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Diagnostic imaging and molecular imaging 
Diagnostic imaging plays a pivotal role in healthcare for diagnosis of diseases, 
staging, and during the follow-up period of a therapy. The radiological 
techniques Ultrasound (US), Magnetic Resonance Imaging (MRI), and Computed 
Tomography (CT) are mainly used to gain morphological information, where 
each imaging modality has its particular strengths in terms of sensitivity, 
contrast generation, spatial or temporal resolution [1, 2]. All of above techniques 
provide images based on natural contrast present in the body but can also be 
used in combination with contrast agents that have been developed for each 
modality. The nuclear imaging techniques Single Photon Emission Computed 
Tomography (SPECT) and Positron Emission Tomography (PET) generate images 
based on radiation emitted from administered radiotracers with a sensitivity that 
allows detection of nano- to picomolar tracer concentrations. The complementary 
character of radiological and nuclear imaging techniques led to multimodal 
imaging approaches, such as PET/CT, SPECT/CT or PET/MRI that allow 
quantification and localization of radiotracers within the morphological context. 
The possibility of above imaging technologies to provide non-invasive 
information about diseases and, in the widest sense, biological research 
questions, triggered the use of imaging as a research tool in preclinical and 
translational research. This trend spurred the development of dedicated imaging 
systems for small laboratory animals that provide higher resolution and 
sensitivity compared to the clinical systems. Also on the agent side, more 
contrast and imaging agents have been developed and are used in preclinical 
and biological research. The application of imaging systems together with 
specific agents to non-invasively visualize biological processes on tissue, cellular 
or even molecular level in vivo was coined “molecular imaging” [3, 4]. At the 
same time, optical techniques such as fluorescence or bioluminescence that were 
previously used in cellular studies have been developed further into preclinical in 
vivo imaging techniques. The strength of these optical techniques is the 
detection of optical active probes with high sensitivity. As penetration depth of 
light is limited, these techniques are applied mainly in small animals or in 
dedicated medical applications, where light absorption in tissue is not limiting. 
Yet, light absorption and scattering impairs gathering of quantitative data. Table 
1.1 gives an overview over the different imaging techniques in the clinical and 
preclinical setting.  

For application in molecular imaging, the applied techniques and obtained 
images have to fulfill certain criteria, mainly quantification, sensitivity, and 
reproducibility [1]. Above criteria also ask for standardization to allow 
comparison of images obtained with systems from different vendors, or 
comparative imaging studies across different laboratories. The possibility to 
gather quantitative images over time is also essential to gain temporal 
information about biological processes, such as tumor growth, metastasis 
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formation or tumor response to therapy. The development of existing and new 
molecular imaging technologies is progressing at an enormous pace and many 
breakthroughs are expected in the coming years. Many more imaging options 
exist that were not discussed here in view of space restrictions and the scope of 
this work, but have been extensively reviewed by others [2]. 
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Imaging agents 
For the radiological imaging methods US, MRI, CT, agents exist that either 
enhance existing contrast or add new contrast and are therefore termed 
“contrast agents”. For the nuclear modalities PET and SPECT, radiolabeled 
agents are the essential source of radiation that is visualized and quantified. 
These agents are termed imaging agents or radiotracers. In below text, “imaging 
agent” is used within the context of molecular imaging as a more general term 
and comprises contrast as well as imaging agents or radiotracers (Table 1.2).  
 
Table 1.2 Imaging agents. 

Technique Main property of imaging 
agents 

Example type of imaging 
agent 

CT electro dense material iodinated molecules 
MRI paramagnetic ions Gd3+ chelate 

US echogenicity encapsulated gas 
microbubbles 

PET pairs of 511 keV gamma 
photons positron emitting isotopes 

SPECT isotropic gamma photons gamma emitting isotopes 
Bioluminescence 

imaging light photons photons from enzymatic 
reactions 

 
Molecular imaging makes use of specific imaging agents that report on a 
biological process of interest. An imaging agent needs to possess two 
functionalities as it has to be “observable and quantifiable“ for the respective 
imaging modality while, if targeted, having an entity that provides biological 
targeting. For the latter, different mechanisms can be exploited. Imaging agents 
can be designed to target biological pathways leading to e.g. an entrapment and 
accumulation of agents in cells of interest, or to bind to intracellular or 
extracellular targets (Fig. 1.1). A plethora of different targeting moieties exist 
based on e.g. small molecules, peptides or antibodies that were modified with a 
signal providing entity, e.g. fluorescent groups, paramagnetic chelates, or 
radionuclides. Irrespectively of the exact mechanism, above agents lead to an 
observable signal via accumulation at the place of interest. Optical and MR 
agents can be designed that change their contrast upon interaction with targets. 
For paramagnetic MR agents, interaction with a target leads typically to a 
modulation of physico-chemical properties that translate into a change of the 
spin-spin or spin-lattice relaxation rate and thus to a change of the observed MR 
contrast [5]. For optical probes, interaction with a substrate can modulate the 
optical properties that lead to an observable change of the optical properties [4, 
6]. On the other hand, reactive probes will only send a signal upon interaction 
with their target. The enzyme luciferase, used in BLI, is an example of a reactive 
probe as it only emits light upon interaction with its substrate. 
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Figure 1.1 Schematic representation of a molecular imaging agent. Here, the particle 
represents both artificial and biological engineered agents. The protecting elements are 
typically used to influence the particle’s circulation pharmaco-dynamics. The particle can 
also be used without any of the bound elements. The imaging agent can also be used as a 
drug delivery vehicle. 
 
In drug delivery applications, the drug delivery vehicle has been rendered visible 
through the conjugation with contrast or imaging agents. As this approach 
combines therapy and diagnostics aspects, it is termed “theranostics”. Figure 1.1 
shows a general cartoon of a theranostic particle, which combines targeting, 
imaging functionalities with drug delivery. The advantage is that pharmaco-
dynamic and -kinetic properties as well as biodistribution of drugs can be 
quantified with imaging for each patient leading to a personalized approach in 
treatment strategies. [7, 8].  
Molecular imaging has developed into a vast and varied field throughout the past 
decades. While imaging technologies were brought more than a decade ago from 
a clinical into preclinical setting for molecular imaging research, more and more 
molecular imaging applications are now brought into clinical practice. Overall, 
molecular imaging has enormous potential applications in the discovery, 
development, and delivery of drugs in a preclinical and clinical phase [9-11], in 
diagnostics [1, 12, 13], in personalized medicine [14, 15], and in theranostics 
[1, 8].  
 
Aim and outline of this thesis 
The aim of this thesis is to explore the use of molecular imaging as a tool in 
research question of drug delivery, oncology, and regenerative medicine.  
Chapter two gives a more detailed introduction to US-mediated drug delivery to 
put chapter three and four into perspective of ongoing research and the 
research question that is addressed in this thesis.  
Chapter three and four describe experiments, where molecular imaging is 
used to study US-induced drug delivery and gene transfection. Site directed 
delivery of drugs or genetic constructs remains one of the biggest challenges in 
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pharmaceutical research to improve efficacy while reducing side effects. While 
small molecular drugs can still be engineered to reach their target to some 
degree via free diffusion, promising new therapeutics based on biologicals or 
genetic material are usually too charged, hydrophilic and too large to passively 
cross biological barriers such as the endothelium and cellular membranes to 
reach their targets. Ultrasound may offer a solution to this problem as the 
pressure waves of US can induce a local and transient permeabilization of the 
blood vessel endothelium (extravasation) as well as cellular membranes 
(sonoporation). Consequently, US-based delivery approaches have been 
investigated in the past in cells as well as in vivo. These delivery strategies 
suffer from the fact that the possible experimental parameter space is huge, with 
different US transducers, US protocols, presence of microbubbles, treated tissues 
or different drugs. Consequently, US-mediated drug delivery studies presented 
in literature are difficult to compare and show large variations. In chapter 
three, molecular imaging with SPECT is used to follow the extravasation of a 
radiolabeled model drug from the vascular system subsequent to a sonication 
with focused US in the presence of microbubbles. With SPECT, the kinetics of 
extravasation as well as the overall amount of extravasated drug was 
determined. This study provides essential information for the development of US 
based strategies for localized drug delivery.  
Next, US-induced delivery and transfection of gene vectors is explored, which is 
described in detail in chapter four. In gene therapy, nucleic acids (DNA or RNA) 
are used to cure, prevent, or treat human disorders. Most current applications 
focus on the insertion of exogenous nucleic acids to either promote or inhibit the 
expression of a missing/damaged protein, or on ex vivo gene manipulation of the 
patient’s own cells followed by autologous transplantation [16]. Typically, the 
delivery of genetic vectors is based on either viral or non-viral approaches. Viral 
vectors have the distinct advantage of easily entering the cells and nuclei leading 
to high levels of transduction and expression over a long period of time. 
However, their safety profile is yet a point of concern because of immune 
reactions and more importantly insertional mutagenesis [16]. Non-viral vectors 
have a better safety profile but do not passively cross cellular membranes and as 
such have low levels of transfection and expression, which normally last only for 
a few months [17]. In chapter four, US-mediated delivery of a genetic vector in 
the muscle tissue of mice is described, where optical imaging is used to localize 
and quantify gene expression. To this aim, a genetic plasmid construct is used 
that carries an optical reporter gene encoding for the enzyme luciferase, allowing 
bioluminescence imaging as readout for gene expression. This study explores 
how different experimental parameters influence the US-based transfection 
efficiency. 
Chapter five explores the use of molecular imaging in oncology to investigate 
the formation of bone metastases of breast cancer. Metastases are formed from 
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circulating tumor cells that originate from primary cancers. Currently, once bone 
metastases appear the disease is termed incurable and patients will have limited 
life expectancy going along with a decreasing quality of life. Consequently, 
current research effort is directed to better understand the processes behind 
bone metastasis formation and growth and its response to different treatments. 
To this aim, the concept of reporter gene imaging was extended to follow and 
quantify the formation of bone metastases using a multimodal SPECT/MRI 
approach. A breast cancer cell line was genetically modified to stably express the 
reporter gene herpes simplex virus-1 thymidine kinase, which allows sensitive 
quantification of cancer cells with the radiotracer [123I]FIAU and SPECT imaging. 
The process of bone metastasis formation from these cells and the kinetics of 
growth were studied using SPECT/MRI. This tool could be used for studying 
therapies targeting the formation for bone metastasis. 
Chapter six finally applies imaging and molecular imaging tools to investigate 
processes in regenerative medicine. Today, regenerative medicine based 
approaches are studied to restore tissue functionalities in humans that were for 
example compromised due to a disease or injuries. Regeneration of lost or 
injured structures is limited and often restricted to specific tissues, e.g. the liver 
may regenerate a large portion up to its original size when enough hepatocytes 
remain to proliferate (1). In most other cases, the wound healing mechanisms 
lead to scar formation (2). Thus, regenerative medicine approaches in humans 
rely typically on the use of stem cell therapies to restore tissue functionality. For 
example, stem cells based therapies have been investigated and clinically tested 
after a cardiac infarct to restore cardiac functions [18] and also after spinal cord 
injuries to regenerate nerves [19]. 
An example in nature known for its extraordinary capability of regeneration is 
the aquatic salamander (axolotl). Axolotls have the unique capability to regrow 
limbs and other organs, e.g. the heart, after amputation or other damages. 
Regenerative processes in axolotls are the subject of intense biological research 
on genetic and cellular level with microscopy as the main imaging tool. Other 
imaging techniques to follow regeneration at a tissue of whole body level were 
barely used in the past. Inspired by that insight, a completely new area of 
research was set up to follow and study with MRI and CT regenerative processes 
in axolotls. In particular, the first imaging studies focused on non-invasive 
quantification of cardiac function of axolotls as well as regeneration of the tail 
after amputation. 
The anatomy of the cardiac structure and the dynamics of the heart beat were 
imaged and quantified by MRI. The ejection fraction and cardiac output were 
then calculated. 
The cardiac study established the MR imaging protocols to follow, in a future 
experiment, heart regeneration and its functional recovery after an infarct.  
Tail regeneration was imaged using MRI and CT to provide insights on how 
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different tissues such as vertebrae, muscles, nerves, etc. but also functionality 
are restored.  
The thesis ends with chapter seven, giving a summarizing discussion, sketching 
the future perspectives of molecular imaging in biomedical research. 
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Principles of ultrasound 
Ultrasound is a traveling pressure wave with frequencies above 20 kHz. The 
pressure fluctuations cause the particles in a medium to vibrate back and forth, 
which in turn induces variations in the medium’s density. The devices used to 
produce US waves are called transducers. Medical US exploits these properties 
and behavior of sound waves for both diagnostic imaging and therapy [1]. 
Several parameters are needed in order to describe US (Fig. 2.1a) [2]. 
Frequency can be defined as the number of complete cycles of pressure per 
second and wavelength is the length of space over which one cycle occurs. The 
time that it takes for one cycle to occur is called the period which is also defined 
as the inverse of the frequency. Higher frequency waves have shorter 
wavelengths and therefore have more interaction with the tissue. Consequently, 
the penetration depth of an US wave is inversely proportional to its frequency. In 
medical US imaging, the frequencies are typically within 1-15 MHz. Finally, the 
propagation speed of a sound wave is the speed at which it moves through a 
medium. It is mostly determined by the medium’s density and stiffness. Thus, 
propagation speeds are lower in gases, higher in liquids and highest in solids. 
These parameters are sufficient to describe continuous wave US where the 
cycles repeat indefinitely. However, most medical and therapeutic applications 
use pulsed US, where a few cycles of US are separated in time with intervals of 
no US. Additional parameters are thus necessary for a complete description (Fig. 
2.1b). Pulse repetition frequency (PRF) is the number of pulses occurring in one 
second and pulse repetition period (PRP) is the time from the beginning of one 
pulse to the beginning of the next. Diagnostic US transducers typically emit a 
few thousand pulses per second. The time it takes for one pulse to occur is the 
pulse duration. Another important parameter is the duty cycle (DC), which is 
defined as the fraction of time that pulsed US is ON. The duty cycle is calculated 
by diving the pulse duration with the PRP. The length of space that a pulse takes 
up is the spatial pulse length. Finally, the strength of the sound wave must also 
be known, namely the amplitude and intensity. Amplitude is the maximum 
variation in pressure and intensity is the rate of energy per surface area. 
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Figure 2.1 A schematic representation of a continuous US wave (a) and a pulsed US wave 
(b). DC: duty cycle. 
 
Propagating acoustic waves in biological tissues are mostly attenuated by 
absorption but also by scattering and reflection. This energy dissipation provides 
either a mechanical stimulus, or – depending on the length of time the US is 
applied – leads to local heating. 
At US frequencies the tissue does not respond fast enough to the varying 
pressures resulting in momentum transfer in the direction of propagation. 
Displacement forces, known as radiation forces, are thus generated. They can 
lead to localized particle movements and acoustic streaming. For the latter, two 
main effects are possible: (1) fluids are moved in the direction of the sound 
waves as a bulk which can effectively move particles in suspension; (2) 
microstreaming in which localized currents are generated next to cavitating 
bodies (see below) that can induce sheer stresses on nearby surfaces [3]. 
Another important US driven effect is acoustic cavitation. It can be broadly 
defined as the growth, oscillation, and collapse of gas bubbles under an US field. 
In most tissues gas bubbles are scarce. However, under certain pressure 
amplitude and frequency conditions, dissolved gas in tissues can concentrate to 
form gas bubbles effectively creating cavitation nuclei/elements. There are two 
main cavitation regimes: stable (non-inertial) and transient (inertial). Stable 
cavitation involves the sustained oscillation of a gas bubble around a mean 
diameter value. In inertial cavitation, the bubbles oscillate unstably, expanding 
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up to three times their size, and eventually collapse originating a high energy 
release. Consequently, a new quantity termed mechanical index (M.I.) has been 
formulated to help evaluate the likelihood of cavitation-related adverse biological 
effects under normal imaging exposures [4]. The M.I. is defined as the ratio of 
the peak negative pressure with the square root of the US frequency [1]. The 
maximum M.I. allowed in commercial imaging devices is 1.9. 
 
Microbubbles 

Ultrasound contrast agents are gas-filled microbubbles (MBs) with a mean 
diameter around 2 μm, which are able to circulate through the lung capillary 
bed. These MBs efficiently interact with the US waves since the encapsulated gas 
is orders of magnitude more compressible than the surrounding biological tissues 
[5]. As for gas bubbles, the MBs can oscillate by stable cavitation and/or by 
inertial cavitation. In fact, when MBs are used the threshold for cavitation is 
greatly reduced from an M.I. of 1.9 to < 0.8, under the same US exposure 
conditions respectively [3, 6-14]. Also, the MB diameter directly affects its 
resonant frequency and it has been shown that at the same frequency the 
threshold for generating bioeffects is decreasing for larger MBs[15]. 
The MBs are stabilized by a shell, which can be made up from lipids, proteins or 
biodegradable polymers. The only clinically approved microbubbles for contrast 
enhanced ultrasound imaging are Optison®, which is stabilized with a protein 
layer, and the lipid–based SonoVue®, Sonazoid®, and Definity® MBs. Typically, 
these MBs are filled with a hydrophobic gas such as SF6 or perfluorocarbons to 
slow down gas dissolution in blood. Also polymer-based microbubbles were 
clinically tested, which have a thicker and harder shell of ca. 20-100 nm 
thickness. These polymeric MBs do not necessarily need to use hydrophobic 
gases to remain stable in circulation. However, the mechanical stiffness of the 
polymer-shelled bubbles requires sufficiently high ultrasound pressures to 
generate sufficient US contrast compared to lipid- and protein-shelled agents 
[15].  
Once injected, MBs are rapidly cleared from circulation with typical half-life of 
few minutes for mice and rats and 20 minutes for humans. Primary clearing 
occurs via the reticulo-endothelial system with liver and spleen as the primary 
uptake organs [16]. In the clinic, MBs are approved for imaging in contrast 
echocardiography. Additionally, in Europe, there is approval for imaging in the 
liver, brain, carotids, and peripheral arteries [17, 18]. 
 
Permeabilization mediated by ultrasound 
It has been recognized that the bio-effects from US-mediated cavitation (also 
radiation forces albeit to a lesser extent) can lead to a transient permeabilization 
of surrounding biological tissues (endothelium and cellular membranes) which 
has important implications in drug delivery [5, 12, 19-22]. The increase in 
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permeability can facilitate extravasation of drug compounds out of the 
vasculature into the interstitial space as well as uptake of these compounds into 
the cell. 
The use of MBs greatly amplifies the US cavitation biophysical effects by lowering 
the threshold for cavitation. Oscillating MBs present in the vascular system affect 
the endothelium barrier creating temporary fenestrations and/or pores (Fig. 
2.1a). Proximity to the surface is essential for these effects. Direct contact is 
needed in the case of stable cavitation while distances of up to one MB diameter 
should not be exceed in inertial cavitation. Above effects can be exploited in US 
mediated drug delivery, as these pores subsequently allow extravasation of 
macromolecules or particles into the interstitial space that would otherwise stay 
in the blood pool. Marty et al. have proposed a mathematical model that 
formulates the relationship between the size of the pores formed in the 
endothelial layer and the duration of the extravasation in terms of the size of a 
particle [23]. The cavitation induces pores of certain size and size distribution. 
Subsequently, the pores close exponentially with a rate that depends on the 
mechanical and elastic properties of the tissue. The duration of extravasation is 
inversely proportional to the particle’s size. 
Cavitation can also induce transcytosis where macromolecules are transported 
across the interior of a cell in vesicles [5]. Above effects are known as US-
enhanced extravasation and they can last up to a few hours.  
 
On a cellular membrane level, the permeabilization process is termed 
sonoporation (Fig. 2.1b). Transient pores are also formed on cellular 
membranes, which will close within milliseconds to seconds. It has been shown 
that endocytosis which can be promoted by US and both cavitation regimes plays 
an important role in cellular uptake of macromolecules [12]. The size of the 
sonoporation pores created with stable cavitation was measured to range from a 
few nanometers to hundreds of nanometers. In inertial cavitation, pore sizes up 
to micrometers have been reported [12]. 
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Figure 2.1 Biophysical effects of stably and inertial cavitating MBs. (a) Ultrasound-induced 
permeabilization of the endothelial layer of blood vessels leading to enhanced extravasation, 
mainly by destabilizing tight junctions due to MBs oscillations (and eventual collapse), 
acoustic streaming, and radiation forces. (b) Mechanisms of sonoporation. (1) Stable 
oscillation of a microbubble creates microstreamings in the surrounding fluid, which exert 
mechanical stress on the cell membrane, causing pore formation; (2) MB compression 
leading to invagination and membrane opening; (3) MB expansion leading to membrane 

(a) 
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extension (push-force) and opening; (4) MB destruction releasing acoustic shock-waves and 
jet streams that permeabilize the membrane. Image (b) adapted from [17]. 
 
Drug delivery and the ultrasound method 
The biggest challenge in systemic drug treatments is to achieve sufficient drug 
concentration within the targeted tissues or cells, while sparing healthy tissue in 
order to minimize side effects [25-28]. Administered drugs have to overcome 
several barriers such as the endothelial lining of blood vessels, crossing of the 
interstitial space, and finally cellular or even nuclear membranes depending on 
the exact nature and localization of the drug target [28]. While small molecular 
drugs with a balanced hydrophilicity can reach to some extend their targets via 
diffusion, charged or larger hydrophilic pharmaceutically-active compounds such 
as proteins or nucleic acids are not able to passively cross the aforementioned 
barriers. Ultrasound has been investigated as a possible solution to address the 
local delivery problem of this class of drugs [5, 13, 29]. Ultrasound can 
penetrate through tissue, which allows targeting deep seated structures. 
Additionally, ultrasound can be focused leading to a high intensity in the focal 
volume, therefore also termed (high intensity) focused ultrasound (HIFU, 
sometimes also fUS or HIFUS). In the focus spot, pressure intensities can be 3-4 
orders of magnitude higher than in the far and near field of the transducer. 
Energy dissipation in the focus spot also leads to local heating, where obtained 
tissue temperatures depend on the excat US protocol used, but also tissue 
perfusion. Both pressure and temperature stimuli can be exploited for local drug 
delivery applications (Fig. 2.2) [8, 20, 21, 29-31]. The use of HIFU for thermal 
therapies is already at a clinical stage and holds great promise for localized drug 
delivery of small permeable drugs using temperature sensitive drug delivery 
vehicles. This approach provides high local concentrations of a small molecular 
drug once it is released from its carrier inside tumor tissue. Subsequent drug 
uptake of the tumor is driven by diffusion and solely depends on the molecular 
drug properties. Thus, temperature induced delivery schemes using HIFU, unlike 
pressure-based stimuli, do not address the delivery issue of biologicals or nucleic 
acid based drugs across barriers. 
In this thesis we have focused on the development of pressure-mediated 
delivery strategies using ultrasound to overcome these biological barriers. 
Therefore, thermal delivery strategies will not be further discussed.  
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Figure 2.2 Schematic representation of physical interactions between US waves and 
biological tissues that create bio-effects. 
 
Microbubbles as drug carriers 
Microbubbles can also serve as drug carriers, where local release is triggered 
with (focused) ultrasound [3, 13]. Upon cavitation, these drug loaded 
microbubbles release their payload, while simultaneously inducing tissue 
permeabilization to mediate drug uptake. As the latter effects are transient in 
nature and remain only for a limited time, a high local drug concentration is 
needed. Several concepts have been developed to realize drug loaded MBs such 
as drug conjugation or drug absorption to the shell, integration of drugs in the 
shell, or dissolving the drugs in a liquid reservoir that is inside the shell. Also 
more complex MB-based drug delivery vehicles were explored by attaching drug 
loaded liposomes to the outer shell of a MB (Fig. 2.3) [32, 33]. However, the 
short circulation half-life of microbubbles, which implies that after systemic 
injection only a fraction of them will pass through the targeted tissue during 
sonication with US, and the limited drug load per MB present a limitation of the 
overall amount of drug that can be delivered using this approach [21, 34]. 
A new class of US activatable agents are based on emulsions having a 
fluorocarbon-based interior phase. The fluorocarbon oil is liquid at body 
temperature but quickly vaporize upon insonation forming acoustically active 
MBs. The nanometer size while in liquid form provides a long circulation time and 
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allows the emulsion particles to naturally extravasate into a tumorous tissue 
exploiting for example the EPR effect. Subsequently, these agents can be 
activated with ultrasound. Formulations based on phase converting agents 
loaded with drugs such as doxorubicin are being investigated [3]. 
 

 
Figure 2.3 Microbubbles as drug carriers and targeted agents. (a) standard MB; (b) drugs 
incorporated inside Polymer-shelled microbubbles (A) have a thicker shell into which drugs 
can be incorporated directly, hydrophilic drugs can be incorporated with a double emulsion 
method [60] (B). Half-oil filled polymer-shelled microbubbles (C) give an additional liquid 
reservoir into which hydrophobic drugs can be incorporated. 
 
Targeting of microbubbles 
The concept of using MBs for imaging and drug delivery has been extended to 
targeted applications [17]. Due to their micrometer size MBs remain inside the 
vasculature and do not extravasate to the interstitial space. This has the 
advantage of reducing unspecific signals of unspecifically trapped MB, but it also 
restricts targeting to intravascular markers, such as endothelial cell surface 
markers related to tumors, or cardiovascular diseases [19, 35]. To this end, the 
MB shell is conjugated with ligands, commonly ones that specifically bind to 
markers of angiogenesis and/or inflammation [36-38]. Preclinical studies with 
markers other than the ones involved in inflammation and angiogenesis are 
mainly targeting cancer [39, 40]. Recently, a lipopeptide-based MB targeted to 
the vascular endothelial growth factor receptor-2, BR55® (Bracco), has entered 
clinical trials [41]. Most work with the BR55® so far has involved imaging 
angiogenesis related to cancer. 
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Challenges in ultrasound-mediated drug delivery 

The most important parameters involved in US-mediated drug delivery have 
been described above. The outcome of experiments using this process depends 
on the fine tuning of all these parameters. However, the variability in the 
parameters used in published studies is enormous. Often, non-commercially 
available MBs and US devices are used. Unfortunately, most US drug delivery 
studies do not report their parameters or only give an incomplete description 
[2]. Also small experimental details concerning the exact experimental setup are 
often not reported, e.g. use of US absorbers, degassing of US gel, distance 
between transducer and target, etc.)This is one of the great challenges in US-
mediated drug delivery research as direct inter-study comparisons are often not 
possible. Figure 2.4 summarizes the main components and parameters involved 
in an in vivo US drug delivery protocol and emphasizes the complexities of a US 
drug delivery study.  
 

 
Figure 2.4 Ultrasound-mediated drug delivery. 

Biological detrimental effects 
Diagnostic US imaging is expected to not induce any cavitation in tissues below a 
mechanical index of 1.9 (clinical maximum) and is therefore considered “safe” in 
this operational limit. However, when US is used in combination with cavitation 
nuclei such as MBs this threshold is more than halved [42]. 
Possible risks and side effects of using US in the presence of gas bubbles are 
associated with dentrimental bioeffects in healthy tissue. The occurrence of 
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tissue hemorrhage and endothelial cell damage after US exposure of cultured 
cells and organs containing air, such as the lungs or the intestine has been 
reported [4, 42-46]. In humans, premature ventricular contractions have been 
detected during contrast-enhanced echocardiographic imaging [47, 48]. In 
laboratory animals, simultaneous exposure of high-energy US to MBs resulted in: 
a reversible and transient decrease in left ventricular contractile performance; 
increase in the coronary perfusion pressure; increase in the myocardial lactate 
release; and presence of intramural hemorrhage in the plane of US transmission 
[14]. On tissue level, capillary rupture with erythrocyte extravasation and 
endothelial cell damage have been observed [46]. These studies indicate that US 
induced cavitation, with or without MBs being present, seems to be necessary to 
induce tissue permeability facilitating local drug delivery. However, these 
cavitations will cause to a certain extend local damagec on tissue level [42]. 
Thus, careful optimization of the US parameters and the overall protocol as 
shown in Figure 2.4 is important to derive new drug delivery applications for 
existing and new drugs [42, 49]. 

In this thesis, the kinetics of ultrasound mediated extravasation is investigated 
in chapter 3. In chapter 4 the influence of different US parameters on the 
delivery of genetic vectors in vivo is studied. 
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Abstract 

Drugs need to overcome several biological barriers such as the endothelium and 
cellular membranes in order to reach their target. Promising new therapeutics, 
many of which are charged and macromolecular, are not able to passively 
extravasate, let alone cross cell membranes, and stay mainly in the blood pool 
upon intravenous injection until clearance. Using focused ultrasound (fUS) in 
combination with circulating microbubbles (MBs) leads to temporary localized 
tissue permeabilization allowing extravasation of (macro) molecules from the 
vascular system. Thus, fUS is a promising approach for localized drug delivery. 
However, little is known about the permeabilization kinetics in skeletal muscle. 
In this study, we used single photon emission computed tomography (SPECT) to 
characterize the kinetics of extravasation of 111In-labeled bovine serum albumin 
(BSA), a model macromolecular drug, in muscle treated with fUS and MBs. The 
same fUS protocol was applied to 6 groups of mice with different times, ∆t, 
between fUS application and BSA injection (∆t = -10, 2.5, 10, 30, 60, 90 min) 
followed by SPECT imaging. For ∆t ≤ 30 min we observed an exponential 
accumulation of activity in an area of the treated muscle which extended to a 
volume larger than the fUS pattern with highest accumulation for short waiting 
times ∆t. The extent of extravasation decreased exponentially with increasing ∆t, 
with a calculated half-life of ca. 21 min, defining the time window of 
extravasation. The same treatment without MBs did not induce extravasation of 
BSA thus supporting MBs and drug co-injection strategies. These results provide 
essential information for the development of fUS based strategies for localized 
drug delivery. 
 
Keywords: focused ultrasound, drug delivery, SPECT, extravasation, 
microbubbles, evans blue 
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Introduction 
 
Site directed delivery of drugs remains one of the biggest challenges in 
pharmaceutical research to improve efficacy while reducing side effects. Typical 
drugs have molecular weights around 500 Da or lower, a balanced 
hydrophilicity/hydrophobicity, and low or no charge. Upon intravenous injection, 
these drugs have to overcome multiple barriers, such as the endothelium to 
extravasate into the extravascular/extracellular space to reach e.g. cell surface 
receptors or they even have to cross cellular membranes to reach intracellular 
targets. Unfortunately, the passive distribution of drugs across tissues leads 
typically to relatively low concentrations in the target and an unwanted burden 
for healthy tissues, limiting the therapeutic window [1]. Many new potent 
macromolecular drugs face an even greater delivery challenge due to even more 
unfavorable pharmacokinetic properties (PK). Namely, charged and hydrophilic 
drug candidates such as plasmid DNA and small interfering RNA have 
tremendous therapeutic potential for the treatment of cancer as well as 
metabolic and cardiovascular diseases, but do not extravasate or cross cellular 
membranes [2, 3]. 
Focused ultrasound (fUS) may offer a solution to this delivery dilemma. The 
pressure waves of ultrasound can drive circulating microbubbles (MBs), clinically 
used as ultrasound contrast agents, into a forced oscillation state inducing 
transient permeability of the blood vessel endothelium (mediating extravasation) 
as well as cell membranes (sonoporation) [4-8] (Fig. 3.1). With the possibility to 
non-invasively focus sound waves at structures deep inside the body, fUS can be 
used to mediate extravasation and increase cellular permeability in a highly 
localized manner [9]. Various publications have shown the potential of fUS to 
induce drug extravasation in different organs such as skeletal muscle [6], heart 
[10], brain [11-17] and tumors [18-20]. 
The sonoporation effect induced by ultrasound was first recognized by Williams 
in 1971 [21] (although the term sonoporation appeared in the literature only in 
1997 [22]) and then was extensively studied in vitro [5, 23-25]. Recently, 
Yudina et al. [26] showed that ultrasound induced permeability of cell 
membranes to a small non-cell permeable optical chromophore in vitro is a 
transient effect lasting up to 24 h. The exact mechanism causing the 
sonoporation is still under investigation with temporary membrane pore 
formation and induced endocytosis being two main hypotheses [23, 27]. In vivo, 
the increase in vascular permeability following fUS points, among others, at the 
opening of endothelial junctions, fluid jet formation, and shear stresses induced 
by oscillating MBs (non-inertial cavitation), eventual bubble collapse at high 
enough pressures (inertial cavitation), and acoustic forces [8]. This allows 
extravasation into the interstitial space of compounds with unfavourable PK or 
with sizes too large to pass the intact endothelial layer [28]. Therefore, fUS 
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induced extravasation can be exploited in vivo for triggered local delivery of 
drugs and nanoparticles [6, 19]. 
Extravasation of macromolecular drugs and nanoparticles depends on their 
plasma concentration as the concentration gradient is the ultimate driving force 
of passive diffusion, but also on their size compared to the induced openings in 
the endothelial layer. Since the endothelium recovers with time and the openings 
between neighbouring cells close, extravasation is expected to reduce over time. 
So far, most information over the kinetics of fUS-induced extravasation was 
gathered for the blood-brain-barrier (BBB) [14-17], but little quantitative 
information is available for muscle [6, 29, 30]. Nuclear imaging techniques such 
as single photon emission computed tomography/computed tomography 
(SPECT/CT) can be used to non-invasively image and analyze the distribution of 
radiolabeled compounds in vivo with high spatial resolution and sensitivity. This 
imaging approach was used earlier to follow ultrasound induced extravasation in 
the BBB by imaging the accumulation of 99mTc-DTPA in the rat brain with 
SPECT/CT over time after MBs injection and fUS treatment [12, 13]. In this 
study we have imaged and quantified the fUS mediated extravasation of a model 
drug, 111In-DTPA-labeled bovine serum albumin (BSA) in combination with Evans 
blue (EB), an albumin binding dye, in the hindlimb skeletal muscles of mice 
using dynamic small animal SPECT/CT in vivo. The time between fUS treatment 
and injection of BSA was increased for different groups of animals making it 
possible to probe the transient effects of fUS-induced extravasation in vivo and 
thus obtaining a time window for the applied treatment. 

 
Figure 3.1 (a) Ultrasound induced sonoporation of a cell membrane and subsequent uptake 
of a drug into the cell. Two potential mechanisms involved are depicted: (1) endocytosis and 
(2) temporary pore formation. (b) Ultrasound-induced permeabilization of the endothelial 
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layer of blood vessels leading to enhanced extravasation, mainly by destabilizing tight 
junctions due to MBs oscillations (and eventual collapse), acoustic streaming, and radiation 
forces. The radioactivity symbol represents a radiolabeled drug with little to none natural 
extravasation or passage across the cell membrane. 
 
 
Materials and Methods 

Materials 
All reagents and solvents were obtained from Sigma-Aldrich (St. Louis, MO) and 
used without further purification, unless otherwise stated. The DTPA-BSA 
(carrying ca. 20 DTPA groups per molecule) was obtained from SyMO-Chem 
(Eindhoven, the Netherlands). 111InCl3 solutions were obtained from Perkin Elmer 
(Waltham, MA). CD-1 mouse serum was purchased from Innovative Research 
(Novi, MI). The labeling buffers were treated with Chelex-100 resin (BioRad 
Laboratories, Hercules, CA) overnight and filtered through 0.22 μm before use. 
Zeba spin desalt columns were purchased from Pierce (Thermo Scientific, 
Waltham, MA). 
 
Hydrodynamic radius of DTPA-BSA 
A 4 mg/mL solution of DTPA-BSA in saline was passed through a 0.1 µm sterile 
filter and the hydrodynamic radius was determined using dynamic light 
scattering (DLS) on an ALV/CGS-3 Compact Goniometer System (ALV-GmbH, 
Langen, Germany) at 22 ºC. Intensity correlation functions were measured at a 
90° scattering angle using a wavelength of 632.8 nm. The diffusion coefficient 
(D) was obtained from cumulant fits of the intensity correlation function using 
the ALV software. 
 
Carrier-added 111In-DTPA-BSA labeling  
111InCl3 in 0.05 M HCl (10 µL, ca. 80 MBq) was added to a mixture of 35 µg 
DTPA-BSA, InCl3 (ca. 0.8 equivalents to DTPA), in a total volume of 65 µL 1 M 
ammonium acetate buffer pH 6.0. The mixture was incubated at 37 ºC and 
mixed at 400 rpm. After 1 h incubation, EDTA challenge (10 µL of 10 mM EDTA 
in 0.9 % NaCl) was performed for 20 min in the same conditions. Removal of low 
molecular weight impurities and buffer exchange to 0.9 % NaCl was performed 
twice using a Zeba spin desalt column (0.5 mL, 7 kDa MW cut-off) according to 
the manufacturer’s protocol. The labeling yields (before purification) and 
radiochemical purity (after purification) were determined by radio-thin layer 
chromatography (radio-TLC), using instant TLC strips (iTLC-SG, Varian Inc., Palo 
Alto, CA) eluted with 10 mM EDTA in 0.9 % NaCl. The iTLC strips were scanned 
on a phosphor imager (FLA-7000, Fujifilm Life Science, Tokyo, Japan) and 
quantified with the AIDA software (Raytest, Straubenhardt, Germany). In these 
conditions 111In-DTPA-BSA remained at the baseline and 111In-EDTA migrated 
with an Rf = 0.9. Radio-TLC analysis showed 73.0 ± 3.2 % labeling yield (n = 
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13) and greater than 95 % radiochemical purity at the time of injection. The 
albumin binding dye EB was diluted to 100 mg/mL in 0.9 % NaCl, passed 
through a 0.22 µm filter and added to the final solution. Each mouse was 
injected with a solution containing ca. 30 µg 111In-DTPA-BSA, 170 µg unlabeled 
DTPA-BSA and 0.5 mg EB in 50 µL 0.9 % NaCl. When multiple mice were 
injected during the same day, the purity of the injectate was confirmed by radio-
TLC before each injection. 
 
Stability of 111In-DTPA-BSA 
111In-DTPA-BSA was incubated in 100 µL mouse serum / 0.9 % NaCl (1:1) at 37 
ºC for 2.5 h. At 30 min intervals, 5 µL samples were challenged with 1 µL 10 mM 
EDTA (10 min), 10-fold diluted with 0.9 % NaCl and analyzed by radio-TLC as 
described above. 
 
Animal Studies 
All animal procedures were approved by the ethical review committee of the 
Maastricht University Hospital (The Netherlands) and were performed according 
to the principles of laboratory animal care [31] and the Dutch national law “Wet 
op Dierproeven” (Stb 1985, 336). Female Swiss mice (25-36 g body weight; 
Charles River Laboratories, L'Arbresle Cedex, France) were housed in an 
enriched environment under standard conditions (23-25 ºC, 50-60 % humidity, 
and 12 h light-dark cycles) for at least 1 week before the experiment, with food 
and water given ad libitum. 
 
Animal preparation 
The mice were anesthetized with isoflurane and their hindlimbs were first shaved 
and then depilated with commercial hair removal cream (Veet®, Slough, UK). A 
20 cm catheter (PE tubing with 0.4 and 0.8 mm internal and external diameter, 
respectively, connected to a 27G needle) was inserted in the tail vein. Then the 
mice were placed on a heating plate to maintain a 37 ºC body temperature, with 
an acoustic absorber (Sorbothane, McMaster-Carr, Chicago, IL) underneath the 
hindlimbs. Degassed ultrasound transmission gel, pre-heated to 37 ºC 
(Aquasonics 100, Parker Laboratories, Fairfield, NJ), was applied between the 
absorber and the limbs and between the limbs and the ultrasound transducer to 
create an acoustic window. 
 
Experimental protocol 
Figure 3.2 shows the timeline and methods used in the experimental procedures. 
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Figure 3.2 Experimental timeline. Step 1: Skeletal muscle is exposed to fUS (10 minutes 
total treatment time) while MBs are being infused intravenously during fUS exposure. Step 
2: At specific times (Δt) after fUS exposure the radiolabeled model drug (111In-DTPA-BSA) is 
injected intravenously. Step 3: The animal is imaged with consecutive SPECT scans followed 
by a CT scan. Step 4: The animal is euthanized 2 h after BSA injection and organs and 
tissues are harvested for γ-counting and histology (step 5). 
 
Step 1. Microbubble infusion and ultrasound treatment 
Polymer-shelled MBs (poly-L-lactide shell with N2 core and mean diameter of 2 
μm) prepared by a single emulsion method [6, 32] were used at a concentration 
of 1.1×109 MBs/mL in 0.9 % NaCl. A therapy and imaging probe system (TIPS, 
Philips, Amsterdam, the Netherlands) [9], co-aligned with a clinical ultrasound 
transducer (P7-4, HDI5000, Philips) for image guidance, was used for the fUS 
treatment. The technical details of the fUS system and its calibration are 
reported elsewhere [9]. The ultrasound treatment (ellipsoidal focus ca. 1×1×9 
mm3; 1.2 MHz, 2 MPa (ca. 68 W/cm2 spatial-average temporal-peak), 10000 
cycles, and 4 s waiting time between points), triggered at each point, was 
applied in a 7-point pattern (Fig. 3.3) with 2.25 mm between points, focused 1.5 
mm below the skin. The pattern was repeated 22 times. The overall fUS 
treatment protocol took 10 minutes. The MBs were infused via the tail vein 
catheter for 10 min at 0.6 mL/min using a syringe pump (PicoPlus, Harvard 
Apparatus, Holliston, MA) and the fUS treatment started 20 s after the MBs 
entered circulation. The target tissue was the skeletal muscle of the left hindlimb 
and the contra-lateral hindlimb was used as negative control. 

 
 
 
 
 
Figure 3.3 Schematic of the focused ultrasound 
treatment pattern. The center of the 7-point pattern is 
aimed at the left hindlimb muscle of the mouse.  
 
Step 2. Injection of radiolabeled BSA and 
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experimental groups 
The end of the fUS treatment is used as time reference (t = 0). After a defined 
time Δt (2.5, 10, 30, 60 and 90 min) post-ultrasound treatment the mice were 
injected with the solution containing 111In-DTPA-BSA and EB. One group received 
an injection of 111In-DTPA-BSA and EB at the start of the fUS treatment, thus the 
waiting time is Δt = -10 min. Another group (No MBs group) was injected with 
saline at Δt = -10 min to investigate the influence of MBs in the fUS protocol. 
Groups of 5 and 4 mice were used for Δt = 10 min and 30 min, respectively. All 
other groups consisted of 3 mice each. 
 
Step 3. In vivo SPECT/CT imaging 
Non-invasive imaging was performed using a dedicated small-animal SPECT/CT 
system equipped with four detector heads and converging multi-pinhole 
collimators (nine pinholes per collimator, 1.4 mm aperture, nanoSPECT/CT, 
Bioscan, Washington, DC). 
Consecutive SPECT scans (4.5 min/scan - 12 projections, 45 s/projection, energy 
window: 15 % for 245 keV and 20 % for 171 keV) were performed over a 1.5 h 
period followed by a CT scan (45 kVp, 240 projections, 2000 ms/projection). The 
SPECT scanner was calibrated with cylindrical phantoms filled with 111In solutions 
of known activity. For the groups Δt ≤ 10 min a ca. 10 min delay existed 
between tracer injection and beginning of the imaging session as these animals 
had to be injected on the fUS table and then positioned in the SPECT/CT animal 
bed. 
 
Step 4. Ex vivo biodistribution  
After the CT scan the mice were euthanized 2 h post-injection of tracer by 
cervical dislocation. Organs and tissues of interest were harvested and weighed. 
In order to minimize variability, skeletal muscle samples from the treated 
hindlimbs were taken over an area wider than the treatment zone, covering most 
of the posterior muscles With the visual aid of the extravasated EB, the treated 
skeletal muscles were dissected into three pieces: two pieces within the area 
treated with fUS and a third piece from an area in close proximity. Control 
muscle samples were taken from the contra-lateral hindlimb. The muscle 
samples were immediately placed in 4 % paraformaldehyde buffered to pH 7. 
Sample radioactivity was measured in a γ-counter (Wizard 1480, Perkin-Elmer, 
Waltham, MA) along with standards to determine the injected dose per gram 
(%ID/g). The energy window of the counter was set to 100-510 keV for 111In. 
Evans Blue quantification was not performed as the dye served only as a visual 
marker. 
 
Step 5. Histology 
The formaldehyde fixed skeletal muscle samples were embedded in paraffin, 
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sliced into 5 μm-thick sections (Microtome Shandon Finesse ME+, Thermo 
Scientific) and stained with heamatoxylin-eosin (H&E). 
 
Image analysis 
The activity uptake in the treated and control muscles was quantified from the 
SPECT/CT images in terms of injected dose per cubic centimeter (%ID/cm3) 
using the vendor’s imaging software (InVivo Scope). Specifically, regions of 
interest surrounding the posterior muscles were drawn on the CT images for 
both treated and control hindlimb (corresponding to the excised areas used for 
γ-counting). The respective %ID/cm3 values were calculated from each 
consecutive SPECT scan and plotted as a function of time. The dynamic data for 
each animal were fitted to single exponential curves using commercial software 
(Origin, OriginLab, Northampton, MA). The %ID/cm3, per animal, was 
extrapolated to 2 h post-tracer injection (time of euthanasia) from the fitted 
curves, averaged within each ∆t group and used for the comparison with the 
averaged %ID/g from γ-counting. 
 
Statistical analysis 
Commercial software (Statgraphics Centurion, Stat Point Technologies Inc., 
Warrenton, VA) was used for statistical analysis (Student-t and Fisher’s tests). 
The fitted curves for the temporal window were compared using the using the 
option “compare two datasets (F-test)” in the Origin software. Statistical 
significance was considered at the 95 % confidence level. 
 
Results 

Hydrodynamic diameter by DLS 
The hydrodynamic diameter, dh, of DTPA-BSA obtained from a volume-weighted 
analysis was 8 nm. 
 
Stability 
No release of 111In from radiolabeled DTPA-BSA was observed for more than 5 h 
in saline at room temperature, as confirmed by radio-TLC (> 95 % radiochemical 
purity). In 50 % mouse serum at 37 ºC the tracer was stable for at least 2.5 h 
(> 95 % radiochemical purity). 
 
Extravasation imaging 
The radiolabeled BSA was injected at various times (Δt) after fUS treatment and 
the extravasation process was imaged using dynamic SPECT. Figure 3.4 shows 
three SPECT/CT images (tpi= 10, 30 and 60 min; tpi = time elapsed between 
tracer injection and SPECT scan) from a mouse of the Δt = 10 min group. Ten 
minutes after tracer injection the treated hindlimb showed distinct radioactive 



Chapter 3 

36 

spots (white arrows). At later time points (tpi = 30 and 60 min) the radioactivity 
uptake in the treated muscle and surrounding areas increased and the 
distribution became more homogeneous (see animated sequences in 
supplementary information Fig. S3.1). In comparison, little radioactivity uptake 
was observed in the contra-lateral hindlimb (see also supplementary 
information, Fig. S3.2). In some animals (especially in groups Δt ≥ 30 min), the 
7-point pattern was visible in the SPECT images (Fig. 3.5a) with measured inter-
point distances around 2-3 mm. Ultrasound induced extravasation was also 
visible ex vivo. Figure 3.5b and 3.5c, respectively, show the hindlimb muscles of 
a mouse injected with BSA and EB immediately before fUS (group Δt = -10 min) 
and that of a mouse with a delayed drug injection (group Δt = 60 min). In the 
first animal a large portion of the muscle exhibited a diffuse blue color due to 
extravasation of albumin-bound EB (Fig. 3.5b). On the contrary, the color was 
much less noticeable in the second mouse (Fig. 3.5c) due to decreased dye 
extravasation with increasing Δt, which is consistent with SPECT quantification 
and γ-counting of activity (vide infra). Notably, the second mouse distinctively 
showed the red spots corresponding to the 7-point fUS pattern, which were 
greatly masked by the blue color in the previous one, but no gross sign of 
hemorrhage could be detected.  
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Figure 3.4 In vivo dynamic SPECT/CT imaging. Maximum intensity projections of a mouse 
from group Δt = 10 min acquired 10, 30 and 60 min post-injection of radiolabeled BSA. 
White arrows point to the treated area. All images are on the same scale (color scale from 
SPECT and grey scale from CT). 
 

 

 
Figure 3.5 Visible Extravasation. (a) SPECT/CT image of a mouse from group Δt = 60 min 
where the 7-point pattern is visible (white lines). The tibia (vertical arrow) and femur 
(horizontal arrow) are marked for orientation. The bright spot next to the horizontal arrow is 
activity accumulated in the femur’s bone marrow and is also observed in controls. (b) Evans 
blue extravasation in treated hindlimb muscle of a mouse from the group Δt = -10 min and 
(c) Δt = 60 min. In (c) the red spots on the muscle correspond to the 7-point pattern from 
the fUS treatment. 
 
 
Quantification of extravasation using SPECT/CT and γ–counting 
The 111In activity in treated and control muscles was quantified over a time span 
of 1.5 h (tpi) from the dynamic SPECT scans (5 min frames). Figure 3.6 shows 
the activity profiles, as %ID/cm3, of a representative mouse from each ∆t group. 
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Figure 3.6 Kinetics of Extravasation. Activity per tissue volume from SPECT/CT data in 
treated and control muscles plotted as a function of time post-BSA injection (tpi) for a 
representative mouse from each Δt group. Solid and empty symbols represent treated and 
control areas, respectively. 
 
In general, the kinetics of activity accumulation per unit volume of tissue can be 
described using a single exponential fit: 
 
Equation 3.1   %𝐼𝐷 𝑐𝑚3 = 𝑦0 + 𝐴 ∗ 𝑒𝑘𝑡𝑝𝑖⁄  
 
with tpi being the time post-injection in minutes, y0 the offset activity, A the 
activity at tpi = 0, and k being the rate of activity accumulation.  
Short Δt between fUS treatment and BSA injection resulted in fast accumulation 
of activity in the treated area and also in a high final %ID/cm3 shown in Figure 
3.6. The kinetics of each individual animal was fitted with Eq. 3.1 (for 
parameters see supplementary information, Table S3.1). For Δt = 2.5 min the 
k’s are lower than for animals in group Δt = -10 min, indicating the latter group 
shows a higher accumulation rate in the treated areas. For each animal, the time 
to reach 95 % of the %ID/cm3 (at 2 h p.i.) was calculated and averaged for each 
group (Table 3.1). For instance, in the Δt = 2.5 min group the activity in the 
treated muscle reached 95 % after 17 min while it took 39 min for the Δt = 30 
min group. Since for Δt = 60, 90, and No MBs the activity was decreasing the 
values were not calculated. No significant difference was observed between the 
treated areas of the No MBs and the control areas of all other groups. In the Δt 
= 60 min group the activity in the treated muscle was significantly higher than in 
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the control muscle (ratio ca. 2). On the contrary, no significant increase in 
activity with respect to the control hindlimb was observed for the Δt = 90 min 
and No MBs groups. The ex vivo analysis of 111In-DTPA-BSA distribution in 
different organs showed no significant differences between the animal groups 
(see supplementary information Fig. S3.3) except for the treated vs. control 
muscle. 
 
Table 3.1 Kinetics of activity accumulation in treated areas. Data presented as the mean ± 
standard deviation (n = 5 for ∆t = 10 min; n = 4 for ∆t = 30 min; and n = 3 for all other 
groups). 

∆t t95 
(min) 

-10 32 ± 1 

2.5 17 ± 4 

10 29 ± 7 

30 39 ± 20 

t95 = t[0.95 * %ID/cm3 at 2 h p.i.] 

 
Time Window of Extravasation 
Figure 3.7 shows the averaged accumulated activity within the fUS treatment 
and control volumes at 2 h post-BSA injection derived from the extrapolated in 
vivo SPECT data (%ID/cm3 at tpi = 2h) and from ex vivo γ-counting (%ID/g) for 
each group as a function of Δt. The SPECT data agree with the corresponding γ-
counting data for the dissected muscle sections (Table 3.2 and supplementary 
information, Fig. S3.4). As previously observed, the amount of extravasated 
activity after 2 h in the treated muscle is highest for short Δt and exponentially 
reduces with increasing Δt (Fig. 3.7). The averaged data can be fitted using a 
single exponential curve (Eq. 3.2)  
 

Equation 3.2: %𝐼𝐷/[𝑐𝑚3,𝑔](∆𝑡) = 𝐴0(%𝐼𝐷/[𝑐𝑚3,𝑔]) ∗ 𝑒−
∆𝑡
𝜏 + 𝑦0(%𝐼𝐷/[𝑐𝑚3,𝑔]) 

 
where ∆t is waiting time in minutes and τ the time constant of the curves 
representing the rate of gap closing from the permeabilized areas. The half-life, 
t1/2, calculated from the curve characterizes the time window for fUS-induced 
drug extravasation in terms of %ID/cm3 or %ID/g over time. For the 
experimental conditions used (i.e., type of fUS transducer, fUS treatment 
parameters, type and concentration of MBs), the calculated t1/2 of fUS-induced 
BSA extravasation is 21.4 ± 11.1 min according to SPECT and 15.2 ± 7.1 min 
according to ex vivo γ-counting (Table 3.2). Again, the data clearly show that 
without MBs co-injection during the fUS treatment, no significant BSA 
accumulation is obtained in the treated area (Fig. 3.7, right panel). The group Δt 
= -10 min was not included in this analysis as the activity was injected in the 
mice before the fUS treatment. 
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Figure 3.7 Time window for extravasation. Averaged SPECT/CT ( treated and  control) 
data (%ID/cm3) and γ-counting (● treated and ○ control) data (%ID/g) for each Δt group 2 
h post-BSA injection plotted as a function of Δt. Data are fitted with an exponential curve 
(solid line is SPECT data; Eq. 3.2). Error bars represent standard deviations (n = 5 for ∆t = 
10 min; n = 4 for ∆t = 30 min; and n = 3 for all other groups). 
 
 
Table 3.2 Fit parameters for the exponential fit (Eq. 3.2) and calculated half-lives for 
enhanced extravasation effect. Data presented as mean ± standard deviation (n = 5 for ∆t 
= 10 min; n = 4 for ∆t = 30 min; and n = 3 for all other groups). 

  Activity at 2 h p.i. 

 ∆t 
SPECT (%ID/cm3) γ-counting (%ID/g) 

 Treated Control Treated Control 

 -10 5.58 ± 0.83 0.75 ± 
0.24 4.97 ± 1.31 0.69 ± 0.1 

 2.5 4.85  ± 1.6 0.49 ± 0.1 4.96 ± 0.99 0.34 ± 0.1 

 10 4.13  ± 
1.23 

0.48 ± 
0.12 3.73 ± 0.94 0.37 ± 0.13 

 30 3.43  ± 
1.56 0.5 ± 0.09 2.79 ± 1.34 0.41 ± 0.2 

 60 1.04  ± 
0.32 

0.45 ± 
0.05 0.73 ± 0.07 0.34 ± 0.01 

 90 0.9  ± 0.25 0.63 ± 
0.26 0.73 ± 0.28 0.38 ± 0.15 

 No MBs 0.56  ± 
0.17 

0.67 ± 
0.35 0.53 ± 0.29 0.54 ± 0.39 

      

Fitted Curves y0 
(%ID/g) 

A0 
(%ID/g) 

τ 
(min) R2 t1/2 

(min) 

SPECT/CT 0.7 ± 0.3 5.1 ± 1.0 25.4 ± 
10.7 0.87 21.4  ± 

11.1 
ex vivo γ-
counting 0.5 ± 0.3 5.3 ± 0.9 19.2 ± 7.5 0.91 15.2 ± 7.1 
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Histology 
The excised hindlimb muscles were divided into 2 parts: part 1 included a region 
from the middle of the 7-point pattern containing at least one of the red points, 
and part 2 was taken in the region immediately surrounding the red spots. For 
all Δt groups, H&E staining of slices obtained from part 1 of the treated muscle 
showed few damaged fibers, enlarged gaps between fibers and some 
erythrocytes between muscle fibers outside the vasculature (Fig. 3.8a, b and d). 
On the contrary, the region immediately surrounding the 7-point pattern (Fig. 
3.8e) shows no visible difference with the control tissues. No damage was 
observed also in the treated muscle samples harvested from the mice that did 
not receive MB infusion before fUS (No MBs group, Fig. 3.8c). 
 

 
Figure 3.8 Histology. Representative images of H&E stained slices of muscle. a) 
extravasated red blood cells are visible (treated, Δt = 10 min group); b) some damaged 
fibers (arrows; treated, Δt = 10 min group); c) no damage (treated, No MBs group); d) 
some red blood cells and damaged fibers are visible in an area about 500 µm wide (inside 
box) in between unaffected tissue (Δt = 10 min group; e) region immediately surrounding 
7-point pattern (Δt = 10 min group). Scale is 200 µm for all panels except (d) which is 500 
µm. 
 
Discussion 

The use of fUS in combination with MBs has been shown to temporarily 
permeabilize the vasculature leading to a localized extravasation of compounds 
that otherwise remain intravascular. However, little quantitative information was 
available on the kinetics of fUS-induced extravasation in muscle and its evolution 
in time [6, 33]. Here, a non-invasive volumetric method was applied to image 
and quantify this phenomenon in skeletal muscle in vivo using radiolabeled BSA 
as a model drug and SPECT/CT imaging. In order to obtain information on the 
time-dependent changes in permeabilization, we systematically increased the 
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waiting time Δt between ultrasound treatment and tracer injection thus giving 
more time for the endothelium to normalize. Enhancing the extravasation of 
albumin is of special importance as this protein serves as a carrier vehicle for 
several albumin-associated drugs [34] and is often used as an extravasation 
marker, also in combination with the albumin-binding dye EB [35-38], which 
here was used as a visual marker to guide tissue dissection ex vivo. 
Following 111In-DTPA-BSA intravenous injection in mice, in vivo imaging showed 
high activity in blood at early time points and accumulation of radioactivity in the 
liver over time, as expected for a radiolabeled protein. An activity build-up in the 
bladder was also observed with time. As 111In-DTPA-BSA was found to be stable 
in serum in vitro, we assume that BSA liver uptake followed by fast metabolism 
and subsequent renal excretion of small radio-metabolites is responsible for the 
observed activity in the urine [39]. However, this process did not affect or limit 
the extravasation study in the hindlimb muscle. In fact, SPECT imaging started 
shortly after 111In-DTPA-BSA injection, which was performed at various Δt after 
the fUS treatment. Therefore, all mice had approximately the same BSA 
concentration in blood at the time of SPECT imaging and the observed 
differences in muscle uptake among the groups result from the different Δt. With 
the applied acoustic pressure, extravasation was observed only in the groups 
where MBs were injected, indicating that the mechanical effects induced by 
oscillating MBs are necessary to induce endothelium permeabilization. 
The radioactivity concentration in the fUS treated regions increased 
exponentially and leveled off between 17 and 40 min in all animals that received 

the tracer shortly after treatment (Δt  30 min), while the extravasation 
kinetics as well as the plateau values decreased for longer Δt. Overall, the 
maximum radioactivity concentration (2 h post-BSA injection) in the treated 
muscle decreased exponentially with Δt with a half-life of 21 ± 11.1 min and 15 
± 7.1 min according to SPECT and γ-counting (p > 0.8), respectively, 
characterizing the time window for extravasation after fUS treatment. Group Δt 
= -10 min was not included in the fit for the time window calculation. In this 
group, when the fUS treatment ended the activity concentration was already 
distributed in the blood stream. The other groups, except the NoMBs, received a 
bolus injection of tracer when the tissue was already permeabilized (after the 
fUS treatment). Thus the conditions for Δt = -10 min are not identical to the 
other treated animals. Still, the amount of extravasated tracer is comparable to 
the one from group Δt = 2.5 min. 
Our findings on extravasation kinetics are in agreement with published data 
(Table 3.3). In fact, Böhmer et al. [6] found that EB extravasation in skeletal 
muscle was more than two-fold decreased when the dye was injected 60 min 
after fUS treatment instead of immediately after and a closing time of at least 1 
h. In a study by Yang et al. [11], fUS caused BBB disruption (BBBD) and EB was 
injected at different time points after treatment. Although the authors of this 

≤
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study did not report the exact value, from their data an approximate 20-25 min 
half-life can be estimated for EB. Also, in a recent study, Marty et al. [14] 
published data on BBBD using fUS in combination with MBs. In order to probe 
closure of the BBB, MRI contrast agents of different sizes were injected in that 
study at different times after the fUS. The authors proposed a simple model, 
where (circular) openings in the endothelium were induced by the fUS 
treatment. These openings with a characteristic diameter were assumed to close 
exponentially with a closure rate constant of 1.54×10-5 s-1. Based on this model, 
the time window of extravasation for molecules of a certain size after BBBD can 
be calculated as: 
 

Equation 3.3:   𝑡1/2 = 𝐴
1+𝐵∙𝑑ℎ

2  

 
with A = 2.35×104 s, B = 0.2106 nm-2, and dh (nm) being the hydrodynamic 
diameter of the molecule. For radiolabeled BSA, with dh = 8 nm, the estimated 
half-life of extravasation is 27.1 min according to this model. This model (Eq. 
3.3) is also very sensitive to the particle’s diameter with 1 nm differences 
changing the half-life value in 6.5 min (ca. 25 %), within the range of 7-9 nm. 
These values found from the BBBD and skeletal muscle compare well to our 
measured values in muscle tissue, considering that different ultrasound 
parameters, setup, organ (muscle vs. brain) and animal model (mouse vs. rat) 
were used. Focused US was shown to promote local extravasation of 100 nm 
[40] and 150 nm [33] nanoparticles in skeleton muscle (Table 3.3) or to induce 
delivery of genetic vectors [7]. However, these studies do not provide 
information on the time window of extravasation as the particles are injected as 
close as possible to the fUS treatment. Also, in BBBD differently sized agents 
have been delivered, e.g. Gd-chelates (< 1 nm), antibodies (ca. 10 nm), 
liposomal doxorubicin (70-90 nm) and genetic vectors (100-250 nm) [16, 17, 
41-43]. In particular, for Gd-chelates, Marty et al. [14] found half-life closure 
times of ca. 5 h, Park et al.[15] obtained 2.2 h, while Hynynen et al. [44, 45] 
found 1 or 2 h depending on the pressure used (Table 3.3). In these 
experiments different fUS settings, MBs concentrations, and animal models were 
used which could explain these differences, especially for the smaller particles (< 
1 nm).  
Still, in most studies the BBB recovered within 6-12 h, with some cases up to 24 
h [16]. For larger particles, effective extravasation was seen when the particles 
were injected before or immediately after fUS treatment with shorter BBBD 
recovery times [14, 17]. 
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Legend: BSA - bovine serum albumin; enhanced accumulation time – maximum period of 
time for which significant extravasation was observed; EB - evans blue; LQD – lipid-coated 
quantum dots; MB – microbubble; NP – nanoparticle; PLGA – poly(lactic-co-glycolic acid); 
PM – polymer microsphere; PRF – pulse repetition frequency; t1/2 – half-life value for the 
time window of extravasation 
 
Following the suggestions of earlier publications [14, 41, 46], we believe that 
oscillating MBs and other acoustic forces induce gaps between endothelial cells. 
We propose that vessel integrity is subsequently restored with a similar rate in 
all blood vessels regardless of the specific tissue. Therefore, the time window of 
extravasation is governed by the size of the extravasating molecules compared 
to the gap size. As the gaps are created by oscillating MBs and other acoustic 
forces, their characteristics depend on the treatment protocol, i.e. on the fUS 
settings and on the injected MBs. In the brain, Marty et al. [14] registered a 
maximum gap size of ca. 65 nm while Treat et al. [47] were able to extravasate 
liposomes greater than 80 nm, and in skeletal muscle particles of 150 nm could 
be delivered [33]. We further propose that the achievable amount of 
extravasation in skeletal muscle correlates with the number of gaps created, 
which depends on the vascular surface area within the treated volume. This 
effect is expected to increase with the number of MBs. In fact, increased BBBD 
and tissue damage was correlated to increased MBs dosage in several studies 
[16, 47, 48]. The same was seen by Lin et al [19] in tumors. To draw a final 
conclusion if relaxation mechanisms of endothelial layers are independent of 
tissues and have the same rate constant in muscle or brain, a similar study 
would be needed with tracers of different sizes, and ideally across species, which 
is beyond the scope of this paper.  
Based on published studies, inertial cavitation of MBs leads to some unavoidable 
collateral damage [17, 49] such as microvascular leakage accompanied by 
capillary damage, and erythrocyte extravasation with resulting edema and 
inflammation [8, 38]. Furthermore, local and fast resolving temperature 
increases in the vicinity of collapsing MBs are likely, though it is not expected 
that these lead to macroscopic temperature elevations on tissue level for the 
used treatment scheme [50]. We speculate that the onset of such a variety of 
biological reactions following the fUS treatment contributes to the large 
deviations observed within the treated groups since at the applied pressure the 
MBs are expected to be driven into both inertial and non-inertial cavitation 
regimes. 
In the treated area the histology results show enlarged gaps between muscle 
fibers, which are expected as the volume of interstitial fluid increases by 
inducing extravasation. In muscle areas where the fUS was applied some 
erythrocyte leakage was observed together with infiltration of some 
inflammatory cells, which are known to rapidly invade muscle areas subjected to 
injury or increased loading [51]. The 7-point fUS treatment pattern could be 
traced back on the treated skeletal muscle, both in the initial dynamic SPECT/CT 
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images and ex-vivo in the form of 7 red points. As the dimension of the 
ellipsoidal US focus spot is ca. 1x1x9 mm3, the depth of treatment extends 
throughout the whole muscle from anterior to posterior. Importantly, the muscle 
tissue immediately adjacent to the treated area, where EB extravasation was 
visible, showed very little to no erythrocyte leakage and/or damage on histology. 
Moreover, in a parallel experiment (data not shown) the animals showed no 
signs of pain or distress after fUS treatment at least until 16 h post-treatment. 
This shows the precision of fUS in locally targeting tissues in the body while 
leaving the surrounding tissue untouched. Interestingly, both radiolabeled BSA 
and EB extravasated to areas larger than the treatment zone. This is in 
accordance to previous work in which extravasation in skeletal muscle was seen 
over wide areas [6]. We believe that once the endothelial layer of a vessel 
around a muscle fiber is permeabilized, extravasation occurs with subsequent 
diffusion of the extravasated species along the muscle fibers leading to a 
distribution in an area slightly larger than the treatment volume. 
Overall, our results on fUS-induced extravasation show that the 
pharmacokinetics of drug accumulation in both treated and control areas can be 
imaged and quantified in vivo non-invasively with SPECT/CT. 
 
Conclusion 

In this study, we have developed a method to probe and quantify non-invasively 
the dynamics of fUS-mediated extravasation in skeletal muscles with SPECT/CT 
imaging. We determined the temporal window for fUS-mediated drug delivery in 
skeletal muscle for a tracer with a size of ca. 8 nm for the first time. Our results 
agree with previous findings on BBBD, therefore suggesting that for the same US 
treatment conditions the time needed for the blood vessel to repair after a 
mechanical stress caused by oscillating MBs and other acoustic forces may in 
fact be an intrinsic mechanical property of the endothelial layer and potentially 
independent of the specific tissue. 
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Figure S3.1 The dynamics of extravasation in vivo. Stills from animated sequences of 15-
18 consecutive SPECT scans of mice from groups Δt = -10 (V1: frames 1, 4, 9, 15); Δt = 10 
(V2: frames 1, 5, 11, 18), and Δt = 60 (V3: frames 1, 5, 11, 18) min. Sequences not at the 
same scale. 
 
 

 
Figure S3.2 Post-mortem SPECT/CT projection of a mouse injected with 111In-DTPA-BSA 
(group Δt = 30 min). 111In activity accumulates in the liver (within tpi = 10-15 min, %ID/g 
= 31 ± 5, tpi = 2 h) and later in the kidneys (%ID/g = 22 ± 6, tpi = 2 h) and urine (within 
tpi = 30 min). The white arrow indicates activity accumulated in the treated hindlimb. 
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Figure S3.3 Biodistribution of 111In-DTPA-BSA. Activity calculated per organ in terms 
of %ID/g by γ-counting. No significant difference was found between the ∆t groups, except 
for the treated muscle. 
 

 
Figure S3.4 Quantification of Activity. Activity calculated for SPECT/CT (%ID/cm3) and from 
γ-counting (%ID/g). The SPECT/CT values correspond to the extrapolated 2 h p.i. data 
points from each individual exponential fit of the kinetics data (Fig.6), averaged per ∆t 
group. The bars and error bars represent the mean and standard deviation (n = 5 for ∆t = 
10 min; n = 4 for ∆t = 30 min; and n = 3 for all other groups). 
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Figure S3.5 Size exclusion HPLC analysis of (a) BSA, (b) DTPA-BSA, (c) carrier-added 111In-
DTPA-BSA and (d) non-carrier-added 111In-DTPA-BSA (a and b are the UV profiles at 180 
nm, c and d are the radioactive profiles). 
Size exclusion (SEC) HPLC was carried out on an Agilent 1200 system equipped with a Gabi 
radioactive detector. The samples were loaded on a BioSep-SEC-S300 column 
(Phenomenex) and eluted with 10 mM phosphate buffer pH 7.4 at 1 mL/min. The UV 
wavelength was preset at 260 and 280 nm. 
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Figure S3.6 Electrophoresis analysis. (a) isoelectric focusing and (b) SDS-PAGE analysis of 
(lane 1) BSA, (lane 2) DTPA-BSA, (lane 3) carrier added 111In-DTPA-BSA, (lane 4) non-
carrier added 111In-DTPA-BSA. Top panels: protein stains; bottom panels: radiograms. The 
left and right lanes are the pH and MW calibration standards.  
Isoelectric focusing (IEF) analysis and SDS-PAGE were performed on a Phastgel system 
using IEF-3-9 gels and 7.5% PAGE homogeneous gels (GE Healthcare Life Sciences), 
respectively. The IEF calibration solution (broad PI, pH 3-10) was purchased from GE 
Healthcare and the protein MW standard solution (Precision Plus dual color standard) was 
purchased from BioRad. Upon electrophoresis, the gels were stained for 2 h with gelcode 
blue, destained overnight in water and then digitized with a conventional flat bed scanner. 
The radioactivity distribution on TLC plates and IEF/SDS-PAGE gels was evaluated with a 
phosphor imager (FLA-7000, Fujifilm) with the AIDA software (Raytest). The 111In-labeling 
yields were determined by radio-TLC, using iTLC-SG strips (Varian Inc.) eluted with 10 mM 
EDTA in 0.9% aq. NaCl. In these conditions, free 111In migrates with Rf = 0.9, while 111In-
DTPA-BSA remains at the origin.  
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Table S3.1. Fit parameters (Eq. 1 - %𝐼𝐷 𝑐𝑚3 = 𝑦0 + 𝐴 ∗ 𝑒𝑘𝑡𝑝𝑖⁄ ).of each individual animal. One 
animal from ∆t = 60 min and No MBs group was fitted linearly. 
 

Δt (min) 
 

y0 
(%ID/cm3) 

A 
(%ID/cm3) 

k (min-1) R^2 

-10 4.74 -14.03 -0.12 0.99 

-10 6.40 -24.08 -0.14 0.99 

-10 5.59 -2.83 -0.06 0.99 

2.5 5.10 -5.18 -0.21 0.89 

2.5 6.32 -5.74 -0.20 0.90 

2.5 3.14 -2.58 -0.13 0.93 

10 5.59 -3.17 -0.11 0.99 

10 5.33 -5.16 -0.08 0.98 

10 3.09 -1.44 -0.10 0.96 

10 3.90 -0.08 0.02 0.77 

10 3.52 -1.96 -0.08 0.99 

30 1.47 -0.36 -0.17 0.82 

30 3.54 -1.81 -0.05 0.99 

30 3.46 -2.24 -0.06 0.99 

30 5.29 -3.94 -0.05 1.00 

60 1.32 -0.05 0.01 0.66 

60 0.58 0.48 -0.01 0.97 

90 0.76 1.04 -0.03 0.99 

90 164.40 -162.86 0.00002 0.78 

90 26.25 -25.33 0.00007 0.95 

No MBs 0.71 0.66 -0.02 0.89 

No MBs 0.42 0.66 -0.03 0.97 
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Abstract 

Localized gene delivery has many potential clinical applications. However, the 
nucleic acids (e.g. pDNA and siRNA) are incapable of passively crossing the 
endothelium, cell membranes and other biological barriers which must be 
crossed to reach their intracellular targets. A possible solution is the use of 
ultrasound to burst circulating microbubbles inducing transient permeabilization 
of surrounding tissues which mediates nucleic acid extravasation and cellular 
uptake. In this study we report on an optimization of the ultrasound gene 
delivery technique. Naked pDNA (200 µg) encoding luciferase and SonoVue® 
microbubbles were co-injected intravenously in mice. The hindlimb skeletal 
muscles were exposed to ultrasound from a non-focused transducer (1 MHz, 
1.25 MPa, PRI 30 s) and injection protocols and total amounts as well as 
ultrasound parameters were systemically varied. Gene expression was quantified 
relative to a control using a bioluminescence camera system at day 7 after 
sonication. Bioluminescence ratios in sonicated/control muscles of up to 101x 
were obtained. In conclusion, we were able to specifically deliver genetic 
material to the selected skeletal muscles and overall, the use of bolus injections 
and high microbubble numbers resulted in increased gene expression reflected 
by stronger bioluminescence signals. Based on our data, bolus injections seem to 
be required in order to achieve transient highly concentrated levels of nucleic 
acids and microbubbles at the tissue of interest which upon ultrasound exposure 
should lead to increased levels of gene delivery. Thus, ultrasound mediated gene 
delivery is a promising technique for the clinical translation of localized drug 
delivery.  
 
 
Keywords: gene delivery; luciferase; ultrasound; microbubbles; skeletal muscle 
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Introduction 

Gene therapy has an immense therapeutic potential for treating diseases caused 
by a genetic disorder as it can effectively compensate for a gene mutation rather 
than treating the disease on a symptomatic level. The large effort devoted to 
gene therapy has resulted in more than 1800 clinical trials to date on gene 
therapy, which have been completed, are ongoing or have been approved [1]. 
The treatments are mostly utilizing an engineered gene vector that must be 
delivered into specific cells/tissues either via viral or non-viral routes. Viral 
vectors that naturally reach a passive high transduction and transgene 
expression levels are therefore most commonly used in clinical trials (66.8%) 
[1]. However, safety concerns (e.g. insertional mutagenesis) and their limited 
capacity to accommodate a larger DNA load have inspired the development and 
use of nonviral vectors (25.6%) mostly using naked plasmid DNA (pDNA; 
18.3%). Although these vectors are safer, naked plasmid-based gene therapy 
faces an enormous delivery challenge. Plasmid DNA is a large hydrophilic and 
charged molecule that is not able to extravasate after intravenous injection into 
the interstitial space, nor does it passively cross cell membranes for eventual 
nuclear uptake. Furthermore, pDNA can be rapidly degraded in vivo by systemic 
and cellular nucleases. One approach to address these shortcomings is the use of 
delivery vehicles, such as cationic lipids and/or polymers to help protect pDNA in 
circulation and facilitate the crossing of biological membranes. Although 
considerable protection is obtained, toxicity and unspecific delivery concerns are 
not yet addressed [2].  
A physical approach such as ultrasound-mediated gene delivery (UMGD), is a 
potential solution to this problem [3]. This technique employs non-invasive 
ultrasound (US) waves and intravenously administered microbubbles (MBs) that 
are currently also used as US contrast agents. These MBs are gas spheres with 
diameters typically in the range of 1-10 µm that are stabilized with a lipid layer 
to prevent rapid dissolution in the blood. Upon insonation these circulating MBs 
are driven to a forced oscillation state led by compression and decompression 
cycles of their gas core. Depending on the US intensity, the MBs can either 
simply vibrate and/or collapse. The ensuing mechanical forces, together with the 
US pressure waves themselves, induce pores in the surrounding endothelium 
which promotes extravasation of macromolecules that would otherwise remain 
intravascular. The number of pores and thus the induced overall permeability is 
expected to increase with the number of MBs [4-6]. Permeability is temporary as 
the pores close over time leaving a time window for molecules to extravasate 
that scales inversely with molecule size [7]. Furthermore, oscillating MBs and 
mechanical forces can induce a transient permeability of cellular membranes, 
termed sonoporation, which allows cellular uptake of charged molecules like 
pDNA (Fig. 4.1). Some authors have used MBs as delivery agents themselves by 
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chemical modifications namely: (multilayer) (antibody targeted) cationic MBs 
that bind pDNA on the surface; incorporation of pDNA in the MBs; and pDNA 
carrying nanoparticles linked to MBs [2]. Independently from the route of 
administration (direct or intravenous injections), several preclinical studies have 
shown the feasibility of the US-MB technique in a multitude of organs including 
skeletal muscle [8-15], liver [16, 17], heart [18, 19], pancreas [20], kidney [21, 
22], brain [23], tendon [24, 25], and tumor [26-29]. In particular, the works of 
Fujii et al. [19] in improving myocardial perfusion, Sheyn et al. [30] in inducing 
ectopic bone growth, and Vu et al. [12] in showing improved glucose 
homeostasis by targeting the skeletal muscle clearly demonstrated the 
therapeutic potential of UMGD. Thus, it is possible to systemically co-inject MBs 
and pDNA and reach local transfection only in the areas subjected to US without 
any further need for transfection and/or binding agents. 
A key factor in this approach is that higher concentrations of pDNA at the site of 
sonication translates into higher transfection efficiency [31]. Many publications 
have used direct injections (e.g. intramuscular) to tackle this challenge but its 
localized nature relative to injection site and invasiveness is problematic [8]. In 
this study, we explore a simpler approach to locally achieve higher amounts of 
pDNA encoding a luciferase reporter gene by co-injecting MBs and naked pDNA 
intravenously in concentrated bolus volumes. A set of UMGD optimization 
experiments using bioluminescence imaging to quantify the relative expression 
of luciferase in sonicated areas was performed to explore the most relevant 
experimental parameters, such as injection type (infusion vs. bolus vs. multiple-
boli), MB concentration, and US parameters (e.g. number of cycles). 
 

 
Figure 4.1 (a) Ultrasound induced permeabilization of the endothelium and (b) 
sonoporation of a cell membrane mediating extravasation of pDNA with subsequent 
intracellular uptake. Two potential mechanisms involved are depicted: (1) endocytosis and 
(2) temporary pore formation by sonoporation. The symbols are not to scale. 
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Materials and Methods 

Materials 
All reagents and solvents were obtained from Sigma-Aldrich and used without 
further purification, unless otherwise stated. The plasmid DNA purification kits 
were obtained from Qiagen (Hilden, Germany). 
 
Animal Studies 
All experiments performed in the study were in accordance with the German Law 
on the Care and Use of Laboratory Animals and approved by the Landesamt für 
Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen (LANUV). Female 
CD-1 mice (25-36 g body weight; Charles River Laboratories, Sulzfeld, Germany) 
were housed in an enriched environment under standard conditions (23-25 ºC, 
50-60% humidity, and 12 h light-dark cycles) for at least 1 week before the 
experiment, with food and water given ad libitum. 
 
Experimental protocol 
Throughout the text the terms ‘bolus’ and ‘infusion’ are defined as follows: 
‘bolus’ refers to a rapid manual injection of a solution volume directly into the 
bloodstream (injection rate approx. 10 µL/s); and ‘infusion’ is a slow injection 
(injection rate ≤ 10 µL/min) of a solution volume, controlled by a syringe pump, 
directly into the bloodstream. 
The experimental protocol consisted of five main steps described in Figure 4.2. 

 
Figure 4.2 Schematic representation of experimental protocol. (a) US setup with signal 
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generator providing the signal to the amplifier that drives the transducer. Transmission gel 
(1.5 cm) was placed between transducer and hindlimbs; (b) experimental protocol: step (1) 
animal preparation; (2) MBs + pDNA solution infused for one minute; (3) US sonication 
applied to right hindlimb together with bolus and/or infusion of MBs; steps 2 and 3 repeated 
for left hindlimb; (4) luciferin i.p. injection with in vivo bioluminescence imaging followed 
seven days after; (5) animals were euthanized immediately after the imaging scans and 
skeletal muscle samples prepared for histology. 
 
(1) Animal preparation 
The mice were anesthetized with isoflurane and their hindlimbs were shaved and 
then depilated with commercial hair removal cream (Veet®, Reckitt Benckiser, 
Slough, UK). A 26G permanent venous catheter (BD Vasculon® Plus, Becton 
Dickinson GmbH, Heidelberg) was inserted in the tail vein. The mice were then 
placed in prone position on a heating plate to maintain a 37 °C body 
temperature, with an acoustic absorber (Aptflex F28, Precision Acoustics, Dorset, 
UK) underneath to minimize US reflections back into the animal. Degassed US 
transmission gel (Aquasonics 100, Parker Laboratories) was applied between the 
absorber and the limbs and between the limbs and the US transducer to create 
an acoustic path from the transducer to the target region. 
 
(2) MBs + pDNA preparation and injections 
SonoVue® MBs (2.5 µm mean diameter [32], Bracco, Konstanz, Germany) were 
re-constituted in saline following a slightly modified protocol from the vendor’s 
instructions, due to the high concentrations used. Briefly, a 24G needle 
connected to a 1 mL syringe filled with saline was inserted through the rubber 
cap containing a second 24G needle for venting. After unloading the syringe both 
needles were removed and the vial was manually shaken according to the 
vendor’s instructions. Then a 20G needle was used to load a 1 mL syringe with 
the MB suspension and a cap used to close the syringe. The syringe was 
manually rotated, periodically, until used, to prevent MB aggregation. 
The pDNA-luc (pcDNA3.1 backbone with a CMV promoter, Life Technologies, 
Carlsbad, CA) were amplified in E. coli bacteria (One Shot TOP10 chemically 
competent, Life Technologies) which were transformed by heat shock and plated 
in LB-agar with 100 µg/mL ampicillin. Subsequently, a single colony was selected 
and grown overnight in LB media with 100 µg/mL ampicillin. The pDNA was then 
purified from the lysed bacteria cells using a commercial kit (Endotoxin free 
Gigaprep, Qiagen) according to the manufacturer’s instructions, re-suspended in 
endotoxin free T.E. buffer, and kept at < -20 °C until use. Plasmid DNA 
concentration and quality were measured by spectrophotometry (Nanodrop 
1000, Wilmington, DE) and used only when the absorbance ratio 260/280 and 
260/230, in nm, were higher than 1.8. The maximum pDNA concentration 
achievable was 5 µg/µL as it represents the upper limit before reaching solubility 
limits and the solution becomes too viscous. 
A solution containing MBs and pDNA (100 µL per sonication/200 µL in total) was 
mixed immediately before injection in a 1 mL syringe. The osmolarity of the 
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injected solution containing MBs and pDNA is estimated to be between 150 and 
300 mosmol/L (see supplementary information). The syringe was connected to 
the catheter tubing inserted in the tail vein via a dead volume reducing adapter. 
Due to the negatively charged surface of the MBs and the negative charge of 
pDNA, it can be expected that the pDNA does not adhere to the MBs surface [33, 
34]. Both bolus injections and constant infusion were performed (Table 4.1) 
using a syringe pump (Harvard Apparatus, Holliston, MA) for the latter. Before 
each sonication a pre-infusion of MB + pDNA solution was injected at 10 µL/min 
for 1 min in order reduce pDNA degradation and MB clearance during the later 
performed sonication step, when MB + pDNA are injected again. For the groups 
with bolus injections the syringe was then removed from the syringe pump and 
the boli were given manually at a rate of ca. 10 µL/s. A total volume of 100 µL 
was used per sonication. In order to avoid MBs’ aggregating and adhering to the 
syringe’s walls, the syringe was manually rotated periodically during use. 
 
(3) Ultrasound application 
An unfocused single element transducer (1 MHz, 2 cm diameter; Olympus, 
Center Valley, PA) was used to deliver the US energy needed for MB oscillation. 
It was connected to an amplifier (AG Series Amplifier, T&C Power Conversion, 
Inc., Rochester, NY) and driven by the signal generator of a therapy and imaging 
probe system (TIPS, Philips, Briarcliff Manor, NY) [35]. A pressure of 1.25 MPa 
was chosen based on a pilot study where with the exposure settings used, no 
detrimental bioeffects were noted in the muscle tissue. A clinical imaging US 
probe (6-12 MHz, Sonos 5500, Philips) was used for image guidance and target 
alignment of the transducer at 1.5 cm from skin level. The US exposure started 
1 min after MBs + pDNA infusion. The target tissue was the skeletal muscle of 
both hindlimbs and the right side was always insonated before the left. Injection 
types and US parameters were varied for the different groups. In the control 
group the same experimental parameters from the group with the highest gene 
expression were chosen but without adding MBs. Therefore this group accounts 
for the effect of MBs in US-mediated transfection, while taking into account any 
effect from US alone and pDNA i.v. injection. Table 4.1 gives a detailed 
description of the conditions used in different experimental groups. 
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(4) In vivo bioluminescence imaging 
The efficiency of pDNA-luc delivery was assessed in vivo by bioluminescence 
imaging of luciferase activity using an IVIS Spectrum system (Perkin-Elmer, 
Waltham, MA). Mice were anesthetized with isoflurane, injected with 150 mg/kg 
D-luciferin (Synchem, Felsberg Germany) i.p., and placed in the IVIS system, 
followed by eight consecutive scans (2 min acquisition time/scan). In a pilot 
experiment comprising four transfected areas, the time course of luciferase 
expression was measured at days 2, 3, 4, 5, 8, and found to be highest between 
days 5-8. Hence, for all experiments described in this study, the animals were 
scanned seven days after sonication. Images were processed using the vendor’s 
software (Living Image 4.2) and are depicted in radiance units 
(photons/second/cm2/steradian or p/s/cm2/sr). Analysis was performed by 
drawing an ellipsoidal region of interest (ROI) over the sonicated areas 
(hindlimbs) and the highest total flux value (photons/second or p/s) detected 
from all eight scans was used in all calculations. 
 
(5) Histology 
The animals were euthanized and the formaldehyde fixed skeletal muscle 
samples were embedded in paraffin, sliced into 5 μm-thick sections (Microtome 
Shandon Finesse ME+, Thermo Scientific) and stained with heamatoxylin-eosin 
(H&E). 
 
Statistical analysis 
Commercial software (SPSS, IBM, Armonk, NY) was used for statistical analysis 
(normality, Kruskall-Wallis, Dunn’s tests, Mann-Whitney U test). 
 
Results 

In vivo bioluminescence imaging 
The signal intensity in bioluminescence is proportional to the amount of 
functional luciferase and is therefore considered as an imaging-biomarker for 
successful gene transfection with pDNA-luc [36]. A total of 73 sonicated 
hindlimbs were imaged across all groups with representative examples of in vivo 
bioluminescence measurements (total flux, photons per second: p/s) and are 
shown in Figure 4.3. Increases in bioluminescence signal above background were 
detected only in US exposed areas.  



Chapter 4 

64 

group 1 group 2 group 3 

 

   
group 4 group 5 group 6 

   
group7 group 8 group 9 

   

Figure 4.3 In vivo bioluminescence. Representative bioluminescence images (p/s/cm2/sr) 
overlaid on B&W photographs of the respective animal. The highest intensity image per 
group is shown. All images are at the same intensity scale. The minimum scale value 
corresponds to intensities observed in controls. 
 
Data analysis 
Different experimental parameters were changed in order to evaluate their effect 
on UMGD. All results show a strong intra-group variability where data obtained in 
groups 5, 6 and 8-9 pass the normality test, while data of the remaining groups 
(1, 2, 3, 4, and 7) do not. Thus, all data were analyzed using robust non-
parametric methods to detect inter-group median significant differences 
(Kruskall-Wallis, Dunn’s tests). Statistical significance was considered at p < 
0.05. Direct inter-group comparisons are ideal between groups in which only one 
parameter is different. These comparisons are indicated in Table 4.2. For 
example, the top left cell shows that the effect of changing from a 2x bolus 
injections (group 1) against 4x bolus injections (group 2) can be directly 
compared. 
 
Table 4.2 Inter-group comparisons. Possible comparisons between groups that differ in only 
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one experimental parameter. The data should be read as row by column, i.e., the top line in 
each cell is the parameter from the row group (e.g. top left cell: group 1 with 2x bolus can 
be directly compared to group 2 with 4x bolus). 

Groups 2 3 4 5 6 8 9 

1 
2x bolus 

vs 
4 x bolus 

2x [MBs] 
vs 

1x [MBs] 

2x bolus 
vs 

infusion 
- -  

MBs 
vs 

No MBs 

2 - - 
4x bolus 

vs 
infusion 

- - - - 

3 - - - 
2x bolus 

vs 
infusion 

- - 
MBs 
vs 

No MBs 

4 - - - 
2x [MBs] 

vs 
1x [MBs] 

- - - 

5 - - - - 
5k cycles 

vs 
50k cycles 

- - 

7 - - - - - 
1x bolus 

vs 
infusion 

- 

 
The respective total flux values obtained in each experiment are plotted in Figure 
4.4. The absolute values for the medians are depicted in Table 4.3 (see also 
Table S4.1 in supplementary information). The ratios to control group per 
transfection can be seen in Table S4.2 (supplementary information). Below, the 
results are presented according to the type of injection given: infusion, bolus, 
and bolus vs. infusion. The data are compared according to their medians. 
First, the baseline bioluminescence total flux levels were determined from 
animals that received pDNA-luc but no MBs (group 9; 1.59 ± 0.105 •104 p/s). All 
other parameters were the same as in group 1 (see Table 4.1). 
Infusion: injecting 1•108 MBs + pDNA-luc (group 5) did not induce a significant 
bioluminescence signal increase compared to control (p > 0.8). Also, increasing 
the number of US cycles from 5000 to 50000 (group 6 vs. 5; p > 0.8) did not 
yield any measurable bioluminescence (group 6 vs. control: p > 0.8). When 
doubling the MB concentration from 1•108 (group 4) to 2•108 (group 5) no 
significant increase in the measured bioluminescence (p = 0.065). However, 
group 4 yielded higher bioluminescence than the control group 9 (p = 0.005). 
When the infusion speed was halved to 5 µL/min and 2•108 MBs used (group 8) 
the bioluminescence levels were not significantly different compared to the 
control group 9 (p = 0.298). Combining one bolus injection followed by infusion 
at 5 µL/min (group 7) also did not result in an increase in bioluminescence signal 
compared to control group 9 (p = 0.078). 
Bolus vs. infusion: changing from constant infusion to two 50 µL bolus injections 
(group 5 vs. 3), both with 1•108 MBs, did not significantly increase the 
bioluminescence signal (p > 0.9). When the MBs concentration was increased to 
2•108, the two bolus injections group did not significantly differ from the 
constant infusion counterpart (p > 0.9; group 1 vs. 4) nor from the two bolus 
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injections with 1•108 MBs (group 1 vs. 3; p > 0.9). However, group 1 showed a 
clear increase in bioluminescence compared to the constant infusion group using 
1•108 MBs (group 1 vs. 5; p = 0.009) and control group 9 (p = 0.001). 
Separating the two boli into four bolus injections (25 µL each; group 2 vs. 1) 
showed no significant effect (p = 0.298). The four boli were also not different 
from the constant infusion group 4 (p = 0.662) nor from the control group 9 
(p > 0.9). For every experimental group there was no significant difference 
between bioluminescence values on right hindlimbs compared to the left (p > 
0.126). 
Interestingly, the highest increase (101x over highest control) was measured in 
one experiment belonging to group 7 (Table S4.2, supplementary information). 
Still, there is a clear prevalence of bioluminescence values above 105 p/s for 
group 1 compared to groups 2, 3, 4, and 7 (respectively, 58%, 14%, 13%, 
25%) which is reflected by the medians (Fig. 4.4 and supplementary information 
Fig. S4.1). Overall, the results indicate that total flux values corresponding to at 
least 5 fold increases over the highest control, were obtained only when one of 
three conditions was met: (1) one or two bolus injections; (2) a higher 
concentration of MBs (2 •108 vs. 1•108); (3) both ‘(1)’ and ‘(2)’. 
 

 
Figure 4.4 Bioluminescence quantification in vivo. Box plot representation of the total flux 
(p/s) for all experimental groups. ‘–‘ – 5th and 95th percentiles; ‘×’ – 1st and 99th percentiles; 
‘□’ – mean. 
 
 
Table 4.3 Group medians and medians ratios to control. 
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group median 
(p/s) 

ratio (median / median 
group 9) 

1 2.18•105 13.7 

2 2.64•104 1.7 

3 3.16•104 2.0 

4 5.18•104 3.3 

5 2.38•104 1.5 

6 2.93•104 1.8 

7 3.97•104 2.5 

8 3.70•104 2.3 

9 1.59•104 1.0 

 
Histology 
After US sonications, animals were very active in their cages with all normal 
behaviors present. After recovery from anesthesia, no gait abnormalities, stress 
or pain related signs nor weight loss were observed. The skin in the US-exposed 
areas did not show any signs of irritation and/or damage, e.g. inflammation, 
edema, bleeding, blood vessel rupture to the naked eye. 
Sonicated hindlimb muscle tissues from all groups were examined for US induced 
detrimental bioeffects. The H&E stained histology slides for all groups did not 
show any signs of fiber damage, erythrocyte leakage, enlarged muscle fibers 
gaps, or white blood cell infiltration (Fig. 4.5). 
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Figure 4.5 Histology of tissue specimens after US exposure. Representative formaldehyde 
fixed, H&E stained histology slides of skeletal muscles from seven days after sonications. 
Tissue is compact and erythrocytes are only seen inside blood vessels. Scale bar is 200 µm. 
 
Discussion 

The aim of this study was to explore the experimental parameters that are 
important to US mediated transfection of muscle tissue with pDNA. As a target 
organ we chose skeletal muscle, which presents an ideal target organ for gene 



Ultrasound-mediated gene delivery of naked plasmid DNA 
in skeletal muscles: a case for bolus injections 

69 

transfection, especially for proteins to be secreted. It is easily accessible, 
constitutes ca. 30% of the normal human adult body mass, has ample blood 
vascular supply, the nuclei within muscle fibers are post-mitotic, and each fiber 
can persist throughout the lifetime of an individual providing the foundations for 
continuous production of a transgene [37]. As a gene vector, we decided for 
naked pDNA carrying a gene encoding a luciferase reporter for bioluminescence 
imaging. The pDNA was used in its native form with no further chemical 
modifications and/or coupling to cationic structures. Unprotected pDNA in 
circulation is quickly degraded by nucleases (half-life < 1 min) and is further 
metabolized in the liver within 5 min [34]. While the use of cationic gene 
delivery vehicles may prevent degradation in circulation on the one side, they 
affect the pharmacokinetics on the other, and are also more prone to be 
passively taken up by different tissues, especially by the lungs [34]. Thus, a 
reliable and rapid method for delivery of naked pDNA may be advantageous. Our 
US protocol comprised the use of MBs, where we chose for SonoVue®. These 
MBs are clinically used as US contrast agents and commercially available 
facilitating clinical translation and reproducibility. Also, both pDNA and 
SonoVue® are negatively charged and will therefore not attract each other [33]. 
Both MBs and pDNA were injected systemically via the tail vein. This route of 
administration would allow the sonication of any vascularized tissue in the body 
accessible by the US beam within the circulation time of MBs and pDNA (ca. 1 
min). The exact mechanisms behind this technique are still not completely 
understood. Thus, it is still an active topic of research discussed in depth in 
dedicated studies [2, 38, 39]. The parameters used seem to be safe, as no 
histological detrimental bioeffects were noted. However, unwanted effects such 
as microvascular leakage accompanied by capillary damage, and erythrocyte 
extravasation with resulting edema and inflammation have been reported when 
exposing biological tissues to US and MBs [40]. A thorough biochemical analysis 
on exposed tissues should be performed when considering clinical translation 
studies. For the number of MBs injected in one mouse, the maximum amount of 
gas (SF6 from the SonoVue® MBs) was calculated to be approx. 16 µL. Since 
only a small volume of the total vasculature was exposed to US, a 
correspondingly small volume of gas was released from cavitated MBs which are 
not expected to be sufficient to cause damages such as air thrombus. 
Localized noninvasive gene transfection was achieved as only US exposed tissue 
showed increases in bioluminescence signal. The main parameters that were 
varied are the concentration of MBs (range: 1•108 to 2•108), way of 
administration (bolus vs. infusion), and to a lesser extent the used US protocol 
(number of cycles). Ultrasound frequency and peak acoustic pressure were kept 
constant at values that do not lead to tissue damage observable in histology. 
The results suggest that the presence and concentration of MBs is crucial for 
efficient UMGD, which is consistent with most studies in UMGD [2, 38]. This is 
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supported by the finding that higher gene expression is observed for bolus 
injections of MBs compared to infusions as the former gives during the time span 
of US exposure a higher MB concentration in the vasculature than the latter 
though the overall number of MBs is the same. However, the groups where 
animals received bolus injections showed considerably higher inter-animal 
variability than groups with constant infusion. These findings are in agreement 
with the work of O’Reilly et al. [41] in the brain where long infusions produced 
more consistent results than manual bolus but at a decreased mean outcome 
(differences found before and after sonication in the brain measured by contrast 
enhanced T1-weighted MRI). It cannot be ruled out that the manual bolus and 
thus the effective number of MBs in the US sonicated volume was a source of 
this unintended variability, though we tried to minimize MBs flotation and 
aggregation by periodically turning the syringe with MBs and catheter tubing to 
the tail vein. Other parameters, such as the presence of air bubbles in the US-
gel, US reflections/scattering from the bone structures in the hind limbs, pDNA 
and MBs inter-batch differences, might have contributed to an increased intra-
group variability observed. In fact, this type of variability has been registered in 
other studies involving gene transfection in vivo [11, 42-44]. 
Unfortunately, it is impossible to inject via constant infusion an amount of MBs + 
pDNA that achieves concentrations comparable to a bolus injection as the total 
amount of injected material would present an extremely high dose. For 
reference, the maximum clinical human dose of SonoVue® is ca. 1.2•107 MBs/kg 
[45] while in our experiments in mice already 3•109 - 8•109 MBs/kg were 
injected. 
In other studies, different routes of administration for both MBs and pDNA have 
been used, including: intramuscular injection [8, 9, 14, 30, 46-48], intratumoral 
injection [27, 48], injection directly in vessels in internal organs (e.g. portal 
vein) [17, 49], hydrodynamic injection [50], and clamping of organ’s vessels for 
direct injection [22]. In comparison to intravenous injections, these routes allow 
one to obtain high local concentrations of MBs and pDNA and thus show high but 
usually local gene transfection. A strong limitation of these procedures is their 
invasiveness, restrictions with respect to reachable locations, and impracticality 
of multiple injections. Another important aspect between intramuscular and 
intravenous injection protocols is the ratio between transfected myocytes and 
endothelial cells. In the current study, the overall expression rate was 
investigated, and immunohistochemistry was not performed to investigate the 
spatial distribution of transfection. The latter has been investigated by others 
that showed that after intramuscular injections the primary transfected cells are 
myocytes followed by endothelial cells and the opposite for intravenous 
injections [8, 10]. 
A considerable amount of literature has been published on UMGD. Table 4.4 lists 
selected publications from which it was possible to extract the ratios on their 
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bioluminescence signal between sonicated groups with respect to controls. For a 
fair comparison, it is important to note that bioluminescence readings can be 
obtained in two ways, in vitro and/or in vivo. In the former, bioluminescence is 
measured after dissection on homogenized tissue, which yields luciferase in 
solution. This approach has higher sensitivity compared to in vivo imaging, and 
should be taken into account when comparing outcomes of different 
experiments. In our experiments we have used naked pDNA intravenously 
injected together with MBs and achieved a maximum ratio (highest 
sonicated/highest control) of 101x, determined by in vivo bioluminescence 
imaging. The works of Vu et al. [12] and Chen et al. [20] have the highest 
ratios, 1250x, however measured in vitro. Both report therapeutic potential with 
those settings by improving whole body glucose homeostasis in mice and 
increasing serum insulin levels in rats, respectively. Chen et al. used MBs bound 
to pDNA complexed with lipofectamine but did not publish data on control 
pancreas where no US was applied. In the study of Vu et al. the skeletal muscle 
of mice was exposed to a five times higher amount of both pDNA and MBs 
compared to our experiments. The impact of the amount of MBs used on the 
outcome varies considerably between studies. For example, Song et al. [17] 
report no improvement above 1•108 MBs (Definity®), Panje et al. [11] optimized 
it to 1•107 MBs (cationic MBs) and 1•108 MBs (neutral MBs) while it was only 
1.25•106 MBs (SonoVue®) for Lin et al [51] (for particle delivery, not pDNA). 
When examining bioluminescence ratios measured in vivo (Table 4.4) the work 
of Panje et al. obtained the highest ratios in skeletal muscle at 840x for cationic 
MBs that bind pDNA and 580x for neutral MBs. Unfortunately, they do not have 
results on the therapeutic potential at those experimental conditions. As noted 
above, the in vitro and in vivo measurements of the same samples leads to 
considerably different results as demonstrated in the work of Delalande et al. 
[24], where a ratio of 10x was obtained in vivo compared to a ratio of 130x 
obtained on the homogenates of the same samples.  
The main insight from the present study is that transfection rates are strongly 
improved with increased number of MBs present in the vasculature during US 
sonication. As the overall number of bubbles that can be safely injected is 
limited, the best approach is the injection of a highly concentrated MB 
suspension as a bolus. Overall transfection could be further improved combining 
a bolus injection of MB with other experimental conditions that have been shown 
to improve transfection before. For example, Burke et al. [15] have reported a 
20-fold increase in luciferase expression when they filtered their MBs population 
to favor a smaller size closer to 1 µm in diameter and a 60-fold increase when 
they complexed the pDNA with PEI. Also, Panje et al. [11] improved their results 
with naked pDNA by 27-fold after binding pDNA to the MBs, effectively 
protecting it from circulating nucleases.  
Finally, an interesting aspect deals with the circulation half-life of the SonoVue® 
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MBs (6 min in humans) and distribution half-life in blood (1 min in humans) 
[32]. After the intravenous bolus injection, the solution circulates through the 
sonicated area as a “bolus” only during the first passages. Since the interval 
between exposures was 30 s only the first exposure (perhaps the second) would 
interact with a MBs + pDNA bolus. The remaining exposures would see 
considerably fewer or even no MBs + pDNA. Future studies where the pDNA is 
labeled with either fluorescent or radioactive agents would provide more insights 
into the experimental variability observed and exact location of extravasated 
pDNA. 
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Conclusion 

In this study pDNA was delivered into the skeletal muscles of mice using UMGD. 
The data support that the number of MBs present in the vasculature during the 
US sonication time is the most decisive parameter to achieve high transfection 
levels. Taking the outcome of other studies into account, the plasma level of the 
pDNA needs to be sufficiently high for successful transfection using a non-
invasive approach with intravenous injection of MBs and pDNA. As the 
experimental parameter space in UMGD (from US settings to types of MBs) 
allows considerable variations, the challenge for a potential clinical translation is 
in making these procedures reliable, robust and repeatable. 
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Supplementary information 

 
Figure S4.1 Bioluminescence quantification in vivo. Box plot representation of the total flux 
(p/s) for all experimental groups. ‘’ – Individual data points per group are represent on the 
right side of each box; ‘–‘ – 5th and 95th percentile; ‘×’ – 1st and 99th percentile; ‘□’ – mean. 
 
 
Table S4.1 Calculated statistical values per group. Bootstrap median calculations (statistical 

http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000303/WC500055380.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000303/WC500055380.pdf
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inference based on building a sampling distribution for a statistic by resampling from the 
data at hand) were computed to obtain the median standard errors and confidence intervals 
(using R, The R Foundation for Statistical Computing, Vienna, Austria). 
 

group median 
(p/s) 

standard 
error 

95% confidence 
interval 

low high 

1 2.18•105 2.41•105 4.40•104 7.90•105 

2 2.64•104 2.46•104 1.06•104 7.37•104 

3 3.16•104 1.76•104 2.33•104 6.40•104 

4 5.18•104 4.41•104 4.32•104 2.15•105 

5 2.38•104 4.13•103 1.50•104 2.94•104 

6 2.93•104 1.39•103 2.61•104 3.08•104 

7 3.97•104 1.23•105 2.37•104 1.91•105 

8 3.70•104 4.54•103 3.20•104 4.43•104 

9 1.59•104 1.05•103 1.37•104 1.77•104 
 
 
Table S4.2 Numbers indicate the factor of bioluminescence increase compared to the 
control experiment (highest value). Each cell represents one sonication (hindlimb) within 
each group. For clarity, the table is ordered in descending values of ratios per sonication for 
each group and does not represent the order of consecutive sonications performed. 

 groups 

sonications 1 2 3 4 5 6 7 8 9 

1 72 10 11 18 2 2 101 2 1 

2 64 4 4 4 2 2 10 2 1 

3 60 2 2 3 2 2 4 2 1 

4 41 1 2 3 1 2 2 0 1 

5 20 1 1 3 1 2 2  1 

6 15 1 1 2 1 1 1  1 

7 7 1 1  1 1 1   

8 4  1  1 1 1   

9 4    1 1    

10 2    1 1    

11 1    1     

12 1         
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A note on the the osmolarity of the injected MBs+pDNA solution and the 
presence of EDTA 
The solution of MBs+pDNA injected per exposure site had a volume of 100 µL. 
This volume is composed of a mixture of TE buffer (10 mM Tris.Cl and 1 mM 
EDTA) and 0.9% NaCl (150 mM NaCl). Maximum amounts per 100 µL were 
2x108 (0.3x10-15 mol) for MBs and 200 µg (ca. 31x10-12 mol) for pDNA. A 
solution of 0.9% NaCl can be considered isotonic (approx. 300 osmol/L). Since 
the total injected volume was a combination of the 0.9% NaCl with a Tris 
solution clearly hypotonic and a negligent contribution from the MBS and pDNA 
to the final osmolarity we can conclude that the injected solution osmolarity was 
above 150 but below 300 osmol/L and thus was hypotonic. Since we are 
injecting approx. 2x 2.5 % of the total blood volume of a mouse in the two bolus 
injections we do not expect detrimental biological effects. 
The maximum total EDTA concentration injected in one animal is more than 
1000x lower than the LD50 values (56 mg/kg). Though EDTA will most likely 
chelate some calcium in blood, we do not expect any effect as the LD50 is 
directly related to this depletion of ions where we stay a factor 1000 below.  
Manthorpe et al. (M. Manthorpe et al., Gene therapy by intramuscular injection 
of plasmid DNA: studies on firefly luciferase gene expression in mice, Hum Gene 
Ther, 4 (1993) 419-431) verified that the presence of EDTA during intramuscular 
injection of pDNA did have a detrimental effect on gene expression. 
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Abstract 

Bone is one of the most common metastatic target sites in breast cancer, with 
more than 200 thousand new cases of invasive cancer diagnosed in the US alone 
in 2011. We set out to establish a multimodality imaging platform for bone 
metastases in small animals as a tool to non-invasively quantify metastasis 
growth, imaging the ensuing bone lesions and possibly the response to 
treatment. To this end, a mouse model of osteolytic metastatic bone tumors was 
characterized with SPECT/CT and MRI over time. A bone-metastasis forming cell 
line, MDA-MB-231, was genetically modified to stably express the reporter gene 
herpes simplex virus-1 thymidine kinase (hsv-1 tk). The intracellular 
accumulation of the radiolabeled tracer [123I]FIAU promoted by HSV-1 TK 
specifically pinpoints the location of tumor cells which can be imaged in vivo by 
SPECT. 
First, a study using tumors implanted subcutaneously was performed. The 
SPECT/MRI overlays and the ex vivo γ–counting showed a linear correlation in 
terms of %ID/cm3 (R2 = 0.93) and %ID/g (R2 = 0.77), respectively. Then, 
metastasis growth was imaged weekly by SPECT/CT and T2-weighted MRI over a 
maximum of 40 days post-intracardiac injection of tumor cells. The animals 
developed multiple bone metastases in diverse sites, namely: femur, tibia, iliac 
crest, skull and shoulder blade. The first activity spots detectable with SPECT, 
around day 20 post-cell injection, were smaller than 2 mm3 and not yet visible 
by MRI and increased in volume and in %ID over the weeks. Osteolytic bone 
lesions were visible by CT (in vivo) and µCT (ex vivo). The SPECT/MRI overlays 
also showed a linear correlation in terms of %ID/cm3 (R2 = 0.86).  
In conclusion, a new multimodality imaging platform has been established that 
non-invasively combines images of active tumor areas (SPECT), tumor volume 
(MRI) and the corresponding bone lesions (CT and µCT). To our knowledge this 
is the first report where the combination of soft tissue information from MRI, of 
bone lesions by CT, and reporter gene imaging by SPECT is used to non-
invasively follow metastatic bone lesions. 
 
Keywords: bone metastasis; HSV-1 TK; FIAU; SPECT; CT; MRI 
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Introduction 

Bone is one of the most common metastatic target sites in patients suffering 
from advanced solid tumors such as breast and prostate cancer, with an 
incidence of approx. 80% [1-3]. When a primary tumor progresses to form bone 
metastases the disease is nearly incurable, leading to severe morbidity and 
reduced quality of life. The understanding of processes leading to skeletal 
metastasis formation is of utmost importance to develop new treatment options 
[4]. To this end several preclinical animal models of osteotropic cancers have 
been developed [1, 5, 6]. Most commonly, in vitro cultured cancer cells are 
disseminated in circulation through a tail vein or intracardiac injection. As an 
alternative, tumor cells can also be injected directly in the bone. The intracardiac 
injection of selected bone-seeking breast cancer cells leads to the appearance of 
bone metastases spread throughout the entire skeleton [5, 7, 8]. In order to 
follow and quantify metastasis growth the use of non-invasive in vivo imaging is 
essential. In this context, reporter gene imaging approaches using genetically 
modified cancer cells are particularly useful as they allow to follow endogenous 
biological processes such as cell growth and metastatic spread in vivo [9].  
Many reporter gene options exist, such as luciferase enzymes and fluorescent 
proteins (e.g. green fluorescent protein, GFP) which are detectable with optical 
systems. A linear correlation was found between the bioluminescence signal from 
intracranial [10, 11], lung [12], and liver tumors [13] and their respective 
volume measured by magnetic resonance imaging (MRI). However, despite 
recent technical improvements [14, 15], optical imaging has shortcomings 
especially when studying deep seated tumors or bone metastasis formation due 
to possible light absorption at the bone cortex and other tissues. Song et al. 
found that small metastases in the brain imaged by MRI were not seen with 
bioluminescence imaging, probably due to scattering of photons at the skull 
[16]. Also, van der Pluijm et al. [8] found that bone metastasis-related 
osteolysis as quantified by X-ray images did not necessarily correlate with the 
tumor burden defined by the optical signal from the luciferase-expressing 
metastases. A nuclear imaging approach may be more suited to locate bone 
lesions and quantify tumor growth because gamma-rays do not scatter 
significantly in vivo. Also, nuclear imaging has direct clinical translation in part 
due to the low amounts of tracer needed to achieve contrast. 
Several reporter gene approaches for nuclear imaging have been investigated, in 
particular based on the reporter gene expressing the herpes simplex virus 1 
thymidine kinase (HSV-1 TK) enzyme [9, 17]. Upon enzyme expression, hsv-1 tk 
transfected cells trap specific kinase substrates intracellularly, typically 
thymidine analogs such as 2’-fluoro-2’-deoxy-1-β-D-arabinofuranosyl-5-
iodouracil (FIAU) [18]. The cellular uptake of radioactive FIAU (Fig. 5.1) can be 
imaged and quantified using sensitive nuclear techniques with high spatial 
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resolution such as single photon emission computed tomography (SPECT) [19] 
and positron emission tomography (PET) [20] depending on the radioactive 
isotope used. Also, it was demonstrated that the accumulation of FIAU in HSV-1 
TK expressing tumors correlates with the level of tk mRNA and thus, indirectly, 
with cell viability [18]. Multimodal imaging approaches are arising which combine 
optical imaging, SPECT or PET with MRI and computed tomography (CT) to 
provide anatomical reference in soft tissue and bone, respectively [7, 9, 21-26]. 
However, a comprehensive study correlating nuclear imaging of a reporter gene 
to tumor volume determined with MRI specifically in the context of bone 
metastasis formation is lacking. 
In this study, a mouse model of osteolytic bone metastasis obtained with cells 
expressing HSV-1 TK (MDA-MB-231-LITG or LITG) was characterized with 
SPECT, CT, and MRI over time. First, the uptake of the nuclear reporter 
[125I]FIAU in cells was studied in vitro. Next, a subcutaneous tumor model was 
set up to evaluate the kinetics of [123I]FIAU accumulation in vivo with SPECT/CT 
imaging. Finally, a metastasis model obtained with intracardiac injection of LITG 
cells was used to sequentially monitor the metastasis formation and growth in 
bones using a multimodal SPECT/MRI/CT imaging approach. In both the 
subcutaneous and metastatic tumor models a correlation between the %ID from 
SPECT and the tumor volume from MRI was found. Finally, we assessed the 
feasibility of using this multimodality platform to simultaneously image the 
reporter gene expression, and the uptake of a radiolabeled drug (i.e. a 
radiolabeled pendant of the clinically used liposomal doxorubicin, Doxil® [27]) 
with dual isotope SPECT imaging.  
 

 
Figure 5.1 Reporter gene imaging mechanism. (a) chemical structure of [123/125I]FIAU (2’-
fluoro-2’-deoxy-1-β-D-arabinofuranosyl-5-iodouracil); (b) schematic of a genetically 
modified MDA-MB-231-LITG cell which (1) constitutively expresses the reporter enzyme 
HSV-1 TK; (2) upon entering the cell, the tracer [123/125I]FIAU is phosphorylated by the (3) 
HSV1-TK enzyme thereby becoming unable to leave the cell (4).  
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Materials and Methods 

Materials 
1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethyleneglycol)-2000] (DPPE-PEG2000), hydrogenated-L-α-
phosphatidylcholine (HSPC) and cholesterol were purchased from Avanti Polar 
Lipids (Alabaster, AL). 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid 
-1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene 
glycol)-2000] (DOTA-DSPE) was synthesized according to Hak et al. [28]. 
Sodium [123I]iodide and [177Lu]lutetium chloride solutions were obtained from GE 
Healthcare (Fairfield, CT) and Perkin-Elmer (Waltham, MA), respectively. All 
other reagents and solvents were obtained from Sigma-Aldrich (St. Louis, MO) 
and used without further purification, unless otherwise stated. Water was 
distilled and deionized (18 MΩcm) with a MilliQ system (Millipore, Billerica, MA) 
before use. 
 
Tumor cells 
The wild type human breast adenocarcinoma cell line MDA-MB-231 (WT) was 
transduced with lentivirus carrying a triscistronic vector containing a 
cytomegalovirus promoter (CMV), firefly luciferase (luc), internal ribosome entry 
site (IRES), and hsv-1 tk fused to egfp (LITG) [29]. The LITG cells were grown in 
monolayer in Dulbecco’s Modified Enhanced Medium supplemented with 4.5 g/L 
glucose (Life Technologies, Waltham, MA), 10% fetal bovine serum, 2 mM 
glutaMAX™ (Life Technologies), 100 IU penicillin and 100 µg/mL streptomycin 
(Life Technologies). The cells were incubated at 37 ºC with 5% CO2. The 
expression of HSV-1 TK was assessed by measuring the fluorescence signal of 
the fused GFP by flow cytometry analysis (FACS Canto II, BD Bioscience, San 
Jose, CA; supp. information, Fig S5.1). The activity of HSV-1 TK was confirmed 
by assessing the sensitivity of the cells to ganciclovir (Calbiochem, Billerica, MA), 
an agent that becomes cytotoxic after interaction with HSV-1 TK, by determining 
its effect on cell proliferation (supplementary information Fig. S5.2). 
 
[125I]FIAU labeling for in vitro studies 
[125I]Iodide in 0.05 M NaOH (approx. 10 MBq) was added to 25 µg of the FIAU 
precursor 5-trimethylstannyl-1-(2-deoxy-2-fluoro-b-D-arabinofuranosyl)uracil 
(FTAU, ABX, Radeberg, Germany) in 45 µL acetonitrile (MeCN) followed by 5 µL 
of 1:3 H2O2 / acetic acid (v/v). The solution was incubated for two minutes at 
RT, then the reaction was quenched with 5 µL of saturated Na2S2O5 in water, and 
diluted in 2.5 mL of water. The crude labeling mixture was purified with a Sep-
Pak® C18 Light cartridge (Waters, Milford, MA) according to the manufacturer’s 
instructions and recovered in 1 mL EtOH. A sample of the purified solution was 
diluted with 0.9% NaCl to 5% EtOH and the radiochemical purity was assessed 
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by high pressure liquid chromatography (HPLC, supplementary information Fig. 
S5.3). The remaining ethanolic solution was dried at 70 °C under a gentle 
stream of N2 and the residue was dissolved in 0.9% NaCl at the desired activity 
concentration for in vitro studies. 
 
[123I]FIAU labeling for in vivo studies 
FTAU was labeled with 123I (65 MBq, approx. 5 µL) as described above. The 
crude labeling mixture was loaded on a Sep-Pak® C18 Light cartridge. The 
reaction vial was rinsed with 2.5 mL water, this solution was also passed through 
the Sep-Pak® cartridge and it was then dried with 5 mL of air. [123I] FIAU was 
eluted from the cartridge with 1 mL EtOH into a vial containing gentisic acid (20 
mM final concentration). The EtOH was removed and the residue was dissolved 
in 0.9% NaCl at the desired activity concentration for in vivo studies. 
Radiochemical purity of the obtained [123I]FIAU was assessed by HPLC (supp. 
information Fig. S5.4). 
 
177Lu-labeled liposomal formulation of doxorubicin 
A 177Lu-radiolabeled liposomal formulation of doxorubicin (similar to the clinically 
used Doxil® formulation [27]), was prepared based on previously published 
methods [30, 31], with minor modifications (supplementary information, Fig. 
S5.4). 
 
FIAU stability in mouse serum 
The stability of [125I]FIAU was assessed in 50% mouse serum (Innovative 
Research, Novi, MI) at 37 ºC. Samples (100 µL) were taken at 0, 30, 60, 90, 
120, 180, 240 min and 24 h and two-fold diluted with ice cold MeCN to 
precipitate serum proteins. The mixture was centrifuged for 5 min at 13,400 rcf. 
The supernatant was separated from the pellet, and the radioactivity in both 
supernatant and pellet was measured in a γ–counter (γ-energy window: 10-80 
keV, Wizard 1480, Perkin-Elmer). The solution was then filtered through 0.22 
µm, five-fold diluted with 0.9% NaCl and analyzed by HPLC (supplementary 
information Fig. S5.5).  
 
FIAU uptake in vitro 
An in vitro uptake experiment was performed to investigate the accumulation of 
[125I]FIAU in LITG with respect to WT cells. Cells were plated in 6-well plates at a 
3, 6, and 9×105 cells/well density, in triplicate, 24 h prior to the experiment. 
Each well was washed twice with phosphate buffered saline (PBS), then 1 mL of 
medium containing 0.2 MBq of [125I]FIAU was added in triplicate. After 20 or 60 
min incubation at 37 °C, the wells were washed twice with 1 mL PBS. 
Subsequently, the cells were lysed by addition of 400 µL lysing buffer (2% (v/v) 
Igepal® CA-630 in 1% (v/v) sodium dodecyl sulfate in PBS) followed by 30 min 
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incubation at RT. The lysate was transferred to 2 mL vials and the radioactivity 
was measured in a γ-counter. Due to the different numbers of cells per well, the 
counts were normalized to the wet weight of the transferred lysate.  
 
Animal studies 
All animal procedures were approved by the ethical review committee of the 
Maastricht University Hospital (The Netherlands) and were performed according 
to the principles of laboratory animal care [32] and the Dutch national law “Wet 
op Dierproeven” (Stb 1985, 336). Nude female mice (Balb/cnu/nu; Charles River 
Laboratories, France) were housed in an enriched environment in filter top cages 
under standard conditions (23-25 ºC, 50-60 % humidity, and 12 h light-dark 
cycles) before the experiment, with sterilized standard food and water given ad 
libitum. To diminish thyroid iodide uptake, 0.1% NaI (w/v) was added to the 
animal’s drinking water 48 h prior to tracer injection. 
 
Tumor induction 
Subcutaneous tumors: 3×106 LITG tumor cells in 100 mL PBS were injected in 
the left flank of 6-8 weeks old mice. The control group received 3×106 WT tumor 
cells. Tumor sizes were measured with a caliper and ranged from 100 to 414 
mm3 at the time of imaging. 
Bone metastases: Tumor cells were suspended in sterile PBS at a concentration 
of 1.5×106 cells/mL and kept on iced water before use, to prevent cell clumping. 
Then, the cells were loaded and unloaded 3 times through a 24G needle in a 1 
mL syringe. Finally, 150 µL of the cell suspension were loaded into a 29G 1 mL 
syringe followed by intracardiac injection of 1.5×105 cells (100 µL) in 4-5 week 
old mice under anesthesia. 
 
Multimodal imaging of tumors 
Noninvasive imaging was performed using a small-animal SPECT/CT system 
equipped with four detector heads and converging multi-pinhole collimators 
(nine pinholes per collimator, 1.4 mm aperture, nanoSPECT/CT®, Bioscan, 
Washington, DC) and a Philips Achieva 3.0 T human MRI scanner with a 
dedicated mouse solenoid coil. The SPECT scanner was calibrated with a 
cylindrical phantom filled with 123I solutions of known activity.  
Subcutaneous tumors: To determine the kinetics of [123I]FIAU tumor uptake and 
the changes in tumor-to-muscle ratio over time, three mice (under anesthesia) 
were i.v. injected with approx. 40 MBq [123I]FIAU in 100 µL saline followed by 
dynamic SPECT scans (12 projections/scan, 30 s/projection, 7 min 30 s/scan, 
140 min scan time, 0.3 × 0.3 × 0.3 mm3 voxels, energy window: 143.1-174.9 
keV) and by a CT scan (45 keV, 2 s/projection, and 240 projections/scan; Fig. 
5.2a). In order to quantify tumor growth, i.e. tracer accumulation vs. tumor size, 
14 mice (LITG tumors) and four control mice (WT tumors) were injected (awake) 
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with approx. 40 MBq [123I]FIAU and scanned around the tumor region at 1 h p.i. 
by MRI (T2-weighted turbo spin echo with 7602 ms repetition time (TR), 30 ms 
echo time (TE), turbo spin echo factor (TSE) 8, field of view 40 × 30 mm2, 0.25 
× 0.25 × 1 mm3 voxels, 20 slices, 160 reconstruction matrix) followed by static 
SPECT (12 projections/scan, 400 s/projection, 0.3 × 0.3 × 0.3 mm3 voxels) and 
CT (45 keV, 2 s/projection, 240 projections/scan) at 2 h p.i. The animals were 
euthanized at 3 h post-tracer injection (Fig. 5.2b). 
Bone metastases: Six mice were injected with approx. 50 MBq [123I]FIAU and full 
body images were acquired with SPECT (24 projections/scan, 150 s/projection, 
0.3 × 0.3 × 0.3 mm3 voxels), CT (55 kV, 2 s/projection, 360 projections), and 
MRI (T2-weighted 3D TSE, with DRIVE pulse, respiration triggered, with 
minimum TR 500 ms, ‘shortest’ TE, TSE factor 9, 0.3 × 0.3 × 0.3 mm3 voxels, 
320 reconstruction matrix) approx. 13-16 h post-tracer injection. For bone 
metastases imaging, the animals were kept supine on the same dedicated 
mouse bed with three position markers, i.e. 200 µL vials filled with 10 µL of an 
aqueous solution containing 123I (for SPECT/MRI overlays). The animals were 
imaged at most three times each over a maximum period of 40 days (12 scans 
total) (Fig. 5.2c). After the last scan the animals were euthanized. 
 

 
Figure 5.2 Experimental time lines. Mice bearing subcutaneous tumors were imaged by (a) 
dynamic SPECT + CT (n = 3) or by (b) static SPECT/CT + MRI (n = 14 LITG and n = 4 WT). 
(c) Mice with bone metastases were imaged by SPECT/CT + MRI (n = 6). 
 
 
Dual isotope SPECT imaging using [123I]FIAU and doxorubicin-encapsulated 
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177Lu-liposomes 
As a proof of concept, one mouse with induced bone metastases was injected 
with 177Lu-labeled liposomes (26 MBq) at 5 mg/kg body weight of doxorubicin. 
Twenty four hours post-liposome injection the mouse was injected with 
[123I]FIAU (45 MBq) and euthanized 16 h later. After euthanasia the mouse was 
immediately imaged by SPECT/CT (different parameter in SPECT scan: 360 
s/projection; energy windows 177Lu: 101.7-124.3 keV and 187.2-228.8 keV) and 
MRI. 
 
Image analysis 
Subcutaneous tumors. SPECT/CT data were analyzed using the software 
InVivoScope 1.41 (Bioscan) and the activity was quantified in terms of 
percentage of the injected dose (%ID) in tumor. MRI data were analyzed using 
the Imalytics 2.1 software (Philips Innovative Technologies, Aachen, Germany) 
and the tumor volumes were quantified in cm3. 
Bone metastases. SPECT/CT data were analyzed as for subcutaneous tumors. 
SPECT/MR overlays were obtained and analyzed using Imalytics. For each 
metastasis, volumes of interest (ROIs) were manually drawn around the activity 
signal from SPECT (%ID) and around the tumor mass signal from MRI (cm3), 
independently. 
 
Ex-vivo analysis 
After euthanasia by cervical dislocation or isoflurane overdose, the mice were 
dissected, and organs and tissues of interest were harvested, weighed, and 
placed in 4% paraformaldehyde buffered to pH 7. Sample radioactivity was 
measured in a γ-counter along with standards to determine the injected dose per 
gram (%ID/g). The energy window of the counter was set to 138-180 keV for 
123I. The bone metastases were not measured by γ-counting as they could not be 
separated from the surrounding muscle and bone. These samples were imaged 
with µCT (55 kVp, Scanco Medical, Brüttisellen, Switzerland) and used for 
histology. 
 
Histology 
Tissue areas containing bone and bone metastases were placed in 4% 
paraformaldehyde overnight. Bones were decalcified in 10% EDTA in PBS in 50 
mL vials on a rolling bench top. The EDTA solution was replaced every 48 h until 
the bone structures were not visible anymore by CT (approx. 10 days). Then the 
samples were placed in an optimum cutting temperature matrix (Sakura Finetek, 
Alphen aan den Rijn, The Netherlands) and frozen in 2-methylbutane at -50 °C. 
Tissue sections (5-10 µm) were obtained using a cryotome (FSE Cryostat 
Shandon, Thermo Scientific).  
GFP staining: immunohistochemistry was carried out to detect GFP due to the 
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dentrimental effects of sample processing preventing direct fluorescence 
microscopy. Frozen sections were stained with a rabbit monoclonal anti-GFP 
primary antibody (#G10362, Invitrogen, Life Technologies), diluted 1:80, 
followed by a fluorescently labeled secondary antibody (Alexa Fluor® 594 goat 
anti-rabbit IgG (H+L), #A11037, Invitrogen, Life Technologies) at 1:100 dilution. 
Cell nuclei were counterstained with DAPI diluted 1:100000. 
 
Statistical analysