advantage that the
epileptic activity, seen when medetomidine is infused for longer
than 120 min, is prevented, enabling longer experiments with
equally fast recovery than for medetomidine alone (Fukuda et al.,
2013).

Finally, propofol and urethane anesthesia, which both
enhance GABAergic transmission, are occasionally used for
fMRI experiments, in comparison to other previously described
anesthetics, the induced fMRI activation is lower under the
same stimulus intensity which impedes the detection of very
subtle functional alterations (Lahti et al., 1999; Huttunen et al.,
2008).

Effect of Anesthesia on Functional Connectivity as
Assessed by rsfMRI
Apart from affecting the BOLD response post-stimulus,
anesthetic agents could influence the correlations in intrinsic
activity used to estimate functional connectivity. Moreover, these
effects are different for rats and mice.
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FIGURE 4 | Results of phMRI with a single bolus of medetomidine. This figure shows four consecutive slices of the statistical difference maps of the BOLD
signal at 10, 20, 30, 40, 50, and 60 min post-injection (medetomidine, 0.3 mg/kg, s.c.) vs. baseline. The statistical maps are shown on a T2-weighted anatomical
MRI template. The color scale at the right indicates the T-value (i.e., the strength of the T2∗ signal intensity decrease induced by medetomidine vs. baseline in all
conditions). Medetomidine induces T2∗ signal changes at 10 min post-injection vs. baseline, mainly in frontal regions and the striatum. At 20 min post-injection, the
T2∗ signal changes increase and include additional regions such as the sensory cortex, hippocampus and thalamus. Starting from 30 min post-injection,
medetomidine-induced T2∗ signal changes start to decrease and stabilize until 60 min post-injection (Shah et al., 2015a).

Medetomidine is considered as the gold standard for FC
mapping in rats based on its reliable and spatially specific
outcome (Kalthoff et al., 2013). In mice, however, medetomidine
induces decreased inter-hemispheric FC (Jonckers et al., 2011)
resulting in the need of other anesthesia protocols in these
animals (Jonckers et al., 2013a). Important dosage effects showing
decreased inter-hemispheric connectivity in the rat brain at high
dose might explain the decreased inter-hemispheric FC in mice,
which require a relatively higher dose compared to rats (Nasrallah
et al., 2014).

Rats anesthetized with isoflurane show less localized clusters
of high FC unless a low dose of 1% is used (Williams et al., 2010).
In mice, however, it is not straightforward to gain consistent
results using the same dose of isoflurane as in rats creating the

need for adapted protocols (Jonckers et al., 2013a). Interestingly,
combining a low dose of medetomidine with a low dose of
isoflurane seems to give the required results (Grandjean et al.,
2014a).

α-chloralose and urethane also allow robust detection of FC
in rats (Hutchison et al., 2010; Williams et al., 2010; Jonckers
et al., 2011) suggesting that the strongest connections are
preserved even during deeper states of anesthesia (Bettinardi
et al., 2015). Besides physiological confounds, changes in resting-
state networks may reflect a functional reorganization of the brain
at different anesthesia levels or brain states related to the level of
consciousness (Liu et al., 2013). For example Propofol shows a
dose-dependent decrease of thalamo-cortical FC (Tu et al., 2011;
Liu et al., 2013).
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Although the sensori-motor networks are detected with the
different anesthesia regimes mentioned above, lower doses seem
to be needed to preserve the DMN-like and SN. This effect may
infer that these networks support higher level consciousness since
these networks are well defined in awake rats (Upadhyay et al.,
2011). Using a low dose of isoflurane, both the DMN-like and
SNs could be detected in mice (Sforazzini et al., 2014; Liska
et al., 2015). The long range anterior–posterior connections in
the DMN-like network seem to be disturbed after medetomidine
injection but restored when the level of anesthesia is lowering
over time (Shah et al., 2015b).

The aforementioned effects of anesthesia on fMRI results
yielded several attempts to optimize awake imaging protocols
(Ferris et al., 2011). Moreover, weak functional connections
are more likely to be picked up in awake animals (Liang
et al., 2012). The drawback to awake imaging, however, is that
the brain may be in different functional states depending on
how well the conscious animals are acclimatized to the MRI
scanner environment (Upadhyay et al., 2011) and this variance
in consciousness will contribute to an increased variability in the
fMRI outcome.

Nevertheless, several groups succeeded in optimizing
training protocols, showing that rats can adapt to the scanner
environment (King et al., 2005) resulting in reliable fMRI results
(Febo, 2011) and robust reproducible resting state networks
(Zhang et al., 2010; Becerra et al., 2011).

Mice, however, seem to be more difficult to train for these
types of experiments (Jonckers et al., 2013a). The labor intensive
effort of training protocols is not always suitable in experiments
with high numbers of animals (e.g., when different groups are
compared) or when following animals over time, especially
starting from a very young age. Therefore, the application of
awake imaging in models of neurological disease will remain
limited.

The Need for Monitoring and Controlling
Physiological Parameters
Since fMRI measures signals related to the hemodynamic
response, a stable physiology of the animal during fMRI
acquisitions is of uttermost importance to enable accurate and
reproducible measurements. Therefore, physiological parameters
need to be monitored and if possible continuously adjusted.

Partial pressure of CO2 (pCO2) must be monitored
during the fMRI measurements for two major reasons. First,
increased pCO2 leads to vasodilatation and thus an increased
CBV. Increased CBV results in a reduced stimulus-induced
hemodynamic response. Second, increased pCO2 leads to a
decreased oxygen affinity of Hb (the so-called Bohr effect),
changing the ratio of oxygenated over deoxygenated hemoglobin.
Both phenomena affect the BOLD signal without any underlying
neuronal origin. In the past, pCO2 monitoring was achieved
through repetitive blood sampling. Currently, continuous and
non-invasive recordings of transcutaneous pCO2 (Mueggler
et al., 2001) or end-tidal pCO2 values with MRI-compatible
capnometry are used (Silverman andMuir, 1993; VanCamp et al.,
2005) for which linear correlations with arterial pCO2 have been
established (Zhang et al., 1997).

Body temperature is the second major modulator, as the
BOLD signal shows a strong negative correlation with body
temperature due to a decreased oxygen affinity of Hb with
increasing temperature (Hyder et al., 1994).

Moreover, the brain’s metabolism is also affected by the body
temperature of the animal. Consequently, temperature changes
can mask the true contribution of neuronal activity (Vanhoutte
et al., 2006). Since the body temperature gradually lowers in
anesthetized rodents, a feed-back mechanism with hot air or
warm water circuit is vital to keep the temperature at ±37◦C.

Apart from the aforementioned parameters, follow-up of
blood pressure, heart rate, and breathing rate are essential
as a read-out of the animal’s sedative state and will affect
the hemodynamic response. Typical values for the different
parameters are highly dependent on the anesthesia protocol
and differ between rats and mice. For example the heart rate
in awake rats is about 400 beats per minute in comparison to
600 beats per minute in mice. Also breathing rate is typically
lower in rats (±85 breaths per minute) than in mice (±150
breaths per minute) making mouse fMRI more dependent on
motion artifacts due to breathing. Especially during the fMRI
acquisition it is essential to gain a stable physiology to induce
as less variation as possible. (Bernstein, 1966; Baker et al.,
1979).

A better control of blood gas parameters and breathing rate
can be obtained by mechanical ventilation. Gated imaging, in
which the imaging sequence is triggered by the respiratory cycle,
can then be used to reduce motion artifacts caused by breathing
(Cassidy et al., 2004). New methods have been suggested that
allow recognition of artifacts and subsequent removal from the
fMRI data (Salimi-Khorshidi et al., 2014).

Finally, when acute drug effects are investigated, it is
important to take into account the systemic effect of the drug
on the physiology of the animal which in turn could influence
the BOLD signal. For example, pharmacological induction of
vasodilation with acetazolamide attenuates the activity-induced
BOLD response resulting from an increase in CBF (Bruhn et al.,
1994).

The Advantage of Hybrid Systems:
Simultaneous PET/MRI and
MRI/Electrophysiology
Apart from fMRI, PET studies can be used to assess brain
activation using the short half-life tracer [(15)O]H2O as a marker
for CBF or the radiotracer FDG [(18)F]FDG which estimates
glucose metabolism. Higher sensitivity of PET, combined with
a better contrast-to-noise ratio and spatial resolution for BOLD
fMRI underlies the rationale for combining both techniques.

Interestingly, resting state networks can be defined using both
PET and rsfMRI. Consequently, simultaneous PET/MRI systems
are gaining more and more interest (Wehrl et al., 2014), since
simultaneous studies can reveal/provide comprehensive and
complementary information to further decode brain function
and brain networks (Wehrl et al., 2013).

Combining electrophysiology with fMRI allows for the
correlation of indirect BOLD signals with the underlying
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neurological ones (Logothetis, 2002; Logothetis and Wandell,
2004; Sloan et al., 2010; Sumiyoshi et al., 2012). Evoked LFP
measured simultaneously with the BOLD response (Huttunen
et al., 2011) show the neuronal origin of the spontaneous BOLD
signal measured during rest. The low frequency fluctuations
in the BOLD signal are significantly correlated with infra-slow
LFP signals as well as with the slow power modulations of
higher-frequency LFPs (1–100Hz) at a delay comparable to
the hemodynamic response time under anesthesia (Pan et al.,
2013). Nevertheless, the combination of MRI and electrical
recording is technically challenging because the electrodes used
for recording need to beMRI compatible and theMRI acquisition
induces noise in the electrical recording. To minimize the
mutual interference of the two modalities, glass rather than
metal microelectrodes can be used and noise removal algorithms
are implemented to analyze electrophysiology data (Pan et al.,
2010).

fMRI APPLICATIONS WITH RELEVANCE
FOR PHARMACOLOGICAL RESEARCH

The non-invasive nature and possibility to translate preclinical
findings to the clinic render the multiple fMRI techniques
outlined in this review into attractive methods for a wide
variety of pharmacological applications. Indeed, phMRI can be
used to unravel underlying neurobiological mechanisms of drug
action and neurotransmitter-related disorders (Canese et al.,
2011). Moreover, phMRI enables the investigation of a specific
neurotransmitter system after administering known compounds,
e.g., investigation of dopamine D2 transmission after dopamine
reuptake inhibition (Squillace et al., 2014).

A very specific approach was proposed by Schwarz et al.
(2007a,b) based on a combination of phMRI and FC analysis of
rsfMRI data. The outcome convincingly identified connectivity
patterns underlying the central effects of the injected compound.
This approach can be extended by modulating the FC in
an antagonist–agonist framework. First, a certain connectivity
pattern is induced by acute injection of a first known compound
during the scanning session. Next, the second compound of
interest is also injected during the same scanning session
inducing a modulation of this known connectivity pattern
(Schwarz et al., 2007c; Shah et al., 2015b).

The added value of fMRI depends on the pathological
phenotype of the disorder and the most prevalent pathologies
will be discussed in detail below. The following sections will
discuss how different fMRI techniques have led to important
insights into several of the most prevalent pathologies. For
example, in neurodegenerative disorders changes in brain
function potentially precede structural degradation. Both st-
fMRI and rsfMRI can be used to study neurological changes
on a functional level, which might be of interest in terms of
early diagnosis and drug intervention before the occurrence of
irreversible damage. During and after therapeutic interventions
the same techniques can be used to determine the efficacy of a
treatment (both acutely and longitudinally) and assess recovery
of functional networks (see Figure 5 for an overview).

(rs)fMRI Studies in Pharmacologically
Induced Models
Based on the NMDA depletion theory in schizophrenia, NMDA
receptor antagonists (e.g., memantine) are used to mimic
this disorder in rodents. Typically, behavioral assessments are
generally accepted as a reliable read-out and display locomotor
hyperactivity after NMDA receptor antagonist administration.
Multimodal MRI extends the characterization of this model
showing dose-dependent pharmacological activation in the
prelimbic cortex after acute memantine administration. Sub-
chronic memantine injection revealed significant effects in the
hippocampus, cingulate, prelimbic, and retrosplenial cortices.
These are potentially vulnerable regions in schizophrenia
and are known to be involved in the mediation of specific
cognitive functions affected in schizophrenia (Tamminga,
2006).

Interestingly, FC as well as ultra-structural features, defined
with diffusion imaging, were significantly decreased in the same
regions (Sekar et al., 2010). Similar FC results were reported in a
genetic model for schizophrenia (Song et al., 2015).

Additionally, the effects of new antipsychotic drugs can be
tested using the same read-outs, enabling target validation and
early assessment of drugs (Sekar et al., 2010; Bifone and Gozzi,
2012; Song et al., 2015).

Seizures are due to abnormal, excessive, or synchronous
neuronal activity in the brain. They can be pharmacologically
induced in rats by increasing neuronal excitation, for example
by excessively activating glutamate receptors (kainic acid) or
acetylcholine receptors (pilocarpine) or by decreasing inhibition
with antagonizing GABA-A (bicuculline; Fritsch et al., 2014).

For example systemic kainic acid injection induces limbic
seizures originating from the hippocampus (Ben-Ari et al.,
1981) which can be monitored with st-fMRI (Airaksinen et al.,
2010; DeSalvo et al., 2010; see Figure 6). Moreover, BOLD
activation as a response to electrical stimulation is modulated
upon consecutive seizures (Vuong et al., 2011).

Simultaneous BOLD and electrophysiological recordings
show potential decoupling of the BOLD response from
neuronal activity in a small number of seizures defined
with electrophysiology. This may relate to a development of
recurrent seizure activity (status epilepticus), which associates
with remarkably increased cerebral metabolic rate of CMRO2.
If CMRO2 reaches the limit of the compensatory capacity of
CBF, no positive BOLD response can be detected which has
implications for the interpretation of st-fMRI data obtained
during prolonged epileptiform activity (Airaksinen et al.,
2012). RsfMRI can be used to explore how seizures modulate
the affected brain circuitry. This rsfMRI functionality was
shown in (WAG/Rij) rats –a model for human absence
seizures– where researchers reported increased cortico-cortical
correlations in rest in comparison to non-epileptic controls. This
finding is indicative of augmented FC between brain regions
which are most intensely involved in seizures (Mishra et al.,
2013).

Similar to Major Depression Disorder (MDD) in humans,
and using rsfMRI, the inbred Wistar Kyoto More Immobile
rat, an accepted model for depression, shows functional
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FIGURE 5 | Activation maps (rats no. 1–7) in response to kainic acid–induced seizures superimposed on the anatomic images. The threshold for
statistical significance was set at p < 0.05 (FWE corrected). Rats were sedated with medetomidine (figure reproduced with permission of John Wiley and Sons;
Airaksinen et al., 2010).

FIGURE 6 | Overview of the applications of fMRI methods in research explaining the outcome for each type of fMRI acquisition. Detailed examples are
given in the text.

connectivity anomalies between hippocampus, cortical, and sub-
cortical regions (Williams et al., 2014). Serotonin 1A receptor
(5-HT1A-R) knockout mice or healthy mice administered a
specific 5-HT1A-R antagonist have been used to mimic brain
serotonin depletion in depression. Both show reduced FC of the
serotonergic system (Razoux et al., 2013). Moreover, st-fMRI can
be used to assess the neural substrate of typical MDD behavioral
characteristics. Changed BOLD responses to fear stimuli in the
cortico-amygdalar network as well as the insular cortex may
be the basis for fear and aversion in depression (Huang et al.,
2011).

Treatment of depression disorders consists of increasing
the level of 5HT, for example with SSRI. The resulting acute
activation of the 5-HT system can be picked up with phMRI
(Sekar et al., 2011a,b; Klomp et al., 2012a). Interestingly, phMRI
studies show that the response to acute SSRI challenge changes in
chronically SSRI treated adult animals (Klomp et al., 2012b).

The cholinergic system is important for learning and memory
processes. Muscarinic cholinergic receptors (mAChR) are widely
affected in AD, which might be tightly correlated with cognitive
disabilities observed in those patients (Schneider et al., 2014).
Pharmacological inhibition of cholinergic functioning with the
mAcHR antagonist scopolamine leads to cognitive impairments
that are similar to the behavioral characteristics observed in
dementia (Klinkenberg and Blokland, 2010). The possibility of
non-invasively detecting alterations of the cholinergic system
in mice might greatly improve early diagnosis and treatment
strategies in AD mouse models and eventually in the clinic.
A recent study showed how phMRI and rsfMRI can be
used as tools to detect alterations in the cholinergic system
(Shah et al., 2015a). This study showed that scopolamine
induced a dose-dependent effect on FC in brain regions with
abundant mAChRs and are known to be involved in cognitive
functions (Figure 7). Moreover, some FC deficits elicited by
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FIGURE 7 | Pharmacological modulation of the cholinergic system in mice. The upper panel shows that scopolamine (1 mg/kg, s.c.) decreases FC and
milameline (1 mg/kg, s.c.) increases FC compared to saline-treated (10 ml/kg, s.c.) animals. FC is shown as a ball-and-stick representation, with the thickness of the
lines proportional to the strength of FC between each pair of brain regions. L, left; R, right; Cpu, caudate putamen; MC, motor cortex; Cg, cingulate cortex; SC,
somatosensory cortex; T, thalamus; AC, auditory cortex; HC, hippocampus; VC, visual cortex; VTA, ventral tegmental area; Resp, retrosplenial cortex. The left lower
panel shows the results of the passive avoidance test for the saline (10 ml/kg), scopolamine (1 mg/kg), milameline (1 mg/kg) treated groups and for a group treated
subsequently with scopolamine and milameline. ∗∗p < 0.05, ∗p < 0.1. The graph shows that scopolamine impairs contextual memory, while the additional injection
of milameline partially recovers scopolamine-induced memory impairments. The right lower panel shows a graph displaying the strength of FC at baseline, after the
injection of scopolamine and after the subsequent injection of milameline. FC strength ± standard error are shown for FC between the hippocampus (HC) and
thalamus (T), the cingulate cortex (CC), and retrosplenial cortex (Resp), the cingulate cortex and rhinal cortex (RC), the cingulate cortex and visual cortex (VC), the
visual cortex and retrosplenial cortex and between the visual cortex and rhinal cortex. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Scopolamine decreases all FC
compared to baseline, and milameline recovers scopolamine-induced FC impairments completely or partially (figure reproduced with permission of Springer; Shah
et al., 2015b).

scopolamine could be completely recovered by administering a
mAChR agonist milameline, while other FC deficits were not
completely recovered. This result was consistent with the merely
partial recovery of scopolamine-induced contextual memory
deficits by milameline. This study showed how phMRI and
rsfMRI can possibly be used as a non-invasive indicator of
alterations in neurotransmitter systems induced by pathology or
treatment.

Finally, the pharmacologically induced model that has been
studied most extensively by fMRI, phMRI, and rsfMRI is
addiction. The following exemplary addiction studies will
illustrate the power and biological versatility of different fMRI
techniques. First of all, fMRI can be used to pinpoint the

neural substrate for addiction. For example, acute nicotine
administration potentiates the brain reward function and
enhances motor and cognitive function. This coincides with
an increased BOLD signal in brain areas implicated in reward
signaling (Johnson et al., 2013) (i.e., the striato-thalamo-
orbitofrontal circuit, which plays a role in compulsive drug
intake, and in the insular cortex, which contributes to craving and
relapse) (Bruijnzeel et al., 2014). Second, including transgenic
mouse models in fMRI experiments could be useful in explaining
the contribution of certain receptor types in altered behavior
induced by a drug. For example, acute nicotine injection results
in increased brain activation in all cortical and subcortical regions
of nicotine-naïve mice, which is not observed in knockout mice
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for the β2-containing nicotinic receptor. This nicotine injection
triggered change in activation pattern can explain observed
behavioral effects such as altered spatial learning, conflict solving
etc., (Suarez et al., 2009).

Third, fMRI allows for the investigation of factors that
modulate addictive behaviors and their neural substrates. For
example, a differential sensitivity to cocaine is seen in female
rats not only as a result of hormonal changes during/throughout
the estrous cycle, but also in association with changes in sexual
receptivity and presence of pups (Febo et al., 2011; Caffrey and
Febo, 2014). FC analyses show connectivity effects in the brain
which depend on the amount of time that has passed since the
previous dosage of the drug, which implies that the same dose of
nicotine might have a different impact on the brain depending
on the time elapsed from the previous exposure (Huang et al.,
2015). Finally, long term effects of addiction are extensively
studied. FC analysis provided evidence of plasticity in addicted
animals learned to self-administer cocaine, consistent with results
in human drug addicts (Lu et al., 2014).

(rs)fMRI Studies in Lesion Models and
Transgenic Models
Both stroke and neurological trauma (brain trauma and
peripheral nerve injury) are clear examples of pathologies
where severe neurological damage occurs. St-fMRI and rsfMRI
can detect the resulting loss of functionality (Pawela et al.,
2010; Yao et al., 2012; Niskanen et al., 2013; Stephenson
et al., 2013; Li et al., 2014; Shih et al., 2014) and connectivity
on a functional level (van Meer et al., 2010a; Baliki et al.,
2014; Mishra et al., 2014). Interestingly, in most cases this
loss of functionality is partially recovered depending on the
lesion severity (Niskanen et al., 2013; Shih et al., 2014). The
process of recovery which relates to neuroplasticity and network
reorganization, can be monitored using the same techniques (van
Meer et al., 2010b, 2012; Li et al., 2014). Finally, rsfMRI can be
used as a read-out for treatment efficacy resulting in different
strategies to ameliorate recovery (Wang et al., 2012; Suzuki et al.,
2013).

A lot of preclinical neuroscience work is performed on
transgenic rodent models for neurodegenerative diseases such
as: AD, PD, and HD, which are characterized by deposition of
misfolded proteins (proteinopathies) in the brain. In AD andHD,
the presence of amyloid plaques and huntingtin, respectively,
are hypothesized to affect cortical functioning as shown by
diminished fMRI responses to sensory stimuli (Lewandowski
et al., 2013; Sanganahalli et al., 2013; see Figure 8 for an
example). Moreover, entire neuronal networks seem affected
(Liu et al., 2014), as shown by altered functional connectivity
during rsfMRI (Shah et al., 2013; Ferris et al., 2014; Figure 9)
even in early disease stages before the proteinopathy establishes
(Grandjean et al., 2014b). Compared with wild-type mice, FC
deficits are also reported in both adult and old apoE4 and apoE-
KO mice. This finding could be related to the fact that the risk
of developing neurodegeneration is dependent on the present
cholesterol-transporter apolipoprotein ε (APOE) genotype (Zerbi
et al., 2014).

FIGURE 8 | BOLD activation maps during contralateral forepaw
stimulation in (A) control rat and (B) AD rat. Rats were anesthetized with
α-chloralose and ventilated. Much smaller BOLD activation patterns were
observed in the somatosensory forelimb cortex (S1FL) in the AD rats
compared to the control rats [Figure based on the results shown in with
permission of the author (Sanganahalli et al., 2013)].

Functional magnetic resonance imaging tools are equally
suited to study which factors, for example environmental
enrichment, stressors, etc., could interfere with neuronal network
modulation over time (Little et al., 2012). Similarly, the effects of
exercise on ameliorating the affected FC network in Parkinsonian
rats was studied (Wang et al., 2015). Clearly both st-fMRI and
rsfMRI could be used as read-outs for the efficacy of new
therapies in neurodegenerative diseases.

Translation of Application of fMRI
Techniques in Pharmacological
Research from Rodents to Humans
The non-invasive nature of fMRI renders the technique valuable
in terms of translation to the clinic. Though the results in
animal models can be translated to the pathology in humans,
daily application into the clinic is still hampered by the required
sophisticated data analysis. Nevertheless, in clinical research,
both st-fMRI and rsfMRI protocols are well established, but
phMRI following an acute pharmacological compound injection
in the magnet, to characterize the target regions of this
compound, is used to a lesser extent. For st-fMRI, an important
difference is the type of stimulus used since in rodents typically
sensory stimulation is used while in humans also other (complex
cognitive) tasks could be used as stimulus.

On the other hand, the fact that rsfMRI requires no action
or cooperation of the patient – which is sometimes not feasible
under pathological conditions –encouraged clinical research in
measuring the brain’s resting state clearly before it was even
applied on a preclinical level.

It is important to notice that most of the clinical FC research
is focusing on the default mode network. A DMN-like network,
covering to a certain extent the same anatomical regions, was
also observed in rodent models making the technique even more
translational. However, the majority of preclinical studies apply a
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FIGURE 9 | Functional connectivity matrices under medetomidine anesthesia, acquired in aged matched wild type (wt) and transgenic AD mice (TG)
with an average age of 18.9 months. Statistical comparison (right) clearly shows a widespread decrease in FC in the diseased animals (Shah et al., 2013).

whole brain approach making use of the advantage of rsfMRI to
have information on all brain networks obtained within a single
short MRI scan.

Some important differences have to be taken into account
when comparing acquisition of rodent fMRI with human fMRI.
Most small animal MRI systems operate at 4.7–9.4 Tesla and
even 11.4T field strengths. Although very recently high field
human MRI systems are installed in clinical research centers,
typically lower field strengths are used (1.5–3T) in the clinic.
The higher field strength clearly results in a higher signal-
to-noise ratio, which enables a higher spatial resolution as
needed for rodents. On the other hand, artifacts are typically
more prominent. For example in the head, which is comprised
of multiple compartments with different physico-chemical
properties, artifacts can be generated due to susceptibility
and different relaxation properties at the higher field strength
resulting in image distortions at the level of the ear cavities
(Bernstein et al., 2006). As discussed in detail most animal
experiments are performed under anesthesia, enabling complete
immobilization of the subject, minimizing motion artifacts
which can even be improved by mechanical ventilation of the
animal.

For most of the applications reviewed above, convergent
studies are available in humans demonstrating the clear
translational quality of fMRI research. As clinical research
is beyond the scope of this review, we only provide some
representative illustrations and related references of key reviews
in clinical research.

As outlined above, fMRI is capable of unraveling the neuronal
substrate of schizophrenia. Similarly in humans, functional
neuroimaging helped to unravel the neuronal basis of the
positive, negative and cognitive symptoms of the disease.
Moreover, fMRI studies assisted in developing therapeutic
strategies and defining promising targets. For example, both
the reported animal work and human studies pinpointed the
importance of NMDA receptors in schizophrenia (Gruber et al.,
2014).

fMRI can also be used to localize and monitor epileptic
seizures, similarly as pharmacologically induced seizures in
rodents. Additionally, on a clinical level, both st-fMRI and

rsfMRI can be used to explore how seizures modulate the brain
and its organization (Chaudhary and Duncan, 2014).

In MDD, changed brain activation (st-fMRI) and FC
anomalies were reported both in humans and animal models
(Dutta et al., 2014; Kerestes et al., 2014). Moreover clinical
trials have also examined the immediate or delayed effects of
antidepressants on resting state networks (Dichter et al., 2014).

In the past two decades, imaging studies of drug addiction
have demonstrated functional brain abnormalities by studying
drug-addicted human populations (Parvaz et al., 2011) and
rodents. Moreover, acute brain response to addictive substances
are studied in humans (Hommer et al., 2011).

For stroke imaging there is, both in preclinical and clinical
research, a clear research-focus on network reorganization after
the insult and during recovery. Moreover fMRI can contribute to
improve prognostic ability and the development of therapeutic
interventions (Carter et al., 2012). Although in animals both
rsfMRI and st-fMRI has been performed, most studies in stroke
patients report rsfMRI data (Veldsman et al., 2015). Evidently,
acute modulations of the brain immediately after the insult are
more convenient to study in rodents than in humans.

For neurodegenerative diseases, st-fMRI upon a conscious
task can be highly compromised by the mental status of the
patients. Studies in cognitively healthy individuals with brain
amyloidosis or genetic risk factors for AD have shown functional
connectivity abnormalities in preclinical disease stages (Pievani
et al., 2014) in convergence with the findings of Grandjean et al.
(2014b) in mice. An important difference between animal models
and humans is that human neurodegenerative diseases (e.g., AD)
are complex diseases manifesting different features. Using animal
models, one can differentiate pathological features in separate
models which show one key aspect of the disease (e.g., tau and
amyloid pathology in AD). In this way, the observed differences
in humans may be linked to a certain hallmark of the disease.

FUTURE PERSPECTIVES

Since its first implementation, the field of fMRI has grown
exponentially. st-fMRI, rsfMRI, and phMRI have been used
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intensively to not only characterize the functional properties and
organization of healthy brains but also to evaluate pathogenesis
and inspect treatment efficacy both in humans and animal
models. In addition, many fascinating advanced processing
techniques have become available that allow researchers to
comprehend complex network topology and infer effective
connectivity.

Modern brain mapping techniques, such as rsfMRI, produce
increasingly large datasets of functional connection patterns
underlying the large-scale functional organization of the brain5.

Concurrent technological advances are generating similarly
large connection datasets in biological, technological, social, and
other scientific fields. Attempts to characterize these datasets
have, over the last decade, led to the emergence of a new,
multidisciplinary approach to the study of complex systems.
This approach, known as complex network analysis, describes
important properties of complex systems by quantifying
topologies of their respective network representations (Rubinov
and Sporns, 2010).

Secondly, new developments in brain circuit modulations
such as deep brain stimulation (Younce et al., 2014; Lai
et al., 2015) and the more targeted optogenetic modulations
of neuronal populations (ofMRI) can be used to study brain
networks. Brain circuit elements can be selectively triggered
with temporal precision while the resulting network response
is monitored non-invasively with high spatial and temporal
accuracy (Lee, 2011).

Most resting-state fMRI investigations were based upon static
descriptions of FC. However, since the brain must dynamically
integrate, coordinate, and respond to internal and external
stimuli across multiple time scales, recent studies have begun to
study the dynamics of FC over time. Emerging evidence suggests
that using dynamic rsfMRI, FC changes in macroscopic neural
activity patterns can be discovered which may underlie critical
aspects of cognition and behavior. Nevertheless limitations with
regard to analysis and interpretation should be taken into account
(Hutchison et al., 2013).

Though the focus of this review lies on BOLD-based neuronal
activity measurements, we want to emphasize that ASL, which
was briefly introduced earlier in this review, provides a non-
invasive, absolute quantification of CBF both at rest and during
task/drug activation. These CBF measurement are very stable
over time, and as such ASL allows a relatively straightforward
physiological interpretation of drug-induced changes in neuronal
activation. ASL studies which follow CBF changes in response
to a specific stimulus/task or pharmacological modulation are
available for human research [see review, (Wang et al., 2011)].
These techniques can be translated from clinical to rodent
research to detect either the central effects of a drug or the
change in neuronal response following drug administration.
One recently published study, presents data from 1400 rats
following a standardized ASL-phMRI protocol using different
known compounds (Bruns et al., 2015). Based on these data,
a new method was proposed to quantitatively characterize
new psychotropics in which typical and differential activation

5https://www.humanbrainproject.eu/

profiles after antipsychotic, antidepressant, and anxiolytic drug
injection could be defined. Similar approaches could be used
for BOLD fMRI as well with interesting opportunities for
future pharmacological research. The acquired ‘typical activation
patterns‘ can be used to classify drug induced brain activations
of unknown psychotropics which further facilitates biological
understanding and decision making in drugdiscovery (Bruns
et al., 2015).

The current developments in measuring CBF by pseudo-
continuous ASL on clinical scanners (Alsop et al., 2014) have
dramatically improved the sensitivity and essential high temporal
resolution of perfusion imaging to allow the detection of CBF
based functional connectivity changes (Chuang et al., 2008;
Fernandez-Seara et al., 2011). However, similar ASL acquisition
protocols on preclinical scanners still need to be optimized
to provide stable CBF measurements with a high spatial and
temporal resolution to allow similar FC-analysis. This would
create new avenues in pharmacological rodent research coming
from the combination of BOLD and ASL-basedMRI. Combining
both BOLD and ASL-based rsfMRI in rodents would allow to
perform joint FC-analysis (Jann et al., 2015) to characterize the
spatiotemporal brain networks within phMRI studies. On the
other hand, from the BOLD and ASL-data, it is possible to extract
a third read-out of neuronal activity, being the cerebral metabolic
rate of oxygen (CMRO2), which is less sensitive to vascular
dynamics. Similar to BOLD and ASL experiments, one can follow
drug induced changes of CMRO2 within a rsfMRI, st-fMRI, or
phMRI design.

In conclusion, fMRI based on the BOLD response can be
used in a wide range of different applications. Recently, sensory
and pharmacologically induced fMRI were extended with fMRI
measured during rest. The interest in rsfMRI is growing, resulting
in an increasing number of methods to analyze and interpret the
data. This review clearly shows the potential of MRI to study
neuro-modulation, particularly induced by pharmacological
agents. Functional MRI techniques enable researchers to obtain
a vast amount of information in a relatively short amount of time
compared to other imaging techniques. Moreover, we are at the
beginning of fMRI’s application to preclinical treatment testing,
especially rsfMRI.

Another important feature which makes fMRI a unique and
highly exceptional method compared to other ‘brain targeting
tools’ such as electrophysiology, is its translational character.
Indeed, many similarities have been reported between human
and small animal findings. However, in general, animal studies
are lagging behind studies in humans when it comes down
to assessing the effects of specific pathologies on functional
characteristics of the brain. With this review, we hope to have
convinced and maybe even inspired neuroscientists to further
exploit fMRI and its many applications in (pre)clinical setting.
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Localization, differentiation, and quantitative assessment of fat tissues have always
collected the interest of researchers. Nowadays, these topics are even more relevant
as obesity (the excess of fat tissue) is considered a real pathology requiring in some
cases pharmacological and surgical approaches. Several weight loss medications,
acting either on the metabolism or on the central nervous system, are currently under
preclinical or clinical investigation. Animal models of obesity have been developed and
are widely used in pharmaceutical research. The assessment of candidate drugs in
animal models requires non-invasive methods for longitudinal assessment of efficacy,
the main outcome being the amount of body fat. Fat tissues can be either quantified
in the entire animal or localized and measured in selected organs/regions of the body.
Fat tissues are characterized by peculiar contrast in several imaging modalities as for
example Magnetic Resonance Imaging (MRI) that can distinguish between fat and water
protons thank to their different magnetic resonance properties. Since fat tissues have
higher carbon/hydrogen content than other soft tissues and bones, they can be easily
assessed by Computed Tomography (CT) as well. Interestingly, MRI also discriminates
between white and brown adipose tissue (BAT); the latter has long been regarded
as a potential target for anti-obesity drugs because of its ability to enhance energy
consumption through increased thermogenesis. Positron Emission Tomography (PET)
performed with 18F-FDG as glucose analog radiotracer reflects well the metabolic rate in
body tissues and consequently is the technique of choice for studies of BAT metabolism.
This review will focus on the main, non-invasive imaging techniques (MRI, CT, and PET)
that are fundamental for the assessment, quantification and functional characterization
of fat deposits in small laboratory animals. The contribution of optical techniques, which
are currently regarded with increasing interest, will be also briefly described. For each
technique the physical principles of signal detection will be overviewed and some
relevant studies will be summarized. Far from being exhaustive, this review has the
purpose to highlight some strategies that can be adopted for the in vivo identification,
quantification, and functional characterization of adipose tissues mainly from the point
of view of biophysics and physiology.
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INTRODUCTION

Fat Tissue: General Characteristics
Fat tissue, or adipose tissue, is a type of connective tissue
whose predominant cell type is the fat cell, or the adipocyte.
In mammals there are two types of fat tissues: the white
adipose tissue (WAT) and the brown adipose tissue (BAT)
(Cinti, 2000). BAT is characterized by special fat cells showing
a multilocular lipid deposit, wherein thermogenesis takes place
by “burning” fatty acids in uncoupled mitochondria (Cannon
and Nedergaard, 2004). Instead, WAT cells typically present
one lipid vacuole and are the major site for body lipids
storage, especially triglycerides, serving as an energy deposit from
which fatty acids may be delivered through the bloodstream
to meet the body’s energy requirements during fast or intense,
enduring physical activity. Moreover, fat cells are plastic enough
so that fat tissue may serve as an aid to prevent trauma
injuries; fat cells may act as a heat insulator layer as well.
Other cell types are found in fat tissue, e.g., preadipocytes,
endothelial cells, pericytes (Rosen and Spiegelman, 2000),
immune cells (lymphocytes, T-cells, macrophages, neutrophils),
and multipotent stem cells (Tchoukalova et al., 2004; Carmon
et al., 2008; Kintscher et al., 2008; Cawthorn et al., 2012).
Overall, these cell types over number fat cells in adipose tissue;
nevertheless, fat cells represent about 90% of tissue volume
due to their large size ranging 20–200 microns. Fat tissue
also represents an endocrine tissue by producing a variety of
adipokines (e.g., leptin, visfatin, adipolin, and many others).
Adipokines act at the autocrine/paracrine and endocrine level
(Ronti et al., 2006). Adipokines participate in the regulation
of glucose and lipid metabolism, energy homeostasis, feeding
behavior, insulin sensitivity, and adipogenesis; they are also
involved in the regulation of vascular function and coagulation
(Romacho et al., 2014). Fat tissue also has a role in the
immune function. In non-obese subjects, immune cells resident
in fat tissue have housekeeping functions such as apoptotic
cell clearance, extracellular matrix remodeling, and angiogenesis
(Mathis, 2013). In obese subjects, excess of adipocytes produces
danger signals mimicking bacterial infection, and drives a
prototypic T helper 1 inflammatory response (Grant and Dixit,
2015).

Fat Tissue: Body Distribution
Fat tissue is distributed in several discrete anatomical deposits
in the body (Shen et al., 2003). It is well known that
women generally show higher adiposity than men. Moreover,
there is a sexual dimorphism in fat tissue distribution,
men accumulate more fat in the trunk region and women
accumulate more in the gluteofemoral region (Geer and Shen,
2009). Ethnicity is also a factor that influences body fat
distribution (Carroll et al., 2008). Over the last decades it
became clear that adipose tissue is not a single homogeneous
compartment; instead, it is a tissue with specific regional
depots whose biological functions may vary (Vanderburgh,
1992; Schoen et al., 1996) and individual adipose tissue
deposits are more closely correlated with physiological and

pathological processes than total adipose tissue mass (Kelley
et al., 2000). In humans, the largest fat tissue deposit is the
subcutaneous adipose tissue, representing about 80% of body
fat (Frayn and Karpe, 2014). Within subcutaneous adipose
tissue different sub-deposits have been identified: the abdominal,
gluteal, and femoral sub-deposits. The subcutaneous adipose
tissue is divided into superficial and deep layers by the fascia
superficialis. These layers have different functions and different
correlations with metabolic complications of obesity (Smith
et al., 2001). Visceral adipose tissue is found around organs
in the thoracic and, to a greater extent, in the abdominal
cavity. It has morphological and functional differences from
subcutaneous adipose tissue. For example, visceral adipose tissue
contains larger, insulin-resistant adipocytes, presents a well-
developed vasculature and abundant innervation, and it is more
sensitive to lipolysis. On the other hand, subcutaneous fat
shows smaller, insulin-sensitive fat cells with less developed
vasculature and nerve supply (Mårin et al., 1992; Bjorntorp,
2000). Subcutaneous and visceral adipose tissues have peculiar
adipokine expression and secretion profiles (Kershaw and Flier,
2004). Visceral adipose tissue releases larger amounts of pro-
inflammatory cytokines in the vena porta, which directly impacts
liver metabolism; in its turn, subcutaneous adipose tissue
releases more leptin and larger amounts of adiponectin, an
anti-inflammatory and insulin-sensitizing adipokine (Ibrahim,
2010). Therefore, the ability to identify and quantify different
adipose deposits non-invasively, which is a peculiar feature
of in vivo imaging techniques, appears relevant to obesity
research.

Triglycerides may also be deposited within cells of non-
adipose tissue that normally contain only small amounts of
fat; this is called ectopic fat deposition (Shulman, 2014) and it
is usually associated with obesity and positive energy balance.
Excess lipids can accumulate in the heart, liver, skeletal muscle,
and pancreas probably because the adipose tissue is no longer
capable of sequestering nutritional lipids. Ectopic fat deposits
have been claimed as risk factors for disease development
(Mathieu et al., 2014).

Fat Tissue: Body Composition Analysis
In the context of body composition analysis, fat (adipose) tissue
and body fat are not synonymous. When the five levels (I,
atomic; II, molecular, III, cellular; IV, tissue/system; V, whole
body) approach to body composition is adopted (Wang et al.,
1992), fat tissue is considered at level IV as a specialized
loose connective tissue containing lipid-laden adipocytes as
well as intra- and extracellular water, interstitial cells, blood
vessels, etc. Instead, body fat at level II is considered as
the total mass of body lipids (especially triglycerides). These
lipids are mainly contained in the lipidic droplets of fat
tissue adipocytes, but also in intermuscular adipocytes, in
sparse adipocytes of interstitial tissue as well as in muscle
cells, hepatocytes, cell membranes, etc. As a result, the total
amount of fat tissue and body lipids may be similar, but
not identical (Tothill et al., 1996). Traditionally, body fat has
been evaluated with a two-compartment model, i.e., subdividing
body mass in fat mass and fat-free mass (lean mass). For
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decades, the standard method for determining fat mass has
been underwater weighing; later on, body water dilution,
bioelectrical impedance, and air-displacement plethysmography
have been used (Pietrobelli et al., 1998) until three-dimensional
anthropometry (Wells et al., 2008; Giachetti et al., 2015). In
parallel, several imaging techniques emerged as useful tools
for body composition analysis on a multi-compartmental basis,
e.g., magnetic resonance imaging (MRI), computed tomography
(CT), ultrasounds (US), and positron emission tomography
(PET).

Adipose Tissue as a Target for
Anti-obesity Drugs
Obesity is nowadays recognized as a real pathological state
requiring pharmacological and in some cases even surgical
treatment. Several drugs for obesity treatment have been
marketed over the past few years, but their efficacy was limited
and severe adverse effects have often been reported. Anti-
obesity drugs on the market or in clinical trials have been
recently reviewed (Giordano et al., 2016). Their mechanism
of action broadly falls in two categories: drugs that reduce
nutrients absorption and anorexic drugs that act on the central
nervous system to induce sense of satiety. An innovative
mechanism of action for anti-obesity drugs has been more
recently proposed and it consists in promoting conversion
of WAT into BAT (Giordano et al., 2016). Indeed, it
is well known that adult WAT can convert into BAT
(browning), this conversion being triggered by several conditions
including low ambient temperature, physical exercise or
β3-adrenoceptor stimulation. White adipocytes converted to
brown adipocytes are considered a new type of brown fat
cells named beige adipocytes. A number of molecular targets
that can potentially promote conversion of WAT into BAT
have been identified recently and reviewed (Giordano et al.,
2016). Interestingly, the target of such adipose conversion is
the visceral WAT, which is inflamed in obese subjects and
possibly involved in most of the adverse clinical correlates
of obesity, e.g., metabolic syndrome. In the context of
pharmacological research in anti-obesity drugs, suitable animal
models and related imaging techniques are needed. In this
review, we will examine the contribution of different imaging
techniques to the issue of in vivo fat tissue identification,
quantification, and functional characterization. While most
of such imaging studies have been carried out in humans,
longitudinal, mechanistic investigations of the metabolic and
health correlates of excess/paucity of body fat are better
performed in experimental animals. Small rodents, especially
mice and rats, are extensively used in preclinical studies aimed
at clarifying the causes and mechanisms of metabolic syndrome,
diabetes, and obesity (Rees and Alcolado, 2005; Varga et al.,
2010; Kanasaki and Koya, 2011) as well as in studies aimed
at defining the effect of candidate drugs. Since BAT appears
a potential new target tissue for anti-obesity drugs, special
attention will be devoted to imaging techniques allowing for
identification, quantification, and functional state assessment
of BAT.

IMAGING TECHNIQUES FOR
DETECTION OF FAT TISSUES IN
PRECLINICAL STUDIES

Preclinical imaging has been widely employed in the study of
obesity and metabolism. Preclinical protocols for assessing whole
body and regional adipose tissue content have been reported
using MRI, CT, and Dual-energy X-ray Absorptiometry (DXA)
(Sjögren et al., 2001; Sasser et al., 2012; Metzinger et al., 2014).
While DXA has been used to accurately estimate lean and fat
mass in rodents, as a bi-dimensional radiological technique, it
does not provide tridimensional information on fat volume and
distribution (Luu et al., 2009); accordingly results obtained with
DXA are not reported in this review. The interested reader is
referred to the excellent reviews from Albanese et al. (2003)
and Toombs et al. (2012). US has been used as an effective
and economic technique to assess body composition in humans
although its accuracy is strongly dependent on the operator
proficiency (Wang et al., 2014). Moreover, applications of US to
animal models of obesity and metabolic disorders are still limited;
consequently US will not be discussed in this review. 18FDG-PET
has been employed in studies of BAT and metabolic disease (van
der Veen et al., 2012). Preclinical imaging provides longitudinal
imaging of obesity models, studies of molecular mechanisms
of obesity and evaluation of candidate obesity therapeutics. Far
from being exhaustive, this review has the purpose to highlight
some strategies that can be adopted for the in vivo identification,
quantification, and functional characterization of adipose tissues
mainly from the point of view of biophysics and physiology.

MR-Techniques
Magnetic Resonance Imaging and Magnetic Resonance
Spectroscopy (MRS) are currently considered to be the most
comprehensive tools for quantification of fat in living organisms
(Hu and Kan, 2013). Of note, MRI and MRS can be performed
by a single instrument and within the same experimental
setup. MRI and MRS have the same underlying concepts and
exploit the difference in the resonance frequency between
water and fat protons, a phenomenon known as chemical shift.
Representative ex vivo and in vivo spectra obtained from WAT
in mice are reported in Figures 1A,B where several proton
resonances attributable to different chemical environments
can be distinguished. The water proton resonance occurring at
4.7 ppm is barely visible in the WAT tissue. The signal at 1.3 ppm
corresponds to the CH2 methylene protons of the lipid chain,
shown in Figure 1C, and represents the bigger component in the
triglyceride spectrum (Bley et al., 2010). The spectrum reported
in Figure 1B has been obtained after carefully shimming over
a small Volume-of-Interest (VOI) and its spectral resolution is
comparable to the resolution of the ex vivo spectrum reported in
Figure 1A. However in most experimental setups only a few of
the triglyceride spectral lines can be detected (see e.g., the typical
liver spectrum in Figure 1 of Reeder et al., 2011). Consequently,
in most of applications of MRS for determination of water/fat
content, two peaks are considered: the water peak (4.7 ppm) and
the CH2 protons of the lipid chain peak (1.3 ppm), the latter
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FIGURE 1 | Magnetic Resonance Spectroscopy and Imaging of fat tissues. Representative ex vivo (A) and in vivo (B) spectra of inguinal white adipose tissue.
The areas under each peak are proportional to the number of protons in a given chemical environment within a triglyceride molecule (C) (from Giarola et al., 2011
reprinted with permission). (D,E) 3D reconstruction of MR images of whole trunk and selected structures in an ob/ob mouse showing the space distribution of fat
deposits (from Calderan et al., 2006, reprinted with permission); (F) localization of the principal BAT depots and some WAT depots in the mouse (from Vosselman
et al., 2013, reprinted with permission). Chemical shift selective transversal MR images at the level of the interscapular BAT in a living rat: (G) fat image; (H) water
image. IBAT is marked by a triangle (from Lunati et al., 1999, reprinted with permission).

containing more than 10 times the signal of any other fat peak
(Bley et al., 2010). The fat and water content of a given tissue can
be estimated from proton spectra as the ratio between the area of
the water and CH2 protons peaks.

Proton spectra acquired with high spectral resolution are
used to chemically characterize lipid molecules in vivo (Giarola
et al., 2011; Mosconi et al., 2011; Ye et al., 2012) in terms of
unsaturation, poly-unsaturation index, and mean chain length.
Quantification of protons corresponding to a certain chemical
species requires suitable spectra analysis generally performed
using commercial software (Giarola et al., 2011; Mosconi et al.,
2011, 2014). To the best of our knowledge, ours was one
of the first groups to suggest that in vivo MRS can provide
information about fat composition in living animals (Lunati
et al., 2001). Afterward, Mosconi et al. (2011) demonstrated that
WAT in obese Zucker rats, a widely used experimental model
for diabetes and obesity, is characterized by lower unsaturation
and polyunsaturation index compared with controls (lean Zucker
rats) thereby confirming the hypothesis that obese and lean
Zucker rats have different adipose tissue composition. Ye et al.
(2012) applied MRS to study lipids in the liver of ob/ob mice at 9.4
T and demonstrated that the mean chain length was significantly
longer and the fraction of monounsaturated lipids higher in
ob/ob mice than in control.

The fact that water and methylene lipid spectral lines are
separated by about 3.5 ppm (corresponding to 420, 700, 1043 Hz
at 3, 4.7, and 7 T, respectively) is the base for fat/water selective
imaging. Several reviews have been recently published describing
details of MRI techniques used to obtain water and fat separation
(Bley et al., 2010; Reeder et al., 2011; Hu and Kan, 2013).
Briefly, these techniques can be divided into frequency-selective
or phase-selective. In frequency-selective imaging, the excitation
pulse is shaped to selectively excite water or fat proton signal
prior to acquisition. In this case the signal will be detected only
from water or fat. In a different approach, frequency-selective
pulses are first applied to suppress water or fat signal and then
the signal of the unsuppressed chemical species is acquired. Fat
selective excitation has been used to characterize the water/fat
content of interscapular BAT and visceral WAT in the laboratory
animal (Lunati et al., 1999) and it is routinely applied to suppress
fat signal in clinical examinations where the high intensity signal
coming from fat can mask the signal coming from other organs
or pathologies.

The same physical property, i.e., chemical shift of water and
methylene protons, is exploited in the phase-selective imaging
methods originally proposed by Dixon (1984). A review of
methods and applications of phase selective imaging has been
recently published (Hu and Kan, 2013).
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Compared to tissue water protons, fat protons are
characterized by short longitudinal relaxation time (T1) and long
transversal relaxation time (T2). Indeed, the T1 relaxation time of
fat tissues is one of the shortest measurable in vivo (Hu and Kan,
2013). Accordingly, fat tissue appears brightest in T1 weighed
images thereby allowing for easy quantification of fat volume
trough threshold-based segmentation of images (Hu and Kan,
2013). This is defined the relaxometry-based approach while the
above mentioned methods, based on the chemical shift difference
between water and fat proton, are defined chemical shift-based
approaches. Relaxometry-based approaches are widely applied in
small animal imaging. Calderan et al. (2006) used this approach
to study the fat distribution in ob/ob mice trough segmentation
of T1 weighted images and 3D reconstruction of fat depots and
internal organs (Figures 1D,E). The same approach was applied
in longitudinal studies of body fat accumulation in cathepsin
K null mice and its wild type during treatment with high fat
diet for 12 weeks (Funicello et al., 2007). The above mentioned
differences in T1 and T2 values between water and fat protons
permit analysis of body composition in awake small laboratory
animals with simple acquisitions of the nuclear magnetic
resonance (NMR) signal in the time domain from the whole
body. Small bench top NMR instruments are now available that
allow precise measurement of lean, fat, and free fluid content in
laboratory animals which are widely used in pharmaceutical as
well as in diabetes and obesity research. Such approach was used
to measure body mass composition (fat, lean, and free fluids)
in Ghrelin-receptor null transgenic mice in comparison to wild
type, in order to comprehend the action mechanism of a new
drug acting as a selective and potent antagonist of the Ghrelin
receptor (Costantini et al., 2011).

The anatomical localization of the principal BAT and some
WAT deposits are shown in Figure 1F. It is noteworthy that
MRI can distinguish between BAT and WAT. It has long
been known that MRI findings correlate with ultrastructural
patterns of BAT in laboratory animals (Osculati et al., 1991); this
study was performed at different ages indicating that MRI is a
reliable tool to investigate BAT tissue along its age-associated
changes. Moreover, MRI allows for accurate determination of
BAT deposits volume in living animals and reveals tissue changes
associated with temperature manipulation, findings confirmed by
histological and ultrastructural analysis (Sbarbati et al., 1991).
Modification induced in BAT by interferon were studied with
MRI and confirmed by histology and TEM. In particular, in
treated mice, the interscapular BAT (iBAT) was found to be
slightly enlarged and showed inhomogeneous areas of lipid
accumulation (Sbarbati et al., 1995). As shown in Figures 1G,H
unequivocal definition of BAT deposits can be obtained using
chemical shift selective imaging for fat and water protons; the
experimental paradigm was validated in rats at 4.7 T (Sbarbati
et al., 1997). MRI with fat selective excitation and correction
for the T2 relaxation time was applied to quantify fat and
water content in the iBAT of rats at 4.7 T in order to obtain
lipidic maps of this tissue (Lunati et al., 1999). Chen et al.
(2012) demonstrated the feasibility of estimating BAT volume
and metabolic function in vivo in rats at a 9.4 T using sequences
available from clinical MR scanners. Specifically, they measured

the volume distribution of BAT with MRI sequences showing
strong fat-water contrast, and investigated BAT volume by
utilizing spin-echo MRI sequences. MRI-estimated BAT volumes
were compared with the mass of the excised samples. Moreover
they were able to map the hemodynamic responses to changes
in BAT metabolism induced pharmacologically by the β3-
adrenergic receptor agonist, CL-316,243 in comparison with PET
18F-FDG imaging, demonstrating the feasibility of BAT volume
and functionality assessment with routinely used MRI sequences.
It should be mentioned that over the past several years, BAT
activity in vivo has been primarily assessed by PET (or PET-
CT) scan following 18F-FDG administration to measure glucose
metabolism (see “PET imaging”). Another approach, the two-
point magnitude MRI, based on a slightly modified standard
MRI protocol, has been proposed to visualize mouse BAT
differentiating it from surrounding WAT at 11.7 T (Lindenberg
et al., 2014).

In order to discriminate between BAT and WAT in lean
and ob/ob mice, T2∗ relaxation times and proton density fat-
fraction values were measured in the two tissues (Hu et al.,
2012). To determine differences in fat-signal fraction (FF) from
chemical-shift-encoded water-fat MRI of iBAT, Smith et al.
studied mice housed at different ambient temperatures. They
found that lowering temperature leads to a significantly reduction
in BAT-FF, in accordance with the expected BAT involvement
in thermogenesis (Smith et al., 2013). Comparison between
BAT and WAT fat fractions in ob, seipin, and Fsp27 gene
knockout mice by chemical shift-selective imaging and (1)H-MR
spectroscopy was reported by Peng et al. (2013). Finally, the effect
of different diets on composition of intra-hepatocellular lipids as
well intra-abdominal, subcutaneous and total adipose tissue, and
BAT was measured in vivo with whole body 3D imaging (Bidar
et al., 2012).

Several novel approaches have recently been explored to
validate the in vivo quantification of BAT with MRI. In
particular a dual-echo sequence, both with and without spectral
presaturation inversion recovery (SPIR) fat suppression, was used
at 1.5 T and validated through comparison with histology and
18FDG-PET (Holstila et al., 2013). A new MRI method combined
intermolecular double-quantum coherence and the chemical
shift-encoded Dixon method in order to enable detection of
BAT cells mixed to other cells. The contrast in this technique
depends on the water-to-fat ratio at the cellular size scale,
which is smaller than the imaging voxel size (Bao et al., 2013).
Another method, based on the normally invisible intermolecular
multiple-quantum coherence (1)H MR signal has been proposed
(Branca et al., 2013). This method does not require special
hardware modifications and can overcome the partial volume
effect. Moreover, it exploits the characteristic structure of BAT
adipocytes to selectively image them, even when they are
intimately mixed with other cell types. The method was validated
in mice using PET scans and histology. The patterns of oxygen
consumption/perfusion were imaged by using blood-oxygen-
level-dependent MRI upon BAT activation (Khanna and Branca,
2012) and a well-localized signal drop in BAT found, related to a
substantial increase in oxygen consumption and the consequent
increase in blood deoxyhemoglobin levels. Sbarbati et al. (2006)
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used contrast enhanced MRI to study the effect of adrenergic
stimulation on iBAT: adrenergic stimulation performed 40 s
before MRI lead to a significantly higher enhancement of
signal intensity in iBAT compared to unstimulated tissue,
indicating that BAT stimulation is accompanied by increased
blood flow.

The use of hyperpolarized nuclei for the identification and
assessment of BAT function was proposed by two different
groups. The first one (Lau et al., 2014) investigated the
feasibility of using hyperpolarized (13)C imaging to quickly
(<1 min) identify activated BAT in an in vivo rodent model
following an infusion of pre-polarized [1-(13)C] pyruvate. Using
hyperpolarized xenon gas, the second one (Branca et al., 2014)
demonstrated a greater than 15-fold increase in xenon uptake
by BAT during stimulation of thermogenesis, thereby, obtaining
background-free maps of the tissue in both lean and obese mouse
phenotypes.

Computed Tomography
X-ray computed tomography (also called X-ray CT or simply
CT) is based on the combination of many X-ray images
taken from different angles to produce tomographic images
of a scanned object. For in vivo acquisitions, the most used
construction principle involves scanners with X-ray detector and
the radiation source mounted on a gantry that is rotated around
the examined object. The majority of the marketed scanners
use nano-microfocus X-ray tubes in which an electron beam is
focused by several magnetic lenses onto a focal spot of 1–10 µm
which interacts with a transmission target to produce the X-ray
radiation. Passing through the samples, X-rays are differently
absorbed by different materials; the transmitted radiation reaches
scintillator crystals and is converted in light signals. The light
is then lead by tapered glass fibers (Schambach et al., 2010)
to a detector which is often a charge coupled device camera
(CCD) and transformed in a digital image. A large series
of two-dimensional radiographic images are taken around a
single axis of rotation and trough suitable algorithms a three-
dimensional image of the inside of the object can be generated.
MicroCT systems are capable of volumetric CT analysis with
isotropic voxels spacing 50–100 µm (Holdsworth and Thornton,
2002).

The different ability of the anatomical structures to attenuate
the X-ray beam is responsible of the contrast in CT images.
The adipose tissue has different X-ray attenuation compared
to other soft tissues, and thus it has a distinct density in
microCT images (Figure 2A). Using microCT scanners with
X-ray photon energies in the range 15–75 keV the principal
modes of X-ray attenuation are photoelectric absorption and
Compton scattering. Which mode predominates depends on the
photon energy and the atomic number (Z) of the absorbing
element (Evans, 1955, chapter 25, Figure 1.1). Photoelectric
absorption predominates at low photon energies and in heavier
elements, while higher photon energies and lower Z nuclei
favor Compton scattering. Photoelectric absorption in materials
is proportional to Z4, this means an acute sensitivity of
photoelectric absorption to elemental composition. Instead
Compton scattering has unitary proportionality to Z. This

difference is important: it implies that photoelectric absorption
gives much stronger absorption image contrast, based on material
element composition, than Compton scattering. The elemental
composition of soft tissue is predominantly hydrogen (H), carbon
(C), nitrogen (N), and oxygen (O).

Elemental ratios in some representative biological tissues are
shown in Table 1. The content of C and O in fat is 57 and 30%,
respectively, while in muscle (typical of soft tissues other than fat)
the content of C and O is 12 and 73%, respectively.

The large difference in the carbon to oxygen ratio between
fat and lean tissues accounts for the difference in X-ray
absorption at X-ray energies where photoelectric absorption
is the predominant interaction mechanism, i.e., at photon
energies less than about 30 keV. C, N, and O are close to the
boundary between predominance of photoelectric absorption
and Compton scattering, at photon energies less than 50 keV
so they can attenuate X-rays by both modalities. Decreasing
X-ray photon energy, photoelectric absorption is favored and
the Z-based contrast will increase. This means that fat can
be imaged by microCT by using an appropriate X-ray energy
without causing excessive radiation dose to the animal.

Computed tomography images can be treated with a set
of software procedures (thresholds detection, segmentation)
in order to enhance contrast, i.e., increase difference among
anatomical structures enabling subsequent computational
analysis. After segmentation of 2D images, volumetric
reconstructions of different organs, including fat, can be
obtained as reported in Figures 2B,C.

Computed tomography imaging has natural applications to
bone imaging, with a special focus on bone architectures, bone
density and vascular imaging, thanks to the implementation of
novel vascular contrast agents (Holdsworth and Thornton, 2002).
Moreover, it is also able to provide three-dimensional density
maps with sufficient contrast to distinguish adipose tissue from
other tissues, fluids and cavities without contrast agents (Luu
et al., 2009). Noteworthy, it can not only measure the total volume
of adipose tissue within an animal, but can also identify and
quantify very small volumes of fat residing in discrete deposits
(Luu et al., 2009). Indeed, acquiring high-resolution images based
on the physical densities of the object allows discrimination of
subcutaneous adipose tissue and visceral adipose tissue (Judex
et al., 2010). As a non-invasive, in vivo technique CT provides
measurement of the total, visceral, and subcutaneous adiposity
in longitudinal studies (Luu et al., 2009). Adipose volumes
determined by microCT and the weight of the explanted fat
pads are highly correlated, demonstrating that CT can accurately
monitor site-specific changes in adiposity (Judex et al., 2010).
From the experimenter’s point of view, it is important to note
that voxel densities of fat are relatively uniform throughout the
adipose tissue and partial volume effect in adipose tissue is less
important than in bony structures. Instead, a greater effort is
needed to set accurately voltage and current of the X-ray source
to optimize the contrast.

Although fat tissue is spanned over the entire body, it was
demonstrated that differences in total fat volume across various
animal species are congruent with differences in their abdominal
fat mass (Rubin et al., 2007). So scanning the entire mouse may
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FIGURE 2 | Computed Tomography of fat tissues. (A) In a reconstructed cross section of a microCT scan of a mouse thorax, the four tissues which are most
readily distinguished in microCT images on the basis of differing x-ray attenuation are bone, lung, fat and “lean” or non-fat soft tissue. All four tissues are clearly
visible in this image; the adipose tissue appears as the darker gray regions near the periphery of the thorax. Note that in this image lighter color means higher x-ray
attenuation and “density,” while darker color means low x-ray attenuation. Bone is saturated to white by narrowing of the reconstruction contrast limits to enhance
soft tissue visual contrast. (B) A segment VOI of the mouse thorax selected for fat analysis relative to a lung landmark (branching of trachea) shows adipose tissue in
green, lungs blue, bone gold. (C) Adipose tissue (green) in the lower surface rendered model image can be segmented and visualized on the basis of its lower X-ray
density vs. “lean” soft tissues. (Courtesy of Bruker microCT NV, Kontich Belgium).

TABLE 1 | Biological tissue elemental ratios by mass percentage (modified from Johns and Cunningham, 1983).

H C N O Na Mg P S K Ca

Atomic number Z 1 6 7 8 11 12 15 16 19 20

Fat 11.2 57.3 1.1 30.3 0.006

Water 11.2 88.8

Muscle 10.2 12.3 3.5 72.9 0.08 0.02 0.2 0.5 0.3 0.007

Bone 6.4 27.8 2.7 41.0 0.2 7.0 0.2 14.7

not be necessary and only the abdominal region can be acquired
saving acquisition time and dose administered to the patient
(Judex et al., 2010). For a quantitative analysis of discrete fat
deposits, manual drawing of contour lines is very time consuming
and does not yield adequate precision and accuracy; algorithms
have been written and are now available based on automatic edge
detection in the images, in order to obtain reproducible results
(Judex et al., 2010). MicroCT can also allow determining the

degree of fat infiltration in liver by measuring the liver-to-spleen
density ratio in a specific region around the intervertebral disk
between the 13th thoracic and first lumbar vertebrae (Judex et al.,
2010).

MicroCT was used to investigate the effect of high frequency
and low intensity mechanical signals on adipogenesis in mice
(Rubin et al., 2007). This study demonstrated that 15 weeks of
brief, daily exposure to high-frequency mechanical signals of a
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magnitude well below that which would arise during walking,
inhibits adipogenesis by 27% in C57BL/6J mice.

Using microCT scanning, a reduced percentage of adipose
mass associated with decreased adipocyte cell size was found
in mice null for Fyn (a member of the Src family of non-
receptor tyrosine kinases). Such reduction was accompanied
by a substantial reduction in fasting plasma glucose, insulin,
triglycerides and free fatty acids, concomitant with decreased
intrahepatocellular and intramyocellular lipid accumulation. For
the quantification of total fat volume inside a volume of interest,
freshly harvested fat pad from similar mouse, with identical scan
settings, were imaged in order to identify the upper and lower
thresholds useful to separate adipose tissues from other tissues
and fluids (Bastie et al., 2007).

A study on BAT was conducted on rats exposed to room
temperature (23–24◦C) as the control condition and after 4 h of
cold exposure (4◦C), which is known to activate BAT. The CT
Hounsfield units (which are related to the tissutal radiodensity)
of BAT resulted higher (whiter density in the images) under the
activated condition than under the control condition (Baba et al.,
2010).

PET Imaging
Positron emission tomography is a nuclear medicine imaging
technique used to reveal functional processes in living organisms.
The main applications are in oncology, neuroimaging,
cardiology, infectious disease, musculoskeletal imaging, and
pharmacokinetics studies. PET is routinely used on humans and,
in preclinical applications, on experimental animals. As far as fat
imaging is concerned, applications of PET are limited to BAT.

Positron emission tomography instruments are able to detect
pairs of gamma rays emitted in living bodies by i.v. injected
radiotracers. The radiotracers used in PET contain positron-
emitting isotopes, i.e., isotopes decaying by emitting positive
charged electrons, called positrons. The positron can travel for
about 1 mm in biological tissues before it loses most of its
energy and encounters an electron. The interaction annihilates
both particles producing two gamma rays emitted in opposite
directions. The gamma rays are detected by scintillator crystals
(of which the internal ring of the tomograph is made) generating
bursts of light revealed by photomultiplier tubes (or avalanche
photodiode) coupled with the crystals. Each light burst is then
converted in electric signal. The detection of two different, almost
simultaneous, events in crystals located approximately at 180
degrees with respect to the center of the tomograph is referred
to as a coincidence and the signal is considered due to a real
nuclear decay event. Noise or spurious events are attributable to
the interaction of cosmic rays or natural radioactivity within the
instrument.

The decay time of radioisotopes for PET applications is
preferably chosen short enough to reduce the radiation exposure
of patients, but at the same time, long enough to allow chemical
synthesis and transport from the production site to the imaging
facility. The most commonly used radiotracer in PET imaging is
2-deoxy-2-18F-fluoro-D-glucose (18F-FDG), an analog of glucose,
which is labeled with 18 Fluorine. The half-life time of 18F is
110 min. 18F-FDG is internalized by cells in proportion to their

metabolic activity so it accumulates preferentially in cancer cells,
brain, heart, and kidney. Inside cells, 18F-FDG cannot be further
metabolized and it cannot move out of the cell before radioactive
decay. Consequently, the distribution of 18F-FDG reflects well
metabolic rate in body tissues and consequently it is the most
relevant radiotracer for studies of BAT metabolism.

Fueger et al. (2006) investigated the uptake of 18F-FDG in BAT
of mice under different experimental conditions. It is well known
that BAT metabolism is activated in mice by low temperature
to generate heat. Consequently, the uptake of 18F-FDG in BAT
was found to be higher at room temperature (21◦C) than at
thermoneutrality (30◦C). 18F-FDG uptake by BAT was reduced
by fasting the animals overnight, in accordance with the well-
known role of BAT in postprandial thermogenesis.

18F-FDG uptake in BAT also increases in mice exposed to
full-thickness thermal injury (30% of total body surface area),
cold stress (4◦C for 24 h) or cutaneous wounds (5-fold, 15-
fold, and 15-fold, respectively), whereas the uptake in adjacent
WAT is unchanged (Carter et al., 2011). Using a thermal imaging
camera, a linear relationship between 18F-FDG uptake and BAT
temperature was demonstrated for the first time in in vivo studies
(Carter et al., 2011).

18F-FDG-PET imaging was used to investigate the diurnal
rhythm of glucose uptake in C57Bl/6 mice: glucose uptake in
iBAT peaks at approximately 9 h into the light phase of the
12 h light period. This result makes iBAT a candidate site of
interaction between metabolic and circadian systems (van der
Veen et al., 2012).

Pharmacological approaches were used to demonstrate that
adrenergic pathway activation enhances BAT metabolism in
rodents (Mirbolooki et al., 2011, 2013, 2014). BAT is innervated
by sympathetic noradrenergic nerve fibers whose stimulation
activates β3-adrenoreceptors in the target tissue resulting in
enhancement of glycolysis. This probably increases the synthesis
of cyclic AMP and the overexpression of uncoupling protein-
1 (UCP1). In the first study, BAT activation was induced by
administration of CL316243, a β3 adrenoceptor agonist in rats,
and evaluated by 18F-FDG-PET imaging (Mirbolooki et al.,
2011). CL316243-induced activation of BAT was clearly visible
in PET images, in particular in the interscapular, cervical,
periaortic, and intercostal BAT deposits. The uptake of 18F-
FDG was enhanced by 12-fold in comparison to control animals,
while low temperature (8◦C for 120 min) increased the 18F-
FDG uptake only 1.1-fold (Figure 3). The uptake of 18F-FDG
in activated iBAT was greatly reduced (96.0%) by administration
of the β-blocker propranolol. These results were confirmed by
ex vivo 18F-FDG autoradiography and histology. In a second
study, the effect of presynaptic activation with atomoxetine
on BAT metabolism was evaluated in rats (Mirbolooki et al.,
2013). The existence of norepinephrine transporters in BAT
was previously suggested by in vivo and ex vivo evaluations
using 11C-MRB, a highly selective norepinephrine transporter
ligand for BAT imaging at room temperature in rats (Lin et al.,
2012). It is noticeable that for this study the positron emitter
11C with 20.3 min half-life was used. The results obtained in
the studies previously mentioned were confirmed and extended
to mice using three pharmacological approaches (atomoxetine,
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FIGURE 3 | Coronal, sagittal and transverse views of PET/CT images. The images show CL316243 activated BATs in Sprague-Dawley rats: PET (Left), CT
(Middle), and fused PET/CT (Right) (from Mirbolooki et al., 2011, reprinted with permission).

CL316243, and forskolin, an adenylyl cyclase enzyme activator)
in a third study (Mirbolooki et al., 2014). Atomoxetine increased
18F-FDG uptake of iBAT 1.7-fold vs. control mice. CL316243
increased 18F-FDG uptake fivefold in IBAT, 2.4-fold in WAT and
2.7-fold in muscle vs. control mice. Finally, forskolin increased
the uptake 1.9 in IBAT, 2.2-fold in WAT and 5.4-fold in heart
compared to controls.

Beyond its role in thermal homeostasis (during both acute
stress and cold acclimation), BAT is probably involved in energy
homeostasis as a site of postprandial thermogenesis. The ablation
of the essential protein for heat production in BAT namely, the
uncoupling protein-1 (UCP-1), leads to an obese phenotype in
mice housed at thermoneutral temperature (Feldmann et al.,
2009). BAT was found to be involved in plasma triglyceride
clearance (Bartelt et al., 2011) and glucose homeostasis (Guerra

et al., 2001; Gunawardana and Piston, 2012). Accordingly to
Vosselman et al. (2013) these results highlight the antiobesity
role of BAT in rodents, as well as its potential in obesity-related
metabolic diseases (diabetes and cardiovascular disease).

Activation of BAT can be a new strategy to combat obesity
and diabetes mellitus (DM). Wu et al. (2014) obtained models
of obesity by feeding mice with a high fat diet for 8 weeks and
models of DM by administration of streptozotocin to obese mice.
Both obese and DM mice showed lower 18F-FDG uptake in iBAT
compared to controls. After 2 weeks of treatment with BRL37344
(a β3-adrenergic receptor agonist) the uptake was significantly
increased in both animal models with a decrease of blood glucose
levels and substantial weight loss in obese mice. Levothyroxine
(the synthetic thyroid hormone) increased 18F-FDG uptake in
both obese and control mice, but not in DM mice. These results
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demonstrate that inhibition of BAT function found in obese
and DM mice can be reversed by β3-adrenergic receptor agonist
or thyroid hormone administration (Wu et al., 2014) and BAT
activation may effectively lead to weight loss and blood glucose
lowering.

To evaluate the significance of β3-adrenoreceptor agonist-
induced BAT activation in obesity, a useful rat model is
represented by the Zucker lean and obese rats. The effect of
CL316243 administration on the BAT 18F-FDG uptake was
investigated in both genotypes, resulting in fourfold increase of
glucose uptake in Zucker lean with respect to saline-administered
control rats and only a twofold increase in Zucker obese rats.
The reduced CL316243 activation is consistent with the lower β3-
adrenoreceptor levels in Zucker obese with respect Zucker lean
rats (Schade et al., 2015).

A norepinephrine analog labeled with the 11C isotope ((11)C-
meta-hydroxyephedrine, 11)C-MHED) was used to investigate
the sympathetic nervous system (SNS) activity in BAT of lean and
dietary obese mice, demonstrating that 11C-MHED is a specific
marker of the SNS-mediated thermogenesis in BAT deposits,
and that this radiotracer can detect in vivo the WAT-to-BAT
conversion (Quarta et al., 2013).

Recently, concomitant application of 11C-acetate, 18FDG, and
18F-fluoro-thiaheptadecanoic acid (18FTHA) has been reported
in order to characterize BAT alterations in both clinical
(Ouellet et al., 2012) and preclinical studies (Labbé et al.,
2015, 2016). In preclinical studies, the effects of cold on BAT
were investigated using 18F-FDG (for glucose uptake), 18FTHA
(for non-esterified fatty acid–NEFA- uptake), and 11C-acetate
(for oxidative activity). The experiment was performed in rats,
adapted to 27◦C, which were acutely subjected to cold (10◦C)
for 2 or 6 h and in rats chronically adapted to 10◦C for 21 days,
which were returned to 27◦C for 2 or 6 h. Cold exposure (acute
and chronic) led to increases in BAT oxidative activity, which
was accompanied by concomitant increases in glucose and NEFA
uptake (Labbé et al., 2015). The same radiotracers were used
to investigate the metabolic activity of iBAT and “beige adipose
tissue” in mice exposed to cold or to an adrenergic agonist

(CL) (Labbé et al., 2016) extending the results found in humans
(Ouellet et al., 2012).

Finally, an experimental protocol for BAT functional imaging
with 18F-FDG in mice was proposed by Wang et al. (2012)
in order to standardize the imaging procedures, to uniform
the post-images analysis and to quantify the FDG uptake in
BAT as percentage of the injected dose per gram of tissue. The
described method, which is based on a small animal- micro-
PET/CT system, can be applied to screening drugs/compounds
that modulate BAT activity, or to identify genes/pathways that
are involved in BAT development and regulation in preclinical
studies.

Other Imaging Techniques: Cerenkov
Luminescence Imaging and
Fluorescence Imaging
It has been recently reported that beta+ or beta− emitting
radionuclides can be detected in living animals by Cerenkov
Luminescence imaging (CLI) using standard optical imaging
instrumentation (Boschi and Spinelli, 2014; Spinelli and Boschi,
2015). This methodology relies on the well-known Cerenkov
effect. Briefly, while traveling in the biological tissues, the
emitted particles polarize molecules of the medium which emit
electromagnetic waves relaxing back to the equilibrium. If the
particle travels with a speed greater than the speed of light in
the medium, the electromagnetic waves interfere constructively
producing a shock front, which can be detected in the UV-visible-
near infrared range as Cerenkov radiation.

Brown adipose tissue and its activation can be studied by
optical techniques, via CLI, as shown by Zhang et al. (2013) after
administration of 18F-FDG in mice. They demonstrated that CLI
is able to detect iBAT in vivo. Data were confirmed by ex vivo
radioactivity measurements; representative images are shown in
Figure 4A. Using norepinephrine as a stimulator, they found
that norepinephrine-treated mice show significantly higher CLI
signals compared to untreated mice. Moreover, in treated animals
they observed an increase of the signal under short (5 min)

FIGURE 4 | (A) Cerenkov luminescence images of a mouse at 30, 60, 120 min after10.3 MBq 18F-FDG intravenous injection (from Zhang et al., 2013, reprinted with
permission); (B) Fluorescence images of living SKH1 hairless mice after intravenous 10 nmol dose of SRFluor680 [A], IR780 [B], or Nile Red [C] and imaged
periodically over a period of 6 h. The fluorescence pixel intensity scale bar applies to all images in the same row (arbitrary units) (from Rice et al., 2015, reprinted with
permission).
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isoflurane anesthesia (1.23-fold) and a greater increase after long
(60 min) isoflurane anesthesia (2.47-fold). Finally, they reported
a 39% increase in 18F-FDG uptake in BAT of animals stimulated
by cold exposure.

Fluorescence imaging is based on the detection of light
coming from exogenous fluorochromes (dyes or genetically
engineered fluorescent proteins) excited with light sources (laser
or lamps). The photons escaping from the sample surface
are generally detected by a charge CCD with high quantum
efficiency. Excitation and emission wavelengths suitable for
in vivo investigations are in the red-near infrared region (650–
800 nm) where the biological tissues are optically thin. Outside
this “transparency window” the substantial absorption of oxy-
and deoxy-hemoglobin, melanin, water and fat reduces the
light signal. Fluorescence imaging is a very simple, safe, and
cost-effective technique, which has been implemented to obtain
tomographic 3D reconstructions of the light sources inside the
body (Beckmann et al., 2007).

A pure optical approach to the detection of BAT was
recently reported by Rice et al. (2015) who administered mice
with a micellar formulation of commercially available deep-
red fluorescent probe (SRFluor680). They showed an extensive
uptake of the fluorescent probe in iBAT, as clearly visible
in Figure 4B. The results were confirmed by 18F-FDG PET
imaging and ex vivo examinations. They explained the results
by an irreversible translocation of the lipophilic fluorescent
probe from the micelle nanocarrier to the adipocytes within
the BAT. The authors suggest that combining optical methods
with FDG/PET could constitute a path toward a new molecular
imaging paradigm allowing non-invasive visualization of BAT
mass and BAT metabolism in living subjects.

CONCLUSION

Magnetic Resonance Imaging, CT, and PET represent a panel
of imaging techniques which are instrumental for the in vivo
detection and quantification of fat tissues in cross sectional
and longitudinal studies. Several qualitative and quantitative
morphological and functional data can be extracted from images,

allowing for the investigation of fat tissue metabolism and drug
response. Techniques based on MRI and MRS are considered
the most comprehensive tools for quantification of fat in
living organisms. MRI based techniques allow to investigate the
anatomical distribution of adipose tissues, the presence of ectopic
fat, and also chemical and functional state of fat deposits with
high space resolution. MicroCT can discriminate fat tissue from
remaining soft tissue in small laboratory animals with similar
space resolution. PET suffers from limited space resolution
(around 1 mm), from the need for expensive radiotracers and
controlled environment, but it has been proven to be extremely
sensitive in studies of BAT activation. Indeed MRI, CT and
PET should be regarded as a set of complementary techniques.
Much effort is currently in progress toward multimodal imaging
approaches: hybrid instruments combining PET and MRI, or
PET and CT, have been developed also for small animal imaging
to overcome the limitations of individual techniques. MRI, CT,
and PET are used in both clinical and preclinical fields, thereby
enhancing the translational value of findings in experimental
animals. A limitation of these techniques is the high cost of
instrumentation and maintenance, and the need for specialized
personnel. Accordingly, large studies employing tens or hundreds
of animals are cumbersome. However, microCT, PET and,
especially, MRI are non-invasive and allow for longitudinal
studies where a reduced number of animals is sufficient in order
to obtain statistically significant results. Recently other imaging
techniques (CLI and fluorescence imaging) have been applied to
these topics, but still await full validation.
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Clinical trials aiming to develop disease-altering drugs for Alzheimer’s disease (AD), a
neurodegenerative disorder with devastating consequences, are failing at an alarming
rate. Poorly defined inclusion-and outcome criteria, due to a limited amount of
objective biomarkers, is one of the major concerns. Non-invasive molecular imaging
techniques, positron emission tomography and single photon emission (computed)
tomography (PET and SPE(C)T), allow visualization and quantification of a wide variety of
(patho)physiological processes and allow early (differential) diagnosis in many disorders.
PET and SPECT have the ability to provide biomarkers that permit spatial assessment
of pathophysiological molecular changes and therefore objectively evaluate and follow
up therapeutic response, especially in the brain. A number of specific PET/SPECT
biomarkers used in support of emerging clinical therapies in AD are discussed in this
review.

Keywords: Alzheimer’s disease, PET, SPECT, drug development, biomarkers

INTRODUCTION

The worldwide prevalence of AD is estimated at 35 million, a number expected to quadruple by
2050, due to the increasing lifespan of the world population (Brookmeyer et al., 2007). With an
unfavorable prognosis and a life expectancy of approximately 8–10 years, AD is becoming one
of the most costly diseases for society (Thies and Bleiler, 2013). In spite of increasing knowledge

Abbreviations: 5-HT, 5-hydroxytryptamine; 5-HTRs, 5-HT receptors; 5-HTT, 5-HT transporter; α-APP, α-amyloid
precursor protein; Aβ, amyloid beta; ACh, acetylcholine; AChE, acetylcholinesterase; AD, Alzheimer’s disease; ADAS-cog,
Alzheimer’s disease assessment scale-cognitive subscale; ALA, α-lipoic acid; APP, amyloid precursor protein; BACE1, β-site
APP-cleaving enzyme 1; BBB, blood–brain barrier; BPSD, behavioral and psychological symptoms of dementia; BZDs,
benzodiazepines; CBD, corticobasal degeneration; ChAT, choline acetyltransferase; CIBIC+, clinician’s interview-based
impression of change; CNS, central nervous system; CSF, cerebrospinal fluid; CT, computerized tomography; CTI, clinical
trial identifier; D1R, dopamine1-like receptors; DA, dopamine; DAT, dopamine transporter; DLB, dementia with Lewy bodies;
ECT, EudraCT-number; EMA, European medicines agency; FDA, food and drug administration; FTD, frontal temporal
dementia; GABA, gamma-amino butyric acid; GSK, glycogen synthase kinase; HCs, healthy controls; mAChR, muscarinic
acetylcholine receptor; MAPT, microtubule-associated protein tau gene; MCI, mild cognitive impairment; MMSE, mini-
mental state examination; MOAs, monoamine oxidases; MRI, magnetic resonance imaging; nAChRs, nicotinic acetylcholine
receptors; NFTs, neurofibrillary tangles; PBR, peripheral benzodiazepine receptor; PET, positron emission tomography; P-gp,
permeability glycoprotein; PHFs, paired helical filaments; PSP, progressive supranuclear palsy; p-tau, phosphorylated tau;
rCBF, regional cerebral blood flow; SERT, 5-HT reuptake transporter; SP, senile plaques; SPE(C)T, single photon emission
(computed) tomography; TSPO, translocator protein; VDAC, voltage dependent anion channel.

Frontiers in Pharmacology | www.frontiersin.org March 2016 | Volume 7 | Article 88 | 88

http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/Pharmacology/editorialboard
http://www.frontiersin.org/Pharmacology/editorialboard
http://dx.doi.org/10.3389/fphar.2016.00088
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3389/fphar.2016.00088
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2016.00088&domain=pdf&date_stamp=2016-03-31
http://journal.frontiersin.org/article/10.3389/fphar.2016.00088/abstract
http://loop.frontiersin.org/people/259016/overview
http://loop.frontiersin.org/people/166447/overview
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive


fphar-07-00088 March 29, 2016 Time: 15:21 # 2

Declercq et al. Diagnostic Support of Neuroimaging in AD

about the genetics, epidemiology, and histopathological features
of AD there is, at this moment, only symptomatic treatment
available. However, already at early clinical signs, intrinsic disease
progression has developed for a long time; patients rapidly
decline and develop irrevocable brain damage (Masters et al.,
2006; Romano and Buratti, 2013). Therefore, there is a great
need for efficient treatment that should be initiated in a very
early phase of the disease. Strict definite diagnosis can still
only be made post-mortem, on the basis of two pathological
hallmarks: SP and NFTs (Hyman et al., 2012), although use of
biomarkers is strongly advocated in research guidelines (Dubois
et al., 2014). More than 90% of clinical trials aiming to intervene
at the causative pathological elements have failed to produce
disease altering effects. A major concern hereby is the lack of
objective biomarkers assisting in the evaluation of inclusion- and
outcome criteria of participating patients, as many participants
turned out to be misdiagnosed, particularly in the early AD
disease stages (Jack et al., 2010; Barthel et al., 2015; James et al.,
2015). Currently five biomarkers for AD have been used for
evaluation of disease and monitoring of disease progression
(Jack et al., 2010): CSF levels of Aβ42, CSF levels of total tau
and p-tau181 and p-tau231, structural imaging (CT and MRI)
and functional imaging (PET with [18F]FDG). Elevated levels of
CSF tau and reduced levels of CSF Aβ allow the prediction of,
respectively, the NFT load and the SP deposits (Ahmed et al.,
2014; de Souza et al., 2014; Wurtman, 2015). Therefore, these
CSF levels appear to be useful biomarkers in the diagnosis of
AD (Wallin et al., 2006; Weiner et al., 2015). Nonetheless, CSF
sampling requires an invasive lumbar puncture, quantification of
CSF levels is hampered by interlaboratory variability and CSF
values do not provide regional information on tau- and Aβ

deposits. The regional concentration of tau- and Aβ deposits is
however essential for a differential diagnosis of AD, especially
among the different tauopathies (Hampel and Teipel, 2004; Gozes
et al., 2009; Hampel et al., 2010). Structural volume measurement
can be used to measure regional cerebral atrophy. Although
not highly specific for AD due to overlap with ‘normal’ aging,
the degree of atrophy follows neuropathological progression in
AD and severity of volume loss correlates well with disease
progression (Masters et al., 2006; Jack et al., 2010). Regarding
the biomarkers that can be visualized and quantified by the
molecular imaging techniques PET and SPECT, there are three
important applications to be considered, that could contribute
to successful drug development in clinical trials. The first
one is the ability of PET and SPECT to provide quantitative
and spatial in vivo assessment of, for example, the amyloid-
and tau burden in AD patients. By doing so, inclusion and
exclusion criteria in clinical trials can be verified more objectively
than what was possible now with the previous biomarkers.
Indeed, the use of specific radiotracers, for various targets, may
provide accurate differential diagnosis (even at early AD stages)
and true confirmation of the availability of the drug target,
which allows physicians to reliably select patients for clinical
trials to evaluate novel AD therapeutics (Barthel et al., 2015).
Another important role for these molecular imaging techniques
is the assessment and quantitative follow-up of drugs aiming to
intervene at the specific molecular pathophysiological processes.

Using highly selective PET- or SPECT radioligands, the true
biological effect of novel clinical candidates can be established
and true quantitative assessment is possible (Barthel et al., 2015).
Thirdly, molecular imaging can be applied to measure the dose-
related occupancy of specific targets caused by drugs under test,
which allows the characterization of the optimal therapeutic
window and thus a more effective design of subsequent clinical
drug trials (Broich et al., 1998; Passchier et al., 2002). Although
PET is able to provide a much higher spatial resolution and
dynamic scanning with higher temporal resolution and better
quantification than SPECT, SPECT cameras are more widely
available and cheaper than PET cameras. Both the availability
and the economical aspect are important to consider when
performing large multi-center clinical trials (Rahmim and Zaidi,
2008).

The most frequently used PET radiopharmaceutical is
2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG, Figure 1), a
glucose derivative which allows measurement of brain glucose
metabolism directly related with viability of brain tissue in AD
(Barthel et al., 2015). This commercially available compound,
with various clinical applications, has been well established
in routine clinical practice, but also in the recruitment and
follow-up of the majority of AD clinical trials which use PET
as biomarker technique (Barthel et al., 2015). Indeed, several
AD clinical trials are currently recruiting and following up
patients with [18F]FDG (CTI: NCT02593318, NCT01561053,
and NCT02560753). Although FDG-PET is able to provide
information about regional glucose metabolism, which
can aid in the detection and prognosis of MCI for further
progression to AD, there is a great need for PET- and SPECT
radiopharmaceuticals which deliver more target-specific
information of a variety of (patho)physiological processes that
are happening in AD. In this review we will therefore focus on
some of the major molecular pathophysiological changes known
to occur in AD, along with emerging pharmacological treatment
approaches. Furthermore, specific attention will be attributed
to the role that PET- and SPECT biomarkers (can) play during
these clinical trials.

FIGURE 1 | Structure of [18F]FDG.

CHOLINERGIC HYPOTHESIS

Acetylcholinesterase
The cholinergic hypothesis states that a decreased cholinergic
neurotransmission, caused by a degeneration of cholinergic
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neurons in the basal forebrain, leads to several cognitive and
functional conditions, associated with the symptoms of AD
(Davies and Maloney, 1976; Bartus et al., 1982). Furthermore, the
disruption of AChE seems to be associated with NFT- and Aβ

deposits (Tavitian et al., 1993).
Acetylcholine, a neurotransmitter synthesized presynaptically

by ChAT, is released in the synaptic cavity, where it is able
to interact with nicotinic and muscarinic cholinergic receptors
on pre- and postsynaptic membranes. Synaptic transmission is
eventually stopped by the hydrolysis of ACh by AChE (Lleo et al.,
2006). Both ChAT and AChE expression is reduced in cortical
regions of AD patients (Davies and Maloney, 1976; Coyle et al.,
1983; Vogels et al., 1990).

Inhibition of AChE was the first approach to treat AD, and
this led to the FDA approval of eventually four AChE inhibitors:
galantamine, rivastigmine, donepezil, and tacrine, though the
latter one was largely discontinued due to hepatotoxicity issues
(Wu et al., 2010). All inhibitors showed however only mild
symptomatic improvement in patients with mild to moderate
AD (Burns et al., 1999; Rosler et al., 1999; Farlow et al., 2000;
Greenberg et al., 2000; Raskind et al., 2000; Tariot et al., 2000;
Wilcock et al., 2000; Winblad et al., 2001). Several new agents are
currently under development (Aprahamian et al., 2013), two of
which have been evaluated in clinical trials: phenserine (Winblad
et al., 2010; Darreh-Shori et al., 2014) and huperzine A (Rafii
et al., 2011). Phenserine, structurally related to rivastigmine,
showed a prolonged, but mild inhibition of AChE in AD patients.
Researchers suggested an add-on therapy with donepezil to
improve the clinical efficacy of this class of agents. Low dosage of
huperzine A, a reversible AChE inhibitor, showed no significant
improvement on the ADAS-cog [the primary cognitive outcome
measure in mild to moderate AD patients (259)], in a phase
II trial in mild to moderate AD patients. Higher dosage and a
long term evaluation were suggested by the authors. A phase III
trial (CTI:NCT01282619) using sustained-release huperzine A is
currently ongoing (Ghezzi et al., 2013).

Visualization of the cholinergic system could be done by
using radiolabeled ACh analogs or inhibitors of AChE (Tavitian
et al., 1993; Irie et al., 1994; Iyo et al., 1997; Kilbourn et al.,
1996). Both pathways have been pursued by researchers, but
at present only two carbon-11 labeled compounds have been
clinically evaluated on AD patients: [11C]MP4A and [11C]MP4P,
two N-[11C]methylpiperidine esters (acetate and propionate,
Figure 2). Moreover, both compounds were used to evaluate
the effect of donepezil or rivastigmine in AD patients. Scans

FIGURE 2 | Structure of acetylcholinesterase PET tracers.

with [11C]MP4A or [11C]MP4P, taken before and after treatment
with donepezil or rivastigmine, showed significant (up to 40%)
cerebral cortical or frontal cortical inhibition of the AChE
activity. Modest symptomatic improvement was recorded for
all AD patients during these trials (Kuhl et al., 2000; Shinotoh
et al., 2001; Kaasinen et al., 2002). These studies show the
usefulness of both tracers for therapeutic monitoring of AChE
inhibitors, as well as the possibility to evaluate newly developed
drugs that target AChE (Shinotoh et al., 2004). Nonetheless,
carbon-11 labeled compounds have the limitation that an on-site
cyclotron is needed, which limits their widespread use. The
lack of significant cognitive improvement and the fact that the
cholinergic deficit is not an early event in the development of AD
(Gilmor et al., 1999), has challenged the cholinergic hypothesis
(Francis et al., 1999; Bartus, 2000; Terry and Buccafusco,
2003; Contestabile, 2011). Nevertheless, two decades after FDA
approval of tacrine, AChE inhibitors remain (out of necessity) the
mainstay for the current symptomatic treatment of AD.

Muscarinic ACh Receptor
The presynaptic cholinergic signal is transmitted through the
release of the neurotransmitter ACh, which can interact with both
muscarinic and nicotinic ACh receptors (the latter one discussed
in the next section). The pre-and postsynaptic muscarinic ACh
receptor (mAChR) is a plasmamembrane, GTP binding protein
coupled receptor, of which five subtypes exist (M1−M5) (Bonner
et al., 1987; Peralta et al., 1987; Bonner, 1989). Due to the
involvement in several neurological and psychiatric disorders,
this target has been the topic of many research papers during
the past few decades (Palacios et al., 1990; Tandon et al.,
1991; Maziere, 1995). A comprehensive autoradiography study
using tritium labeled compounds on the distribution of M1–
M4 muscarinic receptors of histopathological diagnosed AD
patients by Rodríguez-Puertas et al. (1997) showed that the
decrease of M1 muscarinic receptors followed the general pattern
of neurodegeneration as recorded in the Braak stages (Braak
and Braak, 1991), while the M2 muscarinic receptor displayed
significant reduction in the hippocampal area (up to 64%)
and a significant increase in the striatum (up to 468% in
the putamen), although this increase was not confirmed by
other research groups (Eckelman, 2002). The density of M3−4
receptors on the other hand, was not altered compared to
their density in brains of HCs. Interestingly, several research
groups demonstrated that the stimulation of the M1- and M3
muscarinic receptors lead to an increase of the neuroprotective
non-amyloidogenic pathway (formation of α-APP) (Buxbaum
et al., 1992; Nitsch et al., 1992). Stimulation of these receptors
could thus provide means for a decrease in Aβ production, a
hypothesis which was confirmed in several studies (Wolf et al.,
1995; Savonenko et al., 2005; Tsang et al., 2006). Little is known
about the M5 muscarinic receptor, the latest receptor to be cloned
(Bonner et al., 1988; Liao et al., 1989), although some research
groups have demonstrated possible involvement in regulation
of the cerebral blood flow and DA release (Yamada et al.,
2001).

A number of clinical trials have been carried out to examine
the potential role of mAChR agonists/antagonists on the clinical
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symptoms of AD patients. In the group of the selective M1
agonists, talsaclidine showed a significant decrease (up to 27%
compared to placebo) in the Aβ-CSF levels in a randomized,
double-blind, placebo controlled trial on AD patients with a
MMSE score between 12 and 26. Results should, however, be
interpreted with some caution, as suggested by the researchers,
since assessment of the amyloid burden in AD patients by
CSF has some flaws as biomarker, furthermore there was no
mention on any cognitive improvement alongside the drop in
Aβ CSF levels (Hock et al., 2000). Yet, another M1selective
agonist, cevimeline (AF102B), an FDA approved drug for the
treatment of dry mouth in Sjögren’s syndrome, did show
cognitive improvement in the ADAS-cog and word recognition
scales in a single-blind-placebo-controlled parallel group study
with patients with probable AD (Fisher et al., 1996). Dual
selectivity for both the M1- and M2-receptor on the other hand,
as it is the case for RS-86, showed no consistent cognitive
improvement in a double-blind, placebo-controlled trial on mild
to moderate AD patients (Bruno et al., 1986). Palacios et al. (1986)
hypothesized that RS-86’ failure could be due to the concomitant
stimulation of the M1- and M2 receptor, where stimulation
of M2 might inhibit the effects of the M1 receptor. On the
other hand, milameline, a partial agonist for all five muscarinic
receptor subtypes, demonstrated an effect on the rCBF in the
frontal and subcortical regions of AD patients as part of an
‘add-on study’ during a Phase III clinical trial of this drug. AD
participants were evaluated with SPECT, using the cerebral blood
flow tracer 99mTc-exametazime (99mTc-HMPAO), during the
performance of two cognitive tasks. Although a modest increase
(of 26%) of rCBF was demonstrated, the authors suggested that
there maybe neuropsychopharmacological effects associated with
the intake of milameline during the performance of cognitive
demanding tasks (Trollor et al., 2006). And finally, in a large-
scale clinical trial, xanomeline, a M1- and M4-receptor agonist
and M5 receptor antagonist (Grant and El-Fakahany, 2005),
was evaluated in a randomized, double-blind, placebo-controlled
trial on mild to moderate AD patients. Significant cognitive
improvement was hereby shown in the ADAS-cog (drug vs.
placebo; p ≤ 0.05), and the CIBIC+ scale (drug vs. placebo;
p ≤ 0.02), demonstrating that a muscarinic receptor agonist can
ameliorate cognitive symptoms in AD patients (Bodick et al.,
1997).

Only one imaging agent, with affinity for the M1- and M4
muscarinic receptor (Piggott et al., 2002), has been clinically
evaluated on AD patients thus far, namely [123I]I-quinuclidinyl
benzilate ((R,R) [123I]I-QNB) (Figure 3). Eighteen mild to
moderate AD patients and their age-matched HCs were evaluated
with [123I]I-QNB. Significantly reduced uptake (p ≤ 0.001)
was noted in the frontal rectal gyrus, right parahippocampal
gyrus, left hippocampus, and regions of the left temporal lobe,
compared to the HCs (Pakrasi et al., 2007). Nevertheless,
conflicting results have been reported by other research groups
with this tracer (Holman et al., 1985; Weinberger et al., 1991;
Wyper et al., 1993; Kemp et al., 2003), although the sample
sizes in these other studies were smaller. In another study,
[123I]I-QNB was used as a biomarker to evaluate the density
of the mAChR on 20 patients receiving the AChE inhibitor

FIGURE 3 | Structure of muscarinic PET/SPECT tracers.

donepezil (Brown et al., 2003). No distinction could be made
between donepezil responders and non-responders, furthermore
no positive correlation was found between [123I]I-QNB scans
and the extent of cognitive improvement on the ADAS-cog
scale, apart from the insular cortex, were an inverse correlation
was found. Researchers suggest that response to donepezil may
thus be greater in patients with clear cholinergic deficits. Several
efforts have been made to develop carbon-11 and fluorine-
18 labeled tracers for muscarinergic receptors (Farde et al.,
1996; Eckelman, 2001; Xie et al., 2004). A clinical trial in
the US with3-(3-(3-([18F]fluoropropyl)thio)-1,2,5-thiadiazol-4-
yl)-1,2,5,6-tetrahydro-1-methylpyridine ([18F]FP-TZTP) (Ravasi
et al., 2012; Figure 3), which binds to the M2 receptor, on
AD patients has been completed (CTI: NCT00001917), but
results are yet to be published. Lastly, recruitment for a study
with HCs and AD patients using an M4 positive allosteric
modulator [11C]MK-6884 (structure not yet available), will
soon start (CTI: NCT02621606). Future PET- and SPECT
compounds hold promise to evaluate inclusion- and outcome
criteria with novel drugs targeting the muscarinic receptor, as
well as to establish therapeutic windows via dose-occupancy
studies.

Nicotinic ACh Receptor
nAChRs are ionotropic receptors, part of the ligand-gated ion
channel superfamily (Cooper and Millar, 1997; Castelan et al.,
2008; Criado et al., 2011; Valles and Barrantes, 2012). They consist
of a hetero-or homopentameric structure, assembled from 17
possible subunits: α1−10, β1−4, γ, δ, and ε (Karlin, 2002; Gotti
and Clementi, 2004). The main subtypes of the nAChRs in the
human CNS are, however, α7, α4β2, and α3β2, although the
latter one is not involved in the pathophysiology of AD (Wevers
and Schroder, 1999; Pym et al., 2005). Reduction in nAChRs
expression levels of several subtypes has indeed been revealed
in regions with dense deposits of Aβ and NFTs (Pimlott et al.,
2004; Oddo and Laferla, 2006; Buckingham et al., 2009). The
α7 nAChR is mainly expressed in the hippocampus, whereas
the α4β2 nAChR is homogenously expressed throughout brain
(O’Brien et al., 2007; Valles and Barrantes, 2012). While loss
of α4β2 nAChR can cause memory deficits in AD patients
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(Paterson and Nordberg, 2000; O’Brien et al., 2007; Kendziorra
et al., 2011), a more complex relationship has been noted when
evaluating the interaction between α7 nAChR and Aβ in AD
(Oddo and Laferla, 2006). Aβ can either interact as agonist or
as antagonist of α7 nAChR, depending on its concentration,
where low concentrations may activate and high concentrations
may inactivate α7 nAChR (Dineley et al., 2002; Puzzo and
Arancio, 2013; Sadigh-Eteghad et al., 2014). Observations in an
AD transgenic mouse model overexpressing APP, presenilin-1,
and tau (3xTg-ADmice) (Oddo et al., 2003; Billings et al., 2005;
Kitazawa et al., 2005) were consistent with the aforementioned
in vitro conclusions for human AD, demonstrating an age
dependent reduction of α7 nAChR, as higher Aβ may eventually
block remaining α7 nAChRs (Hernandez et al., 2010). For a more
detailed discussion about the many different roles of nAChRs in
AD, readers are referred to several reviews on the subject (Oddo
and Laferla, 2006; Jurgensen and Ferreira, 2010; Vandenberghe
et al., 2010).

Since nicotine can induce the release of presynaptic ACh and
is involved in the modulation of many other neurotransmitters,
such as GABA, DA, norepinephrine, and serotonin (Levin, 1992),
several clinical studies have investigated the effect of nicotine
on AD patients (Jones et al., 1992; Wilson et al., 1995; Snaedal
et al., 1996; White and Levin, 1999). However, as mentioned
in a review by Oddo and Laferla (2006), these trails failed to
demonstrate any cognitive improvement in AD patients; only an
increase in attention could be determined. Yet, clinical trials with
two nAChR agonists did show cognitive improvement in mild
to moderate AD patients (Potter et al., 1999; Deardorff et al.,
2015). The first of them was encenicline (EVP-6124), a partial
agonist of α7 nAChR. This drug was well tolerated in Phase I
and II trials, showing significant improvement in cognitive and
functional domains (Deardorff et al., 2015). A currently ongoing
Phase III trial involving mild to moderate AD patients, receiving
or having already received AChE inhibitors, to assess the efficacy
and tolerability of EVP-6124 (ECT: 2012-003209-92) in a large
group of patients was halted due to severe gastrointestinal side-
effects (Shugart, 2016). Another nAChR agonist, ABT-418, which
has binding affinity for α4β2, α2β2, and α3β4 (Potter et al.,
1999), showed some cognitive improvement in the acquisition
and retention of verbal information of patients with early AD
(Mean MMSE score of 21.4). It is, however, unclear whether this
compound will be further pursued in large clinical trials. Two
other trials with nAChR agonists were less convincing; efficacy of
ispronicline (TC-1734 or AZD-3480) a selective agonist of α4β2
nAChR and α2β2 nAChR (Gatto et al., 2004) was investigated
in a large Phase IIb dose-finding study on mild to moderate AD
patients (MMSE score: 12–26). Despite the fact that ispronicline
caused significant improvement on patients with age-associated
memory impairment (Dunbar et al., 2007, 2011), no significant
improvement could be shown on the ADAS-cog scale in the latest
Phase IIb study, although secondary outcome measurements did
show some improvement (Frolich et al., 2011). Additional Phase
II trials on mild to moderate AD patients were halted, since no
superiority over donepezil could be demonstrated. Finally, in a
Phase II trial on mild to moderate AD patients (MMSE score of
26–26 and 14–20, respectively), no cognitive improvement could

be observed with the α4β2 nAChR selective agonist varenicline
(Kim et al., 2014). Researchers concluded that the dosing regimen
was not optimal and overall longer (than 6 weeks) trials may
be needed to show cognitive improvement. In the light of these
two failed clinical trials with α4β2 nAChR agonists, another
clarification could, however, be that the α4β2 nAChR subtype
may only play a minor role on cognitive processes in AD,
and α7 nAChR is therefore a more suitable target (Kim et al.,
2014).

While nicotine was not really used as a therapeutic drug, as
a carbon-11 labeled PET tracer it successfully showed reduction
of nAChR in AD patients reflecting the loss of the nicotinic
receptors during disease progression, in comparison with control
subjects (Nordberg et al., 1990; Nordberg et al., 1995; Kadir
et al., 2006). Additionally, a number of other clinical studies
used [11C]nicotine PET imaging (Figure 4), to assess the efficacy
of the AChEIs tacrine and rivastigmine (Nordberg et al., 1992;
Nordberg et al., 1997; Nordberg et al., 1998; Kadir et al., 2007).
Significant increase in nAChR expression compared to baseline
in several cortical areas could be demonstrated, after treatment
with both tacrine and rivastigmine. [11C]nicotine does, however,
show high non-specific binding and rapid brain wash-out,
making quantitative PET assessments of nAChR difficult. A few
other PET radiotracers are currently under development for
imaging of α7 and α4β2 nicotinic receptors (Toyohara et al., 2010;
Meyer et al., 2014; Chalon et al., 2015); two structurally related
compounds, one SPECT and one PET tracer, with affinity for
the α4β2 nicotinic receptor have already been evaluated on AD
patients (O’Brien et al., 2007; Ellis et al., 2008; Sabri et al., 2008).
Reduced tracer uptake was noted in AD patients in the frontal
lobe, striatum, right medial temporal lobe and the pons after
scans with-5-[123I] iodo-3-[2(S)-2-azetidinylmethoxy]pyridine
([123I]5IA-85350) (Figure 4), consistent with known reductions
of the α4β2 nicotinic receptor in AD (O’Brien et al., 2007). Its PET
counterpart, 2-[18F]fluoro-3-(2(S)-azetidinylmethoxy)pyridine
(2-[18F]FA-85380) (Figure 4), was able to demonstrate significant
reduction (up to 75%) of the α4β2 nicotinic receptor in MCI
patients, which later on converted to AD (Sabri et al., 2008). In
another study with 2-[18F]FA-85380, the possible relationship
between Aβ depositions and the reduction of the α4β2 nicotinic
receptor was studied by evaluating early to moderate AD patients
(Okada et al., 2013). A negative correlation between the presence
of Aβ in the medial frontal cortex and the nucleus basalis
magnocellularis, as assessed by [11C]Pittsburgh Compound B
([11C]PiB, an Aβ tracer), and the binding of 2-[18F]FA-85380
to the α4β2 nicotinic receptor could be established. Both α4β2
nicotinic receptor tracers suffer, however, from slow kinetics,

FIGURE 4 | Structure of nicotinic PET/SPECT tracers.
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leading to long scanning times, making routine application
difficult (Meyer et al., 2014). Conversely, a novel α4β2 nAChR
tracer, 2-{5-[2-[18F]fluoropyridin-4-yl]pyridin-3-yl}-7-methyl-
7-azabicyclo[2.2.1]heptane ([18F]XTRA) (Meyer et al., 2014)
(Figure 4), showed much faster pharmacokinetics, which allow
scanning within a reasonable time frame. Recruitment for a
clinical trial with [18F]XTRA on HCs, an AD or a MCI patient is
currently ongoing (CTI:NCT01894646).

TAU HYPOTHESIS

As one of the pathological hallmarks in well over 20
neurodegenerative diseases (Lee et al., 2001), tau (tubulin
associated unit), gained an increasing interest in the past few
years, partly as a result of the large failure rate of clinical trials
targeted toward the amyloid hypothesis (Barthel et al., 2015), but
also due to recent availability of several tau specific PET ligands
(Villemagne et al., 2015). As a member of the microtubule-
associated protein (MAP) family, tau is mainly localized in
the distal part of the neuronal axons (Binder et al., 1986).
Consequently, the primary function of tau is stabilization and
support of the microtubules (Weingarten et al., 1975). There are
six different isoforms of tau, depending on alternative splicing of
exon two, three, and ten of the MAPT. Localized on chromosome
17q32, this gene contains 16 exons (Neve et al., 1986). Exon
two and three both encode a 29-aminoacid fragment at the
N-terminal part of tau, yielding isoforms with none (0N), one
(1N), or two inserts (2N). Exon ten on the other hand, encodes
a 31-aminoacid fragment, which results in either three (3R) or
four (4R) repeated binding domains at the C-terminus of the
protein. The mature human brain contains thus six isoforms of
tau: 0N3R, 1N3R, 2N3R, 0N4R, 1N4R, and 2N4R. Under normal
conditions (and in AD) there is a 1:1 ratio of the 3R- and 4R
isoforms, but this ratio somehow shifts in certain pathological
conditions (Hong et al., 1998). The exact physiological role of
these various isoforms remains to be elucidated, although 4R
isoforms are better at promoting microtubuli assembly, and have
greater binding affinity for microtubuli than the 3R isoforms
(Goedert and Jakes, 1990; Butner and Kirschner, 1991). Under
non-pathologic conditions, tau is a highly soluble protein with
a limited secondary structure (Dunker et al., 2008), prone to
several post-translational modifications. The most important
one is phosphorylation on its serine and threonine residues,
which modulates microtubule binding (Martin et al., 2011). Then
again, in pathological conditions, such as AD, tau will become
hyperphosphorylated, detaches from the microtubules and will
self-aggregate into insoluble PHFs and NFTs, compromising
neuronal cell function (Iqbal and Grundke-Iqbal, 2008). Different
shapes and sizes of the aggregates can be found under diverse
cognitive conditions, related to the presence of various isoforms,
and post-translational modifications (Ballatore et al., 2007). In
AD, the spreading of the tau pathology, which is thought to
proceed in a prion-like manner (de Calignon et al., 2012),
has been well-documented in the different Braak stages (Braak
and Braak, 1991). Furthermore, several studies confirmed that
this characteristic pattern of aggregated tau spread closely

correlates to the clinical symptoms of AD, as measured by the
MMSE (Bancher et al., 1993, 1996; Duyckaerts et al., 1997;
Grober et al., 1999). This makes tau an interesting target for
drug development. Due to the complexity of aggregated tau
as a drug target, several tau-associated approaches have been
investigated.

Glycogen synthase kinase 3β, being the dominant isoform
of three GSK-3 variants (Jaworski et al., 2011), is the main
kinase responsible for the hyperphosphorylation of tau, and
hence an important potential target for disease-modification
(Maqbool et al., 2016). Diverse GSK-3 inhibitors were reported
the last few years by many research groups (Noble et al.,
2011; Berg et al., 2012; Maqbool et al., 2016). Lithium and
valproate were the first compounds to be clinically evaluated,
but due to inconsistent and overall disappointing results, they
were largely discontinued (Noble et al., 2005; Hampel et al.,
2009; Tariot and Aisen, 2009; Tariot et al., 2011). Several other
GSK-3 inhibitors have, however, been pursued (Maqbool et al.,
2016), two of which, tideglusib (NP0311212) and AZD1080,
entered clinical trials (King et al., 2014; Lovestone et al., 2015).
Development of AZD1080 was, however, halted in Phase I due to
nephrotoxicity problems (Eldar-Finkelman and Martinez, 2011)
and no clinical benefit was seen with tidelusib on patients with
mild to moderate AD in Phase II clinical trials. Dose finding
studies and longer trials are now required with the latter drug
to examine its possible long term benefit (Lovestone et al.,
2015). Another tau-associated approach is the inhibition of tau-
aggregation (Bulic et al., 2009, 2010). The first of this class to
be pushed in Phase II clinical trials, methylthioninium chloride
(methylene blue, MTC), a phenothiazine derivative, was able
to stabilize disease progression over a period of 50 weeks in
mild and moderate AD patients (Wischik et al., 2015). The
brain bioavailability of this charged drug remains, however, to
be elucidated. The pro-drug of MTC, leuco-methylthioninium
(TRx0237 or LMTX), with a superior pharmacological profile
(Wischik et al., 2014) will now be evaluated in three parallel Phase
III trials on mild to moderate AD patients and patients with
FTD (CTI: NCT01689246, NCT01689233, and NCT01626378).
And finally, an increasing interest toward tau immunotherapy
has been noted, as means of removing tau aggregation by the
patients’ own immune system (Asuni et al., 2007). Two drugs of
this kind, ACI-35 (ECT: 2015-000630-30) and AADvac1 (CTI:
NCT02031198) are currently being evaluated in Phase I and II
trials.

Despite the historical importance of tau as a pathological
hallmark in AD (Graeber and Mehraein, 1999), only recently
tau specific PET ligands have been developed. One of major
issues during tau PET development is the lack of a representative
tau-animal model, which may be explained by (ultra)structural
differences between murine and humane tau (Duyckaerts
et al., 2008). More than a few tracers are, however, currently
being clinically evaluated. The first tau PET ligand to be
reported was 2-(1-{6-[(2-[18F]fluoroethyl)(methyl)amino]-2-
naphthyl}ethylidene)malononitrile ([18F]FDDNP) (Figure 5),
although not specific for tau as such, high binding affinity was
reported in several neurodegenerative diseases (Bresjanac et al.,
2003; Small et al., 2006; Kepe et al., 2010; Nelson et al., 2011;
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FIGURE 5 | Structure of tau PET tracers.

Kepe et al., 2013; Small et al., 2013). Limited dynamic range of
signal and relatively low affinity for tau, led to the development
of novel tau directed ligands with similar structural moieties.
Yet, the first real approach toward tau specific ligands was
achieved by researchers of the Tohoku University in Japan with
the development of 4-{6-[2-[18F]fluoroethoxy]quinolin-2-yl}
aniline ([18F]THK523) (Fodero-Tavoletti et al., 2011) (Figure 5).
While [18F]THK523 was able to visualize the known pattern
of tau distribution in AD patients, high white matter binding
and unfavorable pharmacokinetics (Villemagne et al., 2014)
led to the development of three novel 2-arylquinoline
derivatives: 1-({2-[4-(dimethylamino)phenyl]quinolin-6-yl}oxy)
-3-[18F]fluoropropan-2-ol ([18F]THK5105) (Okamura et al.,
2014a), 1-[18F]fluoro-3-({2-[4-(methylamino)phenyl]quinolin-
6-yl}oxy)propan-2-ol ([18F]THK5117) (Ishiki et al., 2015) and
the optically pure (2S)-1-[18F]fluoro-3-({2-[4-(methylamino)
phenyl]quinolin-6-yl}oxy)propan-2-ol ([18F]THK5351) (Harada
et al., 2016) (Figure 5). All three compounds showed high
binding in AD patients, with radiotracer retention in sites
known for their tau deposition. Of these three compounds,
[18F]THK5351 showed superior pharmacokinetics, highest
signal-to-noise ratio and the lowest white matter binding
(Okamura et al., 2014b; Harada et al., 2016). Further clinical
trials in Japan with [18F]THK5351 are underway (UMIN-CTR:
UMIN000013929 and UMIN000018496). Often considered by
many research groups as the current benchmark in tau PET
development, 11-{4-[2-[18F]fluoroethyl]piperidin-1-yl}-1,8,10-
triazatricyclo[7.4.0.02,7]trideca-2(7),3,5,8,10,12-hexaene ([18F]
T808 or [18F]AV680), and 2-[18F]fluoro-5-{5H-pyrido[4,3-
b]indol-7-yl}pyridine ([18F]T807 or [18F]AV1451) (Figure 5)
have high affinity and selectivity for tau over Aβ (Zhang
et al., 2012; Xia et al., 2013; Shah and Catafau, 2014). A small
first-in-man study with [18F]T808 in eight AD patients (mean
MMSE of 18) and their three age matched HCs, showed a
rapid brain uptake and washout in HCs, and a tau pattern
consistent with the Braak stages in the AD group (Chien
et al., 2013). Interestingly, one of the AD patients who died
a few weeks after his PET scan with [18F]T808, showed close
correlation with his histopathological staining (Dani et al.,
2015). Nonetheless, substantial bone uptake was observed
with this compound (Villemagne et al., 2015), which led to
the development of [18F]T807. In comparison to [18F]T808,

[18F]T807 has slower kinetics and a relatively lower affinity
for tau, but [18F]T807 does not show defluorination (Xia
et al., 2013). Similar clinical findings as with [18F]T808 were
demonstrated with [18F]T807 in a small first-in-man study on
three HCs, in one patient with MCI (MMSE score of 26) and
one severe AD patient (MMSE score of 7) in comparison with
three HCs. Remarkably, the tracer retention was significantly
lower in the patient with MCI, as compared to the patient
with severe AD (Chien et al., 2012). A series of large clinical
trials (ClinicalTrial.gov and EU Clinical Trials Register: search
term: ‘T807’ OR ‘AV1451’ AND ‘PET’) is underway with
[18F]T807 to evaluate its applicability not only in AD, but
also in several other tauopathies. Being thus far the only
compound to be able to visualize tau (and possibly different
isoforms) in AD, but also in PSP and CBD (Maruyama et al.,
2013), 2-((1E, 3E)-4-(6-([11C]methylamino)pyridin-3-yl)buta-
1,3-dienyl)benzo[d]thiazol-6-ol ([11C]PBB3) received a lot of
interest (Figure 5). Clinical studies on AD patients and a CBD
patient, as compared to HCs, showed increased tracer uptake,
consistent with the Braak stages (for the AD case), and higher
retention in the basal ganglia (for the CBD case). Stability
issues and a challenging radiosynthesis might, however, limit
its commercial use. Several other tau directed PET ligands
from Roche, such as [11C]RO6931643, [11C]RO6924963, and
[18F]RO6958948 (structures not available) have been evaluated
in a Phase I clinical trial, but data are yet to be published (CTI:
NCT02187627) (Dani et al., 2015). Other clinical studies with
[18F]MK-6240, [18F]MNI-798, and [18F]MNI-815 (structures
not available) on AD cases are currently recruiting patients
(CTI: NCT02562989, NCT02640092, and NCT02531360). For
a more detailed discussion about the current state of tau PET
development, readers are referred to some excellent reviews
on the subject (Okamura et al., 2014b; Zimmer et al., 2014;
Dani et al., 2015). An important question that remains to be
elucidated is for which isoforms these tau PET tracers have
affinity; a question which may have major implications on
the differential diagnosis of closely related neurodegenerative
tauopathies. Nevertheless, the substantial progress that has
been made in this field will make it possible to allow in vivo
detection of tau in AD and thus the reassessment of inclusion-
and outcome criteria of clinical trials aiming to intervene at
tau-aggregates.
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AMYLOID HYPOTHESIS

For many decades, the amyloid hypothesis has been the main
pathological model of AD (Hardy and Higgins, 1992; Korczyn,
2008), accepted by most researchers, and only recently contested
(Hardy, 2006). It postulates that extensive deposits of amyloid
in the human brain are the central lesions in the development
of AD, responsible for a neurotoxic cascade of events, which
ultimately leads to dementia (Barage and Sonawane, 2015). Aβ

peptides, the main component of SP (Gomez-Isla et al., 1997),
are 39–43 amino acid residues, formed during the sequential
cleavage of the transmembrane APP by β-secretase 1 (also called
BACE1) (Haass, 2004), followed by the action of the γ-secretase
(Selkoe, 2001). Under ‘normal’ conditions APP is cleaved in a
non-amyloidogenic pathway by the action of initially α-secretase,
forming α-sAPP, which may have a neuroprotective function
(Pagani and Eckert, 2011). α-sAPP is then further cleaved by
γ-secretase to eventually produce P3. The function of APP itself
is unknown, although a possible role in the Cu-homeostasis
has been proposed (Barnham et al., 2004). There are two main
isoforms of Aβ: Aβ40 and Aβ42, the latter one being more prone to
aggregation and regarded as the main neurotoxic species (Ballard
et al., 2011). Once formed, Aβ species will undergo several
characteristic changes, from small oligomers into larger fibrils,
which eventually form diffuse and later neuritic plaques. These
plaques frequently trigger astrocytosis, activation of microglial
cells, cytokine release, and a multi-protein neuroinflammatory
response (Barage and Sonawane, 2015). Just like the NFTs,
amyloid depositions follow a specific pattern, as recorded by
Braak and Braak (1991). In contrast to the NFTs, however,
there is a poor correlation between the extent of these plaques

and the degree of cognitive impairment (Nelson et al., 2012),
furthermore non-demented individuals can heave substantial
loads of Aβ deposition without revealing any clinical symptoms
(Villemagne et al., 2008). Recently, several studies pointed toward
Aβ oligomers, and not amyloid plaques, as the main toxic
species in AD (Haass and Selkoe, 2007; Minati et al., 2009).
For a more extensive discussion about the neuropathological
role Aβ plays in AD, readers are referred to other reviews
(Haass and Selkoe, 2007; Hardy, 2009; Barage and Sonawane,
2015).

Huge efforts have been undertaken to develop disease altering
drugs that target the amyloid deposition, but unfortunately many
failed during clinical trials (Barthel et al., 2015). Some of the
most recent ongoing trials targeting the amyloid deposits are
summarized in Table 1. Various therapeutic approaches are to be
considered when targeting Aβ (Barage and Sonawane, 2015). We
will discuss here the most important tactics, together with some
of their constraints, as it is imperative to know why so many trials
fail in this area. One of many methods applied, is the reduction
of Aβ production through inhibition of β-and/or γ-secretase
or activation of α-secretase (Cummings, 2008). Indeed, the
therapeutic potential of BACE1 inhibitors has been demonstrated
in BACE1 knockout mice, which produced significantly (15-fold)
less Aβ (Luo et al., 2001; Roberds et al., 2001). Nonetheless,
inhibition of BACE1 causes several problems, since BACE1 has
been shown to have many physiological roles, which might lead
to toxicity problems when using BACE1 inhibitors. Furthermore,
BACE1 inhibitors need to be quite bulky, due to the relatively
large active site and this can cause BBB passage issues (Ghezzi
et al., 2013). Inhibition of the multimeric γ-secretase complex
encounters similar problems as the use of BACE1 inhibitors,

TABLE 1 | Ongoing clinical trials with drugs targeting the amyloid hypothesis (Han and Mook-Jung, 2014; Wischik et al., 2014; Apter et al., 2015).

Drug Approach Trial phase CTI PET biomarker∗ EudraCT number

MK-8931 BACE1 inhibitor 3 NCT01953601 [18F]flutemetamol 2012-005542-38

2/3 NCT01739348 [18F]flutemetamol 2011-003151-20

AZD3293 BACE1 inhibitor 2/3 NCT02245737 [18F]AV-45 / [18F]FDG 2014-002601-38

PF-03084014 γ-secretase inhibitor 2 NCT01981551 Not specified /

NIC5-15 γ-secretase inhibitor 2 NCT01928420 Not specified /

Bryostatin-1 α-secretase enhancer 2 NCT00606164 Not specified /

2 NCT02431468 Not specified /

Solanezumab Passive immunization 2/3 NCT01760005 [11C]PiB / [18F]FDG 2013-000307-17

3 NCT01900665 [18F]AV-45 2013-001119-54

Gantenerumab Passive immunization 3 NCT02051608 [18F]AV-45 2013-003390-95

3 NCT01224106 Not specified 2010-019895-66

2/3 NCT01760005 [11C]PiB / [18F]FDG 2013-000307-17

Crenezumab Passive immunization 1 NCT02353598 [18F]AV-45 /

2 NCT01998841 Not specified /

2 NCT01723826C Not specified 2012-003242-33

BAN2401 Passive immunization 2 NCT01767311 Not specified 2012-002843-11

Gammagard Passive immunization 2/3 NCT01561053 [18F]FDG /

Aducanumab Passive immunization 3 NCT02484547 Not specified 2015-000967-15

3 NCT02477800 Not specified 2015-000966-72

1 NCT02434718 Not specified /

∗C = Completed; PET biomarkers are either used as inclusion criteria and/or as outcome measure.

Frontiers in Pharmacology | www.frontiersin.org March 2016 | Volume 7 | Article 88 | 95

http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive


fphar-07-00088 March 29, 2016 Time: 15:21 # 9

Declercq et al. Diagnostic Support of Neuroimaging in AD

as γ-secretase has many other physiological roles as well,
especially cleavage of the Notch receptor, necessary for growth
and development (Yiannopoulou and Papageorgiou, 2013). Brain
penetration seems to be an issue as well in this area (Imbimbo
and Giardina, 2011). Increasing the α-secretase activity, and thus
promoting the non-amyloidogenic pathway, is another way to
reduce the Aβ load. Less is however known about the possible
physiological consequences of such an upregulation (Barage and
Sonawane, 2015). Another way of interfering with the Aβ load
is by modulation of Aβ aggregation, as increasing evidence
suggests that soluble oligomers, which act as intermediates for
the formation of aggregates, are the most toxic species in AD
disease (Dahlgren et al., 2002; Hoshi et al., 2003; Kayed et al.,
2003). Yet, the most promising small molecules ultimately failed
due to their (toxic) pharmacological profile (Santa-Maria et al.,
2007; Rishton, 2008; Yiannopoulou and Papageorgiou, 2013).
Several studies also showed the relationship of APP and Aβ with
mitochondrial dysfunction in AD (Anandatheerthavarada et al.,
2003; Lustbader et al., 2004; Caspersen et al., 2005); interaction
of both proteins with mitochondrial matrix proteins, such as
Aβ-binding alcohol dehydrogenase and adenosine triphosphate
synthase subunit alpha, could directly lead to mitochondrial
toxicity, and thus oxidative stress (Devi et al., 2006; Reddy and
Beal, 2008). Numerous antioxidant agents have been described
and evaluated in clinical trials with MCI- and AD patients, and
several studies are still ongoing (Mecocci and Polidori, 2012;
Polidori and Nelles, 2014). Conflicting results were, however,
reported and overall small cognitive benefit was seen during
these trials. Long-term trails are now warranted in order to
establish clinical benefits in AD. Then again, several promising
antioxidative compounds are currently being investigated (Qosa
et al., 2015; Rigacci, 2015). Still, the primary action in targeting
amyloid came from monoclonal antibodies. First discovered by
Schenk et al. (1999) to be very effective in reducing the Aβ load
in mice, the mechanism of action of amyloid immunotherapy
remains, however, to be fully elucidated (Yiannopoulou and
Papageorgiou, 2013). Nevertheless, only a small fraction (0.1% of
the injected dose) of antibodies seems to be able to pass the BBB
in humans (Banks et al., 2002). A higher fraction of antibodies
in the brain may thus be needed to be therapeutically effective.
This hurdle was the topic of two recently reported reviews
(Lemere, 2013; Spencer and Masliah, 2014). Despite the low
BBB’s passage, one of the major concerns with immunotherapy is
the development of serious side effects, for instance encephalitis
(active immunization), microhemorrhages, or vasogenic edemas
(passive immunization) (Orgogozo et al., 2003; Panza et al.,

2012). Another important factor to consider is the time of
intervention in the AD state; immunotherapy is probably most
efficacious in early disease states, when there is more function
to preserve (Barthel et al., 2015). Efficient biomarkers, that
can predict the conversion from MCI to AD, are therefore of
utter importance. Using longitudinal PET biomarkers to assess
and follow up the amyloid burden in clinical trials would
indeed allow a more confident formulation of inclusion, but
also outcome criteria (Barthel et al., 2015). Several amyloid
PET tracers are currently being used for these purposes (see
Table 1).

Although not FDA-approved, 2-{4-[[11C]methylamino]
phenyl}-1,3-benzothiazol-6-ol ([11C]PiB) (Figure 6) has been
used for many years as benchmark compound for in vivo
imaging of the amyloid load in AD patients (Benadiba et al.,
2012). Results of those trials have shown that clinically diagnosed
AD cases have positive amyloid scans (Kemppainen et al., 2006;
Jack et al., 2008, 2009; Lowe et al., 2009), and the ones that did
not have positive scans, were most likely to be misdiagnosed
(Rabinovici et al., 2007; Rabinovici et al., 2008). Furthermore,
increased [11C]PiB binding is able to predict the conversion
of MCI to AD (Okello et al., 2009). [11C]PiB has also been
proven useful in the differential diagnosis of FTD and AD, as
FTD patients typically have a normal [11C]PiB uptake (Rowe
et al., 2007; Engler et al., 2008). Interestingly, a close correlation
has been noted with CSF Aβ levels (Tolboom et al., 2009;
Weigand et al., 2011), firmly establishing [11C]PiB as an Aβ

biomarker. There are, however, a few limitations with [11C]PiB
as an amyloid biomarker; [11C]PiB presumably binds to diffuse
plaques and not to the more cognitive correlated neuritic plaques
(Jack et al., 2013). Moreover, commercial use is excluded, due
to the short half-life of carbon-11. Several attempts were thus
undertaken to develop 18F-labeled analogs (Koo and Byun,
2013). Three of them: 4-[(E)-2-[6-(2-{2-[2-[18F]fluoroethoxy]
ethoxy}ethoxy)pyridin-3-yl]ethenyl]-N-methylaniline ([18F]flor-
betapir or [18F]AV-45), 2-[3-[18F]fluoro-4-(methylamino)
phenyl]-1,3-benzothiazol-6-ol ([18F]flutemetamol, [18F]GE-
067 or [18F]AV-1) and 4-[(E)-2-[4-(2-{2-[2-[18F]fluoroethoxy]
ethoxy}ethoxy)phenyl]ethenyl]-N-methylaniline([18F]florbeta-
ben or [18F]BAY 97-9172) (Figure 6) have already been approved
by the FDA and the EMA for their binding to neuritic plaques.
Another one, 2-[2-[18F]fluoro-6-(methylamino)pyridin-3-yl]-1-
benzofuran-6-ol ([18F]AZD-4694 or [18F]NAV4694) (Figure 6),
is currently awaiting FDA-approval (Jack et al., 2013). Although
all of the current 18F-labeled compounds show significant
increased uptake in AD patients as compared to HCs in clinical

FIGURE 6 | Structure of Aβ PET tracers.
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trials (Rowe et al., 2008, 2013; Barthel et al., 2011; Villemagne
et al., 2011), they suffer from high non-specific white matter
binding, as compared to [11C]PiB (Benadiba et al., 2012;
Rowe and Villemagne, 2013; Vandenberghe et al., 2013). Only
[18F]AZD-4694 has a white matter uptake similar to [11C]PiB
(Rowe et al., 2013). While a negative amyloid PET scan will
exclude AD, a positive scan, on its own, is insuffient for the
diagnosis of AD, as has been shown with [18F]florbetapir in
clinic (Yang et al., 2012). Furthermore, limited reimbursement of
these recently approved compounds limits their use in clinical
practice (Barthel et al., 2015). The use of amyloid PET may,
however, reveal true AD cases. Moreover, the amyloid tracers
are able to predict the conversion from MCI to AD, and this can
considerably influence decision making in AD related clinical
trials (Rowe and Villemagne, 2013).

GAMMA-AMINOBUTYRIC ACID
RECEPTORS

The inhibitory GABA system in the CNS consists of three GABA
receptor systems: GABAA, GABAB and GABAC (Chebib and
Johnston, 1999). Since GABAB- and GABAC receptors have
not been clinically evaluated in AD yet, focus will be toward
the GABAA receptor. The GABAA receptor is a pentameric
ligand gated ion channel, composed of a wide array of (possible)
subunits: α1−6, β1−3, γ1−3, δ, ε, τ, π, and ρ1−3 (Mehta and Ticku,
1999). In order to be functional, the receptor seems to require
the presence of at least one α- and one β-subunit. The most
common composition is a pentamer composed of two α-, two β-
, and one γ-subunit (Connolly et al., 1996). The GABA system
plays an important role in AD, as it is one of the main culprits
for the BPSD. Contributing to these BPSD, the GABA system
is also known to modulate other neurotransmitters, such as
serotonin, DA and ACh (Decker and McGaugh, 1991; Zorumski
and Isenberg, 1991; Keverne, 1999). It has been a long standing,
although contested (Lanctot et al., 2004), view that the GABA
system undergoes little change during AD progression, due to
dynamic plasticity of the system (Rissman et al., 2007). Recent
findings suggest, however, otherwise and point to a severely
altered GABAergic signaling in AD, with possible modulation
of tau hyperphosphorylation (Lanctot et al., 2004; Limon et al.,
2012; Nykanen et al., 2012). A more detailed discussion of
the GABAsystem and its putative role in AD can be found in
some extensive reviews (Marczynski, 1998; Lanctot et al., 2004;
Rissman et al., 2007).

Benzodiazepines, which are allosteric modulators of the
GABAA receptor (Hevers and Luddens, 1998), have long been
used for the symptomatic treatment of anxiety and agitation in
AD (Kirven and Montero, 1973; Covington, 1975; Sunderland
et al., 1989; Zec and Burkett, 2008), nevertheless there is a need
for randomized controlled trials to evaluate the true efficacy
of these drugs in AD (Defrancesco et al., 2015). Caution is
also to be advised with BZDs, as there are reports of rapid
cognitive and functional decline in AD patients when taking
these drugs for an extensive period of time (Zec and Burkett,
2008).

FIGURE 7 | Structure of GABAergic PET/SPECT tracers.

There have been numerous endeavors to developed
radiotracers for in vivo imaging of the GABAA receptors
(Katsifis and Kassiou, 2004; Andersson and Halldin, 2013). Ethyl
12-fluoro-8-[11C]methyl-9-oxo-2,4,8-triazatricyclo[8.4.0.022,6]
tetradeca-1,3,5,10,12-pentaene-5-carboxylate ([11C]flumazenil)
(Figure 7), a GABAAantagonist with affinity for the α1−3
and α5-subunit, is the most promising tracer thus far. Several
clinical studies have been performed with [11C]flumazenil
(Savic et al., 1988; Heiss et al., 2004; Frankle et al., 2009,
2012; Andersson and Halldin, 2013), one of which was carried
out on early AD patients (Mean MMSE: 21.2) to evaluate
the GABAA receptor density. Researches demonstrated a
marked decrease in [11C]flumazenil binding, which correlated
well with neuronal loss as evaluated by histopathological
findings (Brun and Englund, 1981; Andersson and Halldin,
2013). The SPECT analog ethyl 11-[123I]iodo-8-methyl-9-oxo-
2,4,8-triazatricyclo[8.4.0.02,6]tetradeca-1,3,5,10,12-pentaene-5-
carboxylate ([123I]iomazenil) (Figure 7), showed significantly
reduced uptake in the temporal, parietal end occipital cortex
of moderate to severe AD patients (Soricelli et al., 1996;
Fukuchi et al., 1997). In contrast to [11C]flumazenil though,
[123I]iomazenil was not able to show significant changes in
early AD patients (Pappata et al., 2010). Interestingly, in a
direct PET-SPECT comparison study on healthy volunteers
between [11C]flumazenil and [123I]iomazenil, the 123I-labeled
variant came out as the better candidate, due to a better fit in
compartmental modeling with SPECT (Bremner et al., 1999).
These radiopharmaceuticals not only hold promise to be used
as inclusion- and outcome criteria for drugs combatting BPSD
symptoms in AD, but they could also be used in dose-occupancy
studies to assess the (sometimes small) therapeutic window of
BZDs.

SEROTONERGIC SYSTEM

Serotonin (5-HT), is a neurotransmitter that plays a complex
role in the modulation of several psychological, emotional, and
cognitive processes. Moreover, 5-HT affects long-term and short-
term memory and cognitive function through the regulating of
many other neurotransmitters, such as ACh, DA, GABA, and
glutamate (Rodríguez et al., 2012). The principal 5-HT-source
in the human brain comes from neurons in the raphe nuclei,
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with various projections throughout the CNS (Vertes, 1991;
Vertes et al., 1999). There are seven main 5-HTRs, which can be
divided into two major classes: the G-protein coupled receptors
(5-HTR1,2,4−7) and the ligand-gated cation channels (5-HTR3),
many of which have also several subcategories (Hoyer et al.,
2002). For the ‘normal’ physiological and pharmacological role
of these receptors, readers are referred to several reviews on the
topic (Barnes and Sharp, 1999; Hoyer et al., 2002; Niesler et al.,
2008). An overall reduction of the serotonergic system in AD
pathology, likely reflecting the loss of serotonergic projections
from the raphe nuclei, has been demonstrated (Bowen et al.,
1983; Chen et al., 1996, 2000). Interestingly, loss of function
seems more extensive in early onset AD than in later-onset AD,
which may be due to compensating systems (Arai et al., 1992;
Halliday et al., 1992). More specifically, marked reduction of the
5-HTR1A, which is expressed in brain areas known for their role
in memory and learning, has been noted in the hippocampus and
the frontal cortex during AD progression (Lai et al., 2003). This
may, however, reflect a compensatory mechanism for reduction
of cholinergic receptors in the AD brain, since inhibition of the
5-HTR1A has been implicated in the release of ACh (Millan
et al., 2004; Kehr et al., 2010; Rodríguez et al., 2012). Another
receptor that is affected during AD progression is 5-HTR2A,
with reductions being noted in the frontal, temporal, parietal
and enthorinal cortex and the hippocampus (Crow et al., 1984;
Procter et al., 1988; Dewar et al., 1990). In a review by Rodríguez
et al. (2012) it was suggested that a decrease in 5-HTR2A may
effect cognitive functions in AD patients. A positive correlation
between cognitive decline and 5-HTR2A related decrease in the
frontal cortex has indeed been noted (Lai et al., 2005). Moreover,
it was implied that decrease in 5-HTR2A density may be due to
pathological accumulation of Aβ (Christensen et al., 2008; Holm
et al., 2010). Stimulation of the 5-HTR4 may lead to an increase
of the non-amyloidogenic pathway in vitro (Consolo et al., 1994;

Robert and Benoit, 2008), indication for an important role in APP
metabolism. Other 5-HTRs with marked reduction in AD are 5-
HTR1B, 5-HTR1D, and 5-HTR6 (Garcia-Alloza et al., 2004; Lorke
et al., 2006). Additionally, reduction of the former two correlates
well with the cognitive decline in AD (Garcia-Alloza et al.,
2004). Significant decrease (up to 25%) in binding sites of the 5-
HTT during AD progression is also to be noted (Bowen et al.,
1983; Ouchi et al., 2009). As part of the monoamine transporter
family, the SERT is responsible for removal of serotonin from the
synaptic cleft. There seems, however, no correlation between the
reduced density of this transporter and BPSD symptoms, as seen
in AD (Tsang et al., 2010).

Most drugs targeting the serotonergic system are used as
adjuvant therapy, combatting BPSD symptoms by inhibition
of SERT and/or the norepinephrine transporter. Recent meta-
analyses have proven their efficacy in treating these behavioral
symptoms in AD (Ballard and Corbett, 2010; Henry et al.,
2011). Some serotonin reuptake inhibitors have, however, also
been evaluated for their possible cognitive enhancement in AD
patients (See Table 2). Likewise, increasing interest has been
noted for 5-HTR drugs that are able to improve cognition
and/or memory in AD. 5-HT1-, 5-HT4-, and 5-HT6 receptors
are hereby of particular interest, due to their important role in
learning and memory processes (Geldenhuys and Van der Schyf,
2011), effects which are most likely due to their modulation on
glutamatergic and cholinergic transmission, or, in the case of 5-
HT-4, due to an enhanced release of ACh upon stimulation of this
receptor (Rodríguez et al., 2012). An overview of trials that have
looked into the clinical benefit of serotonergic drugs on cognitive
impairment in AD patients is given in Table 2.

Although much progress has been made in the development
of PET- and SPECT radioligands for visualization of the
serotonergic system (Paterson et al., 2013), only a few
radiolabeled compounds have been evaluated on AD patients

TABLE 2 | Enhancement of cognitive functions in AD by drugs that modulate serotonergic neurotransmission (Geldenhuys and Van der Schyf, 2011;
Ramirez et al., 2014).

Drug Mechanism Trial (Phase) Outcome Reference/ongoing trail

Lecozotan (SRR-333) 5-HTR1A antagonist 2 Unsuccessful due to adverse effects Sabbagh, 2009

Xailiproden (SRR57746A) 5-HTR1A antagonist 3 Unsuccessful to demonstrate efficacy Sabbagh, 2009

PRX-03140 5-HTR4 agonist 2 Improvement on ADAS-cog scale Sabbagh, 2009

SB-742457 5-HTR6 antagonist 2 Improvement on CIBIC+ score and ADAS-cog scale Maher-Edwards et al., 2010

Lu-AE-58054 (SGS-518) 5-HTR6 antagonist 2 Improvement on ADAS-cog scale and ADL Rodríguez et al., 2012

3 Ongoing NCT02079246

3 Ongoing NCT02006654

3 Ongoing NCT02006641

3 Ongoing NCT01955161

PF-05212377 (SAM-760) 5-HTR6 antagonist 2 Ongoing Rodríguez et al., 2012/NCT01712074

SUVN-502 5-HTR6 antagonist 2 Ongoing Geldenhuys and Van der Schyf, 2011/
NCT02580305

Citolapram SSRI 4 weeks Improvement on ADL Nyth and Gottfries, 1990

Fluoxetine SSRI 8 weeks Improvement on MMSE Mowla et al., 2007

Sertraline SSRI 12 weeks Improvement on ADL Lyketsos et al., 2003

ADAS-cog, Alzheimer’s Disease Assessment Scale-cognitive subscale; CIBIC+, Clinician’s Interview-Based Impression of Change; ADL, Activity of Daily Living; MMSE,
Mini-Mental State Examination; SSRI, Selective Serotonin Reuptake Inhibitor.
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thus far. In the group of the 5-HT1AR, only one PET radioligand,
4-[18F]fluoro-N-{2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl}-
N-(2-pyridinyl)benzamide ([18F]MPPF, Figure 8), a reversible,
competitive 5-HT1AR antagonist, was investigated in patients
with MCI and AD (Kepe et al., 2006; Truchot et al., 2008).
Decrease of [18F]MPPF binding was noticed in the hippocampus
and raphe nuclei of AD patients (as compared to HCs).
Furthermore, loss of receptor density in the hippocampus was
strongly correlated to a decline in the MMSE score. In patients
with MCI, only a small loss of 5-HT1AR density was noticed,
correlated to only small cognitive decline (Kepe et al., 2006).
[18F]MPPF is one of many fluoro-analogs of [11C]WAY100635,
the latter one being excessively studied in humans. Yet, no
studies on AD patients were performed with [11C]WAY100635,
mainly due its rapid metabolism, making kinetic modeling
difficult (Paterson et al., 2013). [18F]MPPF does not suffer from
these limitations, but is on the other hand a substrate of the P-gp,
which could limit its further use in clinic (Kumar and Mann,
2014). Imaging of the 5-HT2R in AD patients was done by one
SPECT- and three PET radiolabeled 5-HT2R antagonists, namely
4-amino-N-{1-[3-(4-fluorophenyl)propyl]-4-methylpiperidin-4-
yl}-5-[123I]iodo-2-methoxybenzamide ([123I]-R91150), 6-(2-{4-
[4-[18F]fluorobenzoyl]piperidin-1-yl}ethyl)-7-methyl-2H,3H,5H
-[1,3]thiazolo[3,2-a]pyrimidin-5-one ([18F]setoperone), 3-(2-{4-
[4-[18F]fluorobenzoyl]piperidin-1-yl}ethyl)-2-sulfanylidene-1,2,
3,4-tetrahydroquinazolin-4-one ([18F]altanserin) and 3-(2-{4-[4-
[18F]fluorobenzoyl]piperidin-1-yl}(2,2-2H2)ethyl)-2-sulfanylide
ne-1,2,3,4-tetrahydroquinazolin-4-one ([18F]deuteroaltanserin)
(Figure 8). In agreement with previous postmortem studies,
an overall significant reduction in the cerebral cortex was
noted in mild to severe AD patients, compared to their
age-matched controls (Blin et al., 1993; Versijpt et al., 2003;
Santhosh et al., 2009; Marner et al., 2012). In the 5-HT4R class
though, one PET ligand was evaluated on AD patients: [1-
[11C]methylpiperidin-4-yl]methyl 8-amino-7-chloro-2,3-dihy
dro-1,4-benzodioxine-5-carboxylate ([11C]SB207145), a 5-HT4R
antagonist (Figure 8). This radioligand did not display significant

differences between mild AD cases and their HCs, although a
positive correlation was found with the Aβ density (as measured
by [11C]PiB). Moreover, a negative correlation was noticed
between [11C]SB207145’s binding potential and the MMSE
score. Authors suggested that upregulation of 5-HT4R may take
place at a preclinical stage of AD (this in contrast to the other
5-HTRs) and that this may continue through the later AD stages
(Madsen et al., 2011). Finally, (3-amino-4-(2-dimethylamino-
methyl-phenylsulfanyl)-benzonitrile) ([11C]DASB, Figure 8),
a SERT tracer, displayed a more outspoken decrease (25%) of
binding in the subcortical serotonergic projection region in
depressed, as compared to non-depressed AD patients (mean
MMSE score of 18) (Ouchi et al., 2009). Yet, in another clinical
study on patients with mild AD (not corrected for depression)
no such reduction was found (Marner et al., 2012). Authors of
the latter study suggest that this discrepancy may, however, lay in
both differences in dementia severity as well as methodological
differences between these studies (Marner et al., 2012). For a
more detailed discussion about the current state of other 5-HT
PET- and SPECT radioligands, readers are referred to some
excellent reviews (Saulin et al., 2012; Paterson et al., 2013; Billard
et al., 2014; Kumar and Mann, 2014). These compounds can be
used for evaluation of inclusion- and outcome criteria, but also
in dose-occupancy studies.

DOPAMINERGIC SYSTEM

The activity of DA, a catecholamine, is mediated through five
dopaminergic, metabotropic, G-protein coupled receptors. They
are divided into two classes: D1-like receptors (D1R and D5R)
and D2-like receptors (D2−4R), depending on the downstream
signaling cascade. Levels of DA are regulated through the activity
of the presynaptic DAT, which removes DA from the synaptic
cleft to terminate its activity (Mitchell et al., 2011). Dopaminergic
neurons are largely located in the midbrain, with many
projections throughout the brain (Martorana and Koch, 2014),

FIGURE 8 | Structure of serotonergic PET/SPECT tracers.
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where they are involved in various neurological processes. Of
particular importance here is their role in motivation, cognition,
and learning (Xu et al., 2012). Indeed, around 35–40% of AD
patients exhibit extrapyramidal symptoms and more than 70%
display extensive apathy (Lopez et al., 1997; Mitchell et al., 2011).
These symptoms might be explained by the significantly reduced
levels of DA and its precursor L-3,4-dihydroxyphenylalanine (L-
DOPA) (Storga et al., 1996). Although large involvement of DA
in AD is still under debate (Portet et al., 2009; Trillo et al.,
2013), several noticeable changes have been documented in the
DA receptor density. More specifically, a significant reduced
expression of D1- and D2-like receptors has been documented
in the prefrontal cortex and the hippocampus of AD patients
(Kemppainen et al., 2003; Kumar and Patel, 2007). Furthermore,
alterations of the D2R in AD seems positively correlated to
BPSD and verbal memory performance (Kemppainen et al., 2003;
Tanaka et al., 2003). Conflicting results are, however, reported
for the D2R density in AD patients (see further) (Piggott et al.,
1999; Piggott et al., 2007). Contradictory results are also reported
for changes in the DAT levels in AD patients (Murray et al.,
1995; Ceravolo et al., 2004). Despite some discrepancy, it is
clear that there are important DA changes in the AD brains.
Finally, it is to be noted that several in vivo experiments on mice,
expressing AD like pathology, show that significant behavioral
and cognitive deficits can be restored by administering DA
reuptake inhibitors and L-DOPA (Ambree et al., 2009; Guzman-
Ramos et al., 2012). Aβ oligomers may indeed have an early
impact on catecholaminergic transmission (Mura et al., 2010).

There are several modes of interventions toward the failing
dopaminergic system in AD patients, mostly used to address
apathy (the most common BPSD symptom) and extrapyramidal
symptoms. One of many approaches is the use of MAO-B
inhibitors, which are discussed in Section “Monoamine Oxidase
B” of this review. Another therapeutic method is modulation
of the DAT transporter, and thus increasing synaptic DA levels.
This was done by methylphenidate and dextroamphetamine in
several clinical AD studies (Galynker et al., 1997; Herrmann
et al., 2008; Lanctot et al., 2008). Although not selective for

the dopaminergic system, an overall improvement was noted
in symptoms of apathy on the Apathy Evaluation Scale (AES).
There are, however, some concerns about the tolerability of
methylphenidate (Padala et al., 2010). Other drugs that are
frequently used to treat BPSD symptoms in clinical trials (and
routine practice) involving AD patients are the antipsychotic
drugs quetiapine, aripiprazole, olanzapine, and risperidone. As
FDA- and EMA-approved drugs, these drugs act as partial DA
receptor agonist or partial DA receptor antagonist (among often
interaction with many other targets). Overall improvement on
BPSD symptoms was recorded in a large meta-analysis of the
use of antipsychotics in AD patients (Ballard and Waite, 2006).
Nevertheless, caution was advised by the FDA with these drugs,
as they were associated with an increase in risk of death, and
other severe side effects, among elder people with dementia
(Ballard and Waite, 2006; De Deyn et al., 2013). Yet another drug,
rotigotine, a D2R- and D3R agonist, was able to show cognitive
enhancement on probable AD patients, compared to their age-
matched HCs by measuring the cortical excitability and central
cholinergic transmission (Martorana et al., 2013).

Imaging of the dopaminergic system can be done by a
number of PET- and SPECT radioligands. Conflicting results
are, however, reported between several clinical studies on
AD patients, using different PET- and/or SPECT tracers. In a
combined PET study, reduced striatal expression of D1R, but not
D2R was seen with D2R antagonist 3,5-dichloro-N-{[(2S)-1-ethyl
pyrrolidin-2-yl]methyl}-2-hydroxy-6-[11C]methoxybenzamide
([11C]raclopride) and D1R antagonist (5R)-8-chloro-5-(2,3-
dihydro-1-benzofuran-7-yl)-3-[11C]methyl-2,3,4,5-tetrahydro-
1H-3-benzazepin-7-ol ([11C]NNC 756) in AD patients
(Figure 9), compared to age-matched HCs (Kemppainen
et al., 2000). Striatal uptake of 2-amino-3-[2-[18F]fluoro-4,5-
dihydroxyphenyl]propanoic acid ([18F]FDOPA), a fluorinated
form of L-DOPA (Figure 9), was also unchanged in
AD patients, compared to HCs (Tyrrell et al., 1990).
Conversely, decreased striatal expression of D2R with
[11C]raclopride was demonstrated in AD patients (with
BPSD symptoms) as compared to their HCs (Tanaka et al.,

FIGURE 9 | Structure of dopaminergic PET/SPECT tracers.
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2003). Similar studies, using N-{[(2S)-1-ethylpyrrolidin-2-yl]
methyl}-2-hydroxy-3-[123I]iodo-6-methoxybenzamide ([123I]
IBZM) (Figure 9), a D2R antagonist, or methyl (2S,3S)-
3-(4-fluorophenyl)-8-[11C]methyl-8-azabicyclo[3.2.1]octane-2-
carboxylate ([11C]β-CFT) (Figure 9), a cocaine derivative which
binds to DAT, showed, respectively, a reduced expression of
D2R and a reduced DA reuptake (Pizzolato et al., 1996; Rinne
et al., 1998). Reduction of DA reuptake sites, as measured by
[11C]β-CFT, was hereby positively correlated to the severity
of the extrapyramidal symptoms of AD patients, whereas
in the study with [123I]IBZM, patients did not exhibit any
extrapyramidal symptoms. Likewise, a decrease in [18F]FDOPA
striatal uptake was noticed in another study on AD patients,
a decrease which was correlated to the cognitive scores of the
AD patients (Itoh et al., 1994). On the other hand, even more
confusing, is the fact that in yet another clinical study involving
AD patients an increase in D2R expression in the striatum
was now measured with [11C]raclopride (Reeves et al., 2009).
Discrepancies between these different studies might, however,
be explained by different study populations, and the degree
of dementia, since time-dependent dopaminergic receptor
changes were also seen in patients with PD (Brooks, 1993).
Another role for dopaminergic neuroimaging was displayed
by methyl (2S,3S)-8-(3-fluoropropyl)-3-[4-[123I]iodophenyl]-8-
azabicyclo[3.2.1]octane-2-carboxylate ([123I]FP-CIT) (Figure 9),
an analog of [11C]β-CFT. [123I]FP-CIT was able to differentiate,
with high accuracy, patients with AD, and patients with DLB
(Colloby et al., 2008; Spehl et al., 2015). Overall reduced
striatal uptake was noticed in both diseases, but lower binding
potentials of [123I]FP-CIT were reported in DLB than in the
case of the AD patients. These scans can greatly improve
differential diagnosis between the different neurodegenerative
diseases, which often display similar clinical presentations.
[123I]FP-CIT SPECT scans are already used in clinical routine to
distinguish DLB- from AD patients (Spehl et al., 2015). Finally,
5-[3-[18F]fluoropropyl]-2,3-dimethoxy-N-{[1-(prop-2-en-1-yl)
pyrrolidin-2-yl]methyl}benzamide ([18F]fallypride) (Figure 9),
a D2R/D3R antagonist, could be used to assess the ideal
therapeutic window for the use of antipsychotic drugs (Clark-
Papasavas et al., 2014), since, as mentioned before, elder
people are very sensitive to these drugs. [18F]fallypride
PET scans could consequently assist in antipsychotic dose-
occupancy studies, and thus help to provide an ideal
antipsychotic strategy in AD patients with extensive BPSD
symptoms.

NEUROINFLAMMATION

Translocator Protein
Formerly known as PBR, the 18 kDa TSPO, is located on the
outer membrane of the mitochondria, predominantly in glial
cells. As part of a multimeric complex, which is comprised of
a VDAC and an adenine nucleotide carrier (McEnery et al.,
1992; Casellas et al., 2002; Cosenza-Nashat et al., 2009), several
functions are associated with TSPO (Midzak et al., 2015). They
play an essential role in neurosteriod synthesis, by facilitating the

transport of cholesterol from the outer to the inner membrane
of the mitochondria (Papadopoulos et al., 2006a,b), and hence
potentiate the GABAergic neurotransmission through allosteric
modulation of the GABAA receptor by neurosteroids (Belelli
and Lambert, 2005; Hosie et al., 2006; Rudolph and Mohler,
2006). Furthermore, TSPO may have a crucial function in a
variety of cellular processes, such as cell proliferation (Miettinen
et al., 1995; Hardwick et al., 1999), mitochondrial respiration
(Hirsch et al., 1989) and cell apoptosis (Kugler et al., 2008).
In light of TSPO’s association with the pathophysiology of
neurodegenerative diseases, it has been well established that
part of the neurotoxicity caused by tau and Aβ deposits in
AD is induction of a neuroinflammatory response (McGeer
and McGeer, 1995; Hoozemans et al., 2011), which triggers the
upregulation of TSPO in activated microglia and astrocytes.
Moreover, this upregulation clearly correlates with the degree
of neuroinflammation, making TSPO a valuable target for drug
monitoring (Venneti et al., 2006). Interestingly, in a review
by Chua et al. (2014), it was suggested that TSPO ligands
may provide effective tools for treatment of AD through
activation of neuroprotective pathways of increased expression
of astrocytes and microglial cells, since these mechanisms
may have a protective phagocytic role in early AD (Morgan
et al., 2005). Once a more progressed AD state has been
reached, neuroinflammation turns chronic and becomes harmful
(Hickman et al., 2008). This view is in contrast with numerous
clinical trials, using anti-inflammatory drugs that failed to
produce significant improvement in AD patients (Streit, 2010;
Venigalla et al., 2015), although this failure may be attributed
to a ‘wrong’ stage of the disease when therapy was initiated
(Moreira et al., 2006). There are currently no drugs in clinical
trials that interact with the TSPO receptor in AD. Drugs that
are already described are mainly used for their use against BPSD
symptoms (Rupprecht et al., 2009; Owen et al., 2011). TSPO is,
however, an important marker for neuroinflammation, which
makes it an interesting target for neuroimaging. PET tracers
in this class will thus mainly be used to assess inclusion- and
outcome criteria in clinical trials with anti-neuroinflammatory
drugs in AD.

The most studied TSPO tracer in patients with CNS
disorder is without a doubt N-[(2R)-butan-2-yl]-1-(2-chlorophe
nyl)-N-[11C]methylisoquinoline-3-carboxamide ([11C]PK111
95) (Figure 10), despite its low specific binding and minimal
brain uptake (Damont et al., 2013). Nonetheless, conflicting
results are reported with [11C]PK11195, but also with several
other clinical TPSO tracers, such as N-{[2-[11C]methoxy
phenyl]methyl}-N-(4-phenoxypyridin-3-yl)acetamide ([11C]PB
R28), N-(5-fluoro-2-phenoxyphenyl)-N-{[2-[11C]methoxy-5-
methoxyphenyl]methyl}acetamide ([11C]DAA1106), (2-[11C])
ethyl (15S,19S)-15-ethyl-1,11-diazapentacyclo[9.6.2.02,708,18.
015,19]nonadeca-2,4,6,8(18),16-pentaene-17-carboxylate ([11C]
vinpocetine), N-({2-[2-[18F]fluor-ethoxy]-5-methoxyphenyl}
methyl)-N-[2-(4-methoxyphenoxy)pyridin-3-yl]acetamide ([18F]
FEMPA), N-({2-[2-[18F]fluoroethoxy]-5-methoxyphenyl}methyl)-
N-(2-phenoxyphenyl)acetamide ([18F]FEDAA1106) and N,N-
diethyl-2-(2-{4-[2-[18F]fluoroethoxy]phenyl}-5,7-dimethylpyra
zolo[1,5-a]pyrimidin-3-yl)acetamide ([18F]DPA-714) (Figure 10).
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FIGURE 10 | Structure of TSPO PET tracers.

While a majority of clinical trials was able to show significant
tracer uptake in at least one brain area in AD patients, several
other studies failed to differentiate MCI or even HCs from AD
(Varley et al., 2015; Stefaniak and O’Brien, 2016). Apart from
low signal-to-noise ratios and low brain uptake of some of
these compounds, there are many possible explanations for the
discrepancies in TSPO expression, as measured by PET in these
clinical trials involving AD patients (Janssen et al., 2016). It is,
however, important to realize, as suggested before (Janssen et al.,
2016), that many patients exhibit different TSPO expression
levels, depending on the specific polymorphism in the TSPO
gene, resulting in intersubject variability in the binding affinities
of TSPO PET tracers (Owen et al., 2012). Increasing efforts have
therefore been focused toward compounds that are insensitive
toward TSPO polymorphism, but also toward compounds for
other neuroinflammatory targets (such as MAO-B, see Section
Monoamine Oxidase B). Furthermore, overexpression of TSPO
in both astrocytes and microglial cells make it difficult to
differentiate MCI from AD patients (Ekonomou et al., 2015;
Janssen et al., 2016). Nevertheless, [18F]DPA-714 is currently
being used to assess the degree of neuroinflammation in
AD patients in two clinical trials (CTI: NCT02377206 and
NCT02062099). For a more detailed discussion of the current
status of PET development for TSPO, or neuroinflammation in
general, readers are referred to several other reviews (Ory et al.,
2014; Varley et al., 2015; Janssen et al., 2016).

Monoamine Oxidase B
Monoamine oxidases are mitochondrial bound enzymes, as a
member of the flavin-containing amine oxidoreductases protein
family, in the CNS primarily found in astrocytes. They are
responsible for oxidative deamination of monamines of both

FIGURE 11 | Structure of MAO-B PET tracer.

endogenous and exogenous sources, regulating the physiological
activity of neurotransmitters as serotonin, DA, and noradrenaline
(Strolin and Dostert, 1989). There are two types of isoforms,
MAO-A and MAO-B, which differ in inhibitor sensitivity and
substrate selectivity, although there is an overlap to some degree
(Bortolato et al., 2008). Increased MAO-B activity has been
noted in AD in both brain and blood platelets (Adolfsson et al.,
1980; Alexopoulos et al., 1987; Sparks et al., 1991), the severe
upregulation in the brain mainly being a consequence of a plaque
associated neuroinflammatory response by reactive astrocytes
(Jossan et al., 1991; Saura et al., 1994). Furthermore, during their
catalytic deamination, MAOs produce neurotoxic byproducts
such as hydrogen peroxide, which are one of the main culprits in
oxidative stress, contributing to the formation of amyloid plaques
(Huang et al., 2012; Zheng et al., 2012). Since MAOs play a key
role in the regulation of several important neurotransmitters,
cognitive impairment, due to pathological upregulation of MAOs
has also been demonstrated (Delumeau et al., 1994). MAO
inhibitors may therefore have a significant neuroprotective role
in AD. Since MAO-B is the main isoform present in brain
(Riederer et al., 1978; Sonsalla and Golbe, 1988) and inhibition
of MAO-B proved to be useful as therapeutic approach in PD,

Frontiers in Pharmacology | www.frontiersin.org March 2016 | Volume 7 | Article 88 | 102

http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive


fphar-07-00088 March 29, 2016 Time: 15:21 # 16

Declercq et al. Diagnostic Support of Neuroimaging in AD

focus has mainly been targeted toward MAO-B inhibition in
AD (Thomas, 2000). So far, five different drugs have inhibited
MAOs in clinical trials involving AD patients (Cai, 2014).
Two of them, selegiline (L-deprenyl) and rasagiline (Azilect),
irreversible MAO-B selective inhibitors, are established drugs
in the treatment of PD, delaying the need for DA replacement
therapy (Birkmayer et al., 1977; Lees et al., 1977; Weinreb et al.,
2010). While selegiline initially showed promise in clinical trials
involving AD patients, demonstrating modest improvements on
cognitive and behavioral functions (Filip and Kolibas, 1999),
a comprehensive meta-analysis showed no justification for the
use of selegiline in the treatment of AD, since there was a
lack of overall significant benefit (Birks and Flicker, 2003).
The beneficial effect of rasagiline is yet to be evaluated in AD
patients. A Phase II proof of concept trial in patients with mild
to moderate AD is, however, underway (CTI: NCT02359552).
Interestingly, rasagiline formed the basis of two other multi-
target drugs, ladogistil (TV3326), and M-30. The former drug is
a MAO-B inhibitor and AChE inhibitor, the latter a MAO-A and
MAO-B inhibitor (Youdim, 2013). Both compounds are thought
to modulate APP expression levels (by stimulating the non-
amyloidogenic pathway) and both may have neuroprotective
and neurorestorative functions (Riederer et al., 2004; Youdim,
2013). Phase II trials with ladogistil on mild to moderate AD
patients have been completed, but results are yet to be published
(CTI: NCT01354691). These drugs may hold promise as multi-
target approach for treatment of AD, being able to tackle various
pathophysiological changes at once (Youdim, 2013). Finally, EVT
301 (RO4477478), a reversible MAO-B inhibitor was evaluated
on four AD patients (MMSE score: not specified) in a dose-
finding study, using [11C]deprenyl-D2 ([11C]DED) PET (See
further, Figure 11) to assess MAO-B occupancy levels. Seven
days of treatment resulted hereby in an almost complete dose-
occupancy of MAO-B (Hirvonen et al., 2009). No further clinical
trials, to our knowledge, have since been performed with this
drug.

Only one MAO binding PET tracer has been elevated on AD
patients thus far: [11C]methyl[(2R)-1-phenylpropan-2-yl][(1,1-
2H2)prop-2-yn-1-yl]amine ([11C]DED), an irreversible MAO-
B inhibitor (Hirvonen et al., 2009; Carter et al., 2012; Choo
et al., 2014). Increased uptake of [11C]DED was observed in
patients with MCI (who responded positively to a [11C]PIB
scan), suggesting that astrocytocis may be an early event in the
development of AD. Clinical AD studies with other emerging
(fluorine-18 labeled) MAO radiotracers are yet to be published
(Ory et al., 2014; Fowler et al., 2015).

CONCLUSION

This review demonstrates that there are multiple approaches
to be considered when developing disease altering drugs for

AD. Important to notice is that each of these pathways is
linked to the pathophysiological processes of (often many)
other targets, hence a multi-target approach, addressing various
pathophysiological changes at once, will be the way forward.
Concordant neuroimaging techniques, such as PET and SPECT,
could hereby greatly improve therapeutic monitoring, but also
significantly aid with the proposal of current inclusion- and
outcome criteria in large clinical studies. Moreover, once a disease
altering drug has been found, PET/SPECT could eventually be
used as standard test to assess and follow up disease progression
(Barthel et al., 2015). Still, there are a few important factors to
take in consideration. One of them is the need for quantitative
PET assessment, especially during evaluation of novel therapies,
to allow quantitative and accurate evaluations. Visual inspection
or simplified models (such as SUV) are indeed less robust,
as they are influenced by several physiological and technical
factors (Boellaard, 2009; Tomasi et al., 2012). The other side
of the coin is, however, that quantitative PET assessment is
very time-consuming, which limits capacity and throughput
which are essential in large multi-center trials. Another crucial
issue is the loss of BBB function during AD progression, which
could greatly affect drug dosage and bioavailability of novel
AD therapeutics. One way of monitoring the viability of the
BBB is by looking at the P-gp function. Several promising
PET candidates are now under development for this purpose
(Syvanen and Eriksson, 2013), and a pilot study to assess
the P-gp function in AD patients is currently ongoing (ECT:
2013-001724-19). Finally, there is a great need for a thorough
preclinical evaluation of the mechanism of action. This could
not be better demonstrated than by the rise and fall of dimebon.
Initially developed as an antihistaminic drug in the former USSR,
dimebon demonstrated significant improvement on the ADAS-
cog-, MMSE-, and CIBIC+ scales in a 6-month Phase II trial
on AD patients in Russia (Bezprozvanny, 2010). Consequently,
a multi-national Phase III trial was launched, but this trial
failed to show any significant improvement on mild to moderate
AD patients, as compared to placebo (Bezprozvanny, 2010).
In a synopsis by Bezprozvanny (Bezprozvanny, 2010), failure
was largely attributed to poor understanding of the proper
mechanism of action in preclinical studies and the lack of
objective biomarkers to assess the true therapeutic response in
clinical trials. In the last decade, most clinical trials aiming to find
AD combatting drugs ultimately failed to produce (convincing)
positive results. Although there may be many explanations for
this overall failure, thorough preclinical assessment remains an
important factor.
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Selection of the right drug for the right patient is a promising approach to increase

clinical benefit of targeted therapy with monoclonal antibodies (mAbs). Assessment

of in vivo biodistribution and tumor targeting of mAbs to predict toxicity and efficacy

is expected to guide individualized treatment and drug development. Molecular

imaging with positron emission tomography (PET) using zirconium-89 (89Zr)-labeled

monoclonal antibodies also known as 89Zr-immuno-PET, visualizes and quantifies

uptake of radiolabeled mAbs. This technique provides a potential imaging biomarker

to assess target expression, as well as tumor targeting of mAbs. In this review we

summarize results from initial clinical trials with 89Zr-immuno-PET in oncology and

discuss technical aspects of trial design. In clinical trials with 89Zr-immuno-PET two

requirements should be met for each 89Zr-labeled mAb to realize its full potential.

One requirement is that the biodistribution of the 89Zr-labeled mAb (imaging dose)

reflects the biodistribution of the drug during treatment (therapeutic dose). Another

requirement is that tumor uptake of 89Zr-mAb on PET is primarily driven by specific,

antigen-mediated, tumor targeting. Initial trials have contributed toward the development

of 89Zr-immuno-PET as an imaging biomarker by showing correlation between

uptake of 89Zr-labeled mAbs on PET and target expression levels in biopsies.

These results indicate that 89Zr-immuno-PET reflects specific, antigen-mediated

binding. 89Zr-immuno-PET was shown to predict toxicity of RIT, but thus far results

indicating that toxicity of mAbs or mAb-drug conjugate treatment can be predicted

are lacking. So far, one study has shown that molecular imaging combined with early

response assessment is able to predict response to treatment with the antibody-drug

conjugate trastuzumab-emtansine, in patients with human epithelial growth

factor-2 (HER2)-positive breast cancer. Future studies would benefit from a standardized

criterion to define positive tumor uptake, possibly supported by quantitative analysis, and

validated by linking imaging data with corresponding clinical outcome. Taken together,
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these results encourage further studies to develop 89Zr-immuno-PET as a predictive

imaging biomarker to guide individualized treatment, as well as for potential application

in drug development.

Keywords: molecular imaging, positron emission tomography, 89zirconium, monoclonal antibodies, imaging

biomarker, clinical oncology

INTRODUCTION

In recent years, monoclonal antibodies (mAbs) have become
widely used for treatment of cancer. Immunotherapy with mAbs
aims for specific targeting and therefore less toxicity compared
to chemotherapy. Some mAbs have resulted in a significant
improvement of survival, for example the anti-CD20 antibody
rituximab for B cell lymphoma (Feugier et al., 2005). However,
not all patients benefit from mAb treatment. Monotherapy with
the anti-epidermal growth factor receptor (EGFR) antibody
cetuximab results in clinical benefit for half of the patients with
advanced colorectal cancer (without relevant gene mutations;
RAS wild type; Peeters et al., 2015).

Improving response rates by quickly selecting the right drug
for the right patient is paramount to reducing unnecessary
toxicity and costs. In order to obtain clinical benefit from
mAb treatment, the target antigen should be expressed
in the tumor and the drug is required to reach and
bind to the target (tumor targeting). Absence of target
expression on normal tissue is important to limit toxicity of
treatment.

Next generation mAbs are aiming for increased potency,
for example antibody-drug conjugates (ADC’s), mAbs capable
of inhibiting immune checkpoints and multi-specific mAbs
recognizing at least two different targets (Sliwkowski and
Mellman, 2013; Evans and Syed, 2014; Reichert, 2016).
The number of novel targeted treatment options increases,
however drug development requires time, efforts and significant
resources. In addition, investigational drugs are evaluated in
large patient cohorts before successful introduction in routine
clinical care.

Molecular imaging with 89Zr-labeled mAbs, also known as
89Zr-immuno-PET, provides a potential imaging biomarker to
evaluate tumor targeting of mAbs. This technique is non-invasive
and provides whole body information on both target expression
and tumor targeting, as opposed to immunohistochemistry on
a single biopsy, which only provides information on target
expression. Prediction of efficacy and toxicity of mAb treatment
by molecular imaging may be used to select individual patients or

Abbreviations: ADC, antibody-drug conjugate; cmAb U36, chimeric monoclonal

antibody U36; EGFR, epidermal growth factor receptor; FDG, 18F-fluoro-deoxy-

glucose; HNSCC, head and neck squamous cell carcinoma; HER2, human

epidermal growth factor receptor 2; HSP90, Heat shock protein 90; mAb,

monoclonal antibody; MSLN, membrane-bound surface glycoprotein mesothelin;

NET, neuroendocrine tumors; NHL, non-Hodgkin lymphoma; PET, positron

emission tomography; p.i., post injection; PSMA, prostate specific membrane

antigen; RIT, radioimmunotherapy; T-DM1, trastuzumab-emtansine; TGF-β,

Transforming growth factor-β; VEGF-A, vascular endothelial growth factor-A;
90Y, yttrium-90; 89Zr, zirconium-89.

patient groups for a treatment, or to select promising candidate
drugs and their dosing schedule (Ciprotti et al., 2015).

89Zr-immuno-PET allows visualization and quantification of
biodistribution and tumor uptake. 89Zr is considered a suitable
radioisotope for this purpose, due to its relatively long half-life
(t½ = 78.4 h), which corresponds with the time a mAb needs to
reach the target. The use of 89Zr as a radiolabel and the coupling
of 89Zr to mAbs, under GoodManufacturing Practice conditions,
have been described previously (Verel et al., 2003; Perk et al.,
2010; Vosjan et al., 2010). Harmonization of quantitative 89Zr-
immuno-PET imaging has also been reported, allowing for broad
scale application, e.g., in a multi-center setting (Makris et al.,
2014).

Before starting clinical 89Zr-immuno-PET trials, the following
conditions are essential to allow appropriate interpretation of
data. Prerequisites are that the radioimmunoconjugate of
interest is stable and has the same binding and biodistribution
characteristics as the unlabeled parental mAb. Imaging
procedures should be standardized and validated in order
to provide reliable quantification. Assuming these requirements
are fulfilled, biodistribution and tumor uptake of a 89Zr-mAb,
defined on PET, can be used as an imaging biomarker for
tumor targeting of the “cold” therapeutic antibody. These basic
technical aspects of 89Zr-immuno-PET have been extensively
discussed in a recent review by van Dongen et al. (2015).

Until now, at least 15 clinical 89Zr-immuno-PET trials have
been reported, see Table 1, providing information on the clinical
performance of 89Zr-immuno-PET. Therefore, evaluation of the
potential and current limitations of this imaging technique seems
timely to enable optimal design of future trials. This review
summarizes the results from initial clinical 89Zr-immuno-PET in
oncology, and technical aspects of trial design are discussed.

89Zr-LABELED ANTI-CD44V6 MAB IN
HEAD AND NECK CANCER

89Zr-immuno-PET is considered to be an attractive imaging
technique for whole body tumor detection, due to the combined
sensitivity of PET and the specificity of the mAb. Assessment of
the mAb biodistribution to confirm specificity is particularly of
interest to qualify the suitability of the mAb for therapy.

Börjesson et al. reported on the first clinical 89Zr-immuno-
PET study ever (Börjesson et al., 2006). In this study,
twenty pre-operative patients with head and neck squamous
cell carcinoma (HNSCC) were included. Immuno-PET with
89Zr-labeled chimeric mAb U36 (cmAb U36) was investigated
in order to improve tumor detection of HNSCC, especially
in lymph nodes, and to assess the targeting potential of the
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TABLE 1 | Summary of clinical studies on 89Zr-immuno-PET in oncology.

Author Year Target mAb Tumor type N

Börjesson 2006 CD44v6 cmAb U36 Head and neck cancer 20

2009

Dijkers 2010 HER2 trastuzumab Breast cancer 14

Rizvi 2012 CD20 ibritumomab-tiuxetan B-cell lymphoma 7

Gaykema 2013 VEGF-A bevacizumab Breast cancer 23

van Zanten 2013 VEGF-A bevacizumab Glioma 3

van Asselt 2014 VEGF-A bevacizumab Neuroendocrine tumors 14

Bahce 2014 VEGF-A bevacizumab Non-small cell lung cancer 7

Pandit-Taskar 2014 PSMA Hu-J591 Prostate cancer 50

2015

Den Hollander 2015 TGF-β fresolimumab Glioma 12

Gaykema 2015 HER2 trastuzumab Breast cancer 10

VEGF-A bevacizumab 6

Gebhart 2015 HER2 trastuzumab Breast cancer 56

Lamberts 2015 MSLN MMOT0530A Pancreatic cancer 11

Ovarian cancer 4

Menke-van der Houven van Oordt 2015 EGFR cetuximab Colorectal cancer 10

Muylle 2015 CD20 rituximab B-cell lymphoma 5

Oosting 2015 VEGF-A bevacizumab Renal cell carcinoma 22

mAb for therapy. cmAb U36 targets the v6 region of CD44
(cluster of differentiation; CD44v6). Homogeneous expression
of CD44v6 has been observed in several malignancies, including
HNSCC, lung, skin, esophagus, and cervix carcinoma. Expression
of CD44v6 has also been reported in normal epithelial tissues,
such as skin, breast, and prostate myoepithelium, and bronchial
epithelium.

Administration of 74 megabecquerel (MBq) 89Zr-mAb U36
(10mg) appeared to be safe, as no adverse reactions were
observed. A human anti-chimeric antibody response was
reported in 2 patients, which was not directed to the chelate,
but to the protein part of the conjugate. 89Zr-immuno-
PET scans were visually scored. All primary tumors were
detected and 89Zr-immuno-PET performed equally to computed
tomography (CT) and magnetic resonance imaging (MRI)
for detection of lymph node metastasis. Although, biopsies
were obtained in this study to confirm tumor localization,
immunohistochemistry for CD44v6 was not performed, as in
literature >96% of HNSCC show CD44v6 expression by at
least 50% of the cells. This study shows that immuno-PET
with 89Zr-cmAb U36 can be used as an imaging modality for
tumor detection. However, traditional imaging techniques as 18F-
fluoro-deoxy-glucose(FDG)-PET (Mak et al., 2011) and sentinel
node procedures for assessment of lymph node status remain
standard of care for tumor detection in HNSCC patients, as the
added value of immuno-PET with 89Zr-cmAb U36 has not been
demonstrated.

In a separate publication, biodistribution, radiation dose
and quantification of 89Zr-labeled cmAb U36 were reported
for the same patient cohort (Börjesson et al., 2009). 89Zr-cmAb
U36 in blood pool, lungs, liver, kidneys and spleen decreased

over time. Increasing uptake of 89Zr-cmAb U36 over time was
seen only at tumor sites and in the thyroid of some patients
(suggesting expression of CD44v6 in thyroid of these patients).
Although expression of CD44v6 in normal epithelial tissue
has been described, no obvious targeting of 89Zr-mAb U36
was observed in the skin. However, Tijink et al. reported a
fatal adverse event due to skin toxicity after treatment with
the ADC bivatuzumab mertansine, a humanized anti-CD44v6
mAb conjugated to a potent maytansine derivate (Tijink et al.,
2006). This toxicity profile, most probably due to expression of
CD44v6 in the skin, was not predicted based on assessment of
biodistribution of 89Zr-cmAbU36 as reported by Börjesson et al.
(2009). Among others, this may be due to detection limitations
of PET, inter-individual differences in target expression,
or differences in biodistribution between the mAb and
the ADC.

A technical aspect of this first 89Zr-immuno-PET study to
be considered is the rationale for the total protein dose of
cmAb U36 administered, since tumor uptake, tumor to non-
tumor ratio’s, as well as tumor visualization might be protein
dose dependent. This protein dose of 10mg was chosen as
previous studies observed that biodistribution was not mAb-dose
dependent within the range of 2–52mg (de Bree et al., 1995;
Colnot et al., 2000; Stroomer et al., 2000).

Finally, good agreement was reported for image-derived
quantification of blood pool radioactivity as well as tumor
uptake of 89Zr-cmAb U36 compared to ex vivo radioactivity
measurements in, respectively, venous blood samples and
biopsies from surgical tumor resection. This is an important
achievement in performance, showing accurate quantification of
89Zr-mAb with PET.
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FIGURE 1 | Dose-dependent biodistribution and clearance of 89Zr-trastuzumab. Radioactivity in the blood pool and intestinal excretion are indicated by

arrows. (A) Trastuzumab-naïve patient, imaging dose = 10mg. (B) Trastuzumab-naïve patient, imaging dose = 50mg. (C) Patient on trastuzumab treatment, imaging

dose = 10mg. Reprinted with permission from Dijkers et al. (2010).

89Zr-LABELED TRASTUZUMAB IN BREAST
CANCER

Treatment with trastuzumab, which targets the human epidermal
growth factor receptor 2 (HER2), has improved the prognosis
for patients with HER2-positive breast cancer (Moja et al., 2012)
and gastric cancer (Gong et al., 2016). HER2 is involved in cell
survival, proliferation, cell maturation, metastasis, angiogenesis
and has anti-apoptotic effects. It is also expressed in other
malignancies, including ovarian and endometrial carcinoma, and
in normal epithelial cells and hematopoietic cells (Leone et al.,
2003). It is known that the extracellular domain of HER2 can
enter the circulation after shedding from the surface of tumor
cells (Tse et al., 2012).

Currently assessment of HER2 status is performed
with immunohistochemistry (IHC) or fluorescent in situ
hybridization on tumor biopsies. Some studies have shown
up to 15% intra-individual heterogeneity in HER2 status
between primary tumors and metastases (Lindstrom et al.,
2012) leading to the recommendation to repeat biopsies to
assess HER2 status during the course of the disease. As some
tumor lesions are inaccessible for biopsies and it is impossible
to biopsy every tumor lesion to assess heterogeneity, there
is a need for a non-invasive technique to assess whole body
HER2 status for diagnosis, staging and to guide individualized
treatment.

89Zr-Trastuzumab-PET for Whole Body
Assessment of HER2 Target Status
Dijkers et al. reported a feasibility study to determine optimal
dosage and time of administration of 89Zr-trastuzumab (37MBq)
to enable PET visualization and quantification of tumor lesions in
14 patients with HER2-positive metastatic breast cancer (Dijkers
et al., 2010).

Trastuzumab naïve patients who received -89Zr-trastuzumab
(10 mg; n = 2), showed relatively high liver uptake and
pronounced intestinal excretion, with low blood pool activity,
indicating rapid clearance. This rapid clearance was most
probably due to complex formation of trastuzumab with
extracellular HER2 domains shed in the plasma. For optimal
imaging, trastuzumab naïve patients required a total dose of
50mg trastuzumab (n = 5). This resulted in less liver uptake,
lower intestinal excretion and increased blood pool activity,
as illustrated by Figures 1A,B. This dose was considered the
optimal dose, as good tumor-to-non-tumor ratio and favorable
biodistribution were observed, although higher doses were not
evaluated due to expected target saturation. Patients already on
trastuzumab treatment received a dose of 10mg trastuzumab. As
these patients (n = 7) showed minimal intestinal excretion and
slow blood clearance, this was considered an adequate dose, see
Figure 1C. This study illustrates a dose-dependent relationship
between imaging dose and biodistribution of 89Zr-trastuzumab.

Best timing for evaluation of tumor uptake of 89Zr-
trastuzumab was 4–5 days post injection (p.i.) while scans
performed at day 6 or 7 p.i. yielded decreased image quality
because of insufficient counting statistics.

89Zr-trastuzumab-PET allowed detection of most of the
known lesions and some that had remained unnoticed with
CT, MRI or bone scans. In 6 of the 12 patients not all known
lesions were detected. Liver lesions were missed in 3 out of 7
patients, possibly due to the high background activity in normal
liver tissue, which is involved in mAb catabolism. Interestingly,
while poor penetration of trastuzumab in the brain was expected,
in 3 patients brain lesions could be visualized. This might be
due to disruption of blood-brain barrier in brain metastasis. A
limitation of this study was the lack of biopsies for confirmation
of the HER2 status of immuno-PET negative lesions.

Tumor lesions showing no uptake of 89Zr-trastuzumab may
be due to suboptimal imaging conditions, as illustrated by a
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FIGURE 2 | Patterns of HER2-PET/CT confronted with FDG-PET/CT, maximum intensity projection. Lesion uptake was considered pertinent when visually

higher than blood pool. (A) Entire tumor load showed pertinent tracer uptake. (B) Dominant part of tumor load showed tracer uptake. (C) Minor part of tumor load

showed tracer uptake. (D) Entire tumor load lacked tracer uptake. Reprinted with permission from Gebhart et al. (2016).

case report of a trastuzumab naïve breast cancer patient (Oude
Munnink et al., 2010). Thirty seven MBq trastuzumab (50
mg) was administered and a PET scan was obtained 2 days
p.i.. 89Zr activity concentration in bloodpool was low, whereas
massive uptake was observed in liver metastases (48% of the
injected dose) as well as intestinal uptake, suggesting intestinal
excretion. Known bone metastases were hardly visible. This
might be the result of an extensive tumor load and/or soluble
HER2, which reduces uptake in other tumor lesions, due to
an insufficient amount of trastuzumab. After administration
of 220mg unlabeled trastuzumab, immediately followed by
10mg 89Zr-trastuzumab, liver uptake was lowered (33% of the
injected dose) and an increase in uptake in the other tumor
lesions, such as bone metastases, was observed. Based on a
theoretical calculation the authors conclude that a dose of 280mg
trastuzumab could only saturate 47% of all HER2 present in
the liver metastases of this patient, indicating a higher dose of
trastuzumab is required to saturate lesions in case of extensive
HER2-positive tumor load. Based on this important observation
that pharmacokinetics and organ distribution can be influenced
by the extent of tumor load, dosing of trastuzumab formetastastic

breast cancer should be reconsidered. An individualized dosing
schedule of trastuzumab based on tumor load, guided by 89Zr-
trastuzumab-PET, instead of patient weight, might improve
efficacy of treatment.

89Zr-Trastuzumab to Assess Response by
Alteration of Antigen Expression
Gaykema et al. evaluated 89Zr-trastuzumab-PET to determine
alteration of HER2 expression after anti-angiogenic treatment
with the novel heat shock protein 90 (HSP90) inhibitor NVP-
AUY922 in 10 patients with HER2-positive breast cancer
(Gaykema et al., 2014). HSP90 inhibition can deplete client
proteins like HER2. This study was performed with 37MBq 89Zr-
trastuzumab (50mg), while NVP-AUY922 was administered i.v.
in a weekly schedule of 70 mg/m2. Change in tumor uptake
of 89Zr-trastuzumab at baseline vs. 3 weeks on treatment was
correlated to change in size on CT after 8 weeks treatment.
This feasibility study suggests that 89Zr-immuno-PET can be
used to monitor alteration of antigen expression and supports
further evaluation of 89Zr-trastuzumab-PET in providing insight

Frontiers in Pharmacology | www.frontiersin.org May 2016 | Volume 7 | Article 131 | 119

http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive


Jauw et al. 89Zr-immuno-PET in Clinical Oncology

in treatment response of novel anti-cancer agents like the HSP90
inhibitor NVP-AUY922 in larger studies.

89Zr-Trastuzumab-PET as Predictive
Imaging Biomarker for ADC Treatment
Recently, the ADC trastuzumab-emtansine (T-DM1) was
approved for treatment of patients with progression
of HER2-positive breast cancer, previously treated with
trastuzumab-based therapy. The ZEPHIR study investigated the
use of 89Zr-trastuzumab-PET, combined with early response
assessment with FDG-PET, as a predictive imaging biomarker
for treatment with T-DM1 (Gebhart et al., 2016). In this study
intra- and interpatient heterogeneity in HER2 mapping of
metastatic disease was also explored, see Figure 2. The study
was performed by administration of 37 MBq 89Zr-trastuzumab
(50mg). 89Zr-trastuzumab-PET scans were acquired 4 days p.i.
and visually scored. After 1 cycle of T-DM1 an early metabolic
response was evaluated by FDG-PET. Clinical outcome after
treatment with 3 cycles of T-DM1 was evaluated by CT.

For 55 evaluable patients with HER2-positive metastatic
breast cancer, assessment of 89Zr-trastuzumab uptake resulted in
a positive predictive value of 72% and a negative predictive value
of 88% for prediction of clinical outcome. For early metabolic
response assessment with FDG-PET the positive predictive value
was 96% and the negative predictive value was 83%. Intrapatient
heterogeneity in tumor uptake was observed in 46% of patients,
as illustrated by Figure 2. When combining 89Zr-trastuzumab-
PET with early FDG-PET response after 1 cycle of T-DM1, a
negative predictive value of 100%was obtained for all concordant
patients (with both a negative 89Zr-trastuzumab-PET, as well
as absence of response on early FDG-PET). This strategy of
combiningHER2-PETwith early FDG-PET responsemonitoring
was able to separate patients with a median time to treatment
failure of 2.8 month from patients with a median time to
treatment failure of 15 months.

It is not known why 2/16 patients with a negative 89Zr-
trastuzumab-PET did show response on treatment with T-DM1.
Some possibilities are lack of receptor overexpression, receptor
masking, or an induced response despite low HER2 expression
due to the extreme potency of T-DM1. Another possibility
is that DM1 becomes released in the circulation and exerts
some antitumor activity. Absence of tumor uptake can also be
explained by an insufficient tracer dose due to the extent of tumor
load or the amount of soluble HER2 in these patients.

These results support that pre-treatment imaging of HER2-
targeting is a promising tool to improve the understanding of
tumor heterogeneity in metastatic breast cancer and to select
patients who are deemed not to benefit from T-DM1. This might
avoid toxicity and costs of T-DM1 and improve patient outcome
by switching sooner to a more effective therapy (personalized
medicine). A plausible explanation for the added value of early
FDG-PET is that although target expression of HER2 is a
prerequisite for clinical benefit, even with adequate targeting
intracellular resistance mechanisms may be responsible for
treatment failure. The authors recommend a future randomized
trial with cost-effectiveness as secondary endpoint, to test the

concept of interrupting T-DM1 treatment after 1 cycle in case of
FDG-PET non-responsiveness, which can be expected in 20% of
the patients. As such, this trial paved the road toward improved
individualization of anti-HER2 therapy.

89Zr-LABELED BEVACIZUMAB IN BREAST
CANCER, LUNG CANCER, RENAL CELL
CARCINOMA, NEUROENDOCRINE
TUMORS, AND PONTINE GLIOMA

Another target for treatment of breast cancer and many other
tumor types is vascular endothelial growth factor A (VEGF-
A), which is involved in tumor angiogenesis. Overexpression
of VEGF-A has been reported in malignant breast tumors and
ductal carcinoma in situ and has been related to aggressiveness of
the disease. Bevacizumab is a mAb that targets all splice variants
of VEGF-A, both small isoforms which can diffuse freely in the
circulation, as well as larger isoforms which are primarily matrix-
bound. Despite the fact that VEGF-A is not a membrane target
like HER2, it is partly associated with the tumor blood vessels and
to some extent with the extracellular matrix of tumor cells, which
could enable imaging of tumor lesions.

It can be hypothesized that local VEGF-A concentration
reflects whether tumor progression is driven by angiogenesis and
if anti-angiogenic treatment is likely to be effective. Therefore,
89Zr-bevacizumab-PET is of interest for several applications:
biological characterization of tumors, prediction of therapeutic
outcome, and treatment evaluation of VEGF-A targeting drugs.

89Zr-Labeled Bevacizumab in Breast
Cancer
Gaykema et al. performed a study to assess whether VEGF-A can
be visualized by 89Zr-bevacizumab-PET in patients with primary
breast cancer who were scheduled for surgery (Gaykema et al.,
2013). In this study 37 MBq 89Zr-labeled bevacizumab (5mg)
was administered and PET scans were acquired at 4 days p.i.. The
same dose was used in a previous study with 111Indium-labeled
bevacizumab, which visualized all known melanoma lesions
(Nagengast et al., 2011). Tumor uptake of 89Zr-bevacizumab
was observed in 25 of 26 tumors in 23 patients with primary
breast cancer. The false-negative tumor was a 10mm VEGF-A-
positive invasive ductal carcinoma. Besides assessment of tumor
uptake in the primary tumors, uptake of 89Zr-bevacizumab in
lymph node metastasis regions was evaluated. 4 of 10 metastasis-
involved lymph node regions were detected in 9 patients. Zero of
4 axillary regions with lymph node metastases were detected by
89Zr-bevacizumab-PET.

For all available tumors (n = 25) VEGF-A expression
was quantified by enzyme-linked immunosorbent assay.
89Zr-bevacizumab uptake in tumors correlated with the
VEGF-A tumor levels measured. Microvessel density
on immunohistochemistry was not correlated with 89Zr-
bevacizumab uptake. This was the first clinical study showing
a significant correlation between antigen expression and tumor
uptake of the mAb. The fact that VEGF-A is not/hardly expressed
in normal tissue, while the antigen might be well accessible for
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mAbs in tumor tissue, might be favorable factors for finding
such a correlation. This observation opens avenues for the use of
89Zr-bevacizumab-PET for response monitoring in therapeutic
strategies aiming to downregulate VEGF-A.

The effect of the HSP90 inhibitor NVP-AUY922 on alteration
of VEGF-A status was evaluated in the same study discussed
earlier for 89Zr-trastuzumab in breast cancer (Gaykema et al.,
2014). However, 89Zr-bevacizumab-PET was not able to predict
treatment outcome measured by CT in patients with estrogen-
receptor-positive breast cancer (n= 6). Possible explanations are
that most lesions found on 89Zr-bevacizumab PET were bone
lesions and not measurable on CT, and that HIF1a is likely a less
prominent client protein of HSP90 than HER2. Target expression
may be dependent on tumor type, as 89Zr-bevacizumab uptake in
breast tumors was consistently lower than in renal cell cancer.

89Zr-Labeled Bevacizumab in Lung Cancer
Bevacizumab is also used for treatment of non-small cell
lung carcinoma and 89Zr-bevacizumab is a potential predictive
imaging biomarker for this patient group. In a pilot study it
was evaluated whether tumor uptake of 89Zr-bevacizumab could
be visualized and quantified in 7 patients with lung cancer
(Bahce et al., 2014). Moreover, in this study the correlation
between tumor uptake of 89Zr-bevacizumab and response to
a bevacizumab-based treatment regimen was explored. 89Zr-
bevacizumab PET was performed at day 4 and 7 after injection
of 37 MBq 89Zr-labeled bevacizumab (5 mg), one week prior
to start of induction therapy with carboplatin, paclitaxel and
bevacizumab (15 mg/kg), followed by bevacizumab maintenance
upon non-progression after 4 cycles.

All tumor lesions showed visible 89Zr-bevacizumab uptake.
Tumor-to-blood ratios increased from 1.2 ± 0.4 to 2.2 ± 1.2
between day 4 and 7 p.i.. Tumor lesions had an approximately
four times higher 89Zr-bevacizumab uptake compared to non-
tumor background tissues (muscle, healthy lung and fatty tissue).
A positive trend, but no significant correlation, was observed for
tumor uptake and progression-free survival and overall survival
after combined chemo-immunotherapy.

A limitation of this study design is that no distinction
is possible between therapeutic contribution of chemotherapy
and immunotherapy, as this is a combined treatment regimen.
Therefore, further 89Zr-bevacizumab-PET studies are required
to assess VEGF-target status after combination treatment, as a
response predictor for effectiveness of subsequent bevacizumab
maintenance therapy.

As all lesions were visualized with a total protein dose of 5mg
89Zr-bevacizumab, and no targeting of normal tissues became
apparent, there is no indication of an antigen sink for this mAb.
A limitation of the current study was that no extra biopsies were
obtained to confirm VEGF-A tumor expression as driver for
89Zr-bevacizumab uptake and therapeutic response.

89Zr-Labeled Bevacizumab in Renal Cell
Carcinoma
Oosting et al. investigated 89Zr-bevacizumab-PET in patients
with metastatic renal cell carcinoma as an imaging modality for

treatment evaluation of anti-angiogenic drugs (Oosting et al.,
2015).

Patients were randomized between treatment with
bevacizumab (10 mg/kg intravenously every 14 days) combined
with interferon-α (3 million IU, 3 times per week) (n = 11) or
sunitinib (50mg orally, daily for 4 weeks followed by 2 weeks
off treatment) (n = 11), which is a multi-targeted receptor
tyrosine kinase inhibitor. At baseline, and 2 and 6 weeks after
treatment, PET scans were acquired after administration of 37
MBq 89Zr-labeled bevacizumab (5 mg).

Tumor lesions were visualized in all patients (in total 125
lesions), including 35 that had not been detected by CT. 19
lesions were outside the field of view of the CT, including 5
brain lesions in 3 patients (two had known brain metastasis).
Remarkable interpatient and intrapatient heterogeneity in tumor
uptake of 89Zr-bevacizumab was observed. A strong decrease in
tumor uptake of −47.0 % at week 2 was observed for patients on
bevacizumab/interferon-α treatment, with an additional change
of −9.7% at week 6. For patients on sunitinib treatment, a mean
change in tumor uptake of −14.3% at week 2 and a rebound of
+72.6% at week 6 was reported (after 2 drug-free weeks).

Change in tumor uptake of 89Zr-bevacizumab did not
correlate with time to progression. Baseline tumor uptake
of 89Zr-bevacizumab corresponded with longer time to
progression. Although, reduced 89Zr-bevacizumab tumor
uptake after treatment might be caused by saturation due to
treatment with unlabeled bevacizumab, other clinical studies
have suggested that bevacizumab-induced vascular changes do
occur after treatment.

Further studies are required to assess whether baseline tumor
uptake of 89Zr-bevacizumab can be used to predict benefit from
anti-angiogenic treatment. Heterogeneity in tumor uptake of
89Zr-bevacizumab may offer a possibility to differentiate patients
groups based on tumor biology and to guide the choice between
anti-angiogenic and other treatment strategies.

89Zr-Labeled Bevacizumab in
Neuroendocrine Tumors
In another feasibility study with 89Zr-bevacizumab, the effect
of everolimus, a mammalian target of rapamycin inhibitor,
on tumor uptake was investigated in patients with advanced
progressive neuroendocrine tumors (NET) (van Asselt et al.,
2014). As everolimus can reduce VEGF-A production, it
was evaluated whether NET lesions can be visualized by
89Zr-bevacizumab PET and whether tumor uptake of 89Zr-
bevacizumab decreases from baseline to week 2 and 12 during
everolimus therapy (10mg orally once daily). This study was also
performed with 37 MBq 89Zr-labeled bevacizumab (5 mg), with
imaging 4 days p.i.. In 4 of 14 patients no tumor lesions could
be visualized with 89Zr-bevacizumab-PET, in the remaining
patients only 19% of tumor lesions ≥1 cm (63 lesions in total)
known by CT were positive at PET, demonstrating variable 89Zr-
bevacizumab tumor uptake in NET patients. 89Zr-bevacizumab
uptake diminished during everolimus treatment with a mean
of −7% at 2 weeks and −35% at 12 weeks. Change in tumor
uptake correlated with treatment outcome, assessed by CT after
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3 months. There was no correlation between baseline tumor
uptake and change of tumor size as assessed by CT, indicating that
89Zr-bevacizumab-PET was not qualified for response prediction
before therapy.

Interestingly, in 4 of 14 patients no visual uptake was
observed, while no patient had progressive disease after 3 and
6 months of treatment with everolimus. This might indicate
that everolimus exerts also other mechanisms of action than just
reduction of VEGF-A, or reflect that NETs are slow growing
tumors.

89Zr-labeled Bevacizumab in Pontine
Glioma
For brain tumors like diffuse intrinsic pontine glioma in children,
it is not known whether targeted drugs actually can reach the
tumor. Nevertheless, several studies are ongoing to investigate
treatment with bevacizumab for this indication. The first report
ever on molecular imaging in children, was a feasibility study on
the therapeutic potential of bevacizumab and toxic risks, due to
VEGF-A expression in normal organs in children with pontine
glioma (van Zanten et al., 2013). 3 patients, aged 6, 7, and 17 years
received 0.9 MBq/kg (range 18–37 MBq) 89Zr–bevacizumab
(0.1mg/kg). Whole body PET scans were obtained at 1, 72, and
144 h p.i.. Tumor uptake of 89Zr-bevacizumab was observed in 2
of 3 patients, limited to the T1-MRI contrast-enhanced part of the
tumor. These findings suggest that disruption of the blood-brain
barrier, as indicated by MRI contrast, is necessary for effective
tumor targeting by 89Zr-bevacizumab. Uptake in normal organs
was highest in the liver, followed by the kidneys, lungs, and bone
marrow. This study illustrates that also in children 89Zr-immuno-
PET is a feasible procedure, and has potential as a response
and toxicity predictor for treatment with bevacizumab and other
targeted drugs.

89Zr-LABELED FRESOLIMUMAB IN
HIGH-GRADE GLIOMA

As indicated before, mAbs might be prevented from reaching
tumor lesions in the brain by impermeability of the blood-
brain barrier, while tumor targeting is a prerequisite for effective
treatment. An appealing target molecule for treatment of high-
grade glioma is transforming growth factor β (TGF-β), which
functions as a tumor promotor and induces proliferation and
metastasis, while suppressing the immune response. TGF-β and
its receptors are overexpressed in high-grade glioma and can be
targeted with several types of TGF-β inhibitors. Fresolimumab is
a mAb capable of neutralizing all mammalian isoforms of TGF-β
(i.e., 1, 2, and 3) and has been investigated in phase I trials with
patients with melanoma, renal cell carcinoma and in a phase II
trial in patients with mesothelioma.

DenHollander et al. investigated uptake of 89Zr-fresolimumab
in 12 patients with recurrent high-grade glioma and assessed
clinical outcome after fresolimumab treatment (den Hollander
et al., 2015). In this study an imaging dose of 37 MBq 89Zr-
fresolimumab (5 mg) was used before start of treatment (5 mg/kg

i.v. every 3 weeks) and PET scans were obtained for all patients
on day 4 p.i., while 4 patients also received a scan at day 2 p.i..

In all patients uptake of 89Zr-fresolimumab was observed in
brain tumor lesions (n = 16), while in 8 patients not all known
brain tumor lesions were visualized with 89Zr-fresolimumab-
PET (mostly small lesions, <10mm on MRI). The three lesions
larger than 10 mm that were missed by 89Zr-fresolimumab-
PET were suspected to represent radionecrosis instead of viable
tumor tissue (therefore probably lacking TGF-β expression),
based on previous irradiation or disappearance on follow-up
MRI. Tumor-to-blood ratios increased from day 2 to 4 p.i.
in patients who underwent whole body PET scans (n = 4),
which was considered to be suggestive for tumor-specific TGF-
β-driven mAb uptake. All patients showed progressive disease on
fresolimumab treatment, therefore no correlation between tumor
uptake of 89Zr-fresolimumab and clinical response was observed.
Because of absence of clinical benefit the study was closed after
the first 12 patients.

In conclusion, this study showed that 89Zr-fresolimumab
reaches brain tumor lesions. mAb treatment with TGF-β
targeting drugs remains an interesting approach for treatment
of high-grade glioma, especially since targeting of brain tumor
lesions has been observed by 89Zr-fresolimumab-PET. Increase
in tumor to blood ratios suggests specific tumor uptake, although
non-specific antibody uptake due to disruption of the blood-
brain barrier cannot be excluded.

89Zr-LABELED CETUXIMAB IN
COLORECTAL CARCINOMA

Another target antigen of interest is EGFR, which can be targeted
with cetuximab. Binding of cetuximab to EGFR prevents growth
factor binding to the receptor, induces receptor internalization,
and causes inhibition of the receptor tyrosine kinase activity. In
this way cetuximab interferes with cell growth, differentiation
and proliferation, apoptosis and cellular invasiveness. Colorectal
cancer with RAS wild type can be effectively treated with
cetuximab, while it is known that patients with a K-RAS or
N-RAS mutation do not respond to anti-EGFR treatment (van
Cutsem et al., 2011). Only patients with RAS wild type colorectal
cancer are eligible for anti-EGFR treatment. However, even in
this selected patient group efficacy of single agent cetuximab
remains limited, as clinical benefit is observed in only half of
the patients (Peeters et al., 2015). Additional growth activating
mutations or insufficient tumor targeting may affect clinical
efficacy. As EGFR is highly expressed on hepatocytes in normal
liver tissue, this might lead to sequestration of anti-EGFR-mAbs
shortly after administration and interfere with effective tumor
targeting.

Assuming that response to treatment is dependent on uptake
of cetuximab in tumor lesions, only patients in whom tumor
targeting can be confirmed will be susceptible to treatment.
Menke-van der Houven van Oordt et al. performed a feasibility
study in 10 patients with advanced colorectal cancer to
investigate biodistribution and tumor uptake of 89Zr-cetuximab
and evaluated 89Zr-cetuximab as a predictive imaging biomarker

Frontiers in Pharmacology | www.frontiersin.org May 2016 | Volume 7 | Article 131 | 122

http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive


Jauw et al. 89Zr-immuno-PET in Clinical Oncology

(Menke-van der Houven van Oordt et al., 2015). While blood
pool, spleen, kidney and lung activity decreased, uptake in the
liver increased during the first 2 days, after which a plateau was
reached. Total radioactivity derived from the whole body PET
images decreased due to gastro-intestinal excretion, while no
excretion via the bladder was observed.

Tumor uptake was visible in 6 of 10 patients, of which 4
had clinical benefit. In a patient with 2 lung lesions, one lesion
could be visualized, while the other could not, possibly indicating
intra-individual heterogeneity of receptor expression or an effect
of tumor size (the lesion not visualized was smaller). Of the
remaining 4 out of 10 patients without tumor uptake, 3 had
progressive disease and 1 had clinical benefit without visible
89Zr-cetuximab uptake. Possibly, the amount of cetuximab that
reached the latter tumor was insufficient for visual detection,
but did induce anti-tumor activity. This example indicates
that for appropriate interpretation of tumor uptake-response
relationships it is of paramount importance that 89Zr-cetuximab
and unlabeled cetuximab show exactly the same biodistribution.

Altogether these results support further investigations in a
larger cohort to assess whether 89Zr-cetuximab can discriminate
between cetuximab responding and non-responding patients.
Currently a follow-up study, including dose escalation for
patients without visible tumor uptake of 89Zr-cetuximab and
assessment of cetuximab concentrations in tumor biopsies,
is ongoing (ClinicalTrials.gov Identifier: NCT02117466). A
limitation of 89Zr-cetuximab-PET reported by the authors is
its inability to detect tumor lesions in the liver. In contrast
to 89Zr-trastuzumab, 89Zr-cetuximab specifically accumulates in
normal liver tissue resulting in spillover when quantifying hepatic
lesions. Important technical aspects to consider are whether
the imaging dose (89Zr-labeled cetuximab) and the therapeutic
dose (unlabeled cetuximab) show similar biodistribution, and if
the degree of similarity can be influenced by the sequence of
administration.

In this study patients were treated with a cold therapeutic dose
of cetuximab (500 mg/m2), within 2 h followed by the infusion
of 37 MBq 89Zr-cetuximab (10 mg). It was assumed that within
this time frame the therapeutic dose and the imaging dose behave
as if injected simultaneously due to slow pharmacokinetics.
Sequential administration was chosen to make radiation safety
precautions during administration of 89Zr-cetuximab easier.

Previous studies with 111In-cetuximab (C225) in patients
with squamous cell lung carcinoma have indicated a dose-
dependent biodistribution, showing liver sequestration of 111In-
cetuximab, which decreased with increasing doses of unlabeled
cetuximab (up to 300 mg), while tumor uptake increased
(Divgi et al., 1991). To get better insight in the dose-
dependent biodistribution of 89Zr-cetuximab, Menke-van der
Houven van Oordt et al. administered a scouting dose of
0.1mg 89Zr-cetuximab before the dose of unlabeled cetuximab
in 3 patients (Menke-van der Houven van Oordt et al.,
2015). Blood samples 2 and 3 h post injection of the scouting
dose revealed that only <10% of the injected dose of 89Zr-
cetuximab was left in the blood circulation. When subsequently
cold cetuximab (500 mg/m2) was administered, 89Zr-cetuximab
reappeared in the blood, indicating that it can be reversibly

extracted, most probably by the liver. On the other hand, the
biological half-life of 89Zr-cetuximab, if administered directly
after the unlabeled dose, was comparable with the half-life as
reported for unlabeled cetuximab. This indicates that upon
such sequential administration 89Zr-cetuximab indeed reflects
the biodistribution of unlabeled cetuximab. Future studies are
required to assess to which extent sequential administration of
imaging and therapeutic doses influences tumor biodistribution
and tumor uptake of 89Zr-cetuximab.

89Zr-LABELED ANTI-PSMA IN PROSTATE
CANCER

Current clinical challenges in imaging of metastatic prostate
cancer include limited sensitivity and specificity to detect early
metastases (especially in bone) and active disease and to monitor
treatment of metastatic prostate cancer. The humanized mAb
huJ591 targets the extracellular domain of prostate-specific
membrane antigen (PSMA), a transmembrane glycoprotein
expressed by both benign and malignant prostate epithelial cells.
Nearly all prostate cancers express PSMA. Upon binding, the
huJ591-PSMA complex becomes rapidly internalized. Binding of
anti-PSMA mAbs to non-prostate tissue, as the liver, duodenal
epithelial (brush border) cells and proximal tubule cells in the
kidney, has been observed, as well as binding to tumor-associated
neovasculature in other solid malignancies, including clear cell
renal carcinoma, colon and breast carcinoma (Chang, 2004).

Recently, Pandit-Taskar et al. performed a clinical study
with 89Zr-labeled huJ591 in 50 patients with castrate-resistant
metastatic prostate cancer (Pandit-Taskar et al., 2015). Results
of the first 10 patients were reported separately, including
assessment of optimal imaging time post-injection for lesion
detection of 89Zr-huJ591 PET imaging (Pandit-Taskar et al.,
2014). These 10 patients received 4 scans within 8 days after
injection. Based on optimal tumor-to-background ratios, the
other 40 patients were imaged once at 6–8 days p.i.. In this
89Zr-immuno-PET study a total mAb dose of 25mg huJ591 was
used, of which 1.7mg was 89Zr-labeled (203 MBq). This dose
was based on prior studies with 111In-J591 and 177Lu-J591 that
showed saturation of PSMA expressed by the normal liver at
25mg of huJ591 (Morris et al., 2005). A dose-dependent uptake
in the liver with increasing mAb dose was observed, and optimal
trade off was reached at a mAb dose of 25mg. The unlabeled
dose of huJ591 was administered intravenously within 5 min,
immediately followed by injection of 89Zr-huJ591 within 1 min.

Pandit-Taskar et al. evaluated performance characteristics of
89Zr-DFO-huJ591 PET/CT for detecting metastases compared
to conventional imaging modalities (baseline FDG-PET, 99mTc-
methylenediphosphonate (MDP) bone scans and CT scans) and
pathology, to provide evidence for the use of 89Zr-huJ591 as an
imaging biomarker. In a lesion-based analysis 89Zr-J591 imaging
demonstrated superior visualization of bone lesions relative to
conventional imaging, see Figure 3. However, detection of soft
tissue lesions was suboptimal. A generalized lower tumor uptake
was observed for soft tissue lesions compared to bone lesions.
Low uptake was observed in normal bone and considered to be
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FIGURE 3 | 89Zr-huJ591-PET and conventional imaging modalities of a patient with rising prostate specific antigen. 99mTc-MDP bone scan shows only a

few lesions. FDG-PET shows nodal disease in the thorax, retroperitoneum, and pelvic region and a few bone lesions in the spine. Overall more bone lesions were seen

on 89Zr-huJ591-PET than on FDG-PET, including multiple lesions in vertebrae, pelvic bones, ribs, and humerus. Targeting was also seen to the retroperitoneal and

pelvic lymph nodes by 89Zr-huJ59-PET. (A) Anterior and posterior 99mTc-MDP bone scan. (B) FDG-PET maximum intensity projection. (C)89Zr-huJ591 PET. (D)

FDG-PET sagittal fused image. (E) 89Zr-hu J591 PET sagittal fused image. Reprinted with permission from Pandit-Taskar et al. (2014).

non-specific. Among the possibilities explaining a lower tumor
uptake in soft tissue are: lower PSMA expression, absence of
tumor in lesions presumed to be disease by CT and FDG-PET
scan, or impaired accessibility of PSMA for intact mAbs. For
the biopsy-confirmed lesions overall accuracy of 89Zr-J591 was
95.2% (20/21) for osseous lesions and 60% (15/25) for soft-tissue
lesions. No data is provided on 89Zr-J591 uptake related to PSMA
expression in tumor biopsies.

The authors conclude that 89Zr-huJ591 imaging is able
to detect active disease earlier than conventional imaging,
making PSMA an attractive target for diagnosis of prostate
cancer. Despite the fact that just a small proportion of
lesions were biopsied, statistical arguments indicated that
89Zr-huJ591 imaging detects 50% more bone lesions (occult
disease) than bone scan. However, no single imaging modality
can serve as gold standard, therefore a known site of
disease was defined as any lesions identified by conventional
imaging at baseline. Small lesions were most probably missed,
while the treatment of patients after imaging was variable,
which limits the detection of lesions through follow-up
imaging.

The relatively long period post injection required for optimal
imaging, may be a practical limitation of 89Zr-immuno-PET for
routine application in diagnosis. Promising alternative ligands
for molecular imaging of prostate cancer are smaller molecules as
radiolabeled minibodies or urea-based small peptides, although
none have been validated in controlled clinical trials for routine
clinical use (Viola-Villegas et al., 2014). The perspectives of 89Zr-
immuno-PET might be different when considering 89Zr-huJ591
for therapeutic approaches.

89Zr-LABELED ANTI-MSLN IN
PANCREATIC AND OVARIAN CARCINOMA

For several tumor types, such as pancreatic and ovarian
carcinoma, no important drug targets are available. Exploitation
of tumor-specific membrane proteins, even those without a
known role in oncogenesis, as targets for delivery of potent drugs
by ADCs is a promising approach. In this respect, a potential
target molecule, with largely unknown biological function, is
membrane-bound surface glycoprotein mesothelin (MSLN). It is
minimally expressed by normal mesothelial cells, lining pleural,
pericardial and peritoneal surfaces. Besides in mesothelioma,
it is also highly overexpressed in 80-100% of pancreatic and
ovarian cancers (and some other cancers). In preclinical studies
with MSLN-expressing tumor bearing mice, 89Zr-anti-MSLN
antibody MMOT0530A showed progressive and antigen-specific
tumor uptake with micro-PET (Ter Weele et al., 2015).

Therefore, Lamberts et al. evaluated 89Zr-labeled
MMOT0530A as a predictive imaging biomarker for treatment
(in a phase I setting) with the ADC DMOT4039A, containing
the MSLN-antibody MMOT0530A combined with the cytotoxic
agent monomethyl auristatin E (Lamberts et al., 2016). For such
an approach either the ADC itself can be labeled with 89Zr or
the corresponding “naked” mAb, if available for human use.
Labeling of the mAb part of the ADCs with 89Zr is well possible,
but requires advanced analytical tools to prove that labeling
is performed inertly. Assuming that both types of conjugates
demonstrate similar biodistribution, which is a research question
as such, PET imaging of the target will provide insight into
drug distribution (tissue exposure, but also expression of the
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target and internalization of the antibody). Ideally, clinical
89Zr-immuno-PET studies with the “naked” mAb are performed
before resources are put in the development of an ADC.

The aim of this imaging study was to assess biodistribution
and tumor uptake, and the relationship between tumor uptake
and MSLN expression, as well as response to treatment. Uptake
in normal tissues was as expected, and did not indicate specific
uptake, except for high hepatic uptake of 89Zr-MMOT0530A.
This might be due to normal hepatic catabolism of the antibody,
maybe slightly elevated by complex formation of the mAb
with MSLN antigen shed into the circulation, as MSLN is not
expressed on normal liver. Nevertheless, the uptake level in liver
was similar to that of other antibodies such as trastuzumab and
huJ591. Significant clinical toxicity, reported as dose limiting
toxicity, were hypophosphatemia and hyperglycaemia and liver
function abnormalities occurred in less than 10% of these
patients. Tumor uptake of 89Zr-MMOT0530Awas observed in 37
tumor lesions in 11 patients with pancreatic cancer and 4 patients
with ovarian cancer, while 6 measurable tumor lesions visible on
diagnostic CT in 4 patients were not detected by 89Zr-immuno-
PET. Within patients a mean 2.4 ± 1.1-fold difference in uptake
between tumor lesions was observed, indicating interlesional
heterogeneity of tumor uptake.

Tumor uptake of 89Zr-MMOT0530A was correlated with
MSLN expression levels determined with IHC scores (6 patients
with pancreatic cancer and 4 patients with ovarian cancer).
No correlation was found when the two tumor types were
analyzed separately. Tumor uptake of 89Zr-MMOT0530A was
not correlated with progression free survival, on both patient and
lesion-based analysis.

The imaging dose for this study was considered to be
sufficient, since the amount of tracer still present at 7 days p.i.
was enough to clearly visualize the circulation. A first cohort
of two patients received 37 MBq 89Zr-anti-MSLN (1 mg) and
were imaged at days 2, 4 and 7 p.i.. Patients in the second
cohort (n = 10) received a total protein dose of 10mg mAb,
administered as a co-infusion. The biological half-life of 89Zr-
anti-MSLN in cohort 1 was shorter than in cohort 2, most likely
due to faster antibody clearance related to small amounts of shed
MSLN antigen present in the circulation. Bioavailability of the
imaging dose in the second cohort was considered sufficient to
evaluate tumor uptake.

This was the first study aiming the use of 89Zr-immuno-
PET as an imaging biomarker for whole body target expression
and organs at risk for toxicity, to ultimately guide dosing,
confirm delivery, and predict efficacy of the ADC. At this
stage of development, however, 89Zr-immuno-PET was not able
yet to add valuable information for individualized treatment
decisions.

89Zr-LABELED ANTI-CD20 MABS IN B
CELL LYMPHOMA

Especially when using mAbs for radioimmunotherapy (RIT),
89Zr-immuno-PET may be applied to predict toxicity by
assessment of biodistribution. This information may enable

individualized treatment by optimizing dose schedules to limit
unnecessary toxicity for patients.

RIT is used in the treatment of lymphoma, as this type
of cancer is highly radiosensitive. More than 90% of B-
cell non-Hodgkin lymphoma (NHL) express CD20, making
it an attractive target for treatment. The transmembrane
phosphoprotein CD20 is also expressed on mature B cells. The
biological function of CD20 is still unclear. CD20 is highly
expressed on the cell surface and is not rapidly internalized after
antibody binding. The anti-CD20 antibody rituximab is widely
used in both first-line, as well as subsequent treatment lines for
patients with B-cell NHL. Anti-CD20 based RIT with yttrium-
90 (90Y)-labeled-ibritumomab tiuxetan is currently approved for
treatment of relapsed and refractory NHL (Mondello et al., 2016).
Bone marrow toxicity of RIT is dose-limiting, and especially
patients with bone marrow infiltration may suffer excessive
hematotoxicity.

Rizvi et al. published a clinical study on 89Zr-immuno-
PET to predict toxicity of RIT in NHL patients in order to
guide individualized dose optimization (Rizvi et al., 2012).
The aim of this study was to assess whether pre-therapy
scout scans with 89Zr-ibritumomab tiuxetan can be used to
predict biodistribution of 90Y-ibritumomab tiuxetan and the
dose limiting organ during therapy. Patients received standard
treatment of 250 mg/m2 rituximab 1 week before and on the
same day prior to both 90Y-and/or 89Zr-ibritumomab tiuxetan
(70 MBq) administrations. The correlation between predicted
pre-therapy and therapy organ absorbed doses as based on
89Zr-ibritumomab tiuxetan images was high. Biodistribution of
89Zr-ibritumomab tiuxetan was not influenced by simultaneous
therapy with 90Y-ibritumomab tiuxetan. Pre-therapy scout scans
with 89Zr-ibritumomab tiuxetan can therefore be used to
predict biodistribution and dose-limiting organ during therapy.
These results indicate that 89Zr-immuno-PET may guide safe
individualized therapy by optimizing the radioimmunotherapy
dose of 90Y-ibritumomab tiuxetan.

The standard treatment with a high amount of cold rituximab
before anti-CD20 based RIT, also administered to the patients
in the study of Rizvi et al., is common practice to enhance the
therapeutic index for RIT. It is thought that the usage of excess
unlabeled mAb before RIT may reduce toxicity, in particular
bone marrow toxicity. Preloading with unlabeled mAb might
prevent normal tissue toxicity by providing a more predictable
biodistribution of 90Y-labeled mAb, decreasing clearance rates,
and prolonging its circulation half-life. This preload is assumed
to clear the peripheral blood of circulating CD20-positive B
cells and enhance tumor targeting of the 90Y-labeled antibody
to tumor cells. However, supportive data for this approach is
limited. It is unclear whether the preload may block subsequently
administered 90Y-labeled anti-CD20 antibody, which might
impair therapeutic effects.

Muylle et al. performed a study with 89Zr-rituximab-PET to
explore the influence of a preload with unlabeled rituximab in
five patients with CD20-positive B-cell lymphoma, scheduled for
subsequent RIT with 90Y-labeled rituximab (Muylle et al., 2015).
The aim of the study was to compare the distribution of 89Zr-
rituximab without and with a preload of unlabeled rituximab
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FIGURE 4 | 89Zr-rituximab-PET images obtained 6 days after injection. (A) Patient 2 without B cell depletion, anterior view. (B) Patient 3 with B cell depletion,

posterior view. Reprinted with permission from Muylle et al. (2015).

(within the same patient) to assess the impact on tumor targeting
and radiation dose of subsequent radioimmunotherapy with 90Y-
labeled rituximab. PET scans were obtained at baseline after
administration of 111MBq 89Zr-labeled rituximab (10mg). After
3 weeks, a standard preload of unlabeled rituximab (250 mg/m2)
was administered, immediately followed by administration of
10mg 89Zr-rituximab, and PET scans were acquired.

For the patients with B cell depletion (n = 3) tumor uptake
without a preload was consistently higher. In patients with
preserved circulating B cells (n = 2), 3 lesions showed less or
no uptake without a preload, while other lesions showed higher
uptake. The authors explain higher tumor uptake upon preload
by improved biodistribution and prevention of sequestration of
89Zr-rituximab in the “antigen-sink,” consisting of CD20-positive
B cells in the circulation and in the spleen. Impaired targeting of
other tumor sites, however, is explained by partial saturation with
unlabeled rituximab.

For patients with preserved circulating CD20-positive B-cells
(n = 2) without a preload of unlabeled rituximab, an increase in
whole-body radiation dose of 59 and 87% was observed mainly
due to increased uptake in the spleen, see Figure 4. The effective
dose of 89Zr-rituximab was 0.50 milliSievert (mSv)/MBq without
a preload and 0.41 mSv/MBq with a preload.

These results suggest that administration of the standard
preload of unlabeled rituximab impairs tumor targeting of 89Zr-
rituximab in patients with B-cell depletion, due to previous
treatment with rituximab. These data suggest that common
practice of preloading with unlabeled rituximab before RIT
should be re-evaluated and reconsidered.

CONCLUSIONS AND FUTURE
DIRECTIONS

In clinical trials with 89Zr-immuno-PET, two requirements
should be met in order to realize its full potential. One

requirement is that the biodistribution of the 89Zr-mAb (imaging
dose) should reflect the biodistribution of the drug during
treatment (therapeutic dose). An important pitfall to eliminate
is a “false negative” 89Zr-immuno-PET due to absence of tumor
uptake of the imaging dose, while there is tumor targeting of
the therapeutic dose of unlabeled mAb. This situation may occur
in case of expression of target antigen on normal tissue, or
in case of a large tumor load with antigen expression. This
causes an “antigen sink” that absorbs the tracer dose, leaving
insufficient 89Zr-mAb to target all tumor lesions. Therefore, for
each mAb, information should be obtained to assess whether

a dose-dependent correlation between imaging dose and tumor

uptake exists. Preferably a pilot study with different dose levels,

within the same patient, is used to define the optimal 89Zr-

mAb dose for imaging, i.e., the dose that reflects the therapeutic
dose best. With respect to this, in case of co-administration of
89Zr-labeled and cold mAb, it should also be confirmed whether

simultaneous administration is needed, or whether sequential

administration immediate after each other is allowed.

Another requirement is that tumor uptake of the 89Zr-mAb
reflects specific, antigen-mediated, tumor targeting. Next to
specific uptake, also non-antigen mediated tumor uptake can
occur, possibly caused by enhanced permeability and retention
in tumor tissue. Even when tracer uptake is visualized in the
tumor, no biological effect can be expected if tumor uptake is
not primarily antigen-mediated (a “false positive” 89Zr-immuno-
PET). Two clinical studies have reported a correlation between
tumor uptake on PET and target expression in biopsies (Gaykema
et al., 2013; Lamberts et al., 2016) indicating that tumor
uptake on 89Zr-immuno-PET reflects specific, antigen-mediated
binding. This would allow the use of 89Zr-immuno-PET as an
imaging biomarker to assess target expression, as well as tumor
targeting. However, for every mAb-antigen combination this has
to be confirmed. In order to evaluate to which extent tumor
uptake is driven by nonspecific and/or specific binding, studies
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correlating tumor uptake to target expression in biopsies, as well
as exploration of kinetic modeling, may provide further insight.

Assuming these two crucial requirements are met, 89Zr-
immuno-PET can be expected to predict toxicity and response
to treatment.

For RIT, it was shown that biodistribution of 89Zr-rituximab
can be used to predict biodistribution and the dose-limiting
organ for subsequent treatment with 90Y-ibritumomab tiuxetan
(Rizvi et al., 2012). This allows for future application of 89Zr-
immuno-PET for individualized doze optimization of RIT with
the aim to reduce the risk for toxicity. However, so far no clinical
studies reported that 89Zr-immuno-PET predicted toxicity of
mAb or mAb conjugate treatment.

Prediction of response to treatment for mAbs, is based on
the assumption that the drug can only be effective if the target
antigen is reached. Although, this is no guarantee for efficacy,
as therapy failure may occur due to inadequate dosing of the
mAb or intrinsic resistance mechanisms. On the other hand
efficacy might occur at low antigen expression levels which is
not visualized by 89Zr-immuno-PET. To improve prediction
of efficacy of treatment, confirmation of tumor targeting of
the drug can be combined with early response assessment.
This combined approach may be able to predict whether
adequate tumor targeting is followed by sufficient cytotoxicity.
Clinical application of molecular imaging to guide individualized
treatment may ideally consist of the following 3-step approach:

1. Tumor detection and staging of the disease with conventional
imaging (e.g., FDG-PET/diagnostic CT)

2. Assessment of tumor targeting of the drug with molecular
imaging (e.g., 89Zr-immuno-PET)

3. Early response assessment on treatment with conventional
imaging (e.g., FDG-PET/diagnostic CT)

So far, the ZEPHIR study is the only study utilizing this 3-step
approach, using an optimized 89Zr-mAb dose for imaging, and

a visual classification for tumor uptake (Gebhart et al., 2016).
This study reported that molecular imaging combined with early
response assessment is able to predict response to treatment
with T-DM1 in patients with HER2-positive breast cancer,
opening avenues to cost-effectiveness studies and individualized
treatment protocols. Still, this promising result can possibly
benefit from improving criteria of positive uptake by quantitative
analysis.

Currently, no standardized scale for visual scoring of 89Zr-
immuno-PET is available, as opposed to scoring FDG-PET/CT
scans by the Deauville criteria (Meignan et al., 2010). Imaging
procedures, including data analysis and measurements of tumor
uptake should be standardized and validated in order to use
89Zr-immuno-PET in clinical practice. As an example, problems
with partial volume effects should be solved. Ideally, by linking
imaging data with corresponding clinical outcome of a large set
of patients, a criterion for positive tumor uptake can be defined.

Overall, these initial clinical trials have provided indications
of the potential of 89Zr-immuno-PET as an imaging biomarker
to assess target expression, as well as tumor targeting. The
first results supporting application of molecular imaging for

prediction of toxicity for RIT and response prediction for
treatment with an ADC, form an important first step toward
individualized treatment.
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1 Department of Pharmacology and Toxicology, Michigan State University, East Lansing, MI, USA, 2 In Vivo Facility, Michigan
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The purpose of this study was to investigate serial ultrasound imaging in rats as a
fully non-invasive method to (1) quantify the diameters of splanchnic veins in real
time as an indirect surrogate for the capacitance function of those veins, and (2)
assess the effects of drugs on venous dimensions. A 21 MHz probe was used on
anesthetized male Sprague–Dawley rats to collect images containing the portal vein
(PV), superior mesenteric vein (SMV), abdominal inferior vena cava (IVC), and splenic
vein (SpV; used as a landmark in timed studies) and the abdominal aorta (AA). Stable
landmarks were established that allowed reproducible quantification of cross-sectional
diameters within an animal. The average diameters of vessels measured every 5 min
over 45 min remained within 0.75 ± 0.15% (PV), 0.2 ± 0.09% (SMV), 0.5 ± 0.12%
(IVC), and 0.38 ± 0.06% (AA) of baseline (PV: 2.0 ± 0.12 mm; SMV: 1.7 ± 0.04 mm;
IVC: 3.2 ± 0.1 mm; AA: 2.3 ± 0.14 mm). The maximal effects of the vasodilator
sodium nitroprusside (SNP; 2 mg/kg, i.v. bolus) on venous diameters were determined
5 min post SNP bolus; the diameters of all noted veins were significantly increased
by SNP, while mean arterial pressure (MAP) decreased 29 ± 4 mmHg. By contrast,
administration of the venoconstrictor sarafotoxin (S6c; 5 ng/kg, i.v. bolus) significantly
decreased PV and SpV, but not IVC, SMV, or AA, diameters 5 min post S6c bolus; MAP
increased by 6 ± 2 mmHg. In order to determine if resting splanchnic vein diameters
were stable over much longer periods of time, vessel diameters were measured every
2 weeks for 8 weeks. Measurements were found to be highly reproducible within
animals over this time period. Finally, to evaluate the utility of vein imaging in a chronic
condition, images were acquired from 4-week deoxycorticosterone acetate salt (DOCA-
salt) hypertensive and normotensive (SHAM) control rats. All vessel diameters increased
from baseline while MAP increased (67 ± 4 mmHg) in DOCA-salt rats compared to
SHAM at 4 weeks after pellet implantation. Vessel diameters remained unchanged in
SHAM animals. Together, these results support serial ultrasound imaging as a non-
invasive, reliable technique able to measure acute and chronic changes in the diameter
of splanchnic veins in intact rats.

Keywords: ultrasound, serial imaging, splanchnic veins, venous capacitance, venous diameter5, cardiovascular
diseases
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INTRODUCTION

Dysregulation of venous capacitance (venous volume at a given
transmural pressure) is proposed to contribute to the etiology
of heart failure, arterial hypertension, hepatic cirrhosis, pre-
eclampsia, postural hypotension and shock (Safar and London,
1987; Reilly et al., 2001; Stewart et al., 2004; Aardenburg et al.,
2005; Li et al., 2008; Burchell et al., 2013). Splanchnic veins,
located within the abdominal region, represent the largest blood
volume reservoir within the human body (Gelman, 2009), and
also exhibit the largest degree of active capacitance response
of all venous beds in the body (Tyberg, 2002). Therefore, they
play an important role in the regulation of the circulation
by affecting cardiac preload, and thus, cardiac output and
blood pressure. Early methods to study splanchnic venous
capacitance and its regulation were highly invasive and could
only be readily applied in experimental animals (Brooksby
and Donald, 1971). Later approaches that were applicable
to humans included examining the distribution of blood-
sequestered radionuclides (Schmitt et al., 2002), impedance
plethysmography (Leunissen et al., 1993), and direct imaging
of the large veins (Stewart and Montgomery, 2004). For
example, ultrasonographic assessment of the dimensions of
large veins [particularly the inferior vena cava (IVC)] has
been used to estimate venous capacitance as a measure of
intravascular volume status in patients with septic shock
(Schefold et al., 2010) and in patients on hemodialysis (Brennan
et al., 2006).

Recent advancements in ultrasound technology include the
development of high-frequency transducers (up to 70 MHz for
rodent imaging). The associated enhanced signal processing at
rapid frame rates (132 frames/second), with superior resolution1,
enables quality ultrasound imaging in small animals (Deshpande
et al., 2010; Stuart et al., 2011). The specific probe used in this
study, the 21 MHz MS250 probe, has a resolution of 75 µM
axial by 165 µm lateral2. Importantly, rapid real-time imaging
allows longitudinal measurements of the structure and function
of small structures without significant impact on the animal or its
physiology.

While the current literature highlights many uses of high-
frequency ultrasound in rodent cardiovascular models (Coatney,
2001; Slama et al., 2003; Chen et al., 2012), imaging of the
abdominal veins has not been widely described in animal
research. While many rat splanchnic veins can be readily
visualized using ultrasound (Knipp et al., 2003), there is no
report of a technique that observes several major splanchnic
vessels (both veins and arteries) at once with repeated measures
of the same location along a specific splanchnic vessel. The
ability to re-locate and measure a precise section along a
vessel is critical to allow the continuous evaluation of diameter
changes of that vessel during pharmacological interventions, or
in chronic pathological states. We have therefore developed a
technique for serial ultrasound imaging and measurement of

1http://www.visualsonics.com/products/vevo-2100
2www.visualsonics.com/customer/docs/product_info_vevo2100/Vevo_2100-Trans
ducers_v2.8.pdf

the splanchnic vessel diameters in the anesthetized rat with
the goal of providing a reproducible, longitudinal, and non-
invasive index of the capacitance function of these vessels.
Validation of this technique included determining if imaging
could reliably detect acute changes (seconds to minutes) in
splanchnic vein diameters caused by venoactive drugs. Another
focus was testing whether imaging could detect stable changes
in the diameter of splanchnic veins in chronic conditions such
as hypertension. Finally, this work was essential in developing
a tool that would allow interrogation of the role of the venous
circulation in drug-induced blood pressure changes. Specifically,
our laboratories are dedicated to understanding how serotonin
(5-HT, 5-hydroxytryptamine) lowers blood pressure chronically
(Diaz et al., 2008). In vitro work on isolated splanchnic veins
strongly supports the ability of 5-HT to cause direct venodilation
but not arterial dilation (Watts et al., 2015). As such, a validated
mechanism by which to investigate in vivo venous diameter
would allow us to connect in vitro and in vivo studies, a powerful
approach when investigating cause and effect. This work suggests
the feasibility of using serial ultrasound imaging to investigate
venous function in rodents.

MATERIALS AND METHODS

Animals
MSU Institutional Animal Care and Use Committee approved
all protocols used in this study. Male Sprague–Dawley rats at 6-
weeks of age (300–350 g; Charles River Laboratories,) were used
in all experiments. Rats were housed in a temperature–controlled
room (22◦C) with 12-h light/dark cycles and given standard chow
and distilled water ad libitum.

Ultrasound Imaging
All animals were anesthetized using isoflurane (1.5–2.5% in
oxygen, titrated to maintain stable heart rate (HR), respiration
rate, and body temperature). The upper abdomen was shaved and
depilatory cream (NairTM) applied below the xiphoid process.
Animals were positioned supine on a heated platform [Vevo 2100
Imaging Station (integrated rail system); Visualsonics, Toronto,
Canada], as shown in Figure 1A. Coupling gel was applied to
all four paws and the paws were taped to conductive pads on
the platform to allow continuous collection of HR, respiratory
rate, body temperature, and electrocardiograms (ECGs) during
ultrasound image collection. Body temperature was monitored
continuously, via a rectal probe, and maintained at 37◦C
throughout the experiment using the heated table and when
necessary, a supplemental heat lamp. Warmed ultrasound gel was
applied to the abdominal skin, just below the xiphoid process to
couple the transducer (21 MHz probe; Visualsonics MS250) for
imaging. The transducer head was locked in the adjustable arm
of the Vevo mechanical rail-system to allow accurate hands-free
transducer positioning during image collection. The height of the
transducer was set to apply minimal pressure to the abdomen
while still allowing adequate views of the abdominal vessels of
interest. Once the transducer was positioned, the x–y knobs of the
platform were used to move the transducer small increments in
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FIGURE 1 | (A) A mechanical rail was used to hold a 21 MHz linear probe perpendicular to the abdomen while collecting transverse images. Body temperature was
maintained at 37◦C. All measurements were made using images collected during expiration and during cardiac systole. (B) Transverse transducer placement (dotted
line) and corresponding images obtained (Images I, II, and III). The transducer placement to obtain the superior mesenteric vein (SMV)/ SpV view is ∼2 mm caudal to
the placement used to obtain the portal vein (PV) view. (C) A longitudinal image of the PV within a naïve rat shows the variability of the diameter of this vessel along
its length even when controlled for respiration and cardiac cycle.

the cranial and caudal directions to display the major abdominal
vessels significant to this study: abdominal aorta (AA), IVC, and
portal vein (PV) in the same view. Transverse B-mode images
were collected at 25 frames per second in two locations, as seen
in Figure 1B. In Image I, we focused on a transverse view at the
level of the PV exiting the liver, which provides simultaneous

cross-sectional images of the AA, IVC, and PV; these structures
are labeled as such. Image II displays the splenic vein (SpV),
the established landmark for locating the noted veins. Finally,
image III provides a transverse view ∼2 mm caudal to Image I,
at a level just below the branching of the SpV (shown in image
II), and shows the structures of the superior mesenteric vein
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(SMV), SpV, and IVC. Figure 1C shows a longitudinal image
of the PV (as it exits the liver) during systole and expiration.
All ultrasound images were saved as cine loops for subsequent
measurement and analyses of vessel diameters. This technique
was used to collect baseline and post dose images during drug
interventions. Ultrasound recordings from individual rats during
chronic studies were collected at the same time each day and
feeding schedule remained consistent throughout the studies.
We assumed venous pressure remained stable during each of
these interventions and cardiac function did not change, except
in DOCA animals. The AA was used as a control abdominal
blood vessel for which minimal dynamic changes in measureable
diameter were expected.

Ultrasound Image Analysis
All vessel diameter measurements were made by the same
ultrasonographer with considerable experience in the use of the
Vevo Imaging system. Cine loops of the images were viewed on
a desktop station using Vevo LAB 1.7.1 software (Visualsonic,
Toronto, Canada). All vessel diameters were measured using
image frames from periods of cardiac systole and during
expiration. Both vertical and horizontal diameters (vessel height
and vessel width) of vessel cross-sections were measured and then
averaged to obtain final values from each time point.

Time Course Studies
We performed two time course studies: (1) images were collected
for three animals every 5 min over the course of 45 min (acute);
(2) images were collected for five animals every 2 weeks over the
course of 8 weeks (chronic).

Blood Pressure Monitoring
Rats used in the sodium nitroprusside (SNP) and sarafotoxin
experiments were anesthetized with isoflurane (2% in oxygen)
and a femoral arterial catheter was implanted for blood pressure
monitoring. The catheter was placed through a 1–1.5 cm incision
in the left inguinal area into the left femoral artery immediately
prior to ultrasound imaging. The tip of the catheter was advanced
to the AA and the catheter was attached to a transducer connected
to a data acquisition system (Powerlab, ADinstruments) to
record mean arterial pressure (MAP) and HR during imaging.
Rats remained anesthetized throughout catheter placement and
subsequent imaging.

Vasodilation Study- Sodium
Nitroprusside (SNP)
After 3 min of baseline recordings of abdominal vessel images and
blood pressure, each animal received a 2 mg/kg bolus (0.3 mL, tail
vein) of SNP (5054, Sigma Chemical CO., St Louis, MO, USA).
Ultrasound images were collected every minute over 30 min with
30 min being the time at which MAP returned to near baseline
values. Data were collected at 5 min post-bolus, the point at which
the MAP had reach nadir while vessel diameters initial achieved
near maximum dilation during the 30 min of the experiment.
These maximum changes were reported graphically. MAP was
measured continuously via a femoral arterial catheter connected

to data acquisition software on an ADInstruments Powerlab
(Chart 7.0, Colorado Springs, CO, USA). The SpV was not used
as an endpoint in this particular study, but solely as a landmark.
Seven animals were used in this study.

Vasoconstriction Study- Sarafotoxin
(S6c)
After 3 min of baseline recordings of abdominal vessel images and
blood pressure, each animal received a 5 ng/kg bolus (0.3 mL, tail
vein) of S6c (88-9-35, American Peptide, Sunnyvale, CA, USA).
Ultrasound images were collected every minute over 15 min
at which time all imaged vessels and MAP had returned back
to baseline values. Data was graphed at 5 min’ post-bolus, the
point of maximum vessel diameter change. MAP was measured
continuously via a femoral arterial catheter connected to data
acquisition software on an ADInstruments Powerlab (Chart 7.0,
Colorado Springs, CO, USA). The SpV was not used as an
endpoint in this particular study, but solely as a landmark. Five
animals were used in this study.

Deoxycorticosterone Acetate-Salt Study
(DOCA-Salt)
All rats used during the DOCA-salt study underwent a left
uninephrectomy. A DOCA pellet was implanted subcutaneously
in half of the rats to deliver the drug at a dose of 200 mg/kg.
The other rats underwent a SHAM pellet surgery (SHAM group).
All rats were switched from distilled drinking water, to water
containing 1% NaCl plus 0.2% KCl for 4 weeks. All rats were
imaged at baseline (prior to any intervention), and again 4 weeks
after surgery/pellet implantation. Systolic arterial pressure was
measured 4 weeks after surgery in conscious rats via the tail cuff
method (Malkoff, 2005; Kent Scientific Corp, CODA 6); this was
the only time blood pressure was measured. There were four
animals in each group: DOCA-salt and SHAM.

Data Analysis
Values were either expressed as mean ± SEM of the number of
animals in the experiment, or a percent change from baseline.
The baseline was determined by 3 min of image collection,
prior to injection or during the 1st day of imaging prior to
treatment. Statistical analyses were performed using paired two-
tailed t-tests when comparing vessel images to baseline values.
A repeated measures ANOVA were performed when comparing
vessel diameter values at different time points in timed studies.
(GraphPad Prism 6). In all cases, a p-value of <0.05 was
considered significant.

RESULTS

Ultrasound Transducer Placement
The splanchnic vein diameters varied considerably along the
length of those vessels within the same rat as shown in Figure 1C
and it was therefore imperative that a landmark be identified to
allow repeated placement of the transducer at the exact location
along a particular vein. Preliminary work suggested the SpV
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could be used as a landmark to locate and differentiate the PV
and the SMV as shown in Figure 1B, image II. Because it was
important to visualize the branching of the SpV off the parent
vessels and to include multiple vessels of interest within the same
view, a transverse positioning of the ultrasound transducer as
seen in Figure 1A was determined to provide the optimal views
for measurements of the PV, SMV, SpV, IVC, and AA diameters.
In addition, the use of high-frequency ultrasound allowed the
collection of images throughout the cardiac and respiratory cycles
despite the rapid heart and respiratory rates of rats. Data could be
generated from vessels during systole and exhalation specifically.

Acute Time Course Study
Vessel diameters measured every 5 min in anesthetized rats
were unchanged with no statistical difference from baseline
diameters through at least 45 min as seen in Figure 2. The
diameters remained within 0.75 ± 0.15% (PV), 0.2 ± 0.09%
(SMV), 0.5 ± 0.12% (IVC), and 0.38 ± 0.06% (AA) of baseline
measurement for each noted vessel. The SpV was not imaged in
this particular study.

Acute Pharmacologic Intervention
Studies
The venodilator SNP and the venoconstrictor S6c were used
in separate experiments to investigate the ability of our
imaging method to detect acute drug-induced changes in venous
diameter. A single iv bolus of SNP at 2 mg/kg caused significant
peak increases in PV, SMV, SpV, and IVC diameters by 5 min post
drug administration as seen in Figures 3A,B; (PV: 34.70 ± 2.2%,
SMV: 28 ± 4.1%, SpV: 39.3 ± 4.7%, and IVC: 6.6 ± 4.8%
change from baseline). Actual diameters of vessels at baseline are
reported in the foundation of each bar. In contrast, there was
little change in the diameter of the AA to SNP despite MAP
being significantly reduced by 29 ± 4 mmHg. In separate rats,
a single 5 ng/kg iv bolus of S6c caused a peak decrease in the
diameters of the SMV (11.9 ± 2.0%), PV (20.5 ± 1.6%), and
SpV (13.5 ± 2%) 5 min after injection, while MAP increased
6 ± 2 mmHg as shown in Figures 4A,B. The percent change

FIGURE 2 | Under isoflurane anesthesia, animals were imaged every
5 min over 45 min to determine the stability and consistency of each
vessel diameter. Points on the graph represent vessel diameters
(means ± SEM of three animals).

from baseline in vein diameter for both PV and SMV in the
presence of S6c were statistically significant (p-value of <0.05)
with SMV (p-value 0.067) and MAP (p-value 0.105) close to
significance. The SMV image was not included in Figure 4B
since SMV did not show a statistical significance in the presence
of sarafotoxin. There was little change in the diameters of the
IVC or AA. Baseline diameters are reported in the foundation of
each bar.

In addition, the arterial catheter which was placed in the
femoral artery to measure MAP, during each acute pharmacologic
intervention study, had no significant affect on the diameter of
the PV, SMV, or AA when compared to similar imaged vessels
without an arterial catheter (data not shown). There was a modest
reduction in the IVC diameter of animals with (3.13± 0.11 mm)
and without an arterial catheter (3.34 ± 0.05 mm; p < 0.05).
These differences could possibly be attributed to the larger
variability in the diameter size of the IVC, or be a response
to occlusion of the femoral artery during catheter insertion. It
is important to note, measurements were always compared to
baseline, as our focus was on change from baseline rather than
actual diameter changes.

Chronic Time Course Study
In a longitudinal imaging study, we evaluated the stability of
the splanchnic veins and AA diameters measurements within
an animal when acquired every 2 weeks, over 8 weeks. Vascular
diameters measured using our imaging technique were extremely
stable over 8 weeks, showing the average of the percent changes
from baseline at 8 weeks to be within 2.0 ± 0.5% (PV),
0.95 ± 0.2% (SMV), 11.7 ± 8% (IVC), and 0.9 ± 0.6% (AA), as
shown in Figure 5A. The SpV was not imaged in this particular
study. There was no statistical difference between the time
points of the imaged vessels. These findings support the ability
to consistently relocate a specific cross-section of abdominal
vessel of interest over multiple imaging sessions spanning many
weeks within an individual animal. Interestingly, vessel diameters
remained stable despite a steady body weight gain (200 g) over the
course of the experiment (Figure 5B). All animals used in these
studies were mature rats (10–12 weeks of age at the start of each
experiment) with stable body lengths, however.

Deoxycorticosterone Acetate-Salt Study
(DOCA-Salt)
We applied our imaging method to an experimental model
of hypertension, DOCA-salt hypertension, in which we have
previously demonstrated abnormalities of venous capacitance
regulation (Fink et al., 2000). The current experiment involved
ultrasound imaging of splanchnic vessels at baseline and again
after 4-weeks of established DOCA-salt hypertension. While
vascular diameters were similar in the two groups of rats at
baseline prior to treatment (less than a 4% difference in any
vessel diameters between groups prior to treatment), we observed
an overall increase in the vessel diameters of DOCA-salt treated
animals compared with vehicle controls at 4 weeks of treatment
as quantified and imaged in Figures 6A,B. Diameters increased
significantly from baseline in the DOCA-salt treated group,
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FIGURE 3 | (A) Percent change from baseline (baseline measured 3 min prior to drug treatment) of vessel diameters and MAP at 5 min post SNP i.v bolus. Bars
represent means ± SEM of seven animals. Asterisks depicts statistically different from baseline, P < 0.05. (B) Images of PV, IVC, SMV, and AA at baseline and 5 min
post SNP. Baseline diameters of vessels are shown in the foundation of each bar.

32.3 ± 4.6% (PV), 30.8 ± 6.7% (SMV), 20.6 ± 6.4% (IVC),
44.3 ± 4% (SpV), but not in the AA 16.2 ± 6.9% of the DOCA-
salt treated group or vehicle group, 0.1 ± 0.4% (PV), 0.7 ± 2.1%
(SMV), −6.8 ± 4.7% (IVC), 0.7 ± 11.5% (SpV), and 0.9 ± 1.4%
(AA). Tail-cuff blood pressure was 67 ± 4 mmHg higher in
DOCA-salt versus SHAM rats.

DISCUSSION

The goal of the present study was to develop and validate a
non-invasive imaging method to make reliable and reproducible
serial measurements of splanchnic vein diameters in anesthetized
rats as an aid to understanding the role of vascular capacitance

in cardiovascular regulation. We investigated several different
vein segments (PV, SMV, IVC, and SpV) because multiple veins
contribute to splanchnic vascular capacitance function, and each
segment is unique in terms of structure and contractile regulation
(Schmitt et al., 2002). Our approach to this goal featured
the use of: high frequency ultrasound; an adjustable arm and
mechanical rail-system to allow for accurate, stable, hands-free
transducer positioning during image collection; identification
of reliable anatomical landmarks to facilitate reproducible
transducer location; and the measurement of vessels during
systole and expiration only (as cardiac and respiratory cycles
strongly influence the dimensions of the compliant abdominal
veins). The PV, SMV, and SpV all showed marked changes when
rats were infused with either S6c or SNP, while the IVC remained
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FIGURE 4 | (A) Graph represents the percent change from baseline (measured 3 min prior to drug treatment) of vessel diameters and MAP at 5 min post S6c i.v
bolus. Bars represent means ± SEM of five animals. Asterisks depicts statistically difference from baseline, P < 0.05. (B) Images of PV, IVC, and AA at baseline and
5 min post S6c. Baseline diameters of vessels are shown in the foundation of each bar.

relatively stable. This may occur because the effectors of S6c
and SNP are differently functional in these compared veins (e.g.,
is the amount of ETB receptors different, is the expression of
guanylate cyclase different, respectively?). Alternatively, diameter
changes to the PV, SMV, and SpV may lead to compensatory
changes in the IVC that mask effects that might be seen in an
isolated IVC. The varying responses of specific vessels in vivo
highlight the importance of simultaneous and collective diameter
measurements.

Our initial study showed that use of this approach produced
quite stable measurement of vessel diameters over 45 min in
anesthetized, temperature-controlled rats. The stability of the
vessel diameters over this time period, in the absence of any
intervention, allowed us to conduct subsequent experiments to
examine the acute effects of venoactive drugs on splanchnic
vessel diameters. Administration of the venodilator SNP and
the venoconstrictor S6c resulted in anticipated increases and
decreases in splanchnic venous diameters, respectively. These two
compounds were chosen because of their relative venoselectivity.

This difference in reactivity highlights one of the many
differences between veins and arteries, including veins possessing
lower smooth muscle content and exposure to lower levels of
cyclic strain (Sung et al., 2007). In isolated rat veins and arteries,
S6c causes a venoconstriction but not an arterial constriction
(Tykocki et al., 2009). This was the best tool we had available
that would permit relatively selective venoconstriction and, used
with SNP as a recognized vasodilator, demonstrates that we could
observe and quantify both venous constriction and dilation.
It is important to note that we did not measure pressure
within the abdominal veins during image acquisition; therefore
firm conclusions cannot be drawn about whether the observed
diameter changes were primarily passive or active in nature.
However, in a previous study (Schwarzacher et al., 1992) in
rabbits that reported changes in the diameter of the abdominal
vena cava in response to venoactive drugs, only very small
alterations in venous pressure were observed. Thus the diameter
changes we observed were likely due to active alterations in
venous smooth muscle tone.
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FIGURE 5 | (A) Vessel diameters imaged every 2 weeks through 8 weeks
(means ± SEM of five animals). (B) Body weight changes of the same animals
over the 8-week time course. Bars represent means ± SEM of five animals.

In order to validate this imaging technique for use in
more chronic longitudinal studies, in a further experiment
we investigated the stability of the splanchnic vein and AA
diameters within an animal when acquired every 2 weeks
over an 8 weeks period. The key to this approach was the
ability to accurately relocate a specific cross-section of the
splanchnic vessel of interest. The consistency of vessel diameter
measurements observed in this chronic time course study
indicates that these vessels can serve as their own control in
experiments examining the potential impact of interventions on
long-term changes in vascular diameter. Therefore, we applied
our imaging technique to study splanchnic venous diameters
in an experimental model of chronic hypertension, i.e., DOCA-
salt hypertension. The results showed a significantly increased
diameter of all the splanchnic veins in DOCA-salt rats, whereas
no increases were observed in SHAM rats. We have previously
reported increased venoconstriction in conscious DOCA-salt
rats (Fink et al., 2000) so anticipated that we would observe
reduced splanchnic venous diameters in these animals. However,
venomotor tone in splanchnic veins is primarily controlled
by sympathetic activity, and isoflurane anesthesia is known to
dramatically reduce sympathetic activity (Bencze et al., 2013).
So the increases in venous diameters we observed in DOCA-salt
rats under anesthesia are likely due to passive effects (unopposed

FIGURE 6 | (A) Percent change from baseline (baseline measured prior to
DOCA-salt treatment) of vessel diameters compared to 4-weeks post
DOCA-salt treatment. Bars represent means ± SEM of four animals per
treatment group. Asterisks depict statistically difference from baseline,
P < 0.05. (B) Images of PV, IVC, and AA at baseline and 4-weeks post
DOCA-salt treatment.

by sympathetic venoconstriction) of the volume expansion and
cardiac hypertrophy that occur in chronic DOCA-salt rats
(Kobrin et al., 1990; Titze et al., 2006). This experiment highlights
the complexities of evaluating moment-to-moment regulation
of venous diameter; and indicates the desirability of using
multiple, and minimally invasive, approaches to that evaluation.
Nevertheless, the results support the ability of our vein imaging
technique to detect chronic, physiologically significant changes
in venous diameter in intact (albeit anesthetized) rats.

There are some additional limitations to the current study that
deserve mention. First, we only studied a relatively small number
of male Sprague–Dawley rats between 6 and 20 weeks of age.
Venous diameters measured by ultrasound vary by age and sex
in humans (Kutty et al., 2014; Gui et al., 2015) and are likely
to do so in rats as well. Likewise, it is quite possible that the
approach described here may need to be modified if applied to
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other strains of rats, to female rats, or to sexually immature or
old rats. Second, although we found that weight gain of ∼200 g
(∼80% increase) did not significantly affect the diameters of any
abdominal vein, studies in humans suggests that venous diameter
correlates modestly with body surface area and height (Gui et al.,
2015). Third, all animals were imaged only in one spatial plane,
i.e., supine. It is possible that altering the posture of the rat
would result in different findings for splanchnic vein diameters.
Four, since each vessel of interest courses a distinct 3-dimensional
plane, it is acknowledged that the combined image may not
represent exact perpendicular views of all three vessels at the
same time. However, obtaining a single images depicting all three
vessels makes possible the evaluation of simultaneous changes
to these various vessel sizes that is not possible with constant
repositioning of the transducer over each separate vessel. This
includes the important ability of being able to directly compare
and contrast arterial vs. venous responses. Finally, a relevant
consideration for any measurement technique is the time and
effort required to master it (Bowra et al., 2015) but since all
values here were obtained by a single highly experienced rodent
ultrasonographer, we cannot comment on how long it would
take for a novice to achieve the kind of stable, reproducible
measurements we report.

CONCLUSION

Although, ultrasound imaging the abdominal vessels, particularly
the PV and IVC, is not novel in experimental research or
clinical settings, investigation of diameter change in multiple
splanchnic vessels is novel as they relate to venous capacitance.
There is no current publication that measures vein diameters

in the splanchnic vasculature, a highly capacitive and compliant
region important in blood pressure regulation. We anticipate
that this technique will be useful in a number of different ways.
The goal of the present study was to lay the foundation for
repeatable measures, and illustration of changes in one model
in which alterations in venous function have been suggested
(e.g., the DOCA-salt model). Once we, and hopefully others,
accept this type of approach than we can begin to interrogate
disease models that would benefit from investigate of the venous
circulation. These include other models of experimental and
genetic hypertension, hyperlipidemia, obesity and heart failure.
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Evolution of contrast agents for
ultrasound imaging and
ultrasound-mediated drug delivery
Vera Paefgen, Dennis Doleschel and Fabian Kiessling*

Institute for Experimental Molecular Imaging, RWTH Aachen University Hospital, Aachen, Germany

Ultrasound (US) is one of the most frequently used diagnostic methods. It is a
non-invasive, comparably inexpensive imaging method with a broad spectrum of
applications, which can be increased even more by using bubbles as contrast agents
(CAs). There are various different types of bubbles: filled with different gases, composed
of soft- or hard-shell materials, and ranging in size from nano- to micrometers. These
intravascular CAs enable functional analyses, e.g., to acquire organ perfusion in real-
time. Molecular analyses are achieved by coupling specific ligands to the bubbles’
shell, which bind to marker molecules in the area of interest. Bubbles can also be
loaded with or attached to drugs, peptides or genes and can be destroyed by US
pulses to locally release the entrapped agent. Recent studies show that US CAs are
also valuable tools in hyperthermia-induced ablation therapy of tumors, or can increase
cellular uptake of locally released drugs by enhancing membrane permeability. This
review summarizes important steps in the development of US CAs and introduces the
current clinical applications of contrast-enhanced US. Additionally, an overview of the
recent developments in US probe design for functional and molecular diagnosis as well
as for drug delivery is given.

Keywords: ultrasound, contrast agent, microbubbles, nanobubbles, molecular imaging, drug delivery,
theranostics

Introduction

Ultrasound (US) imaging enables cheap, non-invasive imaging in real-time with a high soft tissue
contrast and without exposing the patient to radiation. This, together with its broad field of
applications, explains the extensive use of clinical US imaging. Applications range from first-
look examinations in abdomen or extremities to cardiac applications and endosonography, e.g.,
in the female genital tract. US regularly supplements x-ray mammography and it is used for
the assessment of tissue vascularization and of vessel occlusion using Doppler. In many cases,
additional CA are not needed to find the right diagnosis. For poorly vascularized tumors or regions
withmany small vesselswith slow blood flowDoppler US is not sufficient. Hence CEUS is an option
and was shown to improve cancer detection and tumor characterization, decreasing the number of

Abbreviations: BBB, blood-brain barrier; CA, contrast agent(s); CEUS, contrast-enhanced ultrasound; HIFU, high-intensity
focused ultrasound; HS-MB, hard-shell microbubble(s); LOFU, low-intensity focused ultrasound; MB, microbubble(s); NB,
nanobubble(s); PBCA, poly(n-butylcyanoacrylate); PEG, polyethylene glycol; PFC, perfluorocarbon(s); PLGA. poly(D,L-
lactide-co-glycolide); PVA, poly(vinyl-alcohol); SS-MB, soft-shell microbubble(s); tPA, tissue plasminogen activator; US,
ultrasound; USCA, ultrasound contrast agent(s); (U)SPIO, (ultrasmall) superparamagnetic iron oxide.
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biopsies, or during surgery in brain cancer patients (Kitano et al.,
2012; Uemura et al., 2013; Prada et al., 2014).

Application of CEUS started in the late 1960s after finding that
the injection of agitated saline caused a detectable signal change
during US examination (Gramiak and Shah, 1968). Contrast
enhancement was caused by the compressible gas core of saline
bubbles, enabling the bubble to backscatter the applied US
wave. Those first saline bubbles were unstable due to the high
surface tension. By injection of autologous blood at adequately
rapid rates, the formation of more stable bubbles was described
(Kremkau et al., 1970), nonetheless those bubbles still lacked
sufficient lifetime and a defined size. It took more than 20 years
to develop the first stable, commercially available and FDA-
approved USCA (Feinstein et al., 1990), Albunex R©, an albumin-
coated and air-filled microsphere.

Since then, stability and biocompatibility of USCA have
been continuously improved and bubbles have been modified
to specifically target certain surface molecules expressed in
pathological alterations. Apart from their support for imaging
and diagnostics, micro- and NBs are object of increased interest
for therapeutic applications. Recent studies used the disrupting
effect of MB-enhanced US on the BBB in combination with
transplantation of mesenchymal stem cells for treatment of brain
ischemia, or used MBs as carriers of drugs, siRNA and mRNA
(Dewitte et al., 2014; Gong et al., 2014). This broad field of
different uses makes USCA attractive for research and beneficial
for patients. Currently three different MB-based CA are clinically
approved in the United States/North America and Europe, and a
fourth is clinically used in Japan and South Korea, but the variety
among the investigative CA is much broader and frequently
produces new, promising progenies. Since examinations with
those approved CA are common in the clinics, guidelines
for CEUS imaging of the liver exist to guarantee proper and
comparable examinations and an improvement for the patients’
diagnosis and therapy (Claudon et al., 2013).

Diagnostics

Due to their broad applicability and low risks, many different
types of USCA have been developed. To get started, an overview
of the different possibilities to use bubbles of varying size, shell
material, or gas cores will be presented, as well as their properties,
applications, and advantages.

Microbubbles
The majority of USCA in use are MBs. As their name suggests,
their diameters range between 1 and 10 μm. This size normally
limits the application of MB to the intravascular system to assess
functional parameters like vascularity, perfusion, blood flow
velocity, angiogenicity, or to characterize vasculature molecularly
by using targeted MB (Yuan and Rychak, 2013). Extravasation
of MB to surrounding tissue is inhibited, preventing unspecific
accumulation in the interstitial space and unwanted background
signals. Micron-sized bubbles were found to cause proper
backscattering of applied US pulses, not only with linear
oscillations, but also with non-linear ones, which are not strongly

present in most tissues. Thus, MB can be detected with high
sensitivity and a good contrast.

In this review we will introduce the main different shell
materials, normally divided in soft- and hard-shell bubbles, will
be introduced. Even though the included gas is responsible for
the majority of the bubbles’ acoustic properties, the shell adds a
mechanical stiffness and reduces the compressibility of the gas.
Therefore, the shell material provides multiple possibilities to
tailor the MB to their specific application by changing visco-
elastic properties (Hoff et al., 1996; Kiessling et al., 2014),

Nonetheless, the choice of gas is a factor that has to be
considered. First experiments used air, but still suffered from poor
stability and very short circulation times due to the high solubility
of air in water. The same difficulties occurred in tests using
a nitrogen filling, though a less gas-permeable coating slightly
improved lifetime (Unger et al., 1994; Schutt et al., 2003). It was
found that PFC were a good choice with their low solubility
in water/blood and their good compatibility. With introduction
of PFC it became possible to produce MB of a defined size
with a lifetime of several minutes, long enough for diagnostic
examinations in vivo. To rule out possible changes in bubble-size
by air diffusing along the concentration gradient between blood
and bubble, MB can be produced with a defined mixture of PFC
and air, so that Laplace and arterial pressure are in equilibrium
(Schutt et al., 1996). Another useful side effect of using PFC is the
possible application of those USCA for MRI, since fluorine (19F)
is NMR-detectable, even with a normal, slightly adjusted proton
setup (Siemens TIM Trio 3T MRI scanner, transmit/receive
19F/1H dual-tune volume RF coil, a pre-amplifier), and does
not cause background signals in patients (Rapoport et al., 2011).
However, the amount of fluorine to detect is extremely small and
requires a highly sensitive setup.

Hard-Shell Microbubbles
The group of HS-MBs mainly consists of gas bubbles with
a coating of lower visco-elastical properties such as polymers
or denatured proteins, as well as porous silica materials
encapsulating gas. Generally, HS-MB show an increased
circulation time in vivo and are the preferred type of CA for
higher-intensity US applications where they provide a higher
echogenicity than SS-MBs which might rupture.

Polymer-shelled microbubbles
The first polymers used for US applications were naturally
occurring air-filled polymers. Gelatin was among the first
biopolymers to be tested, but the production of adequately small
MB turned out to be difficult and their circulation time was
short (Carroll et al., 1980). Wheatley et al. (1990) pointed out
the lack of appropriate CA for US diagnostics 20 years after the
discovery of gas bubbles as a suitable system. They developed a
setup for alginate-air MB, but again struggled with the needed
maximal size of approximately 10 μm (Wheatley et al., 1990).
Other approaches used agarose gel as shell material (D’Arrigo,
1981) with similar complications. For all natural polymers an
increased risk of material contaminations was found, in addition
to decreased reproducibility of size-defined bubbles and adequate
in vivo stability to enable clinical examinations (Cohen et al.,
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1996; Schutt et al., 2003). Until today, there are no clinically
approved CA derived from those natural polymers, though a
few groups still work with those materials due to their good
compatibility (Huang et al., 2013). By switching to synthetic
polymers, the risk of contamination could be decreased andmany
of them have proven their biocompatibility in other applications
(Kelly et al., 2003). Modern polymer-shelled MB are normally
made of synthetic polymers with a PFC/air-filling.

Cyanoacrylate polymers were first used as a shell material
by Fritzsch et al. (1994). Under the name SHU 563 A, later
on Sonovist R© , (Schering AG, Berlin), those air-filled MB were
shown to last more than 10 min in vivo, both in animals
and in patients, to have a good biocompatibility and to be
taken up by the reticuloendothelial system effectively. These
properties made SHU 563 A an interesting tool for liver and
spleen US examination (Bauer et al., 1999; Forsberg et al., 1999).
Apart from Sonovist R© , other cyanoacrylates are investigated for
US applications as well. PBCA is a well-known biocompatible
polymer and, as a gas-filled MB, tested for various diagnostic or
therapeutic US-supporting applications. Synthesis of PBCA-MB
includes intensive stirring during polymerization in presence of
a detergent like Triton X-100 and hydrochloric acid (pH = 2).
Olbrich et al. (2006) compared one- and two-step synthesis
protocols and stirring intensity to vary size, shell thickness and
the resulting properties of MB under acoustic pressure, as well
as the MB survival time in plasma and serum. Factors that
might interfere with MB stability were high injection rates and
small needle diameters during MB injection, but when handled
and stored correctly, PBCA-MB remained stable for multiple
weeks (Fokong et al., 2011). Besides using PBCA-MB for drug
delivery in therapeutic approaches, they can also be labeled with
fluorophores or iron nanoparticles and thus be a useful tool
for multimodal imaging with US and 2-photon-/fluorescence
microscopy or MRI (Koczera et al., 2012; Lammers et al., 2015).

Poly(D,L-lactide-co-glycolide) is another commonly used
material for MB synthesis. Here, bubbles are produced from a
double emulsion of water, oil, and water, followed by evaporation
of solvents. Compared to PLLA, PLGA has a faster degradation
rate (Cui et al., 2005a). By varying factors like the molecular
weight or adding capping structures to the polymers’ ends, US
scattering properties could be adjusted (Eisenbrey et al., 2008).
Among the first animal experiments for PLGA-MB, myocardial
contrast echocardiography was successfully done in dogs (Cui
et al., 2005b). More recent approaches make use of PLGA-MB as
delivery vectors, often in tumor treatment. Niu et al. (2012, 2013)
used PLGA-MB to support identification of lymph nodes near
tumor sides during surgery by delivering Sudan black, as well
as the chemotherapeutic drug doxorubicin and iron particles, to
make use of both US and MRI evaluation. PLGA-MB have been
used as CA with sonosensitizer properties for tumor treatment as
well, when coupled to hematoporphyrin that gets activated by US
and is supposed to induce tumor necrosis (Zheng et al., 2012).
Nonetheless there are currently no FDA-approved PLGA-MB for
clinical applications.

Poly(vinyl-alcohol) is characterized by a good
biocompatibility and its hydroxylic moiety which allows
multiple chemical modifications (Cavalieri et al., 2005). Around

10 years ago several groups started working on PVA-MB. Similar
to PBCA-MB, bubbles are synthesized during high stirring and
in presence of hydrochloric acid, but due to its water soluble
character, no detergent is needed, therefore the crosslinking
occurs at the water/air interface (Cavalieri et al., 2006). By slight
variations of temperature and pH value in the synthesis phase,
the bubbles’ diameter could be changed. PVA-MB were able to
produce signal enhancements up to 20 dB in suspensions and
have successfully been combined with SPIO nanoparticles to
enable multimodal imaging (Grishenkov et al., 2009; Brismar
et al., 2012).

Finally, MB can be produced by ink-jet printing using a
polyperfluorooctyloxycaronyl-poly(lactic acid) copolymer. The
printing method allows to specifically generate bubbles of a
defined size and thus studies of swelling or shrinking processes
(Böhmer et al., 2006, 2010).

Protein-shelled microbubbles
Though less resistant to US waves than polymer-coated MB,
but with a longer history of use and development, the first
commercially available USCA was the protein-shelled MB
Albunex R© (Molecular Biosystems, San Diego, CA, USA). On
their way to develop a useful USCA for clinical applications,
Keller et al. (1987) discovered that a 5% heat-denatured human
albumin solution after sonication produces adequately stabilized,
air-filled bubbles of mostly less than 10 μm in diameter.
First animal experiments showed an enhanced contrast in
2D echocardiography after intravenous injection (Keller et al.,
1987) and a behavior similar to erythrocytes to guarantee no
interferences in coronary flow or hemodynamics caused by the
CA during myocardial US examination (Keller et al., 1988, 1989).
Still, Albunex R© had a very limited lifetime in vivo due to its
air-filled core, and the general principle of albumin-shelled MB
was soon refined by replacing air with perfluoropropane. This
was the beginning of the ‘second generation’ USCA Optison R©

(GE Healthcare, Buckinghamshire, UK). With a diameter of
2–5 μm, a shell thickness of approximately 15 nm, similar
to its predecessor, but consisting of only 1% albumin, clinical
trials proved a prolonged and better contrast enhancement
compared to Albunex R©, and a high preference of physicians
for Optison R© in left ventricular echocardiography (Cohen
et al., 1998). Optison R© under US application has been used
for temporary disruption of the BBB, though side effects like
vasoconstriction and hemorrhages might occur with sub-optimal
US setting (Hynynen et al., 2001; Raymond et al., 2007). For
echocardiography, application of Optison R© was found to be
generally safe in patients with different cardiologic problems,
and potential induction of myocardial necrosis was ruled out
(Borges et al., 2002; Wei et al., 2014). Nonetheless, in patients
with an unstable cardiopulmonary status or an acute myocardial
infarction, application is contraindicated (Dolan et al., 2009).
Soltani et al. (2011) tested a mixture of tPA and the CA
Optison R© and the soft-shell MB SonoVue R© (now Lumason R©,
Bracco, Milano, Italy) in a different setup. Using a catheter
as a model of human vessels, they treated in vitro an acute
ischemic stroke via intra-arterial sonothrombolysis, suggesting
an effective treatment for some stroke patients (Soltani et al.,
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2011). Optison R© is FDA-approved for cardiac applications such
as left ventricular opafication and endocardial border definition.
Like polymer-shelled MB, it was shown by Korpanty et al. (2005)
to use albumin-based MB, here in combination with dextrose,
for molecular targeting. Avidin was incorporated in the shell, so
that biotinylated antibodies could be bound functionally to the
bubbles (Korpanty et al., 2005). Another more recent approach
uses targeted poly-D,L-lactide/albumin hybrid MB for differential
diagnosis in patients with chest pain to detect recent ischemia
(Leng et al., 2014).

Soft-Shell Microbubbles
Soft-shell MB are commonly used for examinations using a low
mechanical index (MI) since these MB are sensitively detectable
by their non-linear oscillations. The better oscillation properties
of SS-MB compared with HS-MB are due to the thinner,
more flexible shells, which are held together not by covalent
bonding, but hydrophobic interactions. Therefore, after slight
shell disruptions, the shell seals itself to minimize surface tension
(Borden et al., 2005; Brismar et al., 2012). If sealing is not possible
due to the high acoustic pressure, the MB will split into several
smaller bubbles instead of bursting like HS-MB (Figure 1). To
achieve optimal contrast, the shells’ characteristics should be
considered and the acoustic power adjusted to the type of MB
(Leong-Poi et al., 2002).

The most common shell materials for SS-MB are surfactant
molecules or phospholipids, where the length of the acyl chain
mainly influences the bubbles’ acoustic dissolution and the
monolayers’ cohesiveness (Borden et al., 2005).

Phospholipid microbubbles
Several patents fromUnger et al. (1994) describe early approaches
for the synthesis of SS-MB and handling of gas-filled liposomes
with a diameter of approximately 2 μm. Those liposomes were
easy to produce by just adding the phospholipid of choice to
water or buffer of the temperature slightly above the lipids’
transition point from gel to a liquid crystalline state in which the
liposomes form, cooling it back down and removing the liquid by
negative pressure application (Unger, 1994). Dried liposomes, in
presence of protectants such as trehalose, were found to have a
greatly increased shelf life stability and to regain their shape and
functionality when refilled with gas again (Crowe et al., 1985).

FIGURE 1 | Behavior of SS-MB (lipid) and HS-MB (polymer) at different
US intensities (modified from Hernot and Klibanov, 2008).

Upscaling production of lipid-layer MB, as well as the use of those
bubbles for multimodal imaging via inclusion of paramagnetic
particles such as gadolinium in the bubbles for MRI has been
patented by D’Arrigo (1993), who also described the potential of
MB for tumor treatment, even in the brain (D’Arrigo, 1993).

The first lipid-based USCA that made it to clinical trials
and the clinics was Perflutren, sold as Definity R© or Luminity R©

(Lantheus Medical Imaging, North Billerica, MA, USA). It
contains perfluoropropane-filled MB in a shell made of three
different saturated 16-carbon-long phospholipids. With an
average size between only 1–2 μm they are smaller than most
HS-MB (Unger et al., 2004). During the trial phase, a good
compatibility was seen, as well as left ventricular cavity and
myocardial enhancement (Fritz et al., 1997). Despite being
developed and FDA approved primarily for echocardiography
and cardiologic application, studies showed further clinical
applications (Barr, 2013), such as their use to improve detection
of tumors, e.g., in the liver. It takes a few minutes to examine a
whole liver with US, but theMB lifetime of approximately 3.5min
after bolus injection was found to be sufficient. Compared to
non-CEUS, the usage of Definity R© showed a higher reliability in
tumor- and nodule detection in the liver of rabbits, though the
CA itself does not accumulate in the liver (Maruyama et al., 2005).

Similar to HS-MB, lipid-based MB have been found to be
useful for therapeutic applications. Integration of lipophilic
drugs in the shell, coupling to the outer side of the shell, or
encapsulation of therapeutic agents have been shown and are
under development for US-assisted and guided therapy, i.e., in
cancer treatment. They have also been successfully tested for
thrombolysis in combination with US and thrombolytic agents
(Unger et al., 2004). More about therapeutical applications will
be described later on (see Bubbles as Therapeutics).

Apart from Definity R©/Luminity R© , another SS-MB has clinical
approval for cardiologic applications. SonoVue R© (Bracco
Imaging) gained FDA-approval in 2001 and, after a withdrawal,
again in 2014, now under the name Lumason R©. This sulfur
hexafluoride filled phospholipid-MB are generally used for
left ventricular opafication and endocardial border definition,
but in some countries also have approval for general vessel
diagnostic or imaging of microvascular structures in the breast
or differentiation of lesions in the liver (Claudon et al., 2013;
Appis et al., 2015). Apart from that, SonoVue R© has also
been tested in clinical trials for monitoring of uterine fibroid
vascularization and improved ablation (Henri et al., 2014; Jiang
et al., 2014).

Surfactant-stabilized microbubbles
Hilmann et al. (1985) already suggested the usage of surfactant-
stabilized gaseous MB for US diagnostics, but it was not before
the mid-90s that this method found its way into more clinically-
related in vitro research. Among the first surfactant-stabilized MB
were those derived from a mixture of the non-ionic surfactants
Span60 (sorbitan monostearat) and Tween80 (polyoxyethylene
sorbitan monooleate) in different molar ratios, but also other
members of the Span/Tween family. MBs of a diameter below the
maximum of 10 μm were obtainable and for certain mixtures a
shelf time of several weeks and a high echogenicity in B-mode
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US imaging were shown (Singhal et al., 1993; Wheatley et al.,
1994). Still, those MB that succeeded in clinical trials were of
different materials. Imagent R© (IMCOR Pharmaceuticals Inc., San
Diego, CA, USA) MB of approximately 5 μm in diameter, filled
with a mixture of air and PFCs, were first tested for renal and
liver perfusion studies in rabbits, later for myocardial perfusion
and detection of general blood flow abnormalities using Doppler
US. It showed promising contrast and compatibility with almost
no adverse side effects in first clinical trials (Taylor et al., 1996;
Sirlin et al., 1997; Pelura, 1998). Nonetheless other CA from this
family dominated and still dominate, both in research and in the
clinics. One of them, Levovist R© (Schering AG, Berlin, Germany)
or SHU-508, was developed in the late 1980s and has been tested
and used for several applications since then. Consisting of a
saccharide- and palmitic acid-containing shell and air-filled in
early versions, it was first tested for examinations of the left
ventricle in dogs. A huge advantage was the mean size below
6 μm and the described transpulmonary circulation, making
intravenous injections possible and injections directly into the
left heart chamber superfluous, (Smith et al., 1989). Clinical
trials on echocardiography in patients showed good contrast
enhancement and only minor adverse side effects (Schlief
et al., 1991). In patients with liver metastases Levovist R© greatly
enhanced the visualization of blood flow in the tumors, which
led to a better differentiation between cancer, hemangiomas
and fatty lesions (Ernst et al., 1997). Similarly, more recent
studies investigated the advantages of CEUS using Levovist R© for
differentiation between benign and malignant tumors in several
organs, such as spleen, breast, and ovaries. A clear differentiation
between malignant and benign tumors was possible, which led
to the conclusion that CEUS with Levovist R© can help to avoid
unnecessary biopsies and surgeries (Ota andOno, 2004;Wu et al.,
2015).

The other main player in the field of surfactant-stabilized MB
is Echogen R© (Sonus Pharmaceuticals, Bothel, WA, USA) with
a core of dodecafluorpentane. First described by Cotter et al.
(1994) it quickly became an object of interest (Kronzon et al.,
1994). Dodecafluorpentane has a boiling point of approximately
29◦C, so it can be injected intravenously as nano-sized, non-
echogenic liquid droplets, and immediately transit to echogenic
bubbles of 1–2 μm (Forsberg et al., 1994). In direct comparison
with Albunex R© for echocardiography, the dodecafluorpentane-
based CA was found to lead to better results regarding
enhancement duration, endocardial border delineation and
diagnostic confidence (Grayburn et al., 1998). However, among
the surfactant-stabilized MB, Levovist R© was the more common,
especially since it received approval for clinical applications
and in Europe and Canada, whereas Sonus Pharmaceuticals
stated withdrawal of their application for FDA approval in
2000 (Correas et al., 2014). By now, Levovist R© is not approved
anymore for clinical use either. A list of USCA which have/had
clinical approval is given in Table 1.

Nanobubbles
Due to their size, MB are unable to leave the vasculature,
even in solid tumors, which often have leaky vasculature and
a poor lymphatic drainage. This leads to extravasation and

retention of macromolecules, also known as the EPR effect
(enhanced permeability and retention). To extravasate to the
tumor itself, bubbles need to be smaller than 400–800 nm
in diameter, therefore referred to as NBs. It has been shown
that even bubbles of this dimension were able to produce
an enhanced backscatter after US application (Oeffinger
and Wheatley, 2004). Additionally, high accumulation of
NB in tumors was described, also referred to as passive
targeting (Yin et al., 2012). Enhancement of more than
20 dB could be detected for several minutes in vitro, using
NB of approximately 500 nm in size and being composed
of a Span60/Tween80 shell and octafluoropropane as a
gaseous core. However, similar to experiments with MB
derived from Span60/Tween80, some adverse side effects
such as tachycardia were seen in patients due to the limited
biocompatibility of the material. Using the highly compatible
polyoxyethylene-40-stearate as a substitute for Tween80 to
create a “parents suspension” with MB and separation of
NB populations by centrifugation led to the development
of biocompatible NB of 400-600 nm size. Extravasation
into the tumor tissue and contrast enhancement for several
minutes was seen using power Doppler (Xing et al., 2010).
In different approaches, PLGA and PBCA instead of
surfactants have been used to develop biocompatible NB
between 150–450 nm (300–500 nm, respectively) in diameter
that have been labeled with antibodies binding to HLA-G
or TAG-72 to specifically bind to tumors deriving from
trophoblastic or epithelial tissue (Xu et al., 2010; Zhang et al.,
2014).

Regarding in vivo lifetime of NB, results from different
studies vary between a few minutes to more than 1 h of
contrast enhancement (du Toit et al., 2011; Yin et al., 2012).
The size of NB, their material composition and additional
coatings or added ligands strongly influence the circulation
time and their uptake by the reticuloendothelial system, so that
for each NB formulation this factor needs to be determined
individually.

If exclusively imaging is wanted, MB still are the first choice
due to their higher gaseous content and better oscillation.
Nonetheless, accumulation of PFC-containing nanodroplets in
the tumor interstitium and US-induced fusion of droplets into
MB has been reported (Rapoport et al., 2011). Additionally
injection of a nanoparticle emulsion with a generally poor
acoustic reflectivity strongly enhances US-contrast when bound
in great numbers to specific target sites (Lanza et al.,
2000). However, NB are of high interest for therapeutic
approaches such as thermal sensitizers in tumors that undergo
radiofrequency treatment (Perera et al., 2014). When filled
with or coupled to drugs, generally for cancer treatment,
the passive targeting to the tumor and the EPR effect
might be used for more specific drug delivery and enhanced
therapeutic success. Additionally, several groups are also
working on the development of targeted, drug-, nucleic acid-
filled, or drug-free NBs, directed against different tumor
markers.

The current state of the art and preclinical studies with NB will
be described later on.
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TABLE 1 | Ultrasound contrast agent that have/had been clinically approved.

Name First approved
for clinical use

Shell material Gas Application (examples) Producer/distributor Countries

Optison 1998 Cross-linked
serum albumin

Octafluoropropane Left ventricular opafication GE healthcare,
Buckinghamshire, UK

US, Europe

Sonazoid 2007 Phospholipid Perfluorobutane Myocardial perfusion, liver
imaging

GE healthcare,
Buckinghamshire, UK/
Daiichi Saniko, Tokyo, JP

Japan, South
Korea

Lumason/SonoVue 2001/2014 Phospholipid Sulphurhexafluoride Left ventricular
opafication, microvascular
enhancement (liver and
breast lesion detection)

Bracco diagnostics,
Milano, Italy

US, Europe,
China

Definity/Luminity 2001/2006 Phospholipid Octafluoropropane Echocardiography,
liver/kidney imaging
(Canada)

Lantheus medical
Imaging, North Billerica,
MA

North America,
Europe (approval
filed)

Imagent/Imavist 2002, withdrawn Phospholipid Perfluorohexane,
Nitrogen

Echocardiography, heart
perfusion, tumor/blood
flow anomalies

Schering AG, Berlin, DE US

Echovist 1991, withdrawn Galactose
microparticles

Air Right heart imaging Schering AG, Berlin, DE Germany, UK

Levovist 1995, withdrawn Galactose
microparticles,
palmitic acid

Air Whole heart imaging,
doppler imaging

Schering AG, Berlin, DE Canada, Europe,
China, Japan

Albunex 1993, withdrawn Sonicated
serum albumin

air Transpulmonary imaging Molecular Biosystems
Inc., San Diego, CA, USA

Japan, US

Silica Shells
With a size between 0.2–2 μm, silica hard-shell particles cannot
be placed uniformly in the groups of MB or NB, nor can they
be called bubbles, but they are an interesting and new USCA
as well. Their rise started around 2009 when Lin et al. (2009)
showed their first experiments with gas-filled silica shells in vitro.
A high MI is required to rupture the shells, releasing the gas of
the porous particles and thus produce an US-detectable signal
(Lin et al., 2009). Synthesis of silica shells is more complicated
compared to other USCA, as it requires templates, generally
polystyrene particles, which have to be removed by suitable
solvents and replaced by PFCs afterward. After evaluation of
possible cytotoxic or hemolytic effects of clinically reasonable
concentrations, silica shells were injected in rat testicles and
detected with US at varyingMI (Hu et al., 2011a). A clearly visible
contrast enhancement was seen up to 20 min after injection.
In a murine cancer model silica micro- and nano-shells were
injected intraperitoneally and imaged using a MI of 1.9 which
destroyed the shells and led to detectable “Loss of correlation”
signals, when the air sucked out of the particle shell. After image
processing steps for motion correction and threshold-, median-
and high-pass filter application the high background signals
could be subtracted and the accumulation of silica shells in the
tumor could be reliably detected (Ta et al., 2012). Liberman et al.
(2012, 2014) suggested the usage of silica micro-shells for labeling
breast tumors. In their study, the shells were shown to stay in
place and being detectable after a local injection for more than
1 day, providing an alternative to guiding wires which are clinical
standard. Additionally, those silica particles were found to be
promising sonosensitizers in US-mediated ablation therapies in
ex vivo and some first in vivo experiments (Liberman et al., 2012,
2014), whereas another approach combined silica-coated shells

with PFC-filling and additionally an included chemotherapeutic
drug. With a USCA like that, imaging, ablation and drug delivery
would be possible at the same time, but further development is
needed here (Ma et al., 2014).

Similar to bubble CA, researchers work on modifications of
silica shells for specific targeting. A first attempt of micron-sized
shells with a functionalization involved the addition of an amino
(−NH2) group (Hu et al., 2011b). In their publication they also
describe a simple way to control the shells’ diameter and thickness
by variation of tetraethylorthosilicate content. Another approach
to modify silica particles involves conjugation of hollow silica
nano-sized spheres to Gd-DTPA and cycloRGD. This construct
has been tested successfully in a murine tumor model for targeted
tumor imaging with MRI and US, but animals have only been
observed for 8 h after injection and long-term studies will be
needed for a proper evaluation (An et al., 2014).

Biodistribution and Degradation

For the development of new CA, often clinically approved or
as biocompatible considered biomaterials are chosen. Parallel to
the investigation of the material’s behavior in its bubble/particle
shape under US application, in vitro toxicity and stability tests
under physiological conditions need to be done. Here, first
experiments with the CA in presence of blood can be made to
rule out potential hemolytic effects of MB under US application
(Dalecki, 2005), or a low stability when confronted with blood.
For the gaseous filling, it has been shown that PFC as not-
naturally in living organisms existing gases, are biologically
inert and completely excreted by exhalation within less than
1 day without undergoing modification (Hutter et al., 1999;
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Hvattum et al., 2001; Toft et al., 2006). Clearance of the shell
material happens via the reticuloendothelial system, namely liver
and spleen, where macrophages engulf what is left after the
gaseous content left the shell by diffusion. Renal clearance has
not been reported for clinically approved USCA, which makes
CEUS a suitable diagnostic tool also in patients with renal
insufficiency, without the need for other examinations and before
CA application. Temporary pain in the kidney area after CA
injection is most likely caused by the MBs’ accumulation in the
small renal vessels, though an effect on blood circulation and
function could not be found (Cokkinos et al., 2013; Liu et al.,
2013). To the best of our knowledge, a broad comparison study
of the exact degradation and clearance processes of the most
common USCA has not been done so far, most likely because
severe side effects rarely occur and long term impairments have
not been described.

Not only degassed, empty shells and fragments, but also
intact MB can be taken up by Kupffer cells in the liver, and
similar observations have been made for other macrophage
populations and neutrophils outside of the liver as well (Kindberg
et al., 2003) for Sonazoid R© (GE Healthcare, Buckinghamshire,
UK). The general tendency to enhance signal in the liver after
injection is best known for Levovist R©, but also Sonazoid R© and
Optison R© , and enables detection of liver and spleen anomalies,
whereas SonoVue R© and Imavist R© (Alliance Pharmaceuticals
Corp., Chippenham, UK) show little to no uptake by Kupffer
cells (Albrecht et al., 2000; Wilson et al., 2000). Due to an
accumulation of these CA in the smaller vessels of the liver
and a reduced blood flow velocity, both blood pool CA can
be used for differentiation of benign and malign liver lesions
anyway (Maruyama et al., 2004; von Herbay et al., 2004; Quaia,
2006; Yanagisawa et al., 2007). Shell composition, size and
surface properties are responsible for their circulation time and
uptake by phagocytes, and no general behavior for phospholipid-
or protein-based bubbles can be predicted. So even between
materials from the same shell material ‘family’, differences can
be seen, most likely due to activation of the complement-system
by slightly different surface structures (Chen and Borden, 2011;
Kiessling et al., 2012). For unbound bubbles, clearance via the
reticuloendothelial system normally happens within the first
10 min after injection (Yuan and Rychak, 2013). To reduce
the fast uptake, addition of PEG to the outer surface can help
to prolong circulation time and further improve the general
biocompatibility (Ryan et al., 2008; Chen and Borden, 2011).
For polymer-coated MB, currently not clinically approved, renal
excretion after shell breakdown (Palmowski et al., 2008) has been
described and for some nanoparticles, excretion by the renal and
hepatic system by feces has been shown, though leftovers were
still detectable in animals after 3 months (Chen et al., 2013).

Micro- and NB were applied in patients with impaired
organ function without mentionable side effects (Albrecht et al.,
2004). SonoVue R© has been tested in patients with chronic
obstructive pulmonary disease without showing more than
temporary light impairments like headaches, rushes, or dizziness
(Bokor et al., 2001). The theoretical risk of MB injections
in patients with coronary diseases is known and premature
ventricular contractions have been documented, especially at

higher MI and mostly after continuous injection instead of a
bolus injection. Adverse effects though are rare and generally
mild and temporary, and unlike other imaging modalities, USCA
have been safely applied to patients with renal diseases, kidney
failure or a generally very bad health condition without an
increase in side effects. In at least three cases, however, patients
died after SonoVue R© injection, but it is uncertain if the CA
injections caused the events (van der Wouw et al., 2000; ter Haar,
2009; Wei et al., 2014).

Active and Passive Targeting

As mentioned before, the EPR effect enables the accumulation of
NB in the tissue of tumors, without any specific modifications
or targeting molecules. This type of contrast enhancement
or drug accumulation in the tissue is therefore referred to
as passive targeting (Yin et al., 2012). However, also MB
can be used up to a certain point for passive targeting.
The chemical composition of the shell affects its behavior
in the body, causing accumulations in tissues or attachment
to cells. For example, Lindner et al. (2000a) were able to
show binding of albumin- and lipid-shelled MB to activated
leukocytes adherent to the venular wall without further
specific targeting moieties in an inflammation model. Binding
was mediated by β2-integrin and the complement system
(Lindner et al., 2000a). The same group also demonstrated that
incorporation of phosphatidylserine in the lipid shell enables
binding to activated leukocytes in inflammation (Lindner et al.,
2000b).

Active targeting requires specific surface modification.
Since MB are limited to the vascular compartment, their
targets need to be expressed on the luminal side of endothelial
cells in pathological environments (Figure 2). Therefore, the
first approaches toward targeted MB aimed for thrombosis
diagnostics and investigated the blood clot dissolving properties
of US application. Unger et al. (1998, 2000) used for their
first in vitro system the shortest functional peptide sequence
of fibrinogen, known to bind to glycoprotein IIb/IIIa on
platelets, and linked it to a lipid-shell bubble. In a binding
assay, they observed both binding and signal enhancement.
Their first in vivo studies in a dog model showed similarly
promising results (Unger et al., 1998, 2000). Other early
approaches involved targeting the intercellular adhesion
molecule 1 (ICAM-1) for the detection of atherogenesis.
Villanueva et al. (1998) used an anti-ICAM-1 antibody covalently
bound to a lipid-shell bubble, showing a 40-times higher
adhesion of labeled bubbles to interleukin-1β-activated
ICAM-1 overexpressing endothelial cells in an in vitro
flow system, compared to untreated endothelial cells. For
a first in vivo approach, a rat model of heterotopic heart
transplant rejection was chosen. Both successful binding and
a strong US contrast enhancement were demonstrated in the
transplanted organ undergoing acute rejection (Weller et al.,
2003).

Amarker of angiogenesis in tumors is integrin αVβ3 expressed
by proliferating and activated endothelial cells. To specifically
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FIGURE 2 | Active targeting by coupling of ligands to MB that bind to structures overexpressed or exclusively expressed on tumor endothelium
(schematic illustration, not drawn to scale).

target tumors, antibodies binding to the αV-integrin subunit
were linked to MB and injected in mice that underwent local
growth factor treatment to induce neovascularization at the
injection site, and thus endothelial activation. A significantly
greater amount of MB was found in this area, as well as a higher
acoustic activity (Leong-Poi, 2002). Short peptide sequences like
RGD can be used instead of αV-integrin-antibodies. In a murine
Met-1 breast cancer model, Ellegala et al. (2003) were able to
show similar results with MB linked to the integrin-recognition
peptide sequence RGD, and suggested αVβ3-targeted MB for
early tumor angiogenesis detection. Similar to αVβ3, the vascular
endothelial growth factor receptor 2 (VEGFR2) is commonly
expressed on activated, proliferating endothelial cells, which
makes it another target of interest for the detection of tumor
angiogenesis. VEGFR2 was successfully targeted with lipid-shell
MB in tumor models (Willmann et al., 2008). However, in a
murine model αV and VEGFR2 performed poorly as markers for
evaluation of early response to treatment. In this study, endoglin
was found to be a more suitable target molecule (Leguerney et al.,
2015).

Alternatively, Fokong et al. (2013) linked the peptide
sequence IELLQAR to PBCA-MB and achieved a strong contrast

enhancement in a murine breast cancer model due to the MB
binding to E-selectin, a marker of vascular inflammation and
early angiogenesis. Despite many positive pre-clinical studies,
evaluation in patients still has to be done. Here, it has to be
considered that the recognition motif to the MB which leads to
immunogenic responses in patients.

Active targeting has also been tested for NB. The principle is
the same, but contrary to MB, NB can also target receptors and
other molecules outside the endothelium due to their possible
extravasation to the tumor tissue (Figure 3). Functional coupling
of an antibody, in this case directed against the TAG-72 antigen
overexpressed on several epithelial tumors, to polymer-coated
NB and successful binding of those to cancer cells in vitro
has been shown by Xu et al. (2010). The usefulness of such
an approach for tumor treatment has also been demonstrated
in vivo using HLA-G as a target for antibody-coupled polymer-
NB (Zhang et al., 2014). The combination of HIFU and the
local release of chemotherapeutics after bubble disruption was
shown to strongly enhance apoptosis of tumor cells. Recently
Jiang et al. (2015) presented a promising new construct for
tumor imaging, improving the idea and the in vitro model
of Liu et al. (2007). Their lipid-based NB were coupled to
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FIGURE 3 | Passive targeting is enabled by ‘leaky’ vessels with fenestrae up to several 100 nm in tumor-associated endothelium and a poor
lymphatic drainage, increasing both likelihood and retention time of nano-sized particles in the interstitium (EPR effect). After extravasation,
NB/particles could also actively target specific surface molecules on cancer cells (schematic illustration, not drawn to scale).

Herceptin R© (Roche, Basel, CH), also known as trastuzumab, a
therapeutic monoclonal antibody binding to Her-2, which is
overexpressed in many breast tumors. They found a significant
increase in NB-binding to the tumor in xenograft-models which
are known to overexpress Her-2, but only little accumulation
in tumor xenografts with low Her-2 expression. Targeted NB
in Her-2 overexpressing tumors also had an increased washout
half-time, enabling longer observation times. Additionally, their
bubble-construct was found to be of a low cytotoxicity (Jiang
et al., 2015). To this date, this might be the approach being the
closest to clinical studies. Herceptin R© has also been conjugated
to mesoporous silica nanoparticles and showed tumor-specific
toxicity in vitro, suggesting further development of silica particles
in the field of targeted imaging and drug delivery (Milgroom
et al., 2014).

Bubbles as Therapeutics

The basic idea behind using MB for therapeutic purposes is
their ability to enhance vibration-effects generated by US pulses.
Already Tachibana and Tachibana (1995) observed that US-
mediated thrombolysis is more effective in the presence of
bubbles, resulting from acoustic cavitation of the sonicated

bubbles. Then, Molina et al. (2006) could demonstrate in a
clinical study on stroke patients that the rate of complete
arterial recanalization after sonification was significantly higher
in the group that received MB and tPA, compared to only
tPA. Similar results were found in a sonothrombolysis trial with
transcranial US (Molina et al., 2009). Thus, the application of
MB to enhance US-mediated thrombolysis has the potential for
improving therapy of acute stroke patients (Tsivgoulis et al.,
2010). Recent results from Petit et al. (2015). support the
claim of strong synergistic effects when US, MB, and tPA are
combined due to an enhanced clot lysis and degradation of
fibrin.

Another application area for USCA as therapeutics is HIFU-
based tumor ablation. In the non-contrast-enhanced setting,
this is facilitated by thermal and mechanical effects in the
target tissue arising from absorption of high-frequency US
waves and the internal conversion into heat and vibration,
including acoustic cavitation and radiation forces (Saha et al.,
2014). The group of Jiang et al. (2014) could demonstrate
in a clinical study that the additional administration of MB
(SonoVue R©) to patients prior to HIFU ablation increased the
HIFU-mediated tumor ablation significantly more than solely
HIFU, even at lower sonification power and less sonification time.
The mechanism of the bubble-enhanced HIFU-mediated tissue
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ablation is suspected to be a result of the violent bubble collapse,
which may cause mechanical injury in the target tissue (Farny
et al., 2010).

A further application area for USCA as therapeutics is
sonoporation. LOFU pulses mediate temporal permeabilization
of cell membranes and enable drug delivery across biological
barriers like blood vessels or even the BBB (Kiessling et al., 2012).
Without bubbles, the low-intensity acoustic US-field promotes
inertial cavitation, resulting in gas bubble creation, leading to
streaming and radiation forces to the tissue. The addition of
MB decreases the energy required to create cavitation and
increases the effectiveness of cell membrane permeation and of
cell transfections (Delalande et al., 2013).

Microbubbles might also be used for gene therapy. Here, the
transport of genes or nucleic acids to and their introduction into
cells is facilitated by CEUS. Wang et al. (2008) showed that in
presence of MB the efficacy of cell transfection was 1–2 orders of
magnitude higher than with plasmid DNA alone. However, the
efficacy of US-mediated gene transfer is low in comparison to
electroporation or viral transfection. Thus, the group around Sun
intends to design MB, which are better suited for gene delivery
than the commercially available Definity R© . They increased the

lipid-shell acyl-chain length to enhance the bubble stability or
charged the spheres’ shell positively in order to improve DNA-
binding affinity. Using the designedMB for gene transfection, the
group observed significantly enhanced transfection effectiveness
by stronger transgene expression compared to gene transfection
with Definity R© . Still, transfection efficacy is not comparable
to viral transfection, but since US-mediated transfection using
MB contains less risks regarding immunotoxicity and possible
oncogenic effects and provides a better spatial and temporal
control of the process, work in this field will be continued (Sun
et al., 2014). Dewitte et al. (2014) also used a combination of
lipid MB and nucleic acids for transfections. In their setup,
mRNA coding for cancer antigens was bound to the lipid
bubbles. Application of US led to transfection of murine
dendritic cells ex vivo. These were later on injected, similar to
a vaccination, into lymph nodes near the tumors of nude mice.
The maturated antigen-presenting dendritic cells then lead to a
strong reduction of tumor mass, in some cases even complete
remission and long-term immunity to tumors expressing this
antigen (Dewitte et al., 2014). Similar to transfection studies
with MB, Yin et al. (2014) used NB to transfect cells in vitro
and in vivo with siRNA to enhance apoptosis in tumors

FIGURE 4 | Targeted MBs with entrapped drug/nucleic acids rupture under the US-induced acoustic pressure and release their loading specifically
at the side of a tumor (schematic illustration, not drawn to scale).
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FIGURE 5 | Effect of US only (US) and USPIO-labeled MB with US (USPIO-MB+US) on the BBB. T2
∗-weighted MRI images were taken before and after

US/USPIO-MB+US application, R2
∗ values of each measurement were color-coded and overlayed. The most striking difference can be seen after US application for

30 min, comparing pre- and post-scan in both groups (from: Lammers et al., 2015, ©2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

after NB injection and US treatment with promising first
results.

The second application field for bubble-enhanced
sonoporation is US-mediated drug release (Figure 4). Using
drug-loaded MB, it is possible to spatiotemporally apply LOFU
pulses at certain organs to increase the membrane permeability,
and at the same time increase the energy to promote bubble
collapse and particle release (Tzu-Yin et al., 2013). This way, the
group around Kiessling and co-workers used USPIO containing
PBCA-MB (USPIO-MB) as a proof of principle approach to
demonstrate drug delivery across the BBB in mice (Figure 5).
For the experiment, mice were scanned by MRI before and after
injection of USPIO-MB and successive US treatment in the head
region using destructive pulses. In comparison to control groups,
the USPIO brain incorporation was significantly increased in the
group receiving US treatment. Drug delivery across the BBB was
additionally confirmed by histology, and significantly enhanced
FITC-dextran extravasation and deposition within the brain
was detected in animals receiving USPIO-MB and sonification.
The temporal and spatial BBB-opening offers a new perspective
to treat gliomas, but also neurodegenerative disorders like
Alzheimer or Parkinson’s disease, where macromolecular drugs
or growth factors have to be locally accumulated (Lammers
et al., 2015). However, also outside of the brain US-supported
drug delivery is promising. In an animal model of incomplete
tumor resection, cetuximab-loaded MB and US stimulation
had stronger therapeutic effects on the remaining tumor mass
than cetuximab-only treated animals, which was confirmed by
in vivo fluorescence and bioluminescence, as well as caliper
measurements (Sorace et al., 2014). Co-delivery of paclitaxel and
siRNA to inhibit anti-apoptotic protein production also showed
very promising results in a murine HepG2 tumor model. Here,
tumor growth was strongly inhibited in animals which received
NB with paclitaxel entrapped in and siRNA-containing micelles
attached to the shell, additionally to US application. Furthermore
those animals showed longer survival (Yin et al., 2014). Despite
those promising results further animal studies need to be done
before similar setups can go into clinical trials.

Besides being or delivering the therapeutic agents themselves,
MB were shown to be highly useful in monitoring of oncological
therapies. Shortly after chemotherapy started, Lassau et al.
(2005, 2006). could show changes in tumor vascularity or
increasing necrosis in patients with metastatic melanoma and
gastrointestinal stroma tumors after injection of Levovist R© and
SonoVue R©. Using standardized dynamic CEUS measurements,
the group was even able to predict the outcome of antiangiogenic
tumor therapy by evaluating the “area under the perfusion
curve.” Among several criteria, this one was found to be highly
correlated to therapy response and freedom from progression
(Lassau et al., 2014). Differentiation of responders and non-
responders at early points in time is needed to plan if the
therapy will be continued or if an alternative has to be
considered.

Conclusion

In this review we presented the historical development of CAs
for US imaging from the early steps to the current state of
the art. MBs are established CA for clinical vascular analysis
and liver diagnosis, but also other applications. A broad variety
of materials and sizes generates the basis for those multiple
diagnostic and therapeutic applications. Currently, there are
three clinically approved CAs, but with many on-going pre-
clinical studies and promising first results, more clinical trials
can be expected to start within the next years. The combination
of US CAs for diagnostics and therapy in one single injection
therefore holds a great potential for the future and might
be a valuable tool for treatment of widespread and deadly
diseases like cancer or cardiovascular diseases. But also for
neurodegenerative diseases USCA might play a growing role in
treatment. A temporary increase in vessel permeability could
enhance drug delivery to the brain or other tumors while
reducing systemic side effects due to the mostly local delivery.
USCAmight also gain more importance in non-invasive ablation
therapies.
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When functional analysis or tissue vascularization does not
suffice, the application of molecularly-targeted CA would be
complementary, both in diagnosis and targeted drug delivery.
For targeted MB and NB, the pre-clinically common biotin-
streptavidin linking method needs a similarly strong and easy
alternative to avoid immune reactions. Additionally, more
targets with a sufficiently strong binding to the ligand are
required, otherwise the shear stress in vessels might inhibit
successful binding of the CAs and thus impair the contrast
enhancement. Another point that might need refinement is
the CA’s circulation time. So far even PEGylated bubbles
with PFC have a very limited lifetime, limiting the time
frame for examination. But with no described long term
impairments after injection, rare side effects and a valuable role in

diagnostics, sonothrombolysis, monitoring of treatment, specific
and targeted substance delivery vesicles or sonosensitizers, the
technology of CA and US in combination is –with some specific
adjustments- the swiss army knife among CAs and imaging
modalities.
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The combination of microbubbles and ultrasound has emerged as a promising method
for local drug delivery. Microbubbles can be locally activated by a targeted ultrasound
beam, which can result in several bio-effects. For drug delivery, microbubble-assisted
ultrasound is used to increase vascular- and plasma membrane permeability for
facilitating drug extravasation and the cellular uptake of drugs in the treated region,
respectively. In the case of drug-loaded microbubbles, these two mechanisms can
be combined with local release of the drug following destruction of the microbubble.
The use of microbubble-assisted ultrasound to deliver chemotherapeutic agents
is also referred to as sonochemotherapy. In this review, the basic principles of
sonochemotherapy are discussed, including aspects such as the type of (drug-
loaded) microbubbles used, the routes of administration used in vivo, ultrasound
devices and parameters, treatment schedules and safety issues. Finally, the clinical
translation of sonochemotherapy is discussed, including the first clinical study using
sonochemotherapy.

Keywords: ultrasound, microbubble, sonoporation, chemotherapeutic drug, drug delivery, sonochemotherapy

Introduction

Cancer presents the second leading cause of death in the European Union with 3.45 million new
cases of cancer and 1.75 million deaths from cancer in 2012 (Ferlay et al., 2013). Although a lot of
progress has been made in the treatment of several cancers, many types of cancer are still lacking
effective treatment options. Surgery, radiotherapy, and chemotherapy are the standard treatment
possibilities and they are often combined to improve patient outcome.

While for most advanced cancers, chemotherapy remains the treatment of choice, it is
rarely curative for solid tumors (Qin et al., 2015). To be successful, sufficient quantities of
chemotherapeutic drugs have to reach the interior of tumor cells. Most small molecular weight
chemotherapeutics (<4 kDa) are rapidly cleared from the circulation (e.g., t1/2 < 15 min for 5-
fluorouracil, 5-FU), which is a limiting factor for drug accumulation in the tumor. In addition
to challenges related to the physicochemical properties of drugs, tumors also possess physiological
barriers (Jain, 2001). Contrary to healthy tissues, tumor tissues have a high interstitial fluid pressure
(IFP), which is related to the lack of functional lymphatics and the leaky tumor vasculature
(Boucher et al., 1990). These high pressures establish an outward fluid motion from the core of
the solid tumor to the periphery and reduce fluid infiltration across the vascular wall. Thus, even
if the leaky vasculature permits drug extravasation, diffusion-driven drug penetration deeper into
the tumor tissue is severely restricted due to the high IFP. The increase in mean distance between
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vessels and tumor cells following tumor growth is another
constraint for sufficient delivery of drugs. High tumor cell
proliferation results in tumor cells forcing vessels apart, leading
to a decrease in vascular density and a limitation in the access of
drugs to distant tumor cells (Minchinton and Tannock, 2006). In
addition, the presence of high levels of extracellular matrix limits
the interstitial transport of drugs (Weinberg, 2014). Altogether
these barriers oppose sufficient and uniform distribution of drugs
in solid tumors, thereby limiting the therapeutic success of
chemotherapy.

In addition, reaching the target site is not a guarantee that
a drug will be effective. As most chemotherapeutic drugs need
to enter the cell to become active, they need to pass the cell
membrane. For several hydrophilic and charged drugs, e.g.,
bleomycin, this is a serious challenge and requires active uptake
through plasma membrane transporters, which are not always
present in the target cells (Pron et al., 1999).

In order to improve the efficiency of anti-cancer
chemotherapeutics, physical methods including electroporation,
laser, and magnetic fields have been developed (Sersa et al., 2008;
Podaru et al., 2014; Sklar et al., 2014). The general principle
of physical methods is based on the transient disruption of
endothelial barrier and tumor cell membrane in order to
facilitate the drug extravasation and the drug uptake into
the endothelial and tumor cells. In recent years, research in
the field of microbubble-assisted ultrasound (also known as
sonoporation) aimed at delivering therapeutic molecules in vitro
and in vivo has grown rapidly (Aryal et al., 2014; Azagury et al.,
2014; Kiessling et al., 2014; Rychak and Klibanov, 2014; Unga
and Hashida, 2014; Unger et al., 2014). Microbubble-assisted
ultrasound transiently increases the permeability of biological
barriers, such as blood vessel walls (i.e., drug extravasation)
and cellular membranes (i.e., cellular uptake of drugs), thus
enhancing the local delivery of therapeutic molecules across
these barriers in the targeted region (Lentacker et al., 2014).
Nowadays, the great potential of this modality for cancer therapy
is clearly shown in an increasing number of publications on
in vitro and in vivo drug delivery using microbubble-assisted
ultrasound (Tables 1 and 2, respectively). This method is
a non-invasive, easy to apply, and cost-effective treatment
modality, that can be used to deliver a wide range of anticancer
molecules including low molecular weight chemotherapeutic
agents (sonochemotherapy), nucleic acids and monoclonal
antibodies to a target site, e.g., tumor (Escoffre et al., 2013c; Ibsen
et al., 2013; Unga and Hashida, 2014). In addition, this method
offers the possibility to treat superficial (e.g., skin) as well as deep
organs (e.g., brain, liver, prostate), under the guidance of medical
imaging modalities (magnetic resonance imaging, ultrasound
imaging; Kinoshita et al., 2006; Deckers and Moonen, 2010;
Lammers et al., 2015).

This review first focuses on the biological effects of
microbubble-assisted ultrasound (i.e., increasing plasma
membrane- and vascular endothelium permeability) and
subsequently on in vitro and in vivo chemotherapeutic drug
delivery studies using microbubble-assisted ultrasound for
cancer treatment. The limitations and future developments of
sonochemotherapy will be further discussed. TA
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Microbubble-Assisted Ultrasound

The combination of high frequency ultrasound (1–10 MHz) and
ultrasound contrast agents (i.e., consisting of gas microbubbles)
was introduced as a promising method in improving the
therapeutic efficacy of drugs by increasing local delivery, while
minimizing side effects to healthy tissues (Price et al., 1998).
In this paper, we refer to this combination as microbubble-
assisted ultrasound. The first generation of microbubbles was
composed of air encapsulated by albumin (Albunex R©) or
galactose/palmitic acid (Levovist R©) shells. However, such air-
filled microbubbles dissolve in the bloodstream within a few
seconds after intravenous (i.v.) administration because of the
high solubility of air in blood and their low resistance to
arterial pressure gradients. To overcome these issues, a second
generation of microbubbles was developed, which were filled
with heavy-weight hydrophobic gas (e.g., perfluorocarbon, sulfur
hexafluoride) encapsulated by a biocompatible shell (e.g., lipids,
polymer; Hernot and Klibanov, 2008; Sirsi and Borden, 2014;
Figure 1A). In studies on drug delivery by microbubble-assisted
ultrasound, the bubbles are mixed with cells in vitro or injected
in vivo intravascularly or directly into the tissue of interest.
Microbubble behavior in an ultrasound field has been widely
studied, which led tomore understanding and subsequent control
of the induced bio-effects that can be used for drug delivery
(Kooiman et al., 2014). The response of a microbubble to
ultrasound waves depends on the acoustic parameters used,
such as frequency, pressure levels, and pulse duration. In
short, microbubbles stably oscillate over time upon exposure
to a low acoustic pressure, a process termed stable cavitation
(Figures 1B and 2). These oscillations generate fluid flows

surrounding the bubble, known as acoustic micro-streaming,
and when in close contact with cells, result in shear stress
on the cell membrane, leading to cellular uptake of drugs
(Leighton, 1994; Wu, 2002; Doinikov and Bouakaz, 2010).
At higher acoustic pressures, microbubbles oscillate more
rigorously, leading to their violent collapse and destruction,
i.e., inertial cavitation (Figure 2). Microbubble disruption can
be accompanied by generation of shock waves in the medium
close to the microbubbles (Junge et al., 2003; Ohl and Wolfrum,
2003). The ultrasound-induced collapse of the microbubble can
be asymmetrical, leading to the formation of high velocity jets
(Postema et al., 2005; Ohl et al., 2006). While shock waves
induce shear stress to cells in close proximity, resulting in
membrane permeability, the high velocity jets can pierce the
cell membrane, and thereby create permeability. Stable and
inertial cavitation are both exploited to transiently increase
the permeability of biological barriers, including the vascular
endothelium and plasma membrane, and therefore enhance the
extravasation and the cellular uptake of drugs (Lentacker et al.,
2014; Figure 2).

Extravasation of Drugs
Microbubbles are intravascular contrast agents, which do not
cross the vascular endothelium (Wilson and Burns, 2010).
Cavitating microbubbles close to the endothelial wall can
result in several bio-effects including vascular disruption,
vasoconstriction, or even shutdown of the vessels (Goertz, 2015).
Several studies observed that microbubble-assisted ultrasound
increased (model-) drug extravasation by stimulating paracellular
(i.e., disruption of tight junctions) and transcellular pathways
(i.e., transcytosis), both in vitro as well as in vivo (Figure 2;

FIGURE 1 | Microbubbles and ultrasound. (A) Different options for drug-loading or targeting of microbubbles. (B) Microbubble oscillations under ultrasound
exposure.
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FIGURE 2 | Extravasation and cellular uptake of drug using microbubble-assisted ultrasound.

Price et al., 1998; Sheikov et al., 2008; Juffermans et al.,
2009; Kooiman et al., 2010). In an in vitro endothelial barrier
model, Kooiman et al. (2010) showed that microbubble-assisted
ultrasound induced a 40% decrease in transendothelial electric
resistance showing a loss of endothelial barrier integrity. In
addition, Juffermans et al. (2009) showed that microbubble-
assisted ultrasound significantly affected the integrity of in vitro
endothelial monolayers by the destabilization of the tight
junctions. At low acoustic pressures (1 MHz, 0.1 MPa), the
integrity of the in vitro endothelial barrier was restored within
30 min. In vivo, an acoustical pressure threshold ranging from
0.1 to 0.75 MPa was required to enhance the extravasation
of intravascular agents (e.g., red blood cells, imaging tracers,
fluorescent dyes, or drugs) in skeletal muscle (Price et al.,
1998), brain (Raymond et al., 2007; Sheikov et al., 2008), liver
(Gao et al., 2012), and tumor (Bohmer et al., 2010; Hu et al.,
2012) tissues. This extravasation occurs through tight junctions
between endothelial cells (0.2–200 μm; Price et al., 1998; Song
et al., 2002; Stieger et al., 2007). In vivo, the integrity of
the blood–brain barrier was restored within 1–4 h following
ultrasound exposure (Sheikov et al., 2008; Ting et al., 2012).
However, Marty et al. (2012) showed that the duration of
extravasation after ultrasound exposure depends on the particle
size. The microbubble-assisted ultrasound enhanced transcellular
pathways (e.g., transcytosis) have been mainly investigated on
the brain vasculature (Raymond et al., 2007; Sheikov et al., 2008;
Deng et al., 2012). They reported that low (1 MHz, 0.2 MPa)
and high (1.63 MHz, 1-3 MPa) acoustic pressures increased
the number of transcytotic vesicles on both the luminal and

abluminal surface of the endothelium. Sheikov et al. (2004)
hypothesized that the transient vasoconstriction constitutes a
potential cause for the increased transcytosis in vivo. In addition,
Hu et al. (2012) showed that the destruction of microbubbles with
a high acoustic pressure (5 MHz, 2 MPa) decreased the tumor
blood flow for 30 min before it returned back to normal, without
an increase in hemorrhage. Whereas it was demonstrated that
the extravasation of fluorescent dextrans was enhanced during
this period, the authors did not investigate whether transcytosis
was involved. Transient vasoconstriction has been only reported
in mice, which exhibit higher vasomotor excitability than other
rodents and animal species.

Heating and Acoustic Radiation Force
Besides cavitation, ultrasound can also induce heating and
acoustic radiation force (ARF) to improve the extravasation of
drugs (Deckers and Moonen, 2010). Heating can result from the
absorbance of acoustic energy as the ultrasound beam propagates
through tissue. Mild heating of a tumor (41 – 43◦C for 10 –
60 min) may improve the therapeutic efficacy of drugs by acting
on tumor hemodynamics (Figure 3): (i) by increasing tumor
perfusion, thus enhancing drug bioavailability in tumor tissue
(Song, 1984); (ii) by increasing vascular permeability (Lefor
et al., 1985; Kong et al., 2001) and reducing tumor interstitial
pressure (Vaupel and Kelleher, 2012), leading to better drug
penetration within tumor tissue. In addition, local heating can
act as an external trigger for drug release from a carrier, e.g.,
thermosensitive nanoparticles (Yatvin et al., 1978; Lindner et al.,
2004; Manzoor et al., 2012; Hijnen et al., 2014; Al Sabbagh
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FIGURE 3 | Acoustic radiation forces and ultrasound-induced hyperthermia.

et al., 2015). Ultrasound can also generate directional ARF on
molecules along its propagation path (Sarvazyan et al., 2010;
Figure 3). This enhances the extravasation of free drug or drug-
loaded nanoparticles into tumor tissue by causing tissue shear
stress and opening of endothelial tight junctions (Seidl et al.,
1994; Mesiwala et al., 2002). ARF induces fluid streaming through
the interstitium, thus improving biodistribution of intravascular
dyes and drugs in the target tissue (Lum et al., 2006; Hancock
et al., 2009). Using optical imaging, Shortencarier et al. (2004)
showed that the application of ARF induced visible aggregates
of fluorescent dye-loaded gas lipospheres in the direction of
the beam on the far vessel wall. The lipospheres disappeared
when the ARF pulses were turned off (Shortencarier et al.,
2004). In addition to lipospheres, ARFs can push circulating
microbubbles toward the endothelial wall, thereby improving
microbubble–cell contact, which might enhance cavitation-
mediated extravasation of intravascular compounds (Rychak
et al., 2005; Wang et al., 2014). Using ultrasound imaging,
Frinking et al. (2012) reported that ARF (38 kPa PNP, 95% DC)
induced a sevenfold increase in the binding of VEGFR2-targeted
microbubbles (also known as BR-55) on the endothelial wall in a
prostate adenocarcinoma rat model compared with the binding
without ARF.

Cellular Uptake of Drugs
Cavitating microbubbles in the vicinity of the plasma membrane
can result in cell permeabilization by creating membrane pores

and stimulating the endocytosis pathways, thereby facilitating
intracellular drug uptake. Based on the uptake or release of
non-permeant dyes (Meijering et al., 2009; Kaddur et al., 2010)
and by measuring changes in membrane electrophysiology
(Tran et al., 2007; Juffermans et al., 2008), previous studies
showed that microbubble-assisted ultrasound induced a transient
increase in membrane permeability through the generation
of transient hydrophilic pores. The intracellular delivery of
molecules through membrane pores is likely governed by
passive diffusion or by ultrasound-mediated propulsion (i.e.,
microstreaming, ARF; Shortencarier et al., 2004; Lum et al.,
2006). The size of these ultrasound induced pores depend on
the acoustic parameters used, ranging from 1 to 94 nm at
0.19 MPa PSP and from 2 to 4 μm at 0.48 MPa PSP (Yang et al.,
2008).

In addition to hydrophilic pore formation, enhancement
of endocytosis has also been demonstrated following
microbubble-assisted ultrasound exposure (Meijering et al.,
2009). Electrophysiological studies reported that microbubble-
assisted ultrasound induced an influx of Ca2+, followed by an
activation of BKCa channels that results in local hyperpolarization
of the cell membrane (Tran et al., 2007; Juffermans et al., 2008).
At moderate ultrasound conditions (1 MHz, 0.15–0.3 MPa),
the membrane hyperpolarization facilitates the molecular
uptake through endocytosis and macropinocytosis. Similar
to pore formation, the contribution of endocytosis processes
depends strongly on the marker size and the acoustic pressures.
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Meijering et al. (2009) reported that low acoustic pressures
(1 MHz, 0.22 MPa PNP) resulted in the cellular uptake of 4.4
and 70 kDa fluorescent dextrans through membrane pores
while the entrance of 155 and 500 kDa fluorescent dextrans is
dominated by endocytosis pathways. It should be mentioned
that little is known about the faith of the agents in the endocytic
vesicles, if they are degraded in the lysosome or escape from
the endosome. However, De Cock et al. (2015) showed that
increasing the acoustic pressures (1 MHz, 0.5 MPa, PNP)
induced the intracellular delivery of large fluorescent dextrans
(2 MDa) to shift from uptake by endocytosis to uptake via
the membrane pores. Regardless of the mechanism of uptake,
the duration of microbubble-assisted ultrasound-mediated
uptake is dependent on the plasma membrane recovery time,
which is a few seconds to a few hours (van Wamel et al., 2006;
Lammertink et al., 2015). The different kinetics depends on
the ultrasound conditions, the model drug size and the cell
physiology.

Anti-Cancer Drug Delivery Protocols

As any drug delivery technique, microbubble-assisted ultrasound
treatments aim to deliver optimal quantities of chemotherapeutic
drugs in targeted tumor cells and tissues. The efficiency of
this delivery method depends on (i) sufficient accumulation of
microbubbles and drugs near tumor cells or tissues, which is
directly influenced by the properties of microbubbles, drugs (i.e.,
plasma circulation lifetime), and tumor (i.e., vascularization,
localization), as well as administration routes (i.e., intratumoral,
intravenous, intraperitoneal); (ii) the acoustic conditions
including ultrasound parameters (i.e., central frequency, acoustic
pressure, exposure time, etc.) and devices (i.e., home-made,
commercial, medical systems); (iii) treatment schedule including
the time interval between the drug and/or microbubbles
administration and ultrasound treatment as well as the number
of microbubble-assisted ultrasound drug delivery treatments
and the time interval between them. Over the past decade,
the influence of these factors on drug delivery efficiency
has been investigated in order to enhance the intratumoral
(i.t.) accumulation of drug, thereby increasing the treatment
effect, while minimizing side effects to healthy tissues. This
review shows that the drug delivery efficacy varied between
the tumor models used in vivo. It is commonly known in
the field that the tumor type is an important determinant for
successful drug delivery. This is due to the specific properties
of each tumor tissue, such as differences in tissue organization,
extracellular matrix, presence of necrosis and hypoxia, cell
density, and the endothelial lining of the tumor vasculature
(Chauhan et al., 2011). To the best of our knowledge, no
comparative study between tumor tissues with different
properties has been reported using microbubble-assisted
ultrasound for drug delivery. However, unlike many other
drug delivery strategies, sonochemotherapy does not depend
on the enhanced permeability and retention (EPR) effect,
which is very heterogeneous between or within tumors, and
often overestimated (Lammers et al., 2012). Interestingly, you

could argue that the largest effect of sonochemotherapy can be
expected in tissues with ‘non-leaky’ vessels, such as the brain
(Ting et al., 2012), since the potential of increasing extravasation
is highest. An overview of different drug delivery protocols and
outcomes in vitro and in vivo are shown in Tables 1 and 2,
respectively. It should be noted that this is not a complete
overview, but rather a selection of different drug delivery
protocols.

Microbubbles
In most studies, clinically approved microbubbles (i.e.,
SonoVue R©, Definity R©) for ultrasound imaging are employed
for drug delivery. The use of these microbubbles may facilitate
the clinical translation of sonochemotherapy, but any undesired
side effect might have a negative impact on the use of these
microbubbles in ultrasound-based diagnostics. Modification
of these microbubbles (e.g., drug-loaded microbubbles)
for therapeutic applications will delay clinical translation,
requiring new authorization from the regulatory and health
authorities.

Coadministration of Microbubbles and Drug
The simplest method for drug delivery using microbubble-
assisted ultrasound is to use coadministration (Heath et al.,
2012; Unga and Hashida, 2014). This approach includes drugs
that are administered in patients anyway in current clinical
practice, with the addition of an injection of (clinically approved)
microbubbles. Microbubbles and drugs can be mixed in solution
in vitro and the mixture is then injected in vivo. This
strategy offers two main advantages: (i) both constituents can
be handled completely separately until in vitro or in vivo
administration; (ii) instead of mixing microbubbles and drug
before injection, two separate injections of the constituents can
also be performed, thus allowing drugs to reach plasma peak
levels before injecting microbubbles (Escoffre et al., 2013b).
Microbubbles have a short circulation time and therefore need
to be exposed to ultrasound within minutes after injection,
otherwise they will be degraded and unable to induce bio-
effects. The coadministration approach seems to be the best
strategy for in vitro purposes (Escoffre et al., 2011; Sorace
et al., 2012) or, in vivo, i.t. injection of the mixture (Sasaki
et al., 2014), where similar spatio-temporal distribution of both
components will be ensured. Iwanaga et al. (2007) showed
that the in vitro delivery of bleomycin using microbubble-
assisted ultrasound induced twofold decrease in cell viability
compared to the bleomycin treatment alone (Table 1). In vivo,
they reported that the exposure of a tumor to ultrasound
following the i.t. co-injection of microbubbles and bleomycin also
resulted in a twofold decrease in tumor volume (Iwanaga et al.,
2007). Kotopoulis et al. (2014) coadministered commercially
available microbubbles and gemcitabine i.v. in a pancreatic
cancer model in mice. They showed that ultrasound exposure
(1 MHz, 0.2 MPa PNP) decreased the tumor volume twofold
compared to gemcitabine alone (Kotopoulis et al., 2014).
Opposed to the advantages of coadministration using clinically
approved microbubbles and drugs that allow clinical translation,
there are also disadvantages. The main limitations of the i.v.
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injection of microbubble/drug mixture compared to drug-loaded
microbubbles are: (i) differential distribution of both constituents
because of their physicochemical properties; (ii) fast degradation
of free drugs and microbubbles; (iii) unspecific accumulation of
free drugs in the healthy tissues.

Drug-Loaded Microbubbles
To overcome these limitations of i.v. coadministration,
microbubbles have been modified to function not only as
cavitation nuclei, but also as drug delivery carriers. For example,
lipophilic drugs can be incorporated into the lipid monolayer
shell of microbubbles or dissolved in an oil pocket between
the gas core and the microbubble’s shell (Ibsen et al., 2013).
By applying this approach, Burke et al. (2014) found that the
application of ultrasound (1 MHz, 1.2 MPa, every 5 s for 60 min)
on subcutaneous C6 glioma tumor following the i.v. injection
of 5-FU-loaded microbubbles (1 × 105 microbubbles/g body
weight) led to twofold decrease in tumor volume compared
to 5-FU treatment alone (Burke et al., 2014). While these
approaches seem to be promising, the low drug loading capacity
of microbubbles is a major drawback. Consequently, the use
of drug-loaded microbubbles requires either enhancement
of the drug loading efficiency, administration of high dose
of drug-loaded microbubbles, or application of consecutive
treatments.

The small size of microbubbles and their gaseous lumen
restricts the space for drug loading. Recent publications
reported that the binding of drug-loaded nanoparticles on the
microbubble’s surface could increase the amount of loaded
drug (Geers et al., 2011). The loading efficiency can be
further improved by applying multiple layers of drug-loaded
nanoparticles around themicrobubble shell. The binding of drug-
loaded nanoparticles on microbubbles may not be necessary for
polymer-based microbubbles, as significant amounts of (model)
drug can be loaded into the polymer-based shell (Fokong et al.,
2012). Cochran et al. (2011) showed that the loading capacity is
higher for hydrophobic drugs compared to hydrophilic drugs,
and that the acoustic properties of the microbubbles were
unaffected (Cochran et al., 2011).

Based on current studies, a high dose of drug-loaded
microbubbles, i.e., >1010 microbubbles, must be intravenously
injected to reach a therapeutic dose similar to the one used in
clinical chemotherapy. However, the recommended diagnostic
doses of microbubbles currently approved for contrast-enhanced
ultrasound imaging (e.g., SonoVue R©, Definity R©) are between
109 and 1010 microbubbles for an 80-kg adult (Wilson and
Burns, 2010). Nevertheless, preclinical and clinical studies have
reported a good tolerance with 100- and 1000-fold higher doses of
these microbubbles in non-human primates and patients (Grauer
et al., 1996; Bokor et al., 2001). Consequently, the injection
of a high dose of drug-loaded microbubbles may not be a
limitation for clinical use, but further preclinical studies might be
necessary to identify any potential toxicity of high concentrations
of liposome and shell’s components (i.e., lipid, polymer, and
albumin).

Finally, several preclinical studies reported the use of repeated
sonochemotherapy treatments (Kang et al., 2010; Tinkov et al.,

2010; Li et al., 2012; Ting et al., 2012). For example, Li et al.
(2012) reported that the repetitive treatment (i.e., once a day for
seven consecutive days) of subcutaneous hepatic tumor using 10-
hydroxycamptothecin-loaded microbubbles (4 mg/kg) induced
twofold stronger decrease in tumor volume in a subcutaneous
hepatic tumor model (1 MHz, 2 W/cm2, 6 min) compared to the
10-hydroxycamptothecin-based chemotherapy alone (Li et al.,
2012).

Targeted Microbubbles
Microbubbles can be modified to target specific overexpressed
markers on tumor cells (i.e., PSMA, prostate specific membrane
antigen; LHR, luteinizing hormone receptor) or tumor
microvasculature (VEGF-R2, vascular endothelial growth
factor receptor -2) through attachment of targeting ligands
or antibodies onto the microbubble’s shell (Kiessling et al.,
2012, 2014; Novell et al., 2013). This may lead to enhanced
accumulation of the microbubbles in the target tumor cells
or tissues. For example, Fan et al. (2013) designed targeted
BCNU-loaded microbubbles, which bind the VEGF-R2
overexpressed on tumor microvasculature (VEGFR2-BCNU-
loaded microbubbles; Figure 4A). The exposure of orthotopic
glioma to ultrasound (1 MHz, 0.7 MPa, 1 min/sonication
site) following i.v. injection of VEGFR2-BCNU-loaded
microbubbles (1.25 mg BCNU) resulted in 1.75-fold decrease in
tumor volume compared to the untargeted BCNU-loaded
microbubbles (Figure 4B; Fan et al., 2013). The use of
microbubbles targeting overexpressed markers on the tumor
cells themselves is limited to in vitro drug delivery, i.t. or
intraperitoneal (i.p.) injection of microbubbles and drugs,
primarily because the microbubbles, when administrated
intravenously, cannot extravasate due to the size (Cavalieri
et al., 2010). For imaging, several groups have reported on
the in vivo accumulation of targeted microbubbles in the
tumor microvasculature by binding inflammation markers
overexpressed on tumor endothelial cells (Deshpande et al.,
2010). Although these microbubbles were designed as
ultrasound contrast agents for molecular imaging, it might
be possible to develop optimal tissue- or organ-selective drug
delivery agents by combining targeting capacities and drug
loading of microbubbles (Kiessling et al., 2012). However,
no evidence of their use for drug delivery has been reported
yet.

To summarize, the coadministration of drugs/microbubbles
and drug-loaded microbubbles can both be used for drug
delivery. The coadministration approach is likely to be
the fastest way into the clinic, as it combines clinically
approved drugs and microbubbles. However, the drug-
loaded microbubbles may hold the greatest therapeutic
potential, as it locally releases the drug upon ultrasound
exposure. Since this approach represents new therapeutic
entities, such ‘therapeutic microbubbles’ require extensive
testing for safety and efficacy before they can be approved for
clinical use. To the best of our knowledge, no study has been
published that directly compares drug-loaded microbubbles with
coadministration of free drugs and microbubbles at equal dosing
schemes.
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FIGURE 4 | Intracerebral BCNU delivery using VEGFR2-targeted and
BCNU-loaded microbubbles with focused ultrasound for the glioma
treatment (Adapted with permission from Fan et al., 2013 – Copyright ©
2012 Elsevier Ltd.). (A) Antiangiogenic-targeting BCNU-loaded microbubbles
combined with focused ultrasound for glioma treatment. (B) Tumor growth

curve. BCNU, Carmustine; VEGF-R2, anti-angiogenic antibody; VEGF-MB,
VEGF-targeting microbubbles; BCNU-MB, BCNU-loaded microbubbles;
VEGF-BCNU-MB, VEGF-targeting BCNU-loaded microbubbles; FUS, focused
ultrasound. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. Solid triangle, less than 3 rats
were presented.

Administration Routes
The most direct administration route for drug delivery is
i.t. injection (Sonoda et al., 2007; Sasaki et al., 2014). The
advantages of i.t. administration over systemic injection include
the circumvention of the transvascular barrier and the generation
of transient interstitial pressure gradients. The latter can induce
convection and tissue deformation, which can decrease the
connectedness of the extracellular matrix and size of pores
in the tumor interstitial space (Frenkel, 2008). By using i.t.
administration, a high drug dose can be directly delivered into
the target tumor while minimizing its side effects toward healthy
tissues. This administration route overcomes the drawback
related to the short plasma half-life of drugs and microbubbles
after i.v. injection. In addition, this route is most interesting for
hydrophilic small chemotherapeutic drugs that have difficulties
to enter tumor cells. By applying i.t. injection, microbubbles
and drugs are distributed within the tumor by diffusion and
convection, and subsequent US exposure will result in drug
uptake in tumor cells. However, in i.t injection, there are some

limitations such as the injected volume and the accessibility of
the tumor site, which restrict the application of microbubble-
assisted ultrasound to superficial tumors such as melanoma, and
cutaneous and subcutaneous tumors.

For deep-seated tumors, most protocols recommend injection
of drugs and microbubbles via blood flow, providing better
access to deeper tumors (Treat et al., 2012; Yan et al., 2013;
Burke et al., 2014). The i.v. route is a relatively easy and
safe way to be used in the clinic for the administration of
therapeutics and microbubbles. As previously described, the
main limitation of this administration route is the rapid clearance
of drug from plasma and the unspecific accumulation of this
drug in healthy tissues. Therefore, drugs can be loaded on
microbubbles to overcome these shortcomings (Ting et al.,
2012; Sirsi and Borden, 2014). The success of i.v. drug delivery
relies on sufficient tumor vascularization, thus restricting the
application of this administration route to hypervascularized
tumors. Next to extravasation, microbubble-assisted ultrasound
can also increase the penetration of drugs into the tissue.
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In addition, it can “homogenize” drug uptake, since drug
distribution tends to be very heterogeneous throughout the
tumor. Since microbubble-assisted ultrasound will mostly affect
the vascular endothelium, the i.v. route is most suitable for
drugs that can benefit from ultrasound-induced extravasation
and penetration or intracellular delivery in endothelial cells.

Recent studies reported that the i.p. injection may be useful
for drug delivery using microbubble-assisted ultrasound for
the treatments of primary peritoneal cancers or cancers with
i.p. metastases. Pu et al. (2014) investigated the i.p. delivery
of paclitaxel (PTX) for the treatment of ovarian cancer using
luteinizing hormone-releasing hormone analog (LHRHa) -
targeted and PTX-loaded microbubbles (20 mg/kg PTX) and
ultrasound (0.3MHz, 1W/cm2, 3min). This therapeutic protocol
led to a twofold increase in apoptotic index and a 2.5-fold
decrease in vessel number compared to the single injection of
free PTX or PTX delivery using ultrasound alone (Pu et al., 2014).
Due to the microbubble size, penetration of the microbubbles by
convection throughout the tumor is hindered, thereby limiting
the tumor cell binding to the peripheral rim of the tumor.
Nevertheless, the targeted microbubbles in this study showed
superior efficacy compared to the untargeted bubbles.

Ultrasound Devices, Transducer, and
Parameters
Several investigations showed extensive optimization of the
acoustic parameters to result in an efficient and safe in vitro and
in vivo drug delivery. Among these studies, clinical ultrasound
scanners have been used to deliver drugs using microbubble-
assisted ultrasound (Tinkov et al., 2010; Sasaki et al., 2014), which
has the advantage of enabling both imaging of- and drug delivery
to the targeted tumor. However, the ultrasound settings that are
allowed on such equipment are limited for safety reasons. Specific
ultrasound parameters [low cycles and mechanical index (MI)
0.5 < MI < 1.9] are used to destroy microbubbles during a
diagnostic tissue perfusion study (Szabo, 2013). However, such
parameters might not be efficient for drug delivery. In addition,
clinical ultrasound probes are unfocused and thus the ultrasound
energy will have substantial effects in the regions surrounding
the target tissue. Clinical ultrasound scanners are “black-boxes”
which do not allow controlling all ultrasound parameters. Hence,
home-made and commercial therapeutic ultrasound devices have
been designed to control many ultrasound parameters, which can
subsequently be optimized for drug delivery (Zhao et al., 2011;
Lin et al., 2012; Escoffre et al., 2013a). Ultrasound transducers
used in the literature can be focused or unfocused (Sanches
et al., 2011). Focused beams are created using spherically curved
transducers, which greatly increase the ultrasound intensity
in a small region of interest, e.g., a tumor. Due to a lack
of standardized calibration methods concerning the applied
ultrasound parameters and the heterogeneity in equipment used,
it is not straightforward to compare the results of most studies
directly (ter Haar et al., 2011).

The transmission center frequency used for in vivo drug
delivery studies listed inTable 2 ranges from 0.3 to 2.25MHz. The
choice of frequency to be used can depend on the microbubble’s
size and its resonance frequency, but also on the depth of

the tissue to be reached, as higher frequencies suffer from
increased attenuation. The resonance frequency of microbubble
decreases as their size increases (Minnaert, 1933). When using a
low frequency range, the acoustic pressure threshold to initiate
microbubble cavitation can be reduced, thereby limiting putative
tissue damage. In most of the reported investigations, 1 MHz was
used as a frequency to achieve drug delivery using microbubble-
assisted ultrasound (Tables 1 and 2).

The ultrasound dose is usually expressed in different units
depending on whether a medical ultrasound scanner, commercial
or laboratory-made device is used for drug delivery (Table 2).
With home-made or commercial therapeutic ultrasound devices,
ultrasound exposure is usually expressed either in acoustic
pressure amplitude (kPa) or in intensity (W/cm2) while for
medical ultrasound scanners, the dose is usually expressed in the
terms of MI (expressed as the ratio of the peak negative pressure
in MPa to the square root of the frequency in MHz). Among
the published studies, it is not clearly stated whether ultrasound
intensity are spatial averaged, temporal averaged intensity (ISATA)
or spatial peak, temporal averaged intensity (ISPTA). ISATA is
frequently used when non-focused transducer is employed for
drug delivery. Ultrasound intensities ranging from 0.064 to
3 W/cm2 (n.b., ISPTA 0.0003 – 0.9 W/cm2 for ultrasound-based
diagnostics) have been applied in recent studies to deliver drugs
in tumor tissue without injuries (Kang et al., 2010; Lu et al., 2011).
The MI used for in vivo drug delivery ranges from 0.2 to 2 (n.b.,
MI threshold for clinical diagnosis is 1.9). Drug delivery requires
a minimum MI known as the permeabilization threshold, which
is typically lower than 1 (Choi et al., 2007). Exposure of tumor
tissues above, but near the cavitation threshold has so far yielded
the most promising results of drug delivery without significant
side effects. Increasing the ultrasound dose further enhanced
drug delivery in the target tissue but was also accompanied by
hemorrhage and tissue injuries (Kang et al., 2010; Lu et al., 2011).

The duty cycle is the percentage of time that an ultrasound
device is transmitting acoustic waves. The duty cycle ranges
from 0.25 to 50% for drug delivery into tumors (Table 2). To
prevent thermal tissue damage, low duty cycles are used when
high ultrasound intensities are applied and vice versa (Lin et al.,
2012; Wei et al., 2013).

Ultrasound exposure time plays a major role in drug
delivery using microbubble-assisted ultrasound. During this
time, ultrasound pulses are emitted repeatedly at a pulsing
interval to induce the complete destruction of microbubbles
in the targeted tumor. Ultrasound exposure times from 2 s to
10 min have been reported (Table 2). However, exposure times
of 1–5 min are recommended to prevent tissue injuries (e.g.,
hemorrhages; Mei et al., 2009; Yan et al., 2013).

Treatment Schedule
The therapeutic protocol depends on the duration of
microbubble-assisted ultrasound-mediated permeability of
tumor tissues and the pharmacokinetics of chemotherapeutic
drugs. Some studies reported drug administration at different
time points following the exposure of tumor to microbubble-
assisted ultrasound to assess the duration of enhanced
permeability (few seconds – few hours, depending on the particle
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size; Marty et al., 2012; Tzu-Yin et al., 2014; Lammertink et al.,
2015). Other investigations recommend waiting for the peak
concentration of drug in the blood before the administration
of microbubbles and the subsequent exposure of tumors to
ultrasound. For example, Escoffre et al. (2013b) succeeded to
optimize therapeutic efficacy of irinotecan using microbubble-
assisted ultrasound in subcutaneous glioblastoma. In this study,
the protocol consisted of an i.v. injection of irinotecan followed
1 h later by an i.v. administration of microbubbles (Escoffre et al.,
2013b). This delay is required to reach the maximal systemic
concentration of SN-38, the active metabolite of irinotecan, in the
blood. This strategy induced a twofold decrease in tumor volume
and perfusion compared to irinotecan without subsequent
ultrasound exposure.

In most therapeutic protocols using the coadministration
approach or drug-loaded microbubbles, ultrasound was applied
to the tumors immediately (5–10 s) after microbubble injection
(Sonoda et al., 2007; Matsuo et al., 2011). This strategy supposes
that drugs and microbubbles are sufficiently accumulated in
the target tissue during the few seconds following their
administration. However, no real evidence has been reported
whether this is actually the case. In addition, monitoring of
microbubble arrival at the target tissue using contrast-enhanced
ultrasound prior to ultrasound therapy is rarely performed. At
present, all investigations show that at least several consecutive
treatments (2–20 times) at optimal time intervals (1 day – 1 week)
are required to achieve significant decrease in tumor growth or
even tumor eradication (Table 2).

Therapeutic Efficacy vs. Safety: from
In Vitro to Preclinical Studies

As described above, the therapeutic benefit of drug delivery
using microbubble-assisted ultrasound relies on enhancing
accumulation of drugs in tumor cells or tissues and on
decreasing their deposition in healthy tissues, thus reducing
their side effects (Tinkov et al., 2010; Li et al., 2012; Fan

et al., 2013; Burke et al., 2014). Using the coadministration
approach or drug-loaded microbubbles, microbubble-assisted
ultrasound enhances in vitro the therapeutic efficacy of
clinically approved chemotherapeutics including doxorubicin
(Dox), cisplatin, bleomycin, PTX, and docetaxel (Table 1). Most
in vitro studies only monitor drug effectiveness with or without
microbubble-assisted ultrasound. However, some studies also
investigated the underlying mechanism. For example, Deng et al.
(2014) showed enhanced intracellular Dox levels (Figure 5A) and
increased retention due to a down-regulation of P-glycoprotein
following ultrasound exposure in the presence of Dox-liposome
loaded microbubbles. This resulted in a significant increase
of double-stranded DNA breaks and reduced cell viability
(Figure 5B). The exposure of tumor cells to microbubble-assisted
ultrasound without any drugs had no or few effects on cell
viability (>85% cell viability).

In in vivo studies it was clearly observed that microbubble-
assisted ultrasound improves the therapeutic efficacy of drugs
for different tumor animal models. However, most studies only
monitor outcomes like survival and tumor size. Unfortunately,
i.t. drug accumulation and distribution is often not investigated.
Regardless of the administration route, only 40% of preclinical
studies showed that an enhanced therapeutic efficacy could be
attributed to increased i.t. drug levels. For example, Tinkov et al.
(2010) demonstrated that the exposure of pancreas carcinoma
in rats to ultrasound (1.3 MHz, 1.2 MPa PNP, four frames
of ultrasound every four cardiac cycles) after i.v. injection of
DOX-loaded microbubbles (140 μg – 3.14 × 109 microbubbles)
induced a 10-fold increase in i.t. DOX accumulation compared to
DOX-loaded microbubble injection alone (Tinkov et al., 2010).
This therapeutic protocol led to a twofold decrease in tumor
volume.

Next to increased drug concentration in the target tissue,
one of the expected consequences of i.t. drug delivery using
microbubble-assisted ultrasound is the reduction of drug
deposition in healthy tissues. However, this effect is expected
to be only significant for local release from drug-loaded
microbubbles compared to the coadministration approach,

FIGURE 5 | (A) Intracellular doxorubicin (DOX) concentration in MCF-7/ADR cells 15 and 30 min post treatment. (B) Cell cytotoxicity after several treatments with or
without US. DLMC, DOX-liposome-microbubble complexes; DL, DOX-liposomes; ver, verapamil; US, Ultrasound. ∗p < 0.05, ∗∗p < 0.01 (Adapted with permission
from Deng et al., 2014 – Copyright © 2014 Elsevier Ltd.).
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where free drugs can enter healthy tissue anyway, without
ultrasound exposure. Less than 10% of preclinical studies
reported on drug distribution toward healthy tissues. Among
the studies that do measure this, Yan et al. (2013) reported
that the application of ultrasound (2.25 MHz, 1.9 MPa,
10 min, three treatments: one treatment every 3 days) on
subcutaneous breast tumor following the i.v. injection of PTX-
loaded microbubbles (120 μg – 1 × 109 microbubbles) resulted
in fourfold increase in i.t. accumulation of PTX (Figure 6A)
and 2.5-fold decrease in tumor volume compared to PTX-
loaded microbubbles treatment alone (Figure 6B). The authors
also investigated the drug biodistribution in healthy organs
including heart, liver, spleen, lung, and kidney 1 h after i.v.
administration of the PTX-loaded microbubbles and ultrasound
exposure (Yan et al., 2013). The PTX biodistribution in heart,
spleen, and lung was not significantly different between mice
that received PTX-loaded microbubbles treatment alone or
combined with ultrasound (Figure 6A). However, the PTX
delivery using microbubble-assisted ultrasound led to a slight
but significant decrease in PTX concentration in liver and
kidney compared to PTX-loaded microbubbles injection alone
(Figure 6A). No significant loss of body weight and other
adverse effects were observed during the therapeutic procedure.
Moreover, Ting et al. (2012) designed a therapeutic protocol
based on BCNU-loaded microbubbles (0.8 mg – 1 × 1010)
with focused ultrasound (1 MHz, 0.5–0.7 MPa, 2 sonications,
1 min/sonication) to improve BCNU-based chemotherapy for
glioblastoma treatment. They showed that the encapsulation of
BCNU inmicrobubbles prolonged its circulatory half-life fivefold
and intrahepatic accumulation of BCNU was reduced fivefold
due to the slow reticuloendothelial system uptake of BCNU-
loaded microbubbles (Ting et al., 2012). These microbubbles
alone or in combination with focused ultrasound were associated
with lower levels of aspartate- and alanine-aminotransferases

compared to free BCNU, suggesting that these microbubbles may
effectively reduce liver toxicity and damage. In glioblastoma-
bearing rats, BCNU-loaded microbubbles with ultrasound led to
13-fold decrease in tumor volume. However, median survival was
extended by only 12% compared to BCNU and control.

However, for all microbubble-based ultrasound therapies, the
effect on the vasculature should be closely monitored. There
is a ‘fine line’ between stimulating vascular permeability and
inducing vascular damage, which can result in inhibition of
tumor perfusion. Although this may be a desired effect in some
studies, for drug delivery from the vasculature, a reduced tumor
perfusion might limit the i.t. drug supply. For example, Burke
et al. (2011) demonstrated that the mechanical effect of low
duty cycle ultrasound (1 MHz, 1 MPa PNP) in combination
with microbubbles could inhibit glioma growth by blocking
tumor perfusion. The anti-vascular action of microbubble-
assisted ultrasound (1 MHz, 1.6 MPa PNP) was also adopted
by Todorova et al. (2013) who subsequently injected an anti-
angiogenic agent to prevent the formation of new vessels. In the
light of these results, animal studies conducted with ultrasound
pressures >1.0 MPa should always include a control group with
microbubble-assisted ultrasound only, and preferably monitor
the perfusion of the exposed tissue (e.g., by Doppler or contrast-
enhanced ultrasound imaging).

To summarize, a growing number of preclinical investigations
show promising results for future clinical applications. Future
studies will have to confirm that the increase in therapeutic
efficacy of sonochemotherapy is correlated with enhanced i.t.
accumulation and penetration of drugs. To demonstrate the
safety of this method, drug biodistribution toward healthy organs
and tissues should be monitored and physiological functions of
healthy organs should be examined using imaging, histological
analysis, and blood biochemistry analysis. Information on in vivo
biodistribution and pharmacokinetics of intact and destroyed

FIGURE 6 | Paclitaxel (PTX) delivery by PTX-loaded microbubble with
ultrasound for breast cancer treatment (Adapted with permission from
Yan et al., 2013 – Copyright © 2013 Elsevier Ltd.). (A) Paclitaxel in vivo
distribution in heart, liver, spleen, lung, kidney and tumors 1 h after injection of
paclitaxel-loaded microbubble complexes (PLMC) alone, paclitaxel liposomes

(PL) + US or PLMC + US; (B) In vivo growth inhibition in 4T1-tumor bearing
mice within 22 days. Mice were treated with PBS (squares), unloaded
microbubbles + US (circles), PLMC without US (upward triangles), PL + US
(downward triangles) or PLMC + US (diamonds) on days 10, 13 and 16 after
tumor cell injection. Results represent mean ± SD, n = 6. ∗p < 0.05; ∗∗p < 0.01.
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microbubbles as well as an evaluation of their systemic side effects
are still absent in most available publications. These aspects
need to be integrated in future studies. It must be noted that
the sonochemotherapy approach has mainly been evaluated in
small animals. Studies in large animals are still lacking and
might face challenging and unexpected physical (e.g., ultrasound
penetration depth, ultrasound attenuation) and biological (e.g.,
plasma life time of drug and microbubbles) limitations.

Translation to the Clinics

Despite the novelty of the field of ultrasound-mediated drug
delivery, a first clinical case study has been conducted in five
patients with locally advanced pancreatic cancer (Kotopoulis
et al., 2013, 2015). In this study, gemcitabine was administrated
by i.v. infusion at a dose of 1000 mg/m2 over 30 min (Figure 7A).
During the last 10 min of chemotherapy, ultrasound imaging was
performed in standard abdominal imaging mode to locate the
position of the tumor (Figure 7B). At the end of gemcitabine
infusion, when drug plasma level peaked, 0.5 mL of clinically
approved SonoVue R© contrast agents followed by 5mL saline were
intravenously injected every 3.5 min to ensure their presence
throughout the whole treatment. Tumors were exposed to
ultrasound (1.9 MHz, 0.49 MI, 1% DC) using an ultrasound
diagnostic scanner. The cumulative ultrasound exposure was
only 18.9 s (Figure 7A). All five patients tolerated an increased

number of treatment cycles compared to gemcitabine treatment
without ultrasound (16 ± 7 vs. 9 ± 6 cycles), reflecting an
improved physical state as well as an increased survival. In two
out of five patients, the maximum tumor diameter was either
transiently or permanently reduced, while the other patients
exhibited reduced tumor growth compared to a historical control
group of 80 patients (Figure 7C; Kotopoulis et al., 2013).
Compared to this historical data, survival increased with 60%
(Kotopoulis et al., 2015). The authors did not report side
effects related to this therapeutic protocol. Nevertheless, the
true clinical benefit was not clearly established because of the
low number of patients studied. The therapeutic protocol (i.e.,
ultrasound parameters, doses of drug, type and concentrations of
microbubbles) should be optimized and long-term safety aspects
have to be addressed in future investigations in a larger number
of patients.

Moreover, we are referring to a safety study of combining
ultrasound microbubbles and chemotherapy to treat liver
metastases from gastrointestinal tumors and pancreatic
carcinoma conducted by the Profs. K. Yan and L. Shen at
Beijing Cancer Hospital (Yan and Shen, 2014). This study is
currently recruiting patients. In this clinical trial, gemcitabine
will be intravenously injected to patients with pancreatic
carcinoma while oxaliplatin and taxol based chemotherapy
will be administrated by i.v. perfusion to patients with liver
metastases. Thirty min after chemotherapy, 1 mL of SonoVue R©

contrast agents will be intravenously injected during six times

FIGURE 7 | Treatment of human pancreatic adenocarcinoma using
gemcitabine using microbubble-assisted ultrasound (Adapted with
permission from Kotopoulis et al., 2013 – Copyright © 2013 Am.
Assoc. Phys. Med.). (A) Timeframe of each sonochemotherapy
treatment schedule, arrows indicate intravenous injection of 0.5 ml

SonoVue followed by a 5-ml injection of saline, δt represents the time
between each injection; (B) Photo of the probe and custom-made
probe holder during patient treatment; (C) Changes in tumor diameter
over time measured from CT images in patients with pancreatic
malignancy.
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in 20min. In addition to the safety of the therapeutic protocol, the
authors will explore the largest MI and ultrasound treatment time
patients can tolerate. The secondary objectives of this clinical trial
are to observe the tumor clinical benefit rate and to evaluate the
preliminary effects including time to failure and time to death.

Conclusion

Targeted drug delivery using microbubble-assisted ultrasound
has the potential to become a clinically accepted way of
improving local anticancer chemotherapy. Although the co-
administration approach, using clinically approved microbubbles
and free chemotherapeutic drugs, can be seen as the fast-
track toward the clinic, the greatest therapeutic potential may
lie in the custom-made drug-loaded microbubbles. The latter
combines the enhanced vascular permeability and cellular
uptake following microbubble-assisted ultrasound with a
local release of the drug. However, this implies that new
therapeutic particles are to be developed, which require thorough

pre-clinical testing for efficacy and safety. A growing number
of preclinical experiments have successfully reported the
therapeutic benefits of microbubble-assisted ultrasound in the
delivery of (anti-cancer) drugs in several animal models. Clinical
translation of this method requires further improvements
on: (i) the design, characterization, and GMP production
of therapeutic microbubbles with prolonged plasma half-life
and high drug-loading capacity; (ii) the optimization and
standardization of ultrasound parameters used in the field; (iii)
the insertion of a medical imaging modality (MRI, ultrasound)
to monitor the in vivo effects of ultrasound and (iv) the
evaluation of drug biodistribution, therapeutic efficacy, and
side effects in orthotopic tumor models in small and large
animals.
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S-thanatin (Ts) was a short antimicrobial peptide with selective antibacterial activity. In
this study, we aimed to design a drug carrier with specific bacterial targeting potential.
The positively charged Ts was modified onto the liposome surface by linking Ts to
the constituent lipids via a PEG linker. The benefits of this design were evaluated by
preparing a series of liposomes and comparing their biological effects in vitro and in vivo.
The particle size and Zeta potential of the constructed liposomes were measured with
a Zetasizer Nano ZS system and a confocal laser scanning microscope. The in vitro
drug delivery potential was evaluated by measuring the cellular uptake of encapsulated
levofloxacin using HPLC. Ts-linked liposome or its conjugates with quantum dots
favored bacterial cells, and increased the bacterial uptake of levofloxacin. In antimicrobial
assays, the Ts and levofloxacin combination showed a synergistic effect, and Ts-LPs-
LEV exhibited excellent activity against the quality control stain Klebsiella pneumoniae
ATCC 700603 and restored the susceptibility of multidrug-resistant K. pneumoniae
clinical isolates to levofloxacin in vitro. Furthermore, Ts-LPs-LEV markedly reduced the
lethality rate of the septic shock and resulted in rapid bacterial clearance in mouse
models receiving clinical multidrug resistant (MDR) isolates. These results suggest that
the Ts-functionalized liposome may be a promising antibiotic delivery system for clinical
infectious disorders caused by MDR bacteria, in particular the sepsis related diseases.

Keywords: targeting delivery, sepsis, antimicrobial peptide, liposome, multidrug resistance

INTRODUCTION

Increasing data from clinics has revealed the wide spreading of multidrug resistant (MDR)
Klebsiella pneumoniae resistant to almost all conventional antibiotics with different structures,
such as cephalosporins, carbapenems, fluoroquinolones, lincosamides, and aminoglycosides (Datta
et al., 2012; Leone et al., 2012; Kronman et al., 2014). Developing antibiotics with new antimicrobial
mechanisms has again become a matter of emergency (Bassetti and Righi, 2015).

Antimicrobial peptides (AMPs) exhibit a broad antimicrobial activity independent of current
drug resistance (da Costa et al., 2015). AMPs are considered as a promising solution for the
drug resistance and are expected to reach a good synergistic effect when in combination with the
traditional antibiotics due to their unique antimicrobial mechanism. In our previous study, we
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reported a novel antimicrobial peptide of S-thanatin that
exhibited selective antimicrobial activity (Wu et al., 2010a,b;
Bassetti and Righi, 2015). Notably, Ts showed lipopolysaccharide
(LPS) binding affinity, indicating its great potential as a treatment
for blood infections (Wu et al., 2010a,b). Ts was proved active
against numerous Gram-negative bacteria including MDR but
barely active over the Gram-positive species (Wu et al., 2011).
The antimicrobial activity of Ts is structure dependent. Ts is
a random coil with limited or none antimicrobial activity but
adopts a beta-sheet form after activation (Wu et al., 2010a,b).
Ts kills bacteria in a membrane-dependent manner. Negatively
charged components such as LPS on the cell wall of Gram-
negative bacteria and negatively charged lipids on bacterial
cytoplastic membranes, can attract Ts electrostatically and thus
promote the intercalation of Ts into the cytoplastic membrane.
The cytoplastic membrane becomes leaky, which subsequently
disintegrates the bacterial respiration and energization (Wu et al.,
2010b).

Liposomes have been widely used as pharmaceutical carriers
in the past decade due to their merits, such as reducing potential
toxicity, prolonging circulation half-life in vivo, and enabling
controlled release and active or passive targeting of specific
cells, tissues, or organs (Kibria et al., 2013). Liposomes have
been reported to serve as carriers for antibiotics (Furneri et al.,
2000; Muppidi et al., 2011), improving the pharmacokinetics
of the encapsulated antibiotics. However, to the best of our
knowledge, the coupling of AMPs, such as Ts, to an antibiotic-
loaded liposome and the application on bacterial cells have not
been reported.

The Ts functioned liposomes were prepared by linking the Ts
to the constituent lipids with a PEG linker. Ts played dual-role in
this design as a targeting carrier and a bactericidin as well. The
preparations were tested in vitro and in vivo for antimicrobial
activities against clinical MDR isolates.

MATERIALS AND METHODS

Chemical Reagents
Hydrogenated soybean phosphatidylcholine (HSPC), cholesterol
(CHO), and 3-(N-succinimidyloxyglutaryl) aminopropyl-
polyethyleneglycol (2000)-carbamyldistearoyl phosphatidyl
ethanolamine (NHS-PEG2000-DSPE) were purchased from
Avanti Polar Lipids (Alabaster, AL, USA). The antimicrobial
peptide Ts (GSKKPVPIIYCNRRSGKCQRM) was synthesized,
refolded and purified, as previously reported (Wu et al., 2010a,b).
Ts was conjugated with NHS-PEG2000-DSPE using a method
similar to the synthesis of RGD (arginine-glycine-aspartic
acid) peptide conjugation (Kibria et al., 2013). Briefly, the
Ts peptide was coupled with NHS-PEG-DSPE (1.2:1molar
ratio) in deionized water at room temperature for 24 h. The
conjugation was purified by HPLC using an appropriate 0–60%
acetonitrile gradient in 0.1% trifluoroacetic acid, supplemented
with 10 mg/ml of dihydroxy benzoic acid. The purity of
the resulting product was 95% or higher. Carbonyl cyanide
m-chlorophenyl hydrazone (CCCP, C9H5ClN4, CAS: 555-60-2),
bis-(1,3-dibutylbarbituric acid) trimethineoxonol [DiBAC4(3)],

propidium iodide (PI) and 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide (EDC) were obtained from Sigma (St. Louis, MO,
USA). Carboxyl near-infrared quantum dots (QDs605) were
purchased from Jiayuan QD Tech Ins (Wuhan, China).

Microorganisms
In this study, a total of 17 clinical isolates of K. pneumoniae were
used for the antimicrobial assay. These isolates were collected
between February and May 2013 in the Center of Medical
Laboratory of Zhongda Hospital (Southeast University, China).
The VITEK2 system with AST-GN13 cards and GN/CE strips
(bio Mérieux, Marcy l’Etoile, France) was used to confirm the
identities and susceptibilities of bacteria. K. pneumonia ATCC
700603 from the Health Administrate of the People’s Republic of
China was used as a reference.

Animals
Adult male ICR mice (30–33 g) were obtained from the
Experimental Animal Center of Yangzhou, China and reared
in the Animal Environmental Control Unit under 23 ± 3◦C,
50 ± 10% relative humidity, and a 12-h light-dark cycle. The
animal experiments were carried out according to the guideline
from the Medical Ethics Committee of Southeast University,
China (Permit Number: 2013ZDSYLL109.0).

Preparation of the Liposomes and
Encapsulation Efficiency Measurement
The lipids formula, levofloxacin dosage, ammonium sulfate
concentration, drug-loading temperature and time for liposome
preparation were optimized. HSPC, CHO, and Ts-PEG2000-
DSPE were mixed at different ratio for the Ts-LPs liposome
preparation with the lipid film hydration method. Levofloxacin
was loaded into liposome with the ammonium sulfate gradient
method (see Supplementary Methods).

The liposome loaded levofloxacin was measured by HPLC
to assess the optimization methods (Furneri et al., 2000)
(see Supplementary Methods). A standard curve was made
by measuring levofloxacin standard concentration series
(Supplementary Figure S1). A solution containing 0-60%
gradient acetonitrile supplemented with 0.1% trifluoroacetic
acid was used as the mobile phase for HPLC. The injection
volume was fixed to 20 µL. The results were assessed by the
encapsulation efficiency (EE), which was calculated as follows:
EE% = C1/C0∗100%, where C0 is the amount of total drug,
and C1 is the amount of drug entrapped in the liposomes.
Levofloxacin-loaded liposome without TS (LEV-LPs) was
prepared in a similar way.

Liposome Properties
The liposome size, zeta potential, and polydispersity index (PDI)
of the liposome emulsion were measured using a Zetasizer Nano
ZS system (Malvern Instruments Ltd, Worcestershire, UK).

The shape and size were also examined by transmission
electron microscopy (TEM). The liposome suspension was
placed on copper grids with films, stained with 2% (w/v)
phosphotungstic acid, air-dried for 10 min, and finally examined
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using a JEM-1010 transmission electron microscope (JEOL,
Tokyo, Japan) to determine the morphology of the liposome.

Antimicrobial Activity Assay
MICs were used to evaluate the antimicrobial activity of Ts,
levofloxacin, LPs-LEV, Ts-LPs, and Ts-LPs-LEV, according to the
broth microdilution guidelines from the Clinical and Laboratory
Standards Institute (CLSI) (Anonymous, 2001). LPs-LEV and
Ts-LPs-LEV liposome concentrations were calculated as the
levofloxacin-containing concentrations which were measured
by a similar method as the EE assay. Ts-LPs concentration
was calculated as the Ts-containing concentration. The final
concentration for Ts, free levofloxacin, LPs-LEV or Ts-LPs-
LEV in the tested wells ranged from 2 to 256 µg/mL. After
incubation at 37◦C for 16–24 h, the bacterial culture optical
density (OD) value was measured using a microplate reader with
a wavelength of 630 nm (MRX, Dynex). MICs are defined as the
lowest concentration where 100% bacterial growth inhibition was
reached. Each of the experiments was performed in triplicate. The
combination of Ts with conventional antibiotics such as silver
nitrate, ampicillin and kanamycin was tested for a synergistic
effect (see Supplementary Methods).

Bacterial Targeting of Ts and Ts-LPs
The carboxyl near-infrared quantum dot QDs605 was used
to determine the bacterial targeting of Ts. QDs605 and Ts
(molar ratio: 1:10) were co-incubated in a solution containing
1 mg/ml EDC for linkage for 2 h at room temperature.
The prepared conjugate, Ts-QDs605 was rinsed twice with
PBS (0.1M, pH7.4) and stored at 4◦C before usage. The Ts-
functionalized liposome containing coumarin (Ts-LPs-CM) was
prepared using a similar method as described above. The cells
pretreated with Ts-QDs605 or Ts-LPs-CM were imaged using a
confocal microscope (Olympus, Japan) with excitation/emission
wavelengths of 470/505 nm for coumarin and 388/605 nm for
QDs605. The photographic parameters were chosen from default
and no changes for relative measurements.

Effects of Ts and Ts-LPs on Membrane
Permeability and Potential
A single colony of K. pneumonia ATCC 700603 was inoculated
in Luria-Bertani (LB) broth and cultured at 37◦C to reach log-
phase. A sample containing approximate 107 cells/ml medium
was prepared and added with 100 µg/ml Ts or Ts-LPs plus
10 mM CCCP (carbonyl cyanide m-chlorophenyl hydrazone,
C9H5ClN4, a type of respiratory inhibitor) followed by an
incubation at 37◦C for 60 min. PBS was used as a negative
control. The bacterial cells were retrieved and washed twice with
PBS (0.1M, pH7.4). The lipophilic anionic membrane potential-
sensitive dye DiBAC4(3) or nucleic acid dye PI was added at
a final concentration of 10 µg/ml and incubated for 10 min
at room temperature before flow cytometric analysis by BD
FACS Canto (Becton Drive, NJ, USA). The excitation/emission
wavelengths were 470/510 nm and 488/630 nm for DiBAC4(3)
and PI, respectively. The photographic exposure time was set to
500 ms for all measurements.

TABLE 1 | Zeta potential versus Ts-PEG2000-DSPE dosage (w/w).

Clip CT Zeta potential

100% 0% −29.43 ± 1.32 mV

99% 1% +8.56 ± 2.43 mV

95% 5% +20.68 ± 1.72 mV

The liposome formula was optimized as shown in Supplementary Tables S1 and S2.
Ts-PEG2000-DSPE was incorporated into the formula at different concentrations to
produce positively charged liposomes. The Zeta potential increased along with the
concentration of Ts-PEG2000-DSPE in the liposome. At 5% (w/w) concentration,
the zeta potential reached +20.68 ± 1.72 mV. Clip represented the total weight
ratio of HSPC:cholesterol (CHO) (7:3) used in the liposome preparation, and CT

was the ratio of Ts-PEG2000-DSPE.

Electron Microscopy Studies of
K. pneumoniae Treated with Ts-LPs-LEV
Transmission electron microscopy (TEM) was employed to
confirm the cellular morphological changes after Ts-LPs-LEV
treatment (Chapple et al., 1998). Cells were retrieved after
receiving saline or Ts-LPs-LEV, and slices were made from cell
pellets (see Supplementary Methods). The slices were pre-stained
with aqueous uranyl acetate and lead citrate before being sent for
examination with a JEM-1010 transmission electron microscope
(JEOL, Tokyo, Japan).

Drug Uptake
The accumulation of free levofloxacin and levofloxacin liposomes
(LPs-LEV) was determined as previously reported (Furneri et al.,
2000). The cellular levofloxacin was retrieved by destruction of
the bacterial cells and measured by HPLC, as described for the
liposome EE assay. The extracellular levofloxacin concentration
in the supernatant was measure by HPLC as well.

Septic Shock Model
Sixty male ICR mice were randomly grouped (15 animals in
each group), and intraperitoneally inoculated with 2.5 × 107
cells of clinical MDR isolate CI 130702215 of K. pneumonia
(MIC > 256 µg/mL for levofloxacin, refer to Table 1).
Immediately after the bacterial challenge, the animals were
intravenously administrated with levofloxacin, LPs-LEV or Ts-
LPs-LEV. Levofloxacin in all forms were equal at the dosage of
levofloxacin of 10 mg/kg. The survival rate was monitored and

FIGURE 1 | Schematic representation of the preparation of Ts-LPs-LEV.
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FIGURE 2 | Factors affecting the encapsulation efficiency (EE). The
drug-loading experiments were performed using the ammonium sulfate
gradient method. (A) Influence of ammonium sulfate on EE (settings: 60◦C,
30 min). (B) Influence of incubation temperature (settings: 0.2 mol/L
ammonium sulfate, 30 min incubation). (C) Influence of incubation time
(settings: 0.2 mol/L ammonium sulfate, 60◦C). Results indicated peak EE
values at 0.2 mol/L ammonium sulfate, 60◦C, and an incubation time of
20 min.

blood samples were taken by tail-vein puncture every 6 h for the
next 3 days.

Approximately 24 h after bacterial challenge, 0.5 mL
abdominal lavage fluid was collected using a long needle through

TABLE 2 | Liposome properties by ZetasizerNano ZS system.

Liposome Diameter size (nm) PDI Zeta potential (mV)

LPs 161.3 ± 4.5 0.293 −29.43

Ts-LPs 151.1 ± 2.4 0.216 +20.68

Ts-LPs-LEV 152.5 ± 3.2 0.254 +5.3

A volume of 10 µL liposome sample mixed with 990 µL saline was placed in the
cuvette and equilibrated for 10 min before measurement at 25◦C. The result was
the mean value taken from three repeats for each measurement.

intraperitoneal puncture at 10 min after an intraperitoneal
injection of 2 mL sterile saline. Bacterial counting was
performed by spreading the samples onto blood agar plates
after series dilution of the samples in sterile saline. The
plates were incubated overnight at 37◦C for bacterial colony
counting.

Statistical Analysis
MICs are presented as the mean value from three
independent measurements. The quantitative evaluations
of levofloxacin accumulation in bacteria and bacterial
counting in the intra-abdominal fluid and blood cultures
are expressed as the means ± standard deviations
(SDs). The analysis of variance (ANOVA) was used for
comparison between groups. The mortality rate differences
between groups were compared using Fisher’s exact test.
In all the analyses, P < 0.05 was considered statistical
significant.

RESULTS

Preparation and Characterization of the
Liposomes
The prepared liposome consisted of HSPC, CHO, and Ts-
PEG2000-DSPE, with Ts anchored on the surface. The scheme for
the preparation of Ts-LP-LEV is showed in Figure 1. As shown
in Table 1, Supplementary Tables S1 and S2 and Figure 2, the
liposome preparation of Ts-LPs-LEV was optimized as follows:
(1) Formula: 30 mg/ml HSPC:CHO (4:1, w/w) plus 5% Ts-
PEG2000-DSPE; (2) levofloxacin:lipids = 1:4 (mol/mol); (3)
drug loading parameters: using 0.2 mol/L ammonium sulfate,
incubation at 60◦C for 20 min. The drug loading efficiency EE%
reached 76.8 ± 2.7% after optimization. As shown in Table 2
and Figure 3, the prepared Ts-LEV-LPs with a PDI of 0.254
were 152.5 ± 3.2 nm in diameter showing a good homogeneity,
and were positively charged as expected. The blank liposome
without levofloxacin was +20.68 mV in zeta potential. The
Ts-LPs-LEV possessed a zeta potential of +4.6–5.9 mV. The
positive charge indicated the presence of the positively charged
Ts on the surface. The liposomes were confirmed of a spherical
shape with a diameter of ∼86.9 nm by TEM (Figure 3). The
TEM showed decreased size because the TEM imaging was
performed in a high-vacuum environment causing liposome
shrinkage. The prepared liposomes showed a very good stability
in aqueous buffer. No apparent changes or degradation were
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FIGURE 3 | Size distribution and transmission electron microscopy (TEM) image of Ts-LPs-LEV.

observed after the liposomes were stored for 2 months (data not
shown).

Confocal Laser Scanning Microscopy
(CLSM)
Ts was labeled with the near-infrared quantum dots to confirm
the bacterial uptake of Ts. Bacteria were co-incubated with Ts-
QDs605 for 60 min before being sent for microscope. The
CLSM results indicated that bacteria received Ts-QDs605 gave
out stronger fluorescence than that of bacteria receiving QDs605
(Figures 4A,B). The uptake of Ts-LPs in the bacteria was
also assessed by CLSM using coumarin (CM)-loaded liposome.
As shown in Figures 4C,D, Ts-LPs-CM treated bacterial cells
exhibited higher fluorescence intensity than in the LP-CM treated
cells.

Effects of Ts and Ts-LPs on Membrane
Permeability and Potential by Flow
Cytometric Determination
Flow cytometry was employed to investigate the effects of
Ts and Ts-LPs on the membrane permeability and potential.
The results of the bacteria exposed to PI or DiBAC4(3)
were shown in Figure 5. After adding Ts or Ts-LPs, the
cell percentages of the dye-associated fluorescence significantly
increased (P < 0.01). Bactericidal kinetics experiment indicated
Ts and Ts-LPs had a rapid bactericidal effect and killed
99% bacteria within the first 10 min (Supplementary Figure
S2). The CCCP with a capacity of reducing energization
and respiration in cells dramatically decreased Ts- or Ts-LPs-
induced uptake of PI (P < 0.05) and DiBAC4(3) (P < 0.01;
Figures 5A,B).
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FIGURE 4 | Ts-QDs605 and Ts-LPs-CM selectively targeting Klebsiella pneumoniae cells. The cell-targeting of Ts to K. pneumoniae ATCC 700603 observed
by confocal laser scanning microscopy (CLSM) using quantum dots (QD) or coumarin (CM)-loaded liposomes (LPs): (A) QDs605. (B) Ts-QDs605. (C) LPs-CM.
(D) Ts-LPs-CM. K. pneumonia ATCC 700603 cells (approximately 1 × 105 bacteria/ml) were first incubated with Ts-QDs605 (10 nM) for 2 h at 37◦C followed by trice
rinse with PBS, and then placed on slides. A solution containing 4% (wt/vol) paraformaldehyde was added for sample fixation for 30 min. Ts-LPs-CM were used at
20 nM but different from Ts-QDs605 assay, the cells receiving Ts-LPs-CM were sent to CLSM without washing with PBS. The bar indicated scale of 5 µm.
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FIGURE 5 | Ts and Ts-LPs affecting membrane permeability of
K. pneumoniae ATCC 700603. Bacteria incubated with Ts or Ts-LPs-LEV
following by staining with (A) PI or (B) DiBAC4(3). The error bars represent SD
(n = 5).

FIGURE 6 | Intra-bacterial levofloxacin accumulation of levofloxacin in
K. pneumoniae ATCC 700603. Error bars represent the standard deviation
of three measurements.

Bacteria Uptake of Levofloxacin
HPLC was used to measure the intracellular levofloxacin
level. The levofloxacin accumulation in different groups was
presented in Figure 6. A gradual uptake of levofloxacin
following a rapid accumulation was observed in the LPs-
LEV and Ts-LPs-LEV treated groups. No apparent uptake

was observed after 10 min (data not shown), and Ts and its
conjugates killed 99% bacteria within 10 min by CFU counting
assay (Supplementary Figure S2). A significant difference was
observed between the Ts-LPs-LEV and LPs-LEV groups with
intracellular concentrations of 657 ± 47 and 500 ± 52 ng/mg
protein, respectively (P < 0.05). Compared with the free
drug group (150 ± 35 ng/mg protein), levofloxacin in
liposome formulations reached significantly higher intracellular
accumulations (P < 0.001).

In Vitro Antimicrobial Activities Against
Clinical MDR-isolates
All 17 K. pneumoniae clinical isolates were multi-drug-resistant,
and their MICs to levofloxacin ranged from 8 to >256 µg/mL.
Their in vitro susceptibilities to Ts, free levofloxacin, LPs-
LEV and Ts-LPs-LEV were listed in Table 3. The application
of liposome as a drug carrier greatly improved the efficacy
of levofloxacin, and incorporation of Ts again improved the
efficacy of the LPs-LEV liposome. The MICs of the LPs-
LEV and Ts-LPs-LEV were 1-2- and 2-16-dilution lower than
that of the free drug, respectively. Drug-free Ts-LPs showed a
decreased efficacy compared to Ts. No antimicrobial activity
was observed in the blank liposome (data not shown). Ts
showed at least additive effects when in combination with the
conventional antimicrobial agents. Levofloxacin in combination
with 0.2X MIC of Ts reached a synergistic effect (Supplementary
Table S3).

The Bactericidal Effect by Transmission
Electron Microscope
Log-phase bacterial cells were exposed to the liposome for 1 h to
characterize the antimicrobial effect of Ts-LPs-LEV. Remarkable
changes were observed with electron microscope (Figure 7)
such as chaotic membranemorphology, vacuolization, chromatin
concentration, and cell debris that was similar to the effects of Ts
as we reported before.

In Vivo Antimicrobial Activities
A septic shock model was established by intraperitoneal injection
of MDR clinical isolate and treatment with the free drug, LPs-
LEV or Ts-LPs-LEV, respectively. The lethality rate at 24 h was
100% in both the saline-treated group and free levofloxacin-
treated group, whereas it was 73.3 or 6.7% for the LPs-LEV-
treated group or for the Ts-LPs-LEV-treated group, respectively.
All the animals from the LPs-LEV-treated group were deadwithin
36 h, whereas 93.3% of the animals from the Ts-LPs-LEV-treated
group survived at 72 h (Figure 8).

The bacterial culture results were showed in Table 4. At 24 h,
all animals were positive for bacterial culture of the blood and
peritoneal fluid samples, but colony count in the groups treated
with LPs-LEV and Ts-LPs-LEV was significantly less than that
of the saline and levofloxacin treated groups (P < 0.05). The
Ts-LPs-LEV showed an improved efficacy on bacteria clearance
compared to LPs-LEV (P < 0.05). To our surprise, levofloxacin
used alone showed none priority over saline to bacterial clearance
(P > 0.2).
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FIGURE 7 | Bactericidal effect of Ts-LPs-LEV. Electron micrographs of K. pneumoniae ATCC 700603 incubated for 1 h after receiving (A) saline or
(B) Ts-LPs-LEV. The length of the scale bar in the TEM image is 200 nm.

DISCUSSION

The designed liposome Ts-LPs was stable and met multiple
requirements for a drug carrier. The liposome properties were
closely affected by lipid species and their composition. CHO is
the most comprehensive example. CHO comprises up to 50% of
the total lipids of mammal cell membrane but rarely present in
bacterial cells. CHO renders the lipid bilayer flexibility as well
as stability. Incorporation of CHO into liposome formula can
reduce unfavorable liposomal leakage and prohibit membrane
fusion in artificial systems (Shimanouchi et al., 2009). Charge
on the liposome surface prevents self-contact and self-fusion
improving the stability of the liposome. A proper charge on the
liposome surface introduced by Ts was another guarantee that the
produced liposome remained stable for at least 2 months, and
allowed the electrostatic attraction between the liposomes with
negatively charged components from the bacterial membrane.
The incorporation of DSPE and HSPC was meant to stabilize
the liposome and to mediate the fusion of the liposome
with bacterial membranes (Ma et al., 2010). PEGylation is a
mature technique and has been widely applied in pharmaceutical
industry. PEGylation reduced non-specific interactions between
drugs with proteins and cells, and thus decreases the drug
degradation and prolongs the drug circulation in the bloodstream
(Anonymous, 2007). The drugmetabolism and pharmacokinetics
of the liposomes would be an interesting topic for the next step.

Levofloxacin was loaded to the liposomes using the
ammonium sulfate gradient method (Haran et al., 1993)
and reached a high EE. The carrier capacity is an important
parameter to evaluate a drug delivery system for effective
antibacterial chemotherapy. The ammonium sulfate gradient
method has several advantages, including a shorter preparation
period, milder conditions and higher drug EE than those of
other methods (Fritze et al., 2006). Our results demonstrated
that the levofloxacin EE (%) of Ts-LPs-LEV was ∼76% using

the ammonium sulfate gradient method, which was higher than
that of the reverse phase evaporation method, ethanol injection
method, or citric acid gradient method (data not shown).

Ts and levofloxacin combination against K. pneumoniae
showed at least additive effects and it reached synergism when
levofloxacin was used in combination with 0.2X MIC of Ts
(Supplementary Table S3). Similarly, the antimicrobial activity
assay demonstrated that the MICs of Ts-LPs-LEV against 17
K. pneumoniae clinical isolates were 2–16-fold lower than
that of the free drug (Table 3). This was consistent with the
drug uptake results, and was attributed to the distinguishing
mechanism of action between Ts and Levofloxacin that we would
discussed later. It was reasonable that Ts showed decreased
activity when it was immobilized onto the liposome because
such immobilization reduced the flexibility and geometrically
prohibited the interaction between Ts monomers which was
called self-promoting interaction during the unique membrane
intercalation process of AMPs (Prado Montes de Oca, 2013).
Different K. pneumoniae strains varied in susceptibility to Ts.
It may be due to the modification at the cell envelope of wild
type bacteria after receiving antibiotic treatment, particularly
the LPS and/or negatively charged content. The selectivity of
AMPs is largely dependent on the electrostatic interaction. Such
a modification on the charge content at the cell envelope altered
the susceptibility of the bacteria to Ts. However, the measurement
of cellular charge of bacterial cells seemed infeasible. We tried
several times but got totally different results for different cultures
from the same colony. A pure study in artificial systems such as
the liposome suggested the correlationship between charge and
AMP efficiency (Prado Montes de Oca, 2013).

The bacterial uptake of coumarin (CM)-loaded Ts-LPs-CM
was imaged by CLSM (Dong and Feng, 2007; Ma et al.,
2010). The result was similar to that observed in the drug
uptake assay by HPLC. The drug uptake assay revealed that
the liposome delivery system was very effective. The liposome
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FIGURE 8 | Mortality data reported as Kaplan–Meier curves for
levofloxacin formulations in a septic shock model induced by a
multidrug resistant (MDR) clinical isolate. After bacterial challenge by
injection of 2.5x107 CFU of the multidrug-resistant clinical isolate
K. pneumoniae CI 130702215, the animals were immediately injected in their
tail veins with sterile saline, free levofloxacin, LPs-LEV or Ts-LPs-LEV. The
survival rate was monitored every 6 h for 3 days without any intervention
except for the experimental drugs.

TABLE 4 | Bacterial clearance and mouse survival in septic shock models.

Treatment Lethality
[dead/total
(%)]

Bacterial count in
blood
(CFU/mL)

Bacterial count in
peritoneal fluid
(CFU/mL)

Saline 15/15 (100) 5.1 ± 2.0 × 106 7.8 ± 3.1 × 107

Free LEV 15/15 (100) 4.7 ± 1.5 × 106 6.3 ± 2.5 × 107

LPs-LEV 11/15 (73.3) 2.7 ± 1.1 × 103∗ 2.2 ± 1.0 × 104∗

Ts-LPs-LEV 1/15 (6.7)∗# 1.4 ± 0.4 × 101∗# 5.6 ± 1.3 × 101∗#

The samples were collected at 24 h or immediately after the dead mouse was
observed. Mice were observed every 6 h. Error is represented as the standard
deviation (n = 15). ∗P < 0.05 vs. the saline or the free LEV groups. #P < 0.05 vs.
the LPs-LEV group.

benefited the drug uptake by bacteria, and Ts could improve
such effect resulting into relative higher uptake by bacteria
for Ts-LPs-LEV/Ts-LPs-CM. Theoretically, Ts-LPs would result
into a more promising effect if it was used in vivo where
Ts-LPs could distinguish mammal cells from bacteria while
the liposome without Ts might be distracted by mammal
cells. In view of our previous study, highly positively charged
Ts could selectively target bacterial cells through electrostatic
interaction with negatively charged components present on the
outer bacterial membranes, i.e., saccharide moieties of various
natures, phospholipids, glycosphingolipids, peptidoglycan, and
in particular the LPS that was proved to show affinity with Ts by
ELISA assay (Wu et al., 2010b). By contrast, Ts showed a very
limited cytotoxicity on mammal cells (Wu et al., 2010b).

The HPLC might not be a proper method to determine
the cellular drug uptake. The Ts intercalated into the cellular
membrane linking/fusing the liposomes with the cells. So it is
impossible to separate the Ts-LPs from the cells by centrifugation
or dialysis. Therefore, the HPLC measured the drug both inside
the cells and in the surface adherent liposomes. We could
not determine whether the drug remained in the liposomes or

FIGURE 9 | Schematic representation of Ts-LPs-LEV killing bacteria
process. Briefly, when Ts-LPs-LEV co-incubated with the bacteria, Ts carried
a large amount of levofloxacin-loaded liposomes to the bacterial surface and
anchored in the outer membrane by combination with LPS and/or negatively
charged components. Then, the liposomes fused with the bacterial cell outer
membrane, which could enhance levofloxacin entry through hydrophobic
and/or self-promoted pathway or contact release. Meanwhile, Ts perturbed
the membrane lipid bilayers of the bacteria and removed the electrical
potential of the membrane, affecting the activity of the drug efflux pumps and
thus resulting in an intra-bacterial levofloxacin accumulation. The cells finally
became dead and broken.

entered into the cells. However, fusion or linkage between the
liposomes and the cellular membrane would greatly facilitate
the drug uptake by the bacterial cells, and the drug would
later enter into the cells by membrane fusion. The size of
the liposome is about 100 nm while the cell is about 500–
2000 nm. The CLSM image did not provide information about
cellular location of the liposomes due to the limited resolution.
It was hard to tell whether the liposomes entered inside or
still remained at the surface. The subcellular structures of the
cells are visible under electronic microscope but the electronic
microscopy lacks discernment between the liposomes and cells.
An image indicating the cellular location of the liposomes would
be helpful to understand more details.

The in vivo test using mouse model after bacterial challenge
indicated the multiple functions of Ts in the liposome complex.
Bacterial challenge would first evoke a systematic inflammation
and finally developed a multiple organ failure that killed the
mice. Antibiotics treatment is not prioritized for septic patients.
The serious inflammation induced by endotoxin/exotoxin is
highly concerned. From the results, the merits of using Ts were
very convincible. Ts resulted into a better bacterial clearance
in peritoneal fluid and blood compared with free levofloxacin
and LPs-LEV (P < 0.05; Table 2), and greatly improved the
survival rate probably through prohibiting the LPS-mediated
inflammation.

It has been suggested that transport across the gram
negative bacterial cell wall might be achieved by three different
ways, namely, hydrophilic transport through porin channels
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(Nikaido and Vaara, 1985), hydrophobic adsorption through the
lipid membrane (Kotera et al., 1991) and self-promoted uptake
(Chapman and Georgopapadakou, 1988). Drug properties such
as the hydrophobicity, size and molecular structure can affect
the hydrophilic and hydrophobic pathway. The self-promoted
uptake route is based on the displacement of divalent cations
from the LPSs on the bacterial outer membrane.

It is well known that the non-specific drug efflux and low outer
membrane permeability are the major mechanisms for bacterial
resistance to fluoroquinolone antibiotics (Nikaido and Vaara,
1985; Srikumar et al., 1998; Srinivasan et al., 2014). The flow
cytometry results suggested that the membrane permeability of
bacteria was increased by the addition of Ts or Ts-LPs. These
findings indicated that Ts killed bacteria at least partially by
exhausting the transmembrane potential that is closely related to
the bacterial respiration and energization.

Our results are consistent with the following proposed
mechanism of TS-LPs-LEV action : (1) Ts led levofloxacin-
loaded liposomes to the bacterial surface by interacting with
negatively charged content on the bacterial envelop such as LPS;
(2) liposomes fused with the bacterial cell outer membrane, which
could enhance drug entry through the hydrophobic and/or self-
promoted pathway; (3) the integrity of the bacterial cytoplasmic
membrane and the respiration chain located on the cytoplasmic
membrane was compromised due to Ts insertion resulting into
more drug uptake and active efflux failure; and (4) liposomes gave
a contact release of levofloxacin (Furneri et al., 2000) close to the
bacterial cell surface, resulting in a higher drug uptake than the
free drug (Figure 9).

In summary, we successfully developed an antimicrobial-
peptide-functionalized levofloxacin-loaded liposome (Ts-LPs-
LEV). The liposome showed bacterial selectivity in vitro and

exhibited an excellent therapeutic effect in the septic mouse
model induced by MDR K. pneumoniae clinic isolate. We
presented a very promising approach to design a novel
antibiotics deliver of targeting potential. The clinical application
of this promising antibiotic delivery approach deserves further
exploration.
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Imaging approaches are an essential tool for following up over time representative
parameters of in vivo models, providing useful information in pharmacological studies.
Main advantages of optical imaging approaches compared to other imaging methods
are their safety, straight-forward use and cost-effectiveness. A main drawback, however,
is having to deal with the presence of high scattering and high absorption in living
tissues. Depending on how these issues are addressed, three different modalities can
be differentiated: planar imaging (including fluorescence and bioluminescence in vivo
imaging), optical tomography, and optoacoustic approaches. In this review we describe
the latest advances in optical in vivo imaging with pharmacological applications, with
special focus on the development of new optical imaging probes in order to overcome
the strong absorption introduced by different tissue components, especially hemoglobin,
and the development of multimodal imaging systems in order to overcome the resolution
limitations imposed by scattering.

Keywords: bioluminescence, planar fluorescence imaging, fluorescence molecular tomography, optoacoustics,
multispectral optoacoustic tomography, multispectral imaging, hybrid systems, data processing

Introduction

Whole-body optical in vivo imaging approaches are valuable tools that enable the study of animal
models of human diseases, reducing the number of animals required for experimentation and
providing essential information in pharmacological studies. Depending on the physical principle
providing image contrast, we find techniques based on light generation, such as bioluminescence or
fluorescence imaging, or based on light absorption, such as optoacoustics. All these methodologies
enable in vivo imaging of molecular and cellular processes with high sensitivity and have gained
great popularity over the past decade mainly because of their safe and straightforward use due to the
employment of non-ionizing wavelengths, and their cost-effectiveness compared with other imaging
technologies (such as positron emission tomography, PET, or magnetic resonance imaging, MRI;
Ntziachristos et al., 2007; Stuker et al., 2011b).

On the other hand, one of the main problems of optical in vivo technologies is dealing with the
scattering and absorption properties of tissue (Boas et al., 2011; Ripoll, 2012): scattering is responsible
for the loss of light directionality (and therefore a loss in resolution by consequently blurring the
image), while the presence of high absorbers (such as melanin and blood) results in a reduction of
light intensity (decreasing the signal to noise ratio dramatically in the visible range; Ripoll, 2012).

The most effective way to overcome the loss of signal intensity due to absorption is to employ
excitation and emission wavelengths in the near-infrared optical imaging window (between 700 and
900 nm, approximately), where themain tissue constituents (hemoglobin,melanin, water, and lipids)
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absorb the least (Ntziachristos et al., 2005; Jacques, 2013). On
the other hand, if one wishes to account for the effects of high
scattering in light propagation within tissues in order to obtain
a 3D image or quantitative information (note that location,
probe concentration, and probe size are strongly interdependent),
one needs to introduce a physical model of light propagation
within complex media such as a living organism. Once this
model is in place, a numerical inversion of this model (what
is termed, “solving the inverse problem”) is needed in order to
obtain a 3D image providing the spatial distribution of probe
concentration. Depending on the algorithm we use to reconstruct
an image we will be able to recover probe size, position and
concentration with varying accuracy. How this issue is addressed
clearly distinguishes the different imaging approaches in optical
in vivo imaging into the following three categories: (1) planar
optical imaging, (2) optical tomography, and (3) optoacoustic
tomography.

In this review we discuss the latest advances of optical in
vivo imaging as a tool in pharmaceutical studies, addressing
the different approaches that are being developed in order to
overcome the strong absorption introduced by hemoglobin and
the ill-posedness introduced by scattering, either through the
use of multimodal imaging or photoacoustic tomography, or by
developing new probes or proteins more adequate for in vivo
imaging in deep tissues.

Planar Optical Imaging

Planar optical imaging techniques are by far the most common,
mainly due to their simplicity of use and low cost. Two planar
imaging modalities are available, depending on the light source
generation: Bioluminescence and Fluorescence. In both cases a
high sensitivity camera (CCDmainly) coupled to a high numerical
aperture camera objective takes a single long exposure image, in
the case of fluorescence using appropriate band-pass filters. In
what follows we detail recent advances and applications in both
modalities.

Bioluminescence In Vivo Imaging
Bioluminescence imaging is based on the oxidation of a
substrate (luciferin) mediated by an enzyme (luciferase), being
themost commonly used the luciferase originated from the North
American firefly (Photinus pyralis). The firefly luciferase requires
ATP and magnesium to catalyze the reaction that leads to the
emission of light, which ranges from 530 to 640 nm, depending
amongst other factors on the pH, polarity of the solvent, and the
microenvironment of the enzyme (Li et al., 2013). Note how this
emission falls within the portion of the visible spectrum where
hemoglobin is strongly absorbing.

Since the firefly luciferase was cloned (de Wet et al., 1985),
the luc gene has extensively been used in gene regulation studies.
Bioluminescent probes have also been engineered in order to
detect specific enzymatic activities. These probes are designed in
such a way that the luciferin is “caged” and this conjugate has to be
cleaved by an enzymatic activity (i.e., proteases such as caspases).
Once cleaved, the luciferin can be oxidized by the luciferase and
the signal is released (Li et al., 2013).

Techniques based on bioluminescence detection have largely
been used for molecular biology assays in laboratories worldwide.
Accordingly, bioluminescence has also been a reference method
for in vivo imaging. Its main advantage is the absence of
background signal (the commonly used cell or animal models
do not express luciferase and therefore there is no “auto-
bioluminescence”), which leads to a high specificity of the
detected signals and an elevated signal-to-noise ratio. This has
resulted in an impressive expansion of bioluminescence in vivo
imaging applications for studies in cancer biology, inflammation,
and infection, amongst others (Edinger et al., 2002; Andreu et al.,
2010; Luker and Luker, 2011; Luwor et al., 2015). However,
researchers using bioluminescence in vivo imaging have to deal
with problems derived from the complexity of the luciferase-
luciferin reaction and the effects of light propagation in living
tissues. Regarding the luciferase-luciferin reaction, both substrate
and co-factors (ATP, oxygen and magnesium) are required for
the reaction to take place and therefore the limitation of any
of them may result in altered readouts that are not a real
representation of luciferase activity (Sadikot and Blackwell, 2005).
There have also been significant efforts toward the development
of bioluminescence tomography (BLT) approaches, requiring the
prior knowledge of one of the parameters or the number of sources
in order to produce a 3D image (Liu et al., 2010).

Fluorescence In Vivo Imaging
After a fluorescent agent is excitedwith a light source, fluorescence
is emitted isotropically as a consequence of a radiative transition
from an excited singlet state to a singlet state of lower energy
(typically the ground state) following Stoke’s Law (Sauer et al.,
2011). Even though fluorescence has been extensively used in
microscopy for over a century to study molecular and cellular
processes (Masters, 2009), it has not been until this past decade
that its use for in vivo small animal imaging became significant
(Mahmood et al., 1999;Weissleder et al., 1999; Ntziachristos et al.,
2005). The high sensitivity offered by this technique and the latest
advances in fluorescence labeling have also promoted its relatively
recent incursion in non-invasive in vivo imaging. Both planar and
three-dimensional fluorescence imaging methods in vivo are now
commonly used in pre-clinical research.

In order to acquire a fluorescence image, either as part of a
tomographic data set or a single planar image, one requires an
excitation source as close as possible to the excitation maximum
of the fluorophore being used, if possible within the near infrared
optical imaging window. The use of this excitation wavelength,
however, will not only excite specifically the fluorophore but
will generate non-specific fluorescence from several components
present in tissue, generating what is termed “auto-fluorescence,”
reducing the signal to background ratio (i.e., the contrast in the
image). One way to reduce this problem is performing several
spectral measurements with different excitation/emission pairs
and unmixing the specific signal of the fluorophore from the
un-specific signal of the surrounding tissue (Xu and Rice, 2009).

With respect to recent pharmacological studies, Zhang et al.
(2015b) make use of planar fluorescence molecular imaging to
monitor therapy in murine models of Alzheimer’s disease. In
particular, the authors verify the feasibility of using CRANAD-3
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FIGURE 1 | In vivo monitoring of therapeutic effect of drug treatment in Alzheimer’s disease. Application of CRANAD-3 for monitoring therapeutic effects of
drug treatments. (A) In vivo imaging of APP/PS1 mice with CRANAD-3 before and after treatment with the BACE-1 inhibitor LY2811376. (B) Quantitative analysis of
the imaging in A (n = 4). (C) Representative images of 4-month-old APP/PS1 mice after 6 months of treatment with CRANAD-17. (Left) Age-matched WT mouse.
(Center) Control APP/PS1 mouse. (Right) CRANAD-17—treated APP/PS1 mouse. Note that the NIRF signal from the CRANAD-17—treated APP/PS1 mouse (Right)
is lower than the signal from the non-treated control APP/PS1 mouse (Center). (D) Quantitative analysis of the imaging in C (n = 5). (E) ELISA analysis of total Aβ40
from brain extracts. (F) Analysis of plaque counting. (G) Representative histological staining with thioflavin S. (Left) CRANAD-17—treated mouse. (Right) Control.
*P < 0.05, **P < 0.01, ***P < 0.005. From Zhang et al. (2015b).

for monitoring therapy, and use it to monitor the therapeutic
effect of CRANAD-17, a curcumin analog for inhibition of Aβ

cross-linking (see Figure 1).

Diffuse Optical Tomography and
Fluorescence Molecular Tomography

In order to account for the effect of scattering when imaging
tissues with light, diffuse optical tomography (DOT) was
developed, based on scanning a point source over the sample
and measuring the intensity of the diffuse light either by fibers
or with a camera focused onto the surface (see Arridge, 1999,
for a review on this subject). With its first applications being
targeted toward breast cancer (see, for exampleNtziachristos et al.,
2000) its use in small animal imaging came with the development
of fluorescence molecular tomography, first published in 2002
(Ntziachristos et al., 2002), in the context of molecular imaging
by employing an activatable probe to image protease activity in an
in vivo mouse model of glioblastoma. Since this first publication
in 2002 there have been several developments and applications,
mainly in tumor biology (Ntziachristos et al., 2004; Deliolanis
et al., 2006; Montet et al., 2007; Kossodo et al., 2010; Hensley et al.,
2012) and inflammation studies (Martin et al., 2008; Kang et al.,
2014; Thomas et al., 2015), amongst others.

Apart from suffering from auto-fluorescence in a manner
similar to planar fluorescence imaging, DOT and FMT provide

no anatomical information and therefore benefit from its
combination with measurements provided by other imaging
systems such as X-ray computed tomography (CT) or MRI, issue
which we will discuss at the end of this review. Additionally,
the prior knowledge of anatomical features and optical properties
significantly improves image quality and quantitation, as will be
discussed later.

Optoacoustic In Vivo Imaging

Being based on the emission of sound after a transient increase
in volume due to light absorption, the photoacoustic effect may
be used to image in 3D the location and relative concentration
of fluorescence probes using advanced acoustic transducers and
light sources. Termed Optoacoustic or Photoacoustic imaging, it
circumvents the “blurring” caused by scattering on the visible
wavelengths by measuring the acoustic wave generated, which
suffers several orders of magnitude less scattering, resulting in
an increased penetration depth with no significant loss of signal
to noise. In order for this approach to be implemented and
transient volume changes generated, we need to use pulsed
lasers and then record the ultrasound wave generated by the
localized absorption of this pulse of light by the tissue. Recording
this ultrasound wave at several locations simultaneously, we
may make use of tomographic methods to recover a 3D image
(Wang et al., 2003). When multispectral methods are used, such
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FIGURE 2 | Pharmacokinetic in vivo imaging using MSOT. (A) Time series of images visualizing the biodistribution of IRdye800 in green on logarithmic scale
overlaid on the vasculature. Both channels are the result of spectral unmixing. (B) Cryoslice image after approximately 15 min with overlaid fluorescence as a
verification of the MSOT results. (C) A comparison of fluorescence distribution in the kidneys of mice sacrificed after approximately 2 min 30 s after injection and
15 min after injection. Note the changes in distribution similar to the time series shown in (A). (D) Temporal evolution of signal (each normalized to their smoothed
maxima) in the regions of interest highlighted in the rightmost image, orange showing a region in the renal cortex that displays early and steep signal pickup and black
indicating a region in the renal pelvis where probe accumulation is delayed and has a smoother profile. Time points of the images in (A) are marked using vertical
lines. From Taruttis et al. (2012).

as in multispectral optoacoustic tomography (MSOT), different
fluorophores may be separated and their relative concentration
quantified (Laufer et al., 2007; Ma et al., 2009; Tzoumas et al.,
2014), underlying the use of MSOT for quantitative and highly
specific in vivo imaging. Additionally, since hemoglobin is a
strong absorber, optoacoustic tomography may also be used for
resolving vascular structures and quantifying oxygen saturation
and blood volume (Lao et al., 2008; Hu and Wang, 2010).
The high resolution of MSOT—approximately ∼100 µm and in
some cases even better [∼40 µm resolution was shown in Ma
et al. (2009)], good anatomical information, and quantitative 3D
images are the reason why this approach is becoming widespread
in pharmacological studies.

One application of MSOT to pharmacological studies which
show extremely high impact is the use of MSOT to follow
pharmacokinetics in vivo (Kossodo et al., 2010; Razansky et al.,
2011, 2012; Bednar and Ntziachristos, 2012; Taruttis et al., 2012).
Figure 2 shows an example of the potential ofMSOT, where a time
series of images visualizing in vivo the biodistribution of IRdye800
and vasculature are shown. This study shows how the spatially
localized temporal evolution of drug delivery may be imaged in
real time.

One of the drawbacks of optoacoustic tomography is its lower
sensitivity when compared to pure fluorescence measurements
and the difficulty of imaging in organs that present high acoustic
contrast or high impedance mismatch, such as the lungs. Another
drawback is that the signal generated is proportional to the light
intensity that has been absorbed locally and thus decreases for

deeper tissues. Even though the lack of knowledge on the precise
light distribution within the subject precludes this technique from
being fully quantitative, the development of advanced inverse
methods and imaging approaches are constantly improving the
quantitative nature of MSOT (Razansky et al., 2011).

Latest Advances to Improve Quantification
and Resolution

Once we have covered the main optical imaging approaches,
we now will present the most recent advances to improve these
imaging techniques either by changing the emission spectra of the
probes or by including anatomical information and thus reducing
the ill-posed nature of the inverse problem.

Avoiding Absorption in Living Tissues: Moving
Toward the Near Infra-Red
As mentioned previously, working with wavelengths in the near
infra-red (NIR), in particular in the 700–900 nm window,
reduces the amount of light absorbed in tissues by ∼3 orders of
magnitude when compared to the visible spectrum. Due mainly
to hemoglobin absorption and considering that the emission peak
of the native firefly luciferase is in the range of ∼562 nm, its
detection is mainly limited to the surface. Great efforts have
been focused on obtainingmutated versions of luciferase enzymes
leading to red-shifted emission wavelengths, with emission peaks
above 600 nm (Branchini et al., 2010a; Stepanyuk et al., 2010;
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Mezzanotte et al., 2011; Wang et al., 2013). In order to obtain
emitted light with longer-wavelengths, considerable effort has
also been devoted to the development of analogs of the substrate
(luciferin), such as aminoluciferins (Mofford et al., 2014) or
selenium analogs (Conley et al., 2012). Other developments
have been bioluminescence resonance energy transfer (BRET)
conjugates, consisting on using the emitted bioluminescence light
as excitation for fluorescentmolecules. The use of these conjugates
results in a final emitted light above 700 nm (Branchini et al.,
2010b), although it has been discussed that they may alter the
cellular uptake properties of the substrate (Conley et al., 2012).

In the case of fluorescence, an impressive development of
new NIR fluorescent agents has taken place in recent years with
excitation maxima above 650 nm, allowing the use of excitation
sources and emission spectra within the optical window of the
spectrum, where blood absorption is reduced to a minimum
(Ntziachristos et al., 2005; Jacques, 2013). Researchers can now
benefit from a wide portfolio of near infra-red fluorescent
(NIRF) probes designed to be non-targeted (non-specific used
for imaging of perfusion or vascular leakage), targeted (such
as fluorescent-conjugated antibodies, which recognize and bind
specific ligands), or activatable (the fluorescent signal is quenched
unless a specific enzymatic activity cleaves the probe). Moreover,
different approaches have been followed to obtain NIRF proteins,
reaching excitation maxima above 670 nm (Shcherbo et al.,
2007; Shu et al., 2009; Filonov et al., 2012). Constructs for the
expression of these proteins and recently developed transgenic
mice (Diéguez-Hurtado et al., 2011; Tran et al., 2014) provide
an excellent tool for in vivo imaging applied to biomedical and
pharmaceutical studies.

With respect to optoacoustics, all advances in fluorescent
probes are directly compatible with this methodology, since
probes with high quantum yield by definition present high
absorption properties. Additionally, optoacoustic imaging
methods are also benefiting from new engineered acoustic probes
based on metallic nanoparticles (mainly gold) which exhibit high
absorption profiles (Bao et al., 2013; Vonnemann et al., 2014).

Finally, a very interesting and promising new development is
the use of Cherenkov excited luminescence imaging (CELSI) to
improve resolution and partially avoid the effect of absorption
while exciting the fluorophores (Zhang et al., 2012, 2013b, 2015a).
This approach makes use of Cherenkov emitted NIR light from
collimated ionizing radiation generated in a linear accelerator
(LINAC), a technique which could potentially be applied for
imaging fluorescent markers deep in tissue with high resolution.

Hybrid Systems
The combination of optical imaging modalities with structural
imaging methods such as X-ray CT or MRI allows obtaining
anatomical information that can be used as prior data on
the reconstruction algorithm to improve both resolution and
sensitivity (Ale et al., 2012).

For example, FMT-MRI hybrid systems have been developed
and used to analyze protease activity and tumor morphology in
mouse tumor models (Davis et al., 2010; Stuker et al., 2011a)
or metalloproteinase activity in mouse models of atherosclerosis
(Li et al., 2014). FMT-XCT hybrid systems are also examples

TABLE 1 | Comparison of different imaging modalities.

Technique Resolution Throughput Pharmacokinetics 3D Info

Bioluminescence >5 mm* High No No
Planar fluorescence >5 mm* High No No
FMT 1–2 mm Medium No Yes
FMT/XCT 1 mm Low No Yes
MSOT 0.1 mm Low Yes Yes

*Resolution depends on depth location.

where we can make use of anatomical priors obtained from the
geometric information provided by the XCT measurements in
order to improve the 3D reconstruction of the fluorescence signal
(Ale et al., 2012; Zhang et al., 2013a, 2014).

The technical complexity of these hybrid systems (for example,
due to crosstalk between optical and MRI imaging) has led to the
use of adapted animal holders which are compatible with different
modality systems enabling sequential imaging (McCann et al.,
2009).

Conclusions and Future Outlook

A wide range of optical imaging modalities are available for in
vivo imaging in small animals, representing an essential tool in
pharmacological studies. Each modality, however, presents its
own drawbacks, mainly due to the effects of absorption and
scattering of light propagation in living tissues. As shown in
Table 1, the selection of a techniquewill dependon themodel used
and the information that we want to obtain. For example, if high-
throughput imaging is required, planar imaging approaches will
be useful, with the consequence that no quantitative information
or depth location may be inferred (see Table 1). If quantitative
imaging and probe location is important, tomography is needed
and FMT and similar approaches are a good option, reaching
their full potential when combined with an anatomical imaging
modality such asMRI or X-ray CT. As a quickly growingmodality,
optoacoustic tomography and in particular MSOT shows great
potential, so far offering the best imaging resolution, but with
the problems associated with ultrasound imaging such as high
impedance mismatch in some organs such as the lungs and the
need for a matching gels.

We believe that as more specific near infrared fluorescent
probes and proteins with distinct spectral features, and
specific nanoparticles for high and specific optoacoustic
signal generation are generated there will be further improvement
of the performance of the technologies covered in this review,
opening opportunities for new applications. The combination
of several imaging modalities, specifically if they include optical
imaging approaches, will ensure the sensitivity and specificity
that optical probes uniquely offer may reach their full potential as
imaging agents for 3D quantitative imaging in vivo.
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Cardiovascular imaging has become an indispensable tool for patient diagnosis and

follow up. Probably the wide clinical applications of imaging are due to the possibility

of a detailed and high quality description and quantification of cardiovascular system

structure and function. Also phenomena that involve complex physiological mechanisms

and biochemical pathways, such as inflammation and ischemia, can be visualized in

a non-destructive way. The widespread use and evolution of imaging would not have

been possible without animal studies. Animal models have allowed for instance, (i) the

technical development of different imaging tools, (ii) to test hypothesis generated from

human studies and finally, (iii) to evaluate the translational relevance assessment of in vitro

and ex-vivo results. In this review, we will critically describe the contribution of animal

models to the use of biomedical imaging in cardiovascular medicine. We will discuss the

characteristics of the most frequent models used in/for imaging studies. We will cover

the major findings of animal studies focused in the cardiovascular use of the repeatedly

used imaging techniques in clinical practice and experimental studies. We will also

describe the physiological findings and/or learning processes for imaging applications

coming from models of the most common cardiovascular diseases. In these diseases,

imaging research using animals has allowed the study of aspects such as: ventricular

size, shape, global function, and wall thickening, local myocardial function, myocardial

perfusion, metabolism and energetic assessment, infarct quantification, vascular lesion

characterization, myocardial fiber structure, and myocardial calcium uptake. Finally we

will discuss the limitations and future of imaging research with animal models.

Keywords: animal models, biomedical imaging, heart failure, myocardial infarction, pulmonary hypertension,

atherosclerosis

Introduction

Cardiovascular disease is the most important cause of mortality in the Western world. It is
also responsible for a huge lost in years of healthy life and one of the principal reasons for
hospitalizations and emergency room visits. Its epidemiological importance justifies the huge
amount of both clinical and experimental research existing in this area. Such research has allowed
outstanding therapeutic changes, with impact on patient outcomes. However, not only therapy has
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improved the outcomes of patients; diagnosis and monitoring
tools have improved a lot in recent years. Between these
diagnostic tools a special place is reserved for biomedical
imaging. Diagnosis, monitoring, follow-up, and research in
cardiovascular patients are possible using different imaging
techniques.

Using imaging, anatomical, molecular, and functional
evaluation is possible in a complete non-invasive way. The
progress in cardiovascular patient care has benefited from a
rapidly evolving imaging acquisition technique. In the same way
imaging would not have developed without the use of animal
models. Animal, in vitro and ex-vivomodels are useful for testing
hypotheses derived from the clinical setting. They also provide
us a scenario in which to evaluate a new imaging tool or tracer.
In this review we will discuss the principal animal models used
in imaging studies of major cardiovascular diseases.

Characteristics of Animal Models For in
vivo Cardiovascular Imaging Studies

Cardiovascular physiology and diseases are based on the
interaction of multiple genes, metabolic processes and the
environment, increasing significantly their complexity. These
circumstances make highly complicated the full replacement of
in vivo models by simulated in vitro or in silico ones. Therefore,
animal models for cardiovascular research are pivotal for
testing mechanistic hypothesis and for translational research,
including the assessment of pharmacological interventions and
the development of imaging technologies and surgical devices. In
specificfieldsasdrugdevelopment imagingtechniquesapplication
allows to evaluate aspects as target validation, biodistribution,
target interaction, pharmacodynamics, and toxicology. Non-
invasive, imaging techniques allow multiple measurements to
be obtained from a single animal in longitudinal studies. In this
way imaging techniques generate significant outcomes using
smaller and more efficient experimental designs. This can help
to accomplish with the Reduce, Refine and Replace principles
in preclinical development processes including experiments
with animals. However, the animal model itself is important
also in this regard. The selection of the adequate species and
covering important aspects as animal manipulation are critical
for preclinical drug development success.

Selection of the Adequate Animal Model
The correct selection of the animal model of cardiovascular
research is a great challenge. Bibliography describes plenty of
models that mimic the most frequent cardiovascular illnesses.
However, in many cases, the authors do not perform a correct
comparative anatomy study and the findings do not correlate
in the same way that in humans. This issue is especially
important for biomedical imaging in which the goal is to
identify the aspects that directly interacts or modifies specific
anatomical structures. The relative geometry of the heart of
each species, the characteristic features of vasculature, muscle
mass and conduction system are the main anatomical differences
with humans (Hasenfuss, 1998; Hill and Iaizzo, 2009). The
choice of the desired model should be made on grounds of
etiological induction, animal availability, technological disposal

for the species, housing conditions, costs, biological level of
study, quality, and quantity of the data, relevance for the human
condition and ethical sensitivity (Power and Tonkin, 1999;
Hearse and Sutherland, 2000).

Rodents and Other Small Mammals
The laboratory mouse is essential in the study of the
cardiovascular system. The short gestation period and the low
cost of breeding and housing are the main advantages of this
species. The knowledge of its genome, the ability to modify it
and the rapid data acquisition of genomic modification make
attractive the use of mice for studying diverse mechanisms that
are affected during the development of cardiovascular diseases
(Doevendans et al., 1995, 1998; Bostick et al., 2011). Advances
in laboratory animal technology have allowed the miniaturizing
acquisition of murine cardiovascular physiology and diagnostic
images that define, in a sequential way, the progress of the
cardiac illness. However, the mouse shows some obstacles for
extrapolation of any outcome of cardiac disease models. Other
than animal size and beat (400–600), mouse heart differs from
human by: (1) the direct drainage of persistent left superior cava
vein into the right atrium; (2) a single opening of the pulmonary
vein in the left atrium (Webb et al., 1996; Hoyt et al., 2006); (3)
sinoatrial node localization above the junction of right atrium
with the cava vein (Meijler, 1985; Hoyt et al., 2006); (4) helicoidal
distribution of myocardial fibers (McLean and Prothero, 1992);
(5); a large septal branch from the left coronary artery without a
proper circumflex branch (still controversial); and (6) the blood
support of internal mammary arteries to supply atria, flowing via
cardiomediastinal arteries (Michael et al., 1995; Lutgens et al.,
1999). Finally, it is important to consider that murine strains
and mutations can alter additionally the structure, anatomy,
pathology, and physiology of cells, in an unpredictable way and
that may change with time (Chien, 1996; James et al., 1998; Kass
et al., 1998).

Rat and mouse models show similar advantages, however
rats are the classical choice for studying new drug targets in
cardiovascular research. The larger physical dimension in rats
allows an easier learning of surgical procedures and invasive
hemodynamic assessments. The cardiac blood supply originates
from both the coronary and extracoronary arteries (internal
mammary and subclavian arteries), but the principal limitations
are focused in myocardial function: a short action potential
which normally lacks a plateau phase, and α-myosin heavy-
chain isoform predominates with β-myosin isoform shift under
hemodynamic load or hormonal condition (Swynghedauw, 1986;
Hasenfuss, 1998; Bers, 2001).

Larger species as rabbits and dogs show a higher similarity
with human heart and allow the study of the left ventricular
function in models of heart failure. Like humans, in these two
species, β-myosin heavy-chain predominates and excitation–
contraction coupling processes seem to be analogous to those
in the human myocardium (Lompre et al., 1981; Hasenfuss,
1998). However, canine heart presents a dense collateral coronary
branching with a higher proportional relation of its size with
respect of thoracic cavity. Besides, the proportion of heart to
bodyweight is near the double of the human (Verdouw et al.,
1998).
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Large Animal Models
Direct translation from rodents to humans has to be taken
with caution because of the species-related differences,
such as contractility, architecture, heart rates (HRs), oxygen
consumption, protein expression, etc. . . (Zaragoza et al.,
2011). Instead, large animal models have a better translational
bridge between preclinical and clinical studies because of their
anatomical and physiological similarities (Fernández-Jiménez
et al., 2015a). Predominately, swine species are the election
in preclinical cardiovascular research. Their anatomical heart
features resemble those described in humans: coronary arteries
support a blood flow with a right-side dominant circulation
to the conduction system from the posterior septal artery, and
less subepicardical anastomosis than in other species such as
the dog; the electrophysiological system is more neurogenic
than myogenic with prominent Purkinje fibers; the aorta
has a true vasa vasorum network like that of humans; and
hemodynamic values that allow the extrapolation and translation
of reliable experimental data (Verdouw et al., 1998; Unger, 2001;
Laber et al., 2002; Swindle, 2007; Lelovas et al., 2014). On the
contrary, pigs show a left azygous (hemiazygous) vein which
drains the intercostal vessels into the coronary sinus instead of
precava, and the endocardium and epicardium are activated
simultaneously because of differences in distribution of the
specialized conduction system in the ventricles (Swindle, 2007;
Lelovas et al., 2014). The principal drawbacks of experimentation
with pigs are the high cost of housing and care, especially in
heart failure models. Also changes that occur during animal
growth are particularly important for translational imaging
research, specially the change in the proportional heart weight
to bodyweight ratio. That ratio for a 25Kg-farm pig is 5 gr/Kg
(as human) and this proportion is kept in juvenile animals,
and decreases significantly when the pig reaches the sexual
maturity (Verdouw et al., 1998; Lelovas et al., 2014). Nowadays,
the advent of miniature species like Yucatan, Hanford, Sinclair,
and Göttingen minipigs has significantly solved both limitations
(Bode et al., 2010).

Other species, like the sheep show morphologic similarities
with humans in regard to adult heart size, venous drainage and
physiological responses during the induction of cardiovascular
diseases; thus, sheep allows an experimental scenario highly
used and reliable in biomedical imaging studies. Among the
differences with human anatomy, a left-dominance coronary
artery support (but with a lack of preformed collateral
circulation), the absence of intervalvar septum, the valvular “os
cordis,” aortic valves fragility and the left thoracic drainage of the
azygous vein directly to coronary sinus, are the most noticeable.
Nevertheless, the main limitations of ovine models are the risk
of zoonotic diseases and their condition of ruminant, whose
features of the stomach could interfere in some non-invasive
image acquisitions (Walmsley, 1978; Dixon and Spinale, 2009;
Hill and Iaizzo, 2009).

Methodological Considerations
The ideal scenario for any imaging acquisition conducted in
cardiovascular disease animal models is the one performed
with awake and cooperative animals. However, this requires

acclimatization to restraint to reduce distress as confounding
variable. Conversely, each model under normal sleep conditions
is preconditioned by the type and doses of anesthesia and, in
lesser extent, analgesia used in the experiments. The correct
selection of the anesthetic protocol will determine the reliability
and interpretation of the measured data. All the anesthetics
induce a direct or indirect depression of hemodynamic values
and cardiac functionality. Injectable drugs can create an adequate
level of unconsciousness to perform the injury required in
the model and permit a complete imaging study. But, the
hemodynamic response to the same drugs is different between
species which depends on their metabolic features. This can
hinder an stable imaging acquisition. For example, rodents
generally require 3–5 times the doses used for large animals.
This is critical in those surgical models that imply an open-
chest approach, which means a great impact in the animal
thermoregulation and the size of the infarct area, anesthesia
timing, cardiovascular depression, etc. . . Due to their minimal
systemic metabolism and a short recovery phase, inhaled
anesthetics offer more security for the development of the
procedures; nevertheless, inhalation agents like sevofluorane or
isofluorane protect the myocardium against the insult of the
hypoxic states and diminish significantly the immune cellular
transmigration on inflammatory injuries (Rao et al., 2008; Ge
et al., 2010; Chappell et al., 2011).

During the imaging studies, anesthesia is crucial to maintain
the animal within stable, well-defined physiologic parameters
which is indispensable for detecting critical pathophysiologic
responses associated to the cardiovascular disease model. Not
only the primary affection that is provoked in the animal model
but also variables related with the animal homeostasis in response
to such affection should be taken into account. Also other
indirect factors as risk of hypothermia (and the autonomic
response to it) during surgical procedures can affect the results
of cardiovascular imaging studies. Anesthesia affects the blood
flow, blood oxygenation levels, and cardiac and respiratory
functions, which should be correctly monitored, especially in
those modalities involving long acquisition times. Inhaled agents
are eliminated quicker via the lungs, whereas injectable agents
need to be metabolized by the liver and excreted by the kidneys.
Both sevofluorane and isoflurane are minimally metabolized
by the liver and increase the efficiency of organ perfusion.
This means a less toxic effect to the animal metabolism, rapid
induction, minor impact on cardiovascular function and quick
recovery, which make them in many cases the choice for imaging
studies. Indeed, isofluorane has been described as the election for
PET studies in experimental cardiology just for the improvement
of cardiac radiotracer uptake vs. injectable anesthetics (Gargiulo
et al., 2012a; Lee et al., 2012).

Another key point is the selection of a determined animal
gender. It is has been described that males tend to develop an
eccentric hypertrophy and left ventricular dilatation in certain
cardiovascular disease, whilst females show a more concentric
hypertrophy with a better preserved left ventricular function
(Mahmoodzadeh et al., 2012). Several studies with rodents define
a protective role of the female hormone 17-β-estradiol and
its respective estrogen receptors mediating the cardiovascular
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responses to different pathophysiological situation. This steroid
regulates the expression of a variety of dependent genes related
to myocyte cytoskeletal proteins, cell-to-cell interaction, Ca2+

channels and apoptosis inhibition (Patten et al., 2004; Groten
et al., 2005; Mahmoodzadeh et al., 2010, 2012). For that reason,
females tended more easily to develop a ventricular hypertrophic
response against extreme effort stimuli to preserve the heart
outflow, and showed significantly smaller infarct area after
ischemic myocardial conditions or even maintained the heart
morphology and functionality under pressure overload stimuli
(Wang et al., 2005; Johnson et al., 2006; Babiker et al., 2007;
Patten et al., 2008; Foryst-Ludwig et al., 2011; Mahmoodzadeh
et al., 2012).

Imaging in Myocardial Infarction and
Coronary Artery Disease

Myocardial infarction (MI) may be the first manifestation of
coronary artery disease (CAD) that is the number one cause
of death among adults (Lloyd-Jones et al., 2010; Nichols et al.,
2014). Myocardial tissue-specific biomarkers and high sensitive
imaging techniques allow MI definition as any amount of
myocardial injury or necrosis in the setting of myocardial
ischemia (Thygesen et al., 2012). Animal models on MI are
essential for the better understanding of CAD, for discovering
risk biomarkers of MI, for studying early diagnostic test, and also
for establishing beneficial effects of new therapies.

Small and Large Animal Models for MI
Assessment: Mouse and Porcine Models
In small animals, including mice and rats, the left coronary
artery ligation procedure developed by Pfeffer et al. (1979) is
the most common method used to induce acute myocardial
damage. The artery might be either permanently or temporary
occluded to reproduce human ischemia/reperfusion injury. In
respect to large animals, swine is the preferred animal model
of heart damage, because of the absence of collateral coronary
circulation, similar arterial anatomy compared to humans and
the suitability to have clinically relevant imaging techniques to
accurately quantify area at risk or infarcted tissue (Crick et al.,
1998). One of the most widely used model of MI in pigs is
the angioplasty balloon occlusion of the left anterior descending
coronary artery (Ibanez et al., 2007). Moreover, the development
of gene-engineered animals with the advent of molecular genetic
techniques during the last years has allowed an explosion in the
number of models resulting in a tremendous progress in the
understanding of myocardial diseases.

Different Non-invasive Imaging Modalities to
Assess Myocardial Structure and Function,
Inflammation, and Viability in Animal Models
of MI
Myocardial Structure and Function: Techniques and

Current Evidence
Two-dimensional echocardiography is a well-established tool
that has have been largely used for the assessment of cardiac

function and structure using techniques and indices familiar
from human echocardiography. It offers a rapid and low
cost evaluation of heart anatomy, function and biomechanics
(Richardson et al., 2013) and response to treatment (Bao et al.,
2013; Matthews et al., 2013). But, its results depend on the
body complexion, echographic window and the HR of the
scanned animal. As a result, ultrasound based methods have
been mostly limited to small-animal models these days. The
advent of higher frame rates and smaller probes operating at
higher frequencies equipment’s have facilitated imaging of mice,
a setting where CMR is still challenging. Basic measurements
of LV systolic function, LV mass, and LV chamber dimensions
are easy to achieve from a parasternal long and short-axis view
of the heart. In the absence of wall motion abnormalities, M-
mode is an accurate method for evaluating LV structure and
function using the Teichholz method for fractional shortening
(FS%) and ejection fraction (EF%) estimation (Tanaka et al.,
1996). However, inmicemodels ofMI, wall motion abnormalities
and systolic function should be determined in 2D mode
echocardiography with consecutive parasternal short-axis planes
using the Simpson’s rule (Gao et al., 2000). It is important
to note that marked changes in echographic measurements
occur when mice are anesthetized (Rottman et al., 2003).
Anesthesia depresses HR, and the FS% is directly affected
by cardiac frequency. Thus, it is important when protocols
required consecutive measurements to perform all echoes under
the same conditions. Regarding diastolic dysfunction, it is a
critical condition where blood filling of the LV is impaired. It
accompanies, and sometimes precedes many disease conditions
like ischemic heart disease, but it is more difficult to define and
to measure than systolic dysfunction. Moreover, its echographic
measurement are highly affected by loading conditions, age and
HR. Transmitral filling, alterations in the A-wave or the E/A ratio
haven been used to define diastolic abnormalities. However, E
and A waves are fused due to rapid HR in mice, so as, other
indices like color M-mode flow propagation velocity (Schmidt
et al., 2002), isovolumentric relaxation time, the A’-wave or the
E’/A’ ratio using tissular Doppler imaging (Schaefer et al., 2003,
2005), also the Tei index (Tei et al., 1995) that characterize
global, systolic and diastolic left ventricular function after MI,
have been used in mice. However, the accuracy with which
these measurements quantify diastolic dysfunction is still open
to discussion (Scherrer-Crosbie and Thibault, 2008).

Cardiac Magnetic Resonance (CMR) is up to date the
preferred technique for the assessment of cardiac morphology
and function in animal models (Stuckey et al., 2008; Makowski
et al., 2010). CMR provides non-invasive high image quality
tomographic views of the heart with sub-millimeter anatomical
detail, high tissue contrast and excellent reproducibility, which
can be used for accurate functional and structural assessment in
coronary heart disease (Sinitsyn, 2001). They have been used to
serially evaluate left and right ventricular dysfunction.

Medium-large animal models can be studied with
conventional procedures established in the clinic for patients,
but imaging small animal models with CMR is challenging due
to their faster HR and smaller dimensions of the heart, and
requires the use of high-field (>4.7T) scanners or substantial
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modifications of conventional protocols used in clinical 1.5
or 3T platforms (Gilson and Kraitchman, 2007; Bunck et al.,
2009). Cine sequences in Magnetic Resonance Imaging (MRI)
are used to study all relevant functional parameters of the left
ventricle (LV) such as EF, ventricular volume, cardiac mass, and
cardiac output with high accuracy (Franco et al., 1999). Several
ECG-gated spin-echo and multiphase gradient-echo (cine MRI)
have been developed for quantifying LV parameters in mice with
similar reliability (Ruff et al., 1998; Slawson et al., 1998) becoming
the gold standard for LV assessment in rodents (Slawson et al.,
1998; Franco et al., 1999). Also, high in-plane resolution (0.1
× 0.1mm) cine MRI has been developed to quantify right
ventricular function in murine models (Wiesmann et al., 2002).
Other techniques for quantitative wall-motion imaging like
myocardial tagging (Epstein et al., 2002; Zhou et al., 2003) or
velocity-encode phase-contrast imaging (Espe et al., 2015) have
been optimized for animal studies. These approaches permit the
tracking of regional myocardium and enable the quantification
of principal strains and directions (radial, circumferential, and
longitudinal) to depict the extent of the changes in contractility
after MI (Young et al., 2006).

Myocardial ischemia also leads to a variety of changes in tissue
structure. Myocardial fibrosis is the main structural damage
after ischemia/reperfusion injury. Scar tissue can be evaluated
with inversion recovery echo-pulse sequences for late gadolinium
enhancement to differentiate between reversible damage and
infarcted myocardium after MI (Figure 1; Kim et al., 1999). Also,
diffuse microfibrosis can be detected in the myocardium using
recent T1-mapping sequences in animals (Stuckey et al., 2014;
García-Álvarez et al., 2015). Nevertheless, efforts are still required
to further improve and standardize protocols and to generate
reference values for each animal model on cardiovascular disease.

Myocardial Inflammation: Area at Risk: Techniques

and Current Evidence
The area at risk (AAR), defined as the hypoperfused myocardium
during an acute coronary occlusion, is a major determinant of
infarct size and clinical outcomes in MI. Additionally, accurate
AAR quantification is important because it has been used as an
end-point in clinical trials testing the efficacy of cardioprotective

FIGURE 1 | Cardiac magnetic resonance images of an anterior acute

myocardial infarction in a pig model of ischemia/reperfusion injury. (A)

Area at risk in T2-STIR sequence and hyperintense zone in anterior septum.

(B) Necrotic zone in late enhancement sequence at the same zone. Published

with publisher’s permission. Original source: Fernández-Friera et al. (2013).

Copyright © 2012 Sociedad Española de Cardiología. Publicado por Elsevier

España, S.L. All rights reserved.

interventions (Feiring et al., 1987). Single-photon emission
computed tomography (SPECT) is the traditional reference
method for determining AAR by injection of technetium-based
tracer before opening of the occluded vessel. However, CMR has
been proposed as an alternative approach over the last years
because of higher spatial resolution and the absence of tracer
administration need or radiation exposure (Carlsson et al., 2009).
In particular, T2-weighted (T2W) edema-sensitive sequences
have enabled the identification of acutely ischemic myocardium
by detecting increased signal intensity that reflects myocardial
water content (Aletras et al., 2006; Friedrich et al., 2008).
T2W imaging, however, is often limited by motion artifacts,
incomplete blood suppression, low signal-to-noise ratio and coil
sensitivity related-issues of surface coil. Newer quantitative CMR
methods include: (1) T1 and T2 mapping imaging (Figure 2)
that allow direct measurement of intrinsic tissue properties.
These sequences are less dependent on confounders affecting
signal intensity (Ugander et al., 2012) and their accuracy for
AAR quantification is high compared to microsphere blood
flow analysis in a dog model of ischemia/reperfusion injury
(Fernandez-Jimenez et al., 2015b); (2) BOLD or modified blood
oxygen level-dependent sequences which have been recently
proposed to detect ischemic myocardium in a dog model of
severe coronary stenosis (Tsaftaris et al., 2013); (3) Targeted
microparticles of iron oxide, which shorten T2 and T2* relaxation
times. By tracking up-regulated vascular cell and intercellular
adhesion molecules, such as VCAM and ICAM, it is possible
to detect and localize myocardial ischemia (Grieve et al., 2013);
(4) Balanced steady-state free precession sequences with T2
preparation have also been proposed to detect myocardial edema
in a porcine model and in patients with reperfused acute MI
(Kellman et al., 2007).

In addition to CMR approaches, pre-reperfusion
multidetector Computed Tomography (CT) imaging has
also been described as a method to assess AAR size in a porcine
acute MI model (Mewton et al., 2011).

Myocardial Perfusion and Viability by PET
and MRI
Positron Emission Tomography (PET) currently plays an
important role in clinical cardiology (Bengel et al., 2009). The
basic principle of PET is the coincidence detection of the
annihilation photons emitted after the emission of a positron
by a beta+ radioisotope. The spatial resolution of PET images
is currently in the range of 4–7mm for clinical scanners
and about 1mm for small animal systems. Higher detection
sensitivity allows measuring radiotracer at nano- to pico-molar
concentrations. In addition, PET is a truly quantitative imaging
tool that measures absolute concentrations of radioactivity in the
body and allows for kinetic modeling of physiologic parameters
such as absolute myocardial blood flow or glucose use. The data
acquisition can be synchronized with an ECG or respiration
signal and retrospectively used to obtain gated images. PET
systems are nowadays combined with CT systems that offer fused
anatomical and functional images. Combined PET and MRI
systems have recently appeared as and attractive option but their
use is still mostly limited to research studies (Nekolla et al., 2009).
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FIGURE 2 | Examples of T2 (A) and T1 parametric maps in animal models of myocardial infarction. (A) Shows the dynamic changes in T2 relaxation times in

the ischemic region after permanent coronary occlusion and reperfusion in a pig. (B) Shows pre contrast (upper row) and post-gadolinium contrast on a mouse

model. Adapted from Figure 5 of Fernández-Jiménez et al. (2015a) and from Figure 2 of Coolen et al. (2011) with original publisher’s permission (Bio Med Central).

Cardiac imaging in small animals is challenging due to the
small ventricle volume and wall thickness and the high HR
(Gargiulo et al., 2012b). Dedicated small animal PET systems
with high spatial resolution and increased sensitivity have
been developed (Levin and Zaidi, 2007). In the other hand,
large animal models are typically imaged in clinical systems
(Teramoto et al., 2011). In planning longitudinal PET studies
with animals, many variables interfering with the accuracy of the
experimental results must be taken into account (Adams et al.,
2010; stress related to physical restraint, fasting, warming and
anesthesia).

Myocardial Perfusion
Myocardial MRI based techniques are based (in large animal
models and in humans) on regional differences in myocardial
signal intensity during the first passage of an intravenously
administered dual-bolus of gadolinium-based contrast agent,
although quantitative approaches systemically underestimate
myocardial reserve and require many manipulations and have
limited inclusion in the clinical routine. For the successful
application of these methods in mice, imaging technology
requires the complete acquisition of imaging dataset at every

single or every second heartbeat using non-conventional MRI
pulse sequences. MRI offers the advantage by comparison
with nuclear medicine-based techniques of high resolution
and consequently betters assessment of transmural perfusion.
MRI perfusion technology has also the advantage that can be
integrated in routine CMR protocols of functional assessment
and late gadolinium enhancement. Most of the semi-quantitative
methods are based on the contrast enhancement ratios or upslope
indexes, although these systematically underestimate myocardial
perfusion. Finally, recent alternatives for absolute quantification
included dual saturation strategies of single bolus acquisition,
that will make easier to implement in clinical protocols (Sánchez-
González et al., 2015).

Alternatively, other MRI based—Arterial Spin Labeling (ASL)
perfusion methods does not use an exogenous contrast agent
and has been used for single slices to measure and quantify
myocardial perfusion also in small animals, although with long
acquisition times (Kober et al., 2005). ASL uses the water of the
blood as endogenous tracer and allows in vivo quantification
of the absolute perfusion and the regional blood volume in
the myocardium. These methods showed good agreement with
standard ex vivomicrospheres technique and is sensitive enough
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to detect and visualize regional alterations of the perfusion after
MI (Streif et al., 2005).

Basic experiments based in nuclear medicine have provided
complement or additional information to MRI based methods.
Myocardial perfusion imaging with PET is a standard tool for
detection of CAD, risk stratification of patients, and guidance
of therapeutic interventions (Di Carli et al., 2007). Regional
blood flow at rest may be normal until the stenosis is higher
than 90%. However, autoregulation is incapable of preserving
maximum blood flow during exercise or pharmacological stress
test leading to reduced myocardial blood flow relative to demand
and stress-induced ischemia. Thus, in a patient with coronary
artery stenosis, when acute myocardial ischemia occurs, the
initial abnormality is an imbalance in blood flow between the
hypoperfused and normally perfused areas (Di Carli et al., 2007).

CT coronary angiography is considered the gold standard for
evaluating the presence and the severity of coronary stenosis,
which provides the anatomical extent of disease. However,
perfusion imaging provides hemodynamic significance of
epicardial stenosis. PETmyocardial perfusion imaging combined
with tracer-kinetic modeling can provide absolute quantification
of regional myocardial blood flow of the LV. Tracer kinetic
modeling requires dynamic imaging beginning briefly before the
tracer injection and monitoring of tracer distribution in the
myocardium for 2–30min depending on the tracer and model.
Rest and stress scans are typically performed sequentially and
stress scans in animals are achieved by pharmacological stress by
infusion of adenosine, dipyridamole, or dobutamine.

The available flow agents are characterized by a rapid
myocardial extraction and by a cardiac uptake proportional to
blood flow. PET radiotracers used for evaluation of myocardial
blood flow include 13NH3(see Figure 3), 82Rb, and H15

2 O.
However, their short half-life limits their widespread clinical
use, because of the need for nearby cyclotron (13N and 15O)
or generator (82Rb). Other agents based on 18F as Flurpiridaz
(Packard et al., 2014) shows potential to spread the use of PET
for cardiac perfusion imaging, evenwith animalmodels, as it does
not depend on onsite cyclotron or generator.

Myocardial Metabolic and Energetic Viability
Alterations in myocardial substrate metabolism are critical in the
pathogenesis of many cardiovascular diseases. MI is associated
with numerous biochemical and functional changes in the
necrotic tissue, in the AAR, and in the remote myocardium.

18F-fluorodeoxyglucose (FDG) is a glucose analog that is widely
available due to its success as a metabolic imaging tracer
in clinical oncology. FDG traces myocytic glucose uptake
and can be used to quantify regional myocardial glucose
metabolism (Dilsizian et al., 2009; see Figure 3). FDG is
employed to determine the extent of myocardial viability or
potentially reversible contractile dysfunction in response to
revascularization as well as the extent of scar tissue or irreversible
contractile dysfunction. Increased FDG uptake can be observed
in ischemic tissue while significantly reduced or absent uptake
indicates scar formation.

The diagnostic quality of the myocardial FDG image depends
on the concentration of tracer in both myocardium and blood.
Myocardial FDG uptake depends quantitatively on plasma
concentrations of glucose and insulin, the rate of glucose
utilization and the relationship between FDG and glucose defined
by the lumped constant. High plasma concentrations of glucose
lower the fractional utilization of FDG and thus degrade the
quality of myocardial FDG uptake images. Myocardial glucose
uptake also depends on myocardial work, plasma levels of free
fatty acids, insulin, catecholamines, and oxygen supply. FDG
uptake is heterogeneous in normal myocardium in the fasting
state. Therefore, attempts have been made to standardize the
metabolic environment for human myocardial FDG imaging
(Knuuti et al., 1992), whereas procedures for animal imaging
vary widely (Gargiulo et al., 2012b). In humans, patients are
studied under fasting conditions following oral glucose loading
or during hyper-insulinaemic-euglycaemic clamping to improve
image quality and diagnostic accuracy.

Alternatively, Magnetic Resonance spectroscopy (MRS),
primarily based in 31P and 1H provides an energetic profile
(ATP, PCr, etc. . . ) or lipid content, respectively that in are
both connected to the possible change in myocardial substrate
utilization from fatty acid toward glucose in the context
of myocardial ischemia/reperfusion injury or provides useful
insights into the effects of obesity on the heart. These methods
have sometimes used to evaluate the improved cardiac energetic
and function effect of novel drugs (Bao et al., 2011). 31P MRI
is the only method available to provide non-invasive measures
of endogenous quantitative concentration of these energetic
metabolites and creatine kinase kinetics (Bottomley et al., 2009).
Additionally, 13C in natural isotopic abundance is per se not
very informative. However, possible hyperpolarization with an
SNR increase in five orders of magnitude is the technique with

FIGURE 3 | Representative midventricular short-axis slices PET myocardial perfusion at rest and PET myocardial metabolism using 13NH3and 18FDG

tracers respectively in pigs studied in the chronic (A) and acute (B) phases after myocardial infarction. From Lautamäki et al. (2009) Figure 1. With

permission.
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promising future for enhanced 13C MRS studies, particularly of
the glycolytic metabolism of the heart. There are some reports
of 13C metabolic images of lactate, alanine, bicarbonate and
pyruvate in a pig heart following coronary occlusion (Bottomley
et al., 2009).

Heart Failure

A variety of animal models have been used to mimic the human
disease with the highest interest in medical cardiology (Table 1;
Verdouw et al., 1998; Dixon and Spinale, 2009; Patten and Hall-
Porter, 2009; Abarbanell et al., 2010; Houser et al., 2012). HF
is caused by an unable heart to maintain oxygen level that
vital organs demand deriving from an impaired blood filling
and/or ejection (Houser et al., 2012). According to these two
different causes, there are two phenotypes of HF, ones derived
from the systolic dysfunction, where the EF decreases below 50%,
called HF with reduced EF; and ones derived from a diastolic
dysfunction, where the EF remains above 50%, called HF with
preserved ejection EF. Valve diseases, hypertension, myocardial
ischemia and genetic abnormalities that caused dilated and
restrictive cardiomyopathies are the most common mechanisms
used for creating experimental HF. Characterization of animal
models of HF requires revealing an insufficient cardiac output,
on one hand the left-, right-, or biventricular cardiac dysfunction,
and o pulmonary findings compatibles with the course of HF
(Houser et al., 2012).

Cardiac Hypertrophy
Several strategies have been described to induce an adaptive
response to pressure overload, sarcomeric mutations or
pulmonary/artery hypertension, to mimic the hypertrophic
transformation of the heart: (1) hypertrophic growth where
load exceeds heart output, (2) study of compensatory events to
normalize workload/mass ratio and cardiac output, and (3) HF
because of ventricular dilatation (Meerson, 1961). Aortic and
pulmonary artery stenosis are the most common methods for
stressing the heart for a pressure overload (Tarnavski et al., 2004).
The critical feature is to establish a normalized constriction of
the artery to observe the increased difference between the left
ventricular and aortic pressures or the difference between right
ventricle (RV) and pulmonary artery. In non-rodent models, the
normalization of the injury is fairly easy due to the feasibility
of previous imaging studies. The measurement of the artery
determines the precise restriction desired. A recent publication
of RV failure in rabbits details the constriction induction of the
pulmonary artery by the inflation of a 5-mm surgically implanted
band controlled by the echocardiographic measurement of the
right ventricular end-systolic pressure (McKellar et al., 2015).
Imaging technologies are used for hypertrophic progress
evaluation for the development of new therapies. However, the
main disadvantage of these models is the period required to
observe each stage of the cardiomyopathy, involving 2–3months.
On the other hand, the rodent models display an abrupt and
acute hemodynamic instability. Heart morphological alterations
are quickly acquired with a certain grade of variability depending
of proportional reduction of the arterial lumen (−70%). The

interest of the murine models is focused on the study of the
compensatory events that occur after hypertrophic growth.

Other models that induce pressure overload without a
required surgical expertise are: pulmonary hypertension (PH)
by beads inoculation, genetic models of arterial hypertension
and arrhythmogenic right ventricular cardiomyopathy. Murine
genetic models and arrhythmogenic pathologies show a great
advantage against other species. The spontaneous hypertension
of rat (SH strains) or those induced in mutant mice are well
characterized. However, the arrhythmogenic right ventricular
cardiomyopathy of the Boxer andHypertrophic Cardiomyopathy
of MainCoon//Persian cats remain the best animal models
for the study of both diseases regarding their similarities in
genetic mutations etiologies and analogous mechanical-electrical
dysfunctions (Kittleson et al., 1999; Basso et al., 2004; Palermo
et al., 2011).

Dilated Cardiomyopathy
Animal models of dilated cardiomyopathy (DCM) should exhibit
the structural and mechanical alterations observed in humans:
LV dilatation, eccentric hypertrophy, wall thinning, reproducing
cellular/molecular/neurohormonal features, depressed chamber
output/flow, reduced ventricle contractility, and lusitropy,
elevated filling pressure, and intolerance to stress situation
due to a low functional reserve. Several strategies have been
implemented (from rodent to large animal) to develop this
disease phenotype.

The most used model is the myocardial ischemic injury,
which can be performed with a permanent, temporary or
progressive occlusion of the left coronary, just trying to mimic
the atherosclerotic CAD. Depending on the animal species
and surgical expertise, the technique can be performed in
a closed or open-chest approach applying a surgical suture,
beads microembolization, an intracoronary balloon-occlusion,
or ameroid constriction. However, these experimental lesions
are concentric contrary to the eccentric occlusion in human
atherosclerosis (Bianco et al., 2009). Other strategies for
the induction of congestive HF are: toxicological effect of
doxorubicin or isoproterenol, pacing-induced tachycardia or
genetic factors. In most of DCM animal models it is possible
to observe a significant remodeling without severe clinical
signs (Mann and Bristow, 2005). Asymptomatic LV dysfunction,
reduced blood flow, elevated cardiac filling pressure, or other
changes in hemodynamic could be absent while myocyte
hypertrophy and fibrosis might be observed histologically. This
is quite important to decide the experimental timing and the
correlation with symptoms (Houser et al., 2012).

Imaging in Animals Models of HF
Current non-invasive imaging techniques developed in research
allows longitudinal evaluation of HF. Echocardiography remains
as the gold standard for assessment of cardiovascular structure
and function in rodents (Ram et al., 2011). However, CMR
and PET-CT have gained importance in small animal research
for further cardiac evaluation in the context of heart disease,
especially evaluating anatomy and metabolism. In particular
CMR is becoming an useful tool in both, systolic and diastolic
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TABLE 1 | Schematic comparison of the different animal models used in cardiovascular imaging research.

Specie Model Failure etiology Advantages Disadvantages

CARDIAC HYPERTROPHY

Mouse Transverse aortic and

pulmonary artery

constriction

Acute and pressure

overload

Easy use of GEM animals. Hypertrophy

developed rapidly (2–3 weeks)

Surgical skills. Acute hypertension and

expense of equipment for cardiovascular

imaging and physiology assessment

Mouse Isoproterenol infusion Toxic injury of

myocardium

Minimal surgery and good scenario for

pharmacological or gene therapy

Hypertrophy is adjusted to dose and mouse

strain

Rat Spontaneous

hypertensive rat and

Dahl salt-sensitive rat

Chronic pressure

overload

The onset of hypertension is gradual, being the

heart failure in later stages. Genetic origin of

hypertension. No surgery

Long experimental period (6–12 months)

Rat Ascending aortic and

pulmonary artery

constriction

Gradual to quick onset

pressure overload

Gradual to quick onset hypertension Less GEM animals and similar cost of

equipment for cardiovascular physiology

assessment than mouse

Rat Arteriovenous shunts Overload of ventricular

chambers

Progressive heart hypertrophy, more rapidly in

the right ventricle. Well tolerate and it possible

to reverse the volume-overload state

Greater surgical skills, with a grade of

hypertrophy fistula localization-dependent

Guinea pig Descending aortic

constriction

Pressure overload and

hypertension

Human mimicking alteration of sarcolemma

calcium handling

Special and expensive requirements for

husbandry

Rabbit Aortic and pulmonary

constriction

Gradual onset pressure

overload

Imaging technology allows normalizing the

grade of constriction. Possibility to reverse the

pressure-overload situation

Thoracotomy surgery required

Rabbit Doxorrubicin Toxicological

aggression

Myocyte function and structure modification High risk of mortality dose dependent

Dog Aortovenus shunt Volume overload Progressive heart hypertrophy, more rapidly in

the right ventricle

Not so well tolerated than rats. Frequent

arrhythmias, edema and quick health decrease

Dog Arrhythmogenic right

ventricular

cardiomyopathy of

Boxer

Desmosomes proteins

mutation

Genetic origin which mimic the human disease Social ethical considerations

Cat Inherited Hypertrophic

Cardiomyopathy of

Maine Coon and

Persian strains

Sarcomeric protein

gene mutations

Genetic origin which mimic the human disease Social ethical considerations

Pig Descending aortic

constriction

Pressure overload and

hypertension

Progressive hypertrophy and animal well

adapted (constriction grade progresses with

animal growth)

Surgical skills and lateral thoracotomy

Pig Pulmonary artery

hypertension by

microembolization

Increased vascular

resistance

Progressive hypertrophy of right ventricle and

final heart failure by dilated cardiomyopathy. No

surgery

Great hypoxic vasoconstriction

Sheep Ascending aortic

constriction

Pressure overload and

hypertension

Transition from compensated hypertrophy to

left ventricular dysfunction

Zoonotic risk

Sheep Pulmonary artery

hypertension by

microembolization

Increased vascular

resistance

Progressive hypertrophy of right ventricle and

final heart failure by dilated cardiomyopathy. No

hypoxic vasoconstriction No surgery

Zoonotic risk

DILATED CARDIOPATHY

Mouse Genetic Engineering

modified animals (GEM)

Dilated cardiomyopathy Genetic modifications of structural and

functionality of cardiomyocytes. No required

surgery

Clinical reliability restricted to the molecule of

study: e.g., TNF-α overexpression

(Continued)
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TABLE 1 | Continued

Specie Model Failure etiology Advantages Disadvantages

Rat Isoproterenol toxicity Toxicological

aggression

Severe structural modification by necrosis and

fibrosis of myocardium

Less GEM animals and similar cost of

equipment for cardiovascular physiology

assessment than mouse

Rabbit Pacing Tachycardia Congestive failure by

low output

Mimic myocardial alteration of human

edematous chronic low output

Limited imaging technology due to paced heart

rate (400 beats/min)

Rabbit Balloon occlusion of

circumflex branch of

left coronary artery

Myocardial infarction Artery occlusion by catheterization Great skill and specific material

Dog Pacing Tachycardia Congestive failure by

low output

Mimic myocardial remodeling, neurohumoral

activation and subcellular dysfunction

No hypertrophy

Dog Coronary

microembolization

Contractile dysfunction

and a profound

perfusion-contraction

mismatch

No surgery requirements Microspheres are chemically inert. Extensive

arterial pattern of heart. Time consuming

Pig Pacing Tachycardia Congestive failure by

low output

Mimic myocardial remodeling, neurohumoral

activation and subcellular dysfunction

No hypertrophy nor fibrosis

Pig Coronary

microembolization

Contractile dysfunction

and a profound

perfusion-contraction

mismatch

No surgery requirements Microsphere are chemically inert

Pig Hibernating

myocardium

Progressive reduction

of ventricle perfusion

Mimic human disease condition Surgical technical experience and skill. There is

a myocardial recovery in chronic studies

Sheep Pacing Tachycardia Congestive failure by

low output

Mimic myocardial remodeling, neurohumoral

activation and subcellular dysfunction

No hypertrophy nor fibrosis

Sheep Coronary

microembolization

Contractile dysfunction

and a profound

perfusion-contraction

mismatch

No surgery requirements and resemble human

condition than dog

Zoonotic risk. Microspheres are chemically

inert. Extensive arterial pattern of heart. Time

consuming

MYOCARDIAL INFARCTION

Mouse Left coronary ligation

(total occlusion or

ischemia/reperfusion)

Myocardial infarction Easy use of GEM animals, low cost of

husbandry and feasible cardiovascular

assessment. Suitability for follow-up and

survival studies.

Great surgical skill and expensive technological

requirements. Limited sample collection (animal

size)

Rat Left coronary ligation

(total occlusion or

ischemia/reperfusion)

Myocardial infarction Surgical procedure easier than in mouse and

more volume of samples. Lower cost than large

animals. Suitability for follow-up and survival

studies.

Less GEM animals and similar cost of

equipment for cardiovascular physiology

assessment than mouse

Rabbit Left coronary ligation

(total occlusion or

ischemia/reperfusion)

Myocardial infarction Surgical procedure easier than in rodents and

more volume of samples Lower cost than large

animals.

Thoracotomy surgery required

Dog Left coronary ligation

(total occlusion or

ischemia/reperfusion)

Myocardial infarction Surgical procedure easier than in rodents and

more volume of samples Lower cost than large

animals.

High death incidence by arrhythmias

Pig Angioplasty balloon

occlusion of the left

anterior descending

coronary

Myocardial infarction Anatomy and pathology closed to human.

Good suitability to undergo imaging

techniques. No surgery requirements.

Require skills for coronary catheterization and

surgical specific material

Zebrafish Myocardial criolesion Myocardial infarction Heart remodeling and regenerative model Far of mammals biology

(Continued)
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TABLE 1 | Continued

Specie Model Failure etiology Advantages Disadvantages

VASCULAR DISEASE

Mouse APOE-deficiency and

LDL Receptor

deficiency

Atherosclerosis, Aortic

root atherogenic

lesions

Easy use of GEM animals, low cost of

husbandry and feasible cardiovascular

assessment. Great valuable data of molecular

and cellular events.

Not mimic exactly the human chronic disease.

The artery low size complicates the in vivo

imaging acquisition

Rabbit High-fat diet

with/without balloon

aortic injury

Atherosclerosis, Aortic

arch and thoracic aorta

lesions

Easy husbandry and feasible artery imaging

acquisition.

Great skill for vessel damage, long term

experimental induction of atherogenic lesions

and no coronary affection

Rabbit Watanabe WHHL (LDL

Receptor deficiency)

Atherosclerosis, Aortic

arch and thoracic aorta

lesions

Easy husbandry and feasible artery imaging

acquisition. Possible finding of coronary artery

lesions. Not necessary high fat diet.

Unstable atherogenic plaque which could

develop coronary occlusion and death

Pig High-fat diet

with/without

angioplasty

Atherosclerosis, Aortic

and coronary

atherogenic lesions

Model closed to human disease Long term experimental induction of

atherogenic lesions. Skills for catheterism

PULMONARY HYPERTENSION

Rat Chronic Hypoxia Increase in vascular

tone

Repeatable maintained increase in pulmonary

artery and RV pressure accompanied by RV

remodeling

Minimal vascular remodeling. Suitable just for

small animals

Rat Chronic Hypoxia plus

SU5416

Increase in vascular

tone plus VEGFR-R

blockade

Equal than chronic hypoxia more

angiobliterative changes. More increase in RV

pressure and more RV hypertrophy

Suitable just for small animals

Rat, dog,

pig, sheep

Monocrotaline Endothelial damage Produces RV failure and vascular remodeling No plexogenic arteriopathy

Dogs pig,

sheep

Beads or clots injection Decrease in total vessel

area

Acute increase in pulmonary pressure RV

remodeling

Decrease of the severity of vascular and RV

changes with time. Hard to titrate the dose.

High mortality in some reports

Pig, Rat Aortocaval shunt Increase in pulmonary

artery flow

Resembles major features of human disease Requires surgical skills. Complications related

with surgery

Rodents,

pig, sheep,

dog

Vascular banding Decrease in vascular

compliance

Controllable and maintained increase in

pulmonary artery pressure. RV remodeling

Requires surgical skills. Complications related

with surgery

HF studies in murine models (Loganathan et al., 2006; Chung
et al., 2013; Constantinides, 2013). Literature on advance imaging
protocols and cardiac echocardiography and MRI mouse models
of HF is very extensive, therefore only those aspects helpful in the
assessment of HF in mice are described.

Impaired systolic function is the main characteristic of HF
with reduced EF animal models. Main cardiac findings are
reduced LV EF, dilated or overload LV and coronary flow
disturbs. Furthermore, assessment of LV regional wall motion
abnormalities and calculation of wall motion score index offers
to investigators an interesting tool to complement systolic
dysfunction characterization and ameasurement of heart damage
extension, especially in ischemic injury.

Models of HF with preserved EF have predominantly LV
diastolic filling alterations. Therefore, in these studies evaluation
of mitral inflow pattern, pulmonary vein flow and left atrium
dimensions could be essential for evaluating this condition. An
important consideration to mention is that diastolic impairment

does not noticeable affect cardiac output, so atrial diameter
enlargement and pulmonary changes related to congestion could
be useful to determine the develop of HF.

Mice Transthoracic Echocardiography
Two-dimensional (2D), motion-mode (M-mode) and color and
pulse wave Doppler (CD and PW, respectively) are the basic
techniques used in research (Ram et al., 2011; Chen et al., 2012;
Moran et al., 2013). Parasternal long axis view (PLAX) and
parasternal short axis views (PSAX, at basal, medium, and apical)
in 2D and M-mode allows entirely LV visualization, therefore
LV function, regional wall motion as well as chamber and wall
dimensions can be accurately determined (Zhang et al., 2007;
Fayssoil and Tournoux, 2013). Apical four-chamber view is used
to visualize both ventricles and as ultrasounds can be aligned
with blood flow through mitral and PW Doppler is set in this
plane to study mitral inflow pattern. Additional views or PLAX-
angled views have also been described in mice to study coronary,
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pulmonary vein and pulmonary artery flows, which can be useful
in the context of diastolic and systolic dysfunction (Wu et al.,
2012; Cheng et al., 2014).

Conventional echocardiographic measures lack sensitivity for
capturing subtle variations in global ventricular performance
(Bauer et al., 2011). In this regard, novel echocardiographic
techniques based on tracking tissue motion have emerged for
clinical use and animal cardiac research to assess strain. These
may provide quantitatively evaluation of myocardial function
and early detection of ventricular performance alterations.
Doppler tissue imaging (DTI) and speckle-tracking imaging
(STI) based on strain analysis are the main echocardiographic
tools described in human and small animal models in this regard,
although current applications remain limited (Mor-Avi et al.,
2011). In DTI, the same Doppler principles are used to identify
signals of myocardial tissue motion. Peak myocardial velocities
of early and late diastolic and systolic waves can be measured
(also in mice) in the anterior/posterior LV wall for the radial
component, and in the lateral free LV wall for the circumferential
component on the PSAX view (Ho and Solomon, 2006; Mor-
Avi et al., 2011; Ferferieva et al., 2013). STI based of strain
analysis detects the gray scale “speckles” within the tissue on
2D ultrasound imaging and its movement during cardiac cycle
and has been recently used for the estimation of the radial and
circumferential strain in small animal models (Mor-Avi et al.,
2011; Ferferieva et al., 2013).

In mice, assessment of deformation parameters through DTI
or STI based on strain analysis correlated well with invasive
hemodynamic measure of myocardial contractility and both
techniques could be equally acceptable for assessing LV function
(Ferferieva et al., 2013). However, these techniques are not
yet routinely established in the echocardiography protocols of
cardiac disease. The use of DTI and STI based on strain analysis
to provide good cardiovascular phenotype in mice are of great
interest but improvement of the analysis should be develop
to make these new tools robust, reproducible and more user-
friendly (Fayssoil and Tournoux, 2013).

In HF with reduced EF models, typically derived from
systolic alterations, LV EF is the major parameter to determine
this condition and can be determined from both, 2D and M-
mode PLAX views. It is important to mention that in ischemic
injury, M-mode echography cannot accurately estimate LV
EF because the ventricle shape is abnormal, and geometric
models and algorithms assumptions cannot be assumed. In
these cases, EF is better estimated using the area-length formula
in an 2D PLAX view; if additional 2D PSAX has been taken
at basal, medium and apical, Simpson formula to calculate
LV EF and regional wall motion can also be performed. LV
dilatation or overload can be demonstrated obtained the end-
diastolic volume of the LV, usually from 2D PLAX. Evaluation
of coronary flow in murine models of HF with reduced EF
could be essential in some cases as coronary disturbance
could lead to abnormal myocardial perfusion and therefore
could compromise systolic function. Hyperemic peak diastolic
velocity and coronary flow reverse are the principal changes in
coronary flow during ischemic injury and reduced EF (Wu et al.,
2012).

Echocardiography evaluation of HF with preserved EF in
mice, normally derived from diastolic alterations, can be
challenging as small heart size and rapid ventricular rates make
evaluation of diastolic function difficult (Chung et al., 2013).
Variation in the mitral flow is the most consistent finding in
these studies. Mitral inflow pattern can be achieve in the apical
view, and common parameters altered are E wave-A wave ratio,
isovolumetric relaxation time, E wave deceleration time and A
wave time (Wichi et al., 2007; Ram et al., 2011; Fayssoil and
Tournoux, 2013). Pulmonary vein flow changes are commonly
used in human echography and could be a future marker of
diastolic dysfunction in rodents but no consistent changes have
been described. Pulmonary veins in these animals differ from
human as venous confluence with a single orifice enters the left
atrium in mice, thus, altering the pressures and, therefore, the
wave patterns (Yuan et al., 2010).

Left atrial dilatation measured form 2D and M-mode long-
axis has been described as a parameter indicating pulmonary
congestion (Finsen et al., 2005), therefore, it could be used in
both, reduced and preserved EF models, but could be especially
useful in preserved EF where reduced cardiac output cannot
be assessed. Pulmonary artery flow varies depending on lung
abnormalities and mice have similar pattern to that observed
in humans (Thibault et al., 2010). In both, HF with reduced or
preserved EF, if there is a maintained pulmonary congestion,
high pulmonary pressures can be achieved and typical pattern
of hypertension can be visualized. Acceleration and total ejection
time ratio is reduced in accordance with increase in pulmonary
pressure in hypertension murine models (Thibault et al., 2010),
whereas in some models of HF such as ischemic injury, the
changes in arterial flow have not been very consistent with the
presence or absence of pulmonary congestion (Finsen et al.,
2005).

Mice Cardiac MRI
In vivo MRI provides excellent views of cardiac structures
and allows high quality spatial resolution of the heart, and
recently has emerged as an accurately instrument for functional
cardiac evaluation as high temporal resolutions are also achieved
(Yue et al., 2007; Figure 4). Cardiac gating is essential to
reduce the level of motion artifacts and therefore, to obtain
images of sufficient quality (Cassidy et al., 2004). Assessment
of cardiac anatomy, regional wall motion, myocardial perfusion,
myocardial viability plus cardiac chamber quantification, and
cardiac function are applications described in mice (Pohlmann
et al., 2011). Conventional views in mice are similar to those
used in human cardiac MRI. Long-axis, two and four-chamber
views as well as a multi-slice short-axis view from base to apex
are commonly used in bright-blood and black-blood spin-echo.

CMR in HF with reduced EF models is becoming
progressively more used as it allows precisely data of LV volumes
with no need of making geometric assumptions regarding
ventricular shape, which is especially important in ischemic
injury models. In these models, MRI also allows measuring the
total infarcted area as the scar can be well visualized. Besides,
the high anatomical resolution and improvements achieved in
temporal resolution make MRI a powerful tool to assess cardiac
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FIGURE 4 | Representative short axis (upper panel) and long axis (low

panels) cardiac magnetic resonance images taken at the end of

diastole (left panels) and systole (right panels) in WT mice. Adapted

from Figure 3 in Cruz et al. (2015).

systolic dysfunction and wall motion, not only in LV but also
in the RV. Normally, LV and RV EF as well as volumes are
calculated after obtaining planimetry of each short-axis slice in
end-systole and end-diastole.

As it has been describe previously in this report, non-
invasively imaging evaluation of diastolic dysfunction in rodents
is limited because of the short diastolic period. As most of
the HF with preserved EF models are characterized by diffuse
myocardial fibrosis and structural alterations, MRI has become
an important imaging technique to describe cardiac mass, tissue
changes, and interstitial fibrosis through special analysis as
pixel intensity values (Loganathan et al., 2006). Furthermore,
evaluation of LV filling rate calculated from slopes of the volume-
time curves can also provide relaxation information useful for
determining diastolic dysfunction in these models (Yu et al.,
2007). Finally, CMR can be simultaneously used to assess the
progression of ventricular dysfunction with lung congestion.
This non-invasive technology is especially applicable to serial
studies and in drug discovery programs exploring the use of
novel pharmacological or molecular agents for treatment of heart
failure and/or pulmonary congestion (Alsaid et al., 2012).

New Challenge in Heart Failure Imaging
One of the ultimate goals of HF treatment is aimed to cardiac
repair by the regeneration of the myocardium after injury.
The mammalian heart is one of the least regenerative organs
in the body, although postnatal hearts undergo some degree
of cardiomyocyte renewal during normal aging and disease.
Together with mouse, zebrafish has proven to be a particularly
useful model, given its amenability to genetic manipulation and
its tissue regenerative capacity (Poss et al., 2002). Zebrafish

models are directed to observe the cardiomyocyte proliferation
after heart ablation or myocardium crioinjury. Significantly,
the principal limitations of this model is the handling
and HF procedure performing in an aquatic species, the
anatomical differences of cardiovascular system with mammals
and the setting up of imaging techniques for hemodynamic
measurements (González-Rosa et al., 2014). However, the
interspecies jump is too high to conclude the evidence acquired
in zebrafish cardiovascular studies for human ormammal cardiac
diseases. For that purpose, heart regeneration models have been
established in mouse neonates. Obviously, the cardiac repair
differs from zebrafish, but the cardiac insult is quite similar.
Crioinjury infarct and apex ablation are basically the preference
model in this field. Surgical expertise and special handling are
crucial for the success of the technique. The main point in the
surgical part is the promptness to open the chest and damage the
myocardium. The anesthetic regimen is based on the immobility
by cold, which should be recovered as soon as possible. Later,
the most important tour de force is the reinstatement to the
mother due to the easy induction to cannibalism by the extremely
sensitive olfactory and visual sense (Laflamme and Murry, 2011).
While a number of imaging methods and applications have been
shownmainly using optical microscopy, MRI can be adapted and
can provide additional in vivo information (Figure 5).

Atherosclerosis and Vascular Lesion
Characterization

Atherosclerosis is a chronic inflammatory disease, affecting the
medium and large arteries, characterized by the progressive
accumulation of lipid deposits and different cell types in the
subendothelial space (mainly immune cells and vascular smooth
muscle cells) to form the atherosclerotic plaques. The major
clinical manifestations of atherosclerosis are CAD, leading to
acute MI (see Section Imaging in Myocardial Infarction and
Coronary Artery Disease); cerebrovascular disease, leading to
stroke; and peripheral arterial disease, leading to ischemic
limbs and viscera (Libby, 2002). Traditionally, diagnosis of
atherosclerosis was only possible at advanced stages of disease,
either by directly revealing the narrowing of the arterial lumen
(stenosis) or by evaluating the effect of arterial stenosis on
organ perfusion. However, it is now well recognized that the
atherosclerotic plaques responsible for thrombus formation
are not necessarily those that impinge most on the lumen
of the vessel. New imaging approaches allow the assessment
not only of the morphology of blood vessels but also of
the composition of the vessel walls, enabling atherosclerosis-
associated abnormalities in the arteries to be observed, down to
the cellular and molecular level in some cases. Some of these
approaches are now in clinical use or are being tested in clinical
trials, whereas others are better suited for basic and translational
research (Sanz and Fayad, 2008; Owen et al., 2011).

Animal Models of Atherosclerosis
Experimental models of atherosclerosis are required to
understand the natural history of the disease and the factors
leading to plaque progression and rupture. Thus, ideally,
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FIGURE 5 | Representative high resolution MRI sections to visualize the normal heart structure of zebrafish embryo (A) and an adult fish (B). From

Bryson-Richardson et al. (2007) Figure 1 with original publisher’s permission (Bio Med Central).

animal models of atherosclerosis should present a progressive
development of arterial lesions throughout life, from initial fatty
streak to advanced complicated lesions (ulceration, thrombus,
etc. . . ), with shared histological features and clinical events (MI,
stroke) similar to humans (Russell and Proctor, 2006; Fuster
et al., 2012).

Animal models of atherosclerosis started emerging in the
literature at the beginning of the twentieth century with rabbits
being the first animal species to be described (Ignatowski,
1908). Since then, a wide variety of animal models, including
mice, rats, guinea pigs, hamsters, avian, swine, and non-human
primates, have provided valuable information about diagnostic
and therapeutic strategies for atherosclerosis (Xiangdong et al.,
2011; Fuster et al., 2012). Currently, mice, rabbits, and pigs
dominate this field of research. Susceptibility to atherosclerosis
varies not only between animal species but also between genetic
strains within the same species.

The mouse is the most frequently used animal species in
atherosclerosis research. Some of the reasons include low costs,
availability, rapid development of plaque, well-known genome,
possibility of genetic manipulations, and easy usability. But mice
are highly resistant to atherosclerosis as compared to humans,
due in part to amarkedly different lipid profile. Therefore, genetic
variants that do develop the disease have been created either
by spontaneous mutations or by gene manipulation methods.
The majority of mouse models are based on disturbance of
lipid metabolism through genetic manipulation of the C57BL/6
strain. Among those, the apolipoprotein E-deficient mouse
(apoE-KO) is the most distributed worldwide. Arterial lesions
observed in apoE-KO are relatively similar to lesions found
in humans: from foam cell-rich fatty streaks to atherosclerotic
lesions with large necrotic core, and fibro-fatty nodules. In
mice, the most advanced lesions have been described to
occur in the aortic root, aortic arch, and innominate artery

(brachiocephalic trunk), whereas in humans the lesions are
more frequent in the coronary arteries, carotids, and peripheral
vessels, such as the iliac artery (Nakashima et al., 1994). In
addition, most murine models do not manifest the unstable
atherosclerotic plaque with overlying thrombosis, the lesionmost
often associated with clinically significant acute cardiovascular
episodes. This is due to a spontaneous high fibrinolytic activity
in the mouse (Zhu et al., 1999). Moreover, the size of the
arteries makes it extremely difficult to image with sufficient
resolution in clinical scanners used for humans, precluding the
efficient translation of techniques from animal model to human
scanning.

When the size becomes more important, small animal
models need to be complemented by larger animal models in
which vessel characteristics are more similar to human arteries.
Rabbits develop atherosclerotic lesions on a high cholesterol
diet, and have been used extensively in atherosclerosis research
(Yanni, 2004). The most widely used, the New Zealand white
rabbit, develops fatty streaks and intimal thickening when
fed a high cholesterol diet, with most of the lipids localized
within the profuse macrophage-derived foam cells. Lesions are
preferentially localized in the aortic arch and the thoracic aorta.
More advanced lesions can be induced by performing a balloon
injury of the aorta or the carotid artery and further fed with
high fat diet. This combined protocol accelerates the formation
of atherosclerotic lesions and produces plaques that exhibit
a lipid core surrounded by a fibrous cap due to increased
proliferation of vascular smooth muscle cells, thus resembling
more closely human advanced plaques (Badimon, 2001). Like
mice, some rabbit strains carry genetic mutations that lead to
hyperlipidemia and atherosclerosis, with the Watanabe heritable
hyperlipidemic rabbit being the most commonly used; these
animals spontaneously develop lesions due to an inactivating
mutation in the gene encoding the LDL receptor (Watanabe,
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1980). In these animals the atherosclerosis progresses with age
even with a cholesterol-free diet.

Onemajor advantage of the rabbit model is the relatively small
animal size, which makes it easy to care, handle and feed, and
therefore inexpensive, but large enough to monitor physiological
changes and use clinical scanners. Rabbits are favored when
imaging arteries; the diameter of the rabbit aorta is 2–4mm,
comparable to the size of human coronary arteries. Imaging
techniques such as ultrasound or MRI can be effectively applied
to determine the plaque composition and its vulnerability (Helft
et al., 2002; Wetterholm et al., 2007; Phinikaridou et al., 2010).
The major disadvantage of this model is the relatively slow
progression of the pathological condition and the required length
of the studies.

However, when trying to obtain close-to-clinical models,
pigs and minipigs seem to be the most representative ones.
Pigs have a highly comparable anatomy and physiology of
the coronary system with humans (White et al., 1986), as
well as a very similar lipoprotein profile and metabolism
(Dixon et al., 1999). Unlike mice and rabbits, pigs develop
spontaneous atherosclerosis during aging, and the development
of plaques can be induced by diet, hyperglycemia and by
introducing vascular injury, usually by angioplasty. In addition,
with use of toxin-mediated pancreatic damage and a high
fat diet, human diabetes mellitus-like metabolic alterations
will develop, followed by coronary lesions resembling the
human condition closely, with even some characteristics of
vulnerable plaque (Gerrity et al., 2001). Also, porcine models of
familial hypercholesterolemia based on delayed LDL clearance
have been shown to develop complex atherosclerotic lesions.
The lesions are preferentially localized in the aorta, coronary
and iliac arteries, and are characterized by necrotic cores,
calcification, neovascularization and intraplaque hemorrhage,
closely mimicking advanced human plaques (Prescott et al.,
1991). However, the size and composition of the LDL differ in
the high-fat diet fed pigs and the familial hypercholesterolemic
pigs (Checovich et al., 1988). Although pigs are an excellent
model for studying the basic mechanisms, pathophysiology, and
progression of atherosclerosis, their high cost ofmaintenance and
longer diet-induction time limit the use of pigs in research of
atherosclerosis on a large scale.

The Imaging Modality of Choice for
Atherosclerosis Assessment
Different non-invasive imaging modalities can provide
information about plaque anatomy and composition.
Nonetheless, post-mortem histological analysis of atherosclerotic
lesions in experimental animal models (and human autopsies)
is fundamental to validate the model and the technique and
remains the gold standard.

Ultrasound imaging can be used for plaque detection and
analysis in animal models of atherosclerosis (e.g., rabbit,
monkey), typically by measuring carotid or aortic wall thickness
using high-frequency ultrasound transducers (Zeng et al.,
2015). Determination of plaque composition with ultrasound is
based on tissue echogenicity: hypoechoic heterogeneous plaque
is associated with both intraplaque hemorrhage and lipids,

whereas hyperechoic homogeneous plaque is mostly fibrous;
however, precise plaque characterization (lipid core, intraplaque
hemorrhage, or fibrous cap rupture) is not possible using
non-invasive ultrasound measurements and image acquisition
is complex and operator dependent. Notably, recent advances
with contrast-enhanced ultrasound based on microbubbles have
allowed detection of plaque neovascularization and disease
progressionmonitoring (Giannarelli et al., 2010; Nitta-Seko et al.,
2010; Tian et al., 2013).

CT is also well suited for studying atherosclerosis non-
invasively in all vascular regions, although it requires the use
of ionizing radiation and contrast agents. The main advantages
of CT include its high spatial resolution and the short scan
times, but its major disadvantage for atherosclerotic plaque
characterization is the limited discrimination of soft tissue.
Although vascular calcification is the main target of this
imaging modality, CT can also provide reasonably accurate
quantification of plaque size and crude characterization of plaque
composition on the basis of lipid-rich tissue attenuating X-rays
to a smaller extent than fibrous tissue (Viles-Gonzalez et al.,
2004; Cordeiro and Lima, 2006). The development of micro-
and nano-CT has allowed higher spatial resolution, enabling
in vivo and ex vivo studies in small animal models (Awan
et al., 2011). CT imaging can also be merged with positron
emission tomographic (PET) modalities, most prominently with
18F-fluorodeoxyglucose (18F-FDG), to study the metabolic state
of the vascular lesion in addition to its anatomical features (Vucic
et al., 2011).

MRI can provide information on both plaque burden and
composition in multiple arterial territories. Compared with
other imaging modalities, MRI appears to have the greatest
potential for plaque characterization. Based on differences in
the biophysical and biochemical properties of the different
components of the plaque, it is possible to determine the
anatomy and composition of the lesions (lipid-rich necrotic
core, fibrous cap, calcification, fibrosis) by combining multiple
contrast sequences (T1, T2, and proton-density weightings; Corti
and Fuster, 2011). Vulnerability criteria such as ulceration, cap
rupture and intraplaque hemorrhage are also easily identifiable.
The main advantages of MRI include its high spatial resolution,
great soft-tissue contrast, lack of radiation exposure and
good clinical translatability. Several studies have validated the
feasibility of high resolution MRI to quantify atherosclerosis
progression/regression and to determine composition of
atherosclerotic lesions in animal models, including mouse
(Fayad et al., 1998), rabbit (Helft et al., 2001; Ibanez et al., 2012),
and pig (Worthley et al., 2000). Figure 6 shows an example
of in vivo MRI plaque characterization of rabbit abdominal
aorta. Furthermore, use of contrast agents such as gadolinium
(Koktzoglou et al., 2006) or ultrasmall paramagnetic iron-oxide
particles (Millon et al., 2013) and the possibility of combination
with PET (Davies et al., 2005; Millon et al., 2013) can provide
information on the inflammatory activity and the presence
of macrophages in the plaque. Thus, MRI is an excellent
imaging modality to monitor atherosclerotic plaque formation
and destabilization in preclinical animal models. Multimodal
molecular imaging approaches such as PET/CT, PET/MRI,
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FIGURE 6 | T2-Weighted (T2W) (A) and Proton Density (PD) in vivo MR

image (B) of a rabbit abdominal aorta with advanced atherosclerosis.

(C) Corresponding histopathological section with Masson’s trichrome elastin

stain showing fibrotic and lipid components and magnification (D) showing the

foam cell-rich lipid regions and the fibrotic cap. Taken from Helft et al. (2001)

with permission.

MRI-optical, and PET-optical focuses in identifying cellular
and molecular targets (e.g., dysfunctional endothelium, mineral
deposition, enzymatic activity, inflammation, neovascularization,
thrombosis, extracellular matrix production, etc. . . ), and is
playing a role in understanding these key biological processes
of atherogenesis in vivo. The use of coordination chemistry
(including various chelates depending on the final application)
or colloidal chemistry including metallic nanoparticles or
nanosystems such as biocompatible polymers or liposomes,
modified or coated with peptides, proteins or antibodies for
increasing in vivo specificity and target specific molecules. One
very recurrent demonstration is the imaging of the vascular cell
adhesion molecule (VCAM-1) for what different radiolabeled
ligands (Nahrendorf et al., 2009) or nanoparticles functionalized
with different molecules have been tested (Kelly et al., 2005;
Nahrendorf et al., 2006; Broisat et al., 2012; Michalska et al.,
2012). In the road for translation, it is especially relevant the
role of different animal models. There are many examples in the
bibliography and excellent reviews are continuously covering
these new aspects (Nahrendorf et al., 2009; Mulder et al.,
2014). These advances are also relevant in other cardiovascular
conditions, but for the sake of simplicity we are not covering
them.

In addition to the aforementioned non-invasive techniques,
optical coherence tomography (OCT), a novel invasive catheter-
based technology, has gained much interest as a preclinical tool
for plaque characterization. OCT is analogous to ultrasound,
measuring the back-reflection of infrared light rather than sound.
OCT generates high-resolution (5–20µm) three-dimensional

images with high data acquisition rates and small and inexpensive
guidewires/catheters. Its main drawback is the limited tissue
penetration (1–3mm; Stamper et al., 2006).

Animal Models for Pulmonary
Hypertension Image Studies

Animal models are indispensable for the advance of imaging in
PH. In this disease imaging tools have helped to the mechanistic
understanding of PH evaluating pulmonary vasculature and RV
function and allowing identification of innovative biomarkers.
It is important to recognize that PH accomplish different
conditions that finally share a common finding, the chronic
increase in pulmonary artery pressure. The conditions that lead
to the development of PH are grouped according to the Nice
Classification (Simonneau et al., 2013). At the time we need
to choose an animal model, this should fit: (a) the primary
change that is related with the specific PH that we want to study
and (b) the functional and structural changes that occurs in
cardiovascular system as consequence of the disease.

Special attention deserves the RV as this is the major
determinant of functional state and prognosis in PH (Ryan
and Archer, 2014). Usually when RV failure is late diagnosed,
patient mortality in a short term and worsening quality of life
are increased. In this way, implementation of imaging tools in
animal models can be used for detection of early changes in RV
and pulmonary vessel function that could bemodified preventing
worsening and failure.

Echocardiography is probably the most extendedly used
imaging tool in PH in both, clinical practice and animal studies.
An estimation of the pulmonary artery pressure can be done
using a modified Bernoulli equation. Doppler echocardiography
provides a non-invasive assessment of the RV structure and
function, and it is used to monitor progression and response to
therapy. The interval between the onset of flow and peak flow
of the pulmonary artery (pulmonary artery acceleration time) is
inversely related with pulmonary artery pressure and can be used
to estimate the severity of PH (Figure 7).

MRI is becoming the gold standard in the study of patients
with PH and also its application in animal studies is increasing.
MRI facilitates a well-detailed anatomical description of RV.
UsingMRI important advances have been done in the description
of flow in 2D and 3D (4D) bringing new insights related
with functional hemodynamic changes during PH. MRI allows
the simultaneous measurement of pulmonary artery area and
flow velocity allowing complex hemodynamic assessment. This
assessment includes the calculus of wave speed and the evaluation
of wave reflection phenomena. Also, PA distensibility can be
estimated by area changes in PA.

CT can be a diagnostic and also a complimentary tool
in PH. It is nowadays the reference tool for diagnosis of
pulmonary embolism, which is involved in the etiology of
chronic thromboembolic PH. CT provides unbeaten structural
information of the lungs which is essential to reveal the
direct relation between lung parenchyma and pulmonary
vessels.
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FIGURE 7 | Representative echocardiography (A), MRI (B) pulmonary artery flow in controls and experimental rats with moderate and severe

pulmonary hypertension. VTI, velocity time integral; PAAT, pulmonary artery acceleration time; SV, stroke volume; CO, cardiac output. Modified from Urboniene

et al. (2010) Figure 2 with permission.

PET is less used in clinical practice and is not a routine tool for
the evaluation of PH patients. However, new mechanistic insides
are described due to its ability of tracking complex process such
as cellular proliferation, metabolic pathways, inflammation, and
ventilation/perfusion distribution. These processes can be critical
in the understanding of PH physiopathology and can also be used
in the near future for patient follow-up and therapeutic targeting.
All this has made PET a promising field for new animal and
clinical studies.

No animal model is perfect in any of the PH types. This is
due to the complex changes related with vessel remodeling, which
involve different molecular and cellular pathways and depend
on multiple variables. Models that combine multiple insults
yield more severe PH with better hemodynamic and histological
fidelity to human pathology. However, animal models can
represent specific changes that can be studied. Given this, we can
describe the different animal models used in PH as follows:

- An increase in the pulmonary vasomotor tone caused
by hypoxia. This model resembles pulmonary arterial
hypertension (Group 1 of the Nice classification). Hypoxia
can be created in a normobaric or hypobaric environment.
This model is used in small animal, as the animal should be
enclosed in the hypoxic environment. Rats exposed to this
model show a decrease in blood flow velocity measured by
dynamic MRI (de La Roque et al., 2011). Novel experimental
treatments for PH have been tested using this model. For
example, treatment with dehydroepiandrosterone improves
the right ventricular systolic and diastolic functions assessed by
Doppler echocardiography (Dumas de La Roque et al., 2012).

Although causing an elevation in pulmonary artery pressure,
chronic hypoxia is associated with minimal vascular remodeling,

which limits its use (Ciuclan et al., 2011). More recently, vascular
endothelial growth factor receptor (VEGF-R) blockade with the
tyrosine kinase inhibitor SU5416 have been introduced and the
SU5416 plus chronic hypoxia model is now being extensively
used (de Raaf et al., 2014). This model features angio-obliterative
PH resembling human pulmonary arterial hypertension and
also increases RV pressure and RV hypertrophy comparing
to mice just submitted to chronic hypoxia (Ciuclan et al.,
2011). Dehydroepiandrosterone was also tested in this model.
Echocardiography data showed that this drug significantly
reduced RV internal diameter during diastole and restored the
normal position and orientation of the interventricular septum,
which had been otherwise flattened (Alzoubi et al., 2013).

- Endothelial damage produced by monocrotaline. This
model also resembles Group 1 of the Nice Classification.
Monocrotaline elicits pulmonary arterial endothelial cells
dysfunction on multiple levels but is characterized by
pulmonary artery arterial medial hypertrophy and not by
endothelial cell-mediated angioobliteration (the last is present
in the human disease and in the SU5416/hypoxia model).
Monocrotaline has been well described to produce RV
failure, however is criticized because it does not produce
plexogenic arteriopathy, but produces left and RV myocarditis
(Gomez-Arroyo et al., 2012). Using FDG PET authors have
shown an increase in glucose uptake during compensated
RV hypertrophy, which was reversed during decompensated
RV hypertrophy (Sutendra et al., 2013). This behavior was
paralleled by activated hypoxia-inducible factor 1 α (HIF1α)
and angiogenesis evaluated by means of lectin imaging in vivo
(Sutendra et al., 2013). Several proposed treatments have been
evaluated in this model. Using echocardiography, sildenafil,
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pimobendam (a calcium sensitizer and phosphodiesterase
inhibitor) and nicorandil (a vasodilator) were tested. The
2D mode in echocardiography and tissue Doppler imaging
data indicated improved cardiac morphology and function in
all treatment groups (Nakata et al., 2015). Authors showed
that Carvedilol improves fibrosis and hemodynamic behavior
despite persistent RV increased afterload. Carvedilol improved
tricuspid annular displacement and global LV radial and RV
longitudinal strain (Okumura et al., 2015). Other investigators
tested Macitentan therapy showing an increase in pulmonary
artery acceleration time and a decreased deceleration time and
decreased RV wall thickness with this therapy (Temple et al.,
2014).

- Decrease in the total vessel area produced by clots or beads
injection. These models resemble chronic thromboembolic
PH (Group 4 of the Nice classification). An increase in
pulmonary artery pressure and resistance as well as signs of
RV remodeling have been described after repeated injections
of beads. Different protocols of injection has been tested
to find an important increase in pulmonary artery pressure
and resistance without causing death of the animal. Using
microbeads injection in dogs authors have demonstrated that
both magnitude and flow-sensitive data from a single 4D flow
CMR acquisition permit simultaneous quantification of cardiac
function and cardiopulmonary hemodynamic parameters
important in the assessment of PH (Roldán-Alzate et al., 2014).
The same authors demonstrated the benefit of using the same
sequence for measuring cardiac chamber volumes and flow
resulting in an overall shortened examination acquisition time
(Roldán-Alzate et al., 2014).

- Increase in the pulmonary artery flow produced by shunt. The
mechanisms of PH with left-to-right shunt are different from
those of hypoxia and inflammation. Possible inciting factors
of the former are mechanical stretch and shear stress. MRI
was evaluated in rats with aortocaval shunt to reliably produce
right ventricular volume overload and secondary PH. Due to
a combination of left ventricular dysfunction and pulmonary
overflow, the PH produced show features similar to those
found in patients with chronic atrial-level shunt. The RV end-
diastolic area and the thickness of the RV free wall increased
significantly and a mesosystolic notch was demonstrated in the
Doppler wave profile of the pulmonary flow after 20 weeks of
shunt (Linardi et al., 2014).

- Pulmonary vessels (artery or vein) decrease in compliance
and increase in resistance produced by banding. These models
resemble PH due to left heart disease (Group 2 of the Nice
Classification). Selecting artery or vein a model of pre or
post-capillary PH can be developed. A porcine model of
postcapillary PH by non-restrictive banding of the confluent
of both inferior pulmonary veins was developed and evaluated
(Pereda et al., 2014). All banded animals developed PH.
Ventricular remodeling produced progressive increase in end
diastolic and systolic volumes of the RV, an increase in its mass,
and an EF decrease. Also this model consistently reproduced
most pathology changes usually seen on pulmonary arterial
circulation, including intimal fibrosis (Pereda et al., 2014). In
a precapillary PH model by pulmonary artery banding, early

compensatory mechanisms of the RA and RV response to
RV pressure overload were investigated (Voeller et al., 2011).
In this study, MRI with tissue tagging was used to measure
circumferential and minimum principle strain. The resulting
data revealed that early RV pressure overload, without chamber
enlargement, has a measurable effect on RA function and RV
strain patterns when overload is severe. With a 2.5-fold rise
in RV afterload, RV filling became more dependent on RA
conduit than reservoir function, which likely reflects loss of RV
diastolic compliance and consequent stiffening of the RA and
RV walls (Voeller et al., 2011).

- In some studies, authors have combined different models of
PH. For example, using the monocrotaline plus pulmonary
artery banding, the inhibition of pyruvate dehydrogenase
kinase by dichloroacetate on RV hypertrophy was evaluated
(Piao et al., 2010). The rationale for combining two models
was that in the monocrotaline model, there is an intrinsic
coupling between severity of RV hypertrophy and severity
of the pulmonary vascular disease, while pulmonary artery
banding results in RV hypertrophy secondary to pure pressure
overload. The study was performed by echocardiography
and PET. FDG uptake in RV and the RV/LV FDG was
increased in monocrotaline and pulmonary artery banded rats.
Dichloroacetate tended to reduce FDG uptake ratio and also
improved the pulmonary artery acceleration time (Piao et al.,
2010).

A recent report includes three different models (one acute and
two chronic) of PH and one vasodilator testing to validate
a CMR estimation of pulmonary vascular resistance (García-
Álvarez et al., 2013). Acute and chronic beads embolization
and pulmonary vein banding were used as models of PH. They
showed that changes in pulmonary artery velocity inversely
correlate with pulmonary vascular resistance and that MRI can
be used to track acute and chronic in PVR (García-Álvarez et al.,
2013).

Cardiovascular Imaging for Translational
Research

Nowadays, we have the possibility of using in animal research
the same cardiovascular imaging technology used for human
diagnosis to establish the severity and prognosis of diseases.
Imaging systems and methods previously described provide
a common link between humans and experimental animal
models for identifying common phenotypes of cardiovascular
diseases in their functional and morphological aspects. Tissue
characterization by MRI in the evaluation of necrosis, fibrosis,
fat, perfusion, flow, and myocardial edema and in the evaluation
of cardiovascular pathologies is one of the vanguard tools
for clinical and translational research. Nuclear medicine based
techniques for molecular imaging using PET or SPECT for
myocardial metabolic and perfusion characterization have been
used for years. PET is currently used for human atherosclerosis
and FDG PET has recently gained a role in the assessment
of patients with PH. Due to the high sensitivity of these
nuclear medicine based protocols, applications are surely in a
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prominent position to investigate novel metabolic and cellular
targets in animal models with potential human translation.
Similar or alternative molecular procedures for MRI are
based in Gadolinium, Fluorine, iron oxide nanoparticles, and
recently in hyperpolarization procedures (Schroeder et al., 2008;
Bhattacharya et al., 2009; Rider and Tyler, 2013). Despite
the many examples targeting multiple molecular and cellular
pathways in animal models, the reduced sensitivity of MRI
probably hampers its further development on translational
research. However, cardiovascular hybrid imaging includingMRI
technology are leading tools for new translational research, since
they provide simultaneous or sequential acquisitions covering
molecular, functional, cellular and tissue characterization of
different cardiovascular disease phenotypes.

Conclusions

Imaging technologies for the study of cardiovascular diseases
are in constant progress and their relevance in the guidance
of patients will probably expand in the next years. Specific
structural, functional and molecular changes will be surely
be observed by imaging technologies. In this process, the
discovery of new pathophysiological pathways will bring
new approaches for both diagnostic and therapeutics targets.
This growth will also generate new hypotheses and original
research lines will consequently emerge. During this phase,
any innovative imaging technology will require to be tested
in specific disease mimicking malignant conditions and new

imaging tracers to study particular molecular and physiological
changes will also be evaluated using imaging methodologies.
All these examples will always require the optimization of
animal models trying to find a better approach to the human
disease.
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Cellular imaging: a key phenotypic
screening strategy for predictive
toxicology
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Incorporating phenotypic screening as a key strategy enhances predictivity and

translatability of drug discovery efforts. Cellular imaging serves as a “phenotypic anchor”

to identify important toxicologic pathology that encompasses an array of underlying

mechanisms, thus provides an effective means to reduce drug development failures due

to insufficient safety. This mini-review highlights the latest advances in hepatotoxicity,

cardiotoxicity, and genetic toxicity tests that utilized cellular imaging as a screening

strategy, and recommends path forward for further improvement.

Keywords: hepatotoxicity, cardiotoxicity, genetic toxicology, cellular imaging, predictive toxicology, discovery

toxicology, phenotypic screening

Introduction

Modernmedicines have saved countless lives. One needs only to trace the discovery of antiretroviral
drugs to marvel at its contribution to human health (Broder, 2010). However, new therapies are
necessary to address still unmet medical needs while adhering to the timeless adage of “first doing
no harm” to patients. Predictive toxicology meets the latter challenge by offering accurate and
timely predictions to minimize drug toxicity (Xu and Urban, 2010). It is recognized as a frontier
for identifying better medicines in a more cost-effective manner by biopharmaceutical research and
regulatory communities (FDA, 2010).

To successfully practice predictive toxicology, one must adopt an integrated approach utilizing
innovations frommultiple fields of science and engineering. In recent years there is a resurgence of
phenotypic screens in drug efficacy discovery (Moffat et al., 2014). Likewise to improve confidence
in the translatability of toxicity predictions, one should also incorporate phenotypic screens as a
key strategy. This is because the “phenotype” of a specific safety signal can be caused by many
underlying mechanisms and pathways, thus a reductionist “one gene/protein/mechanism to one
toxicity” approach most likely will not be sufficient. This does not mean that one should revert to
simple cell death measurements. Instead, more specific cellular functions that are vital to sustain
physiological homeostasis can serve as translational links between non-clinical tests and clinical
observations. Among many practical choices of phenotypic screens, cellular imaging technologies
can be applied as “phenotypic anchors” to identify the same histopathology that occurs in vivo.
Cellular imaging encompasses the techniques that allow quantitative detection and measurement
of cellular structures and components including organelles and biomolecules ranging from
macromolecules to small ions, often aided by automatedmicroscopes, digitized cameras, and image
analysis algorithms. Since “seeing is believing,” this “phenotype first” approach assures an unbiased
study for compounds that affect important cellular homeostasis without exhausting all possible
mechanistic tests. Of course, “phenotype first” does not preclude mechanistic investigations
to better understand the underlying reason(s) of drug safety findings. Often it is a holistic
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approach relying on mechanism-informed phenotypic test,
coupled with pharmacokinetic and pharmacodynamics (PKPD)
modeling that produces the best overall prediction toward
clinical outcome.

Hepatic Toxicity Imaging

Hepatic toxicity ranked highest in research priorities among
adverse drug reactions in the pharmaceutical industry, and
current detection systems remain imperfect especially with
regard to idiosyncratic hepatotoxicity (Opar, 2012). Key
mechanisms of drug-induced liver injury (DILI) include
oxidative stress and/or mitochondrial damage leading to
apoptosis or steatosis, and hepatobiliary transporter inhibition
leading to cholestasis (Kaplowitz, 2005; Tujios and Fontana,
2011).

Mechanism-informed phenotypic tests using cellular imaging
have been developed to encompass these key DILI mechanisms.
For example, a panel of fluorescent imaging probes has been
applied to measure oxidative stress, mitochondrial function,
glutathione content, and hepatocellular lipidosis simultaneously
in primary human hepatocytes (Xu et al., 2008). It has
demonstrated ∼60% sensitivity and ∼95% specificity for
drugs that have caused idiosyncratic DILI. This hepatocyte
imaging assay technology has been successfully applied to both
differentiate compounds for the same pharmacologic target (e.g.,
p38 MAP kinase inhibitors), and study the mechanism of DILI
signals observed in the clinic (e.g., Her2 receptor antagonist) (Xu
et al., 2011). A similar imaging approach measuring oxidative
stress in primary human hepatocytes resulted in 41% sensitivity
and 86% specificity, and was shown to have better predictivity
than HepG2 cell lines or HepG2 plus hepatic metabolism from
the liver S9 fractions (Garside et al., 2013). These studies
demonstrated the application of cellular imaging technology
to predict DILI, and highlighted the need to enhance test
sensitivity by recapitulating additional DILI mechanisms and
pathways.

Since inhibition of a panel of hepatobiliary transporters is
another known pathway of drug-induced cholestasis (Morgan
et al., 2013), cellular imaging was applied to assess transporter
functions. The assay utilized quantitative imaging of fluorescent
bile acid and its disposition in the bile canaliculi compartment
of the hepatocyte cultures (Xu et al., 2011). As protein
trafficking and sorting disturbances also play an integral part
of intrahepatic cholestasis (Hayashi and Sugiyama, 2013), whole
cell systems as opposed to isolated membrane vesicles over-
expressing one transporter at a time should continue to play
a key role in phenotypic screening of cholestasis-inducing
drugs.

Several improvements on these cellular imaging tests should
be explored to further enhance accurate prediction of DILI:

1) Long-term: Adopt a longer-term test system that maintains
differentiated metabolic functions of human liver. Recently
with advancement in iPSC-derived hepatocyte cultures,
multi-day testing appeared promising. However, these longer-
term models still need to be assessed with more DILI

negative drugs to fully assess specificity (Ware et al.,
2015).

2) Diversity: Apply more than one human liver origin with
defined genetic background to increase test sensitivity toward
idiosyncratic DILI. Patient-derived hepatic stem cells that
can be differentiated into adult hepatocyte cultures can
be interesting models to explore idiosyncratic causes of
DILI.

3) Probes: Expand fluorescent imaging probes to include
additional bile acid analogs that are substrates of
both NTCP and BSEP transporters, in addition to
cholyl lysyl fluoresceine which is a more specific
substrate for OATP/MRP transporters (de Waart et al.,
2010).

4) Inflammatory and multi-cell systems: Explore the role
of pro-inflammatory cytokines and/or Kupffer cells for
possible synergistic effects in test sensitivity without
sacrificing specificity (Cosgrove et al., 2009), and assess
the potential benefit of 3D liver chip with controlled
microfluidics.

5) Modeling: Mechanism-based PKPD modeling
approaches should be applied to integrate any in vitro
measurements into a holistic in vivo prediction
(Woodhead et al., 2014). Predictions made by the more
complex model should also be compared to simple
in vitro-in vivo scaling or classification approaches
based on exposure multiples or pre-defined safety
margins.

Cardiac Toxicity Imaging

Adverse cardiovascular effects ranked highest among safety
reasons for delayed approvals or non-approvals by the US Food
and Drug Administration (FDA) between 2000 and 2012 (Sacks
et al., 2014). Many drugs that prolong the QT interval in
electrocardiograms block the delayed rectifier K+ current (Ikr)
by blocking one key ion channel, the hERG channel. However,
not all hERG channel blockers cause QT interval prolongation
nor translate to the more severe clinical concern, torsade de
pointes [TdP, or twisting of the points in electrocardiograms
(Vargas, 2010)]. So QT prolongation is a surrogate biomarker
that is not very specific to TdP. In addition to TdP there are
other mechanisms of cardiotoxicity. Cardiovascular functional
abnormalities can also arise through impaired left ventricular
function characterized by changes in cardiomyocyte contractility
(Doherty et al., 2013). Therefore, a more holistic screening
approach is needed. Since 2013, the FDA working with other
international research communities have an on-going initiative
to develop better preclinical tools to evaluate cardiovascular
safety with the ultimate goal of preventing early stage compounds
from being unnecessarily discontinued, while still screening out
molecules that are either pro-arrhythmic or lead to changes in
cardiomyocyte contractility (Sager et al., 2014).

Synchronously beating human cardiomyocytes should be
explored as a key phenotypic screening model. Despite some
limitations of iPSC-derived cardiomyocytes, they are the future
for large-scale functional cardiotoxicity screening models in
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preclinical drug evaluation (Puppala et al., 2013). This is because
there is a virtually unlimited supply of functionally competent
cells, and there is the possibility to create cells from defined
genetic background thus lending the model amenable to further
mechanistic studies. Researchers have studied 131 drugs using
iPSC-derived cardiomyocytes, using fast kinetic imaging-based
Ca2+ flux as continuously cell-beating measurements (Sirenko
et al., 2013). Each output (beat rate, peak characteristics, and
cell viability) generated as a result of such cellular imaging assay
has yielded a panel of imaging “signatures” for understanding
the type of pathophysiological effect that a chemical may have
on the heart. Not surprisingly, beat rate and several peak
shape parameters were found to be better predictors than
simple cell viability. In another study, video-based microscopic
imaging recapitulated expected drug effects in stem-cell-derived
cardiomyocytes without the use of exogenous labels and
produced the same beat traces as patch clamp (Maddah et al.,
2015). Recently, the throughput and accuracy of iPSC-based
model to detect changes in cardiomyocyte contraction was
found applicable in drug discovery screening, with a sensitivity
and specificity of 87 and 70%, respectively (Pointon et al.,
2015).

Tyrosine kinase inhibitors (TKIs) are efficacious against
tumors harboring mutations and/or over-expressing such
kinases. However, TKIs have been hampered by cardiotoxicity
issues detected most frequently as changes in left-ventricular
ejection fraction (LVEF), which were not predicted by hERG
inhibition per se. Using multi-parameter cellular imaging it was
demonstrated while crizotinib, sunitinib, and nilotinib disrupted
the normal beat pattern of human iPSC-derived cardiomyocytes,
erlotinib did not. These alterations in iPSC-cardiomyocyte beat
pattern correlated well with known clinical cardiac outcomes of
these drugs, demonstrating the potential to use this phenotypic
screen as a routine test to identify safer compounds in a class of
drug candidates (Doherty et al., 2013).

Several improvements on these cellular imaging screens
should be explored to further enhance the overall prediction of
cardiotoxicity:

1) beating disturbances by a variety of drugs with different
cardiotoxic mechanisms

2) longer-term cellular models to study cardiac hypertrophy
3) drug metabolites by introducing hepatic metabolism (e.g.,

either hepatic S9 fraction or multi-cell systems)
4) more test qualification with large compound sets consisting

of an equal number of positive and negatives that have been
rigorously adjudicated. A balanced test set of compounds with
more negative or clean compounds is critical to assess test
specificity.

Genetic Toxicity Imaging

Carcinogenicity remained a major nonclinical safety finding
among FDA non-approvals and delayed approvals between
2000 and 2012 (Sacks et al., 2014). In one of the largest
retrospective analyses of pharmaceutical compounds to date,
it was demonstrated that significant R&D time, resources, and

animal usage can be reduced by relying on the near 100% negative
predictive values (NPV) of combined tests evaluating genetic
toxicity, hormonal perturbation, and evidence of neoplasia
in chronic rat toxicology studies (Sistare et al., 2011). To
minimize the impact of carcinogenicity findings in late-stage
drug development, both mutational and chromosomal changes
need to be evaluated as they can be caused by different underlying
mechanisms (FDA, 2012).

Cellular imaging has greatly enhanced the efficiency and
accuracy of measuring both mutational and chromosomal
changes. The Ames test remains a cost-effective stethoscope
to study genetic toxicology (Claxton et al., 2010). In order to
enable rapid scoring of mutant bacterial colonies, the Salmonella
strains used in the Ames test were engineered to express
bioluminescent proteins (Aubrecht et al., 2007). The high-
throughput imaging based on automated counting of the number
of surviving bioluminescent colonies offered a far more accurate
assessment of genotoxicity than bulk biomass measurements (Xu
and Aubrecht, 2010).

With regard to chromosomal changes, the in vitro
micronucleus test is an accepted test by regulatory authorities
(EMA and FDA) (FDA, 2012). While traditional micronucleus
test relied on manual counting of the number of micronuclei
in thousands of cells per treatment sample and hundreds of
samples per test compound, cellular imaging has made this
task more efficient. The increased throughput and accuracy
of computerized analysis of micronuclei frequency enabled
rapid structure-activity profiling of drug candidates during lead
optimization (Xu and Aubrecht, 2010).

Conclusion

From a systems perspective, since in vitro genotoxicity tests
have near 100% negative predictive value toward in vivo
genotoxicity outcome, are among the most cost-effective to
operate (i.e., using bacterial strains and mammalian cell lines),
and include both general cytotoxicity and cell growth inhibition
as integral part of assay readouts, in vitroAmes andmicronucleus
should be employed as the foundational tests to select those
“clean” compounds for further R&D investments. In the lead
optimization stage of small-molecule drug discovery, these
genotoxicity tests should be followed by cardiac and hepatic
toxicity screening using primary cells or iPSCs next, then other
organ-specific tests on an ad hoc basis last. The ad hoc tests
are reserved for program-specific purposes, e.g., triggered by
hypotheses about the mechanism-based toxicity or prior in vivo
findings for previous compounds in the program. Examples of
such ad hoc assays include: muscle, kidney, neural, teratonenic,
developmental, myelotoxicity, and lymphotoxicity. The potential
for multi-organ chip to improve toxicity prediction should also
fall into this last category until its predictivity and throughput
make it possible for front-loading (Bhatia and Ingber, 2014).
The ad hoc assays can also include further investigation of
previous positive findings, e.g., micronucleus positives can
be imaged for other markers to differentiate chromosome
breaks (clastogens) vs. chromosome loss (aneuploidy), where an
acceptable safety margin can allow for further drug development
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TABLE 1 | A summary of imaging tests and their predictive values reviewed by this article.

Cell model

(reference)

Imaging technique Threshold for positives Predictive value Example image

Human hepatocyte

(Xu et al., 2008)

Fluorescence imaging of

oxidative stress, mitochondrial

function, glutathione content

and hepatocellular lipidosis

>2.5 fold above or <2.5 fold

below the vehicle control mean

values (depending on which

fluorescence channel).

Appropriate cut-off levels were

selected using ROC curves

∼60% sensitivity

and ∼95% specificity

Human hepatocyte

(Garside et al., 2013)

Fluorescence imaging of

oxidative stress

>6 SD of the vehicle control

mean values

41% sensitivity and

86% specificity

Human hepatocyte

(Xu et al., 2011)

Fluorescence imaging of bile

acid and its disposition in bile

canaliculi

<2.5 fold below the vehicle

control mean values

TBD

iPSC-derived human

cardiomyocytes

(Sirenko et al., 2013)

Fast kinetic imaging-based

Ca2+ flux as continuously

cell-beating measurements

(beat rate, amplitude, and

other beat parameters)

>1 SD of the vehicle control

mean values

TBD

iPSC-derived human

cardiomyocytes

(Pointon et al., 2015)

Fast kinetic imaging-based

Ca2+ flux as continuously

cell-beating measurements

(peak count, average peak

amplitude, average peak

width, average peak rise time,

average peak decay time, and

average peak spacing)

The median of the positive and

negative control wells were set

at 0 and −100, respectively,

and the signals from all wells

scaled to this range.

Appropriate cut-off levels were

selected using ROC curves

87% sensitivity and

70% specificity, using

peak count

Ames (Xu and

Aubrecht, 2010)

Automated counting of the

number of surviving

bioluminescent colonies

Same as manual counting 100% combined

negative predictive

value to carcinogenicity

test

In vitro micronucleus

(Xu and Aubrecht,

2010)

Automated scoring of the

micronucleus frequency

Same as manual scoring 100% combined

negative predictive

value to carcinogenicity

test

SD, standard deviation; ROC, receiver operator characteristic; TBD, to be determined.

(Cheung et al., 2014). In the complex business of defining
drug safety, “clean” compound in all test systems are not
always realistic. One should therefore use a balanced and
holistic approach starting with defining an acceptable safety
profile for a drug candidate, understanding the predictive value
and limitation of each test system, and a “weight-of-evidence”
approach integrating findings from human cells, in vivo animal

testing, and human clinical trials. Table 1 summarizes the
imaging tests and their predictive values described in this
mini-review.

Safety deficiencies account for more than half of delayed FDA
approval or non-approval of new drug applications from 2000
to 2012 (Sacks et al., 2014). Predictive toxicology holds the key to
reduce this attrition andmake R&D investmentmore sustainable.
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To realize its promise practitioners of predictive toxicology must
continue to integrate diverse innovations from multiple fields of
biomedical engineering, including:

1) Predictive and reliable cellular models: esp., evaluation,
characterization, production, and standardization of
predictive human cells

2) Mechanism-informed phenotypic screening strategy,
including cellular imaging as a key component as it
provides a phenotypic anchor and direct linkage to in vivo
histopathology

3) Quantitative therapeutic window predictions: e.g., using
mechanism-based scaling or predictive PKPD modeling

One may envision a future when the banking of pluripotent
stem cells from individual human donor with defined genetic

makeup and subsequent expansion into fully-functional organ
parenchymal cells as a desirable model toward predicting
personalized drug responses, for both drug efficacy and safety.
But before we achieve that dream, the holistic applications of an
integrated approach as highlighted above have already marched
us a long way toward transforming toxicology to improve
product safety.
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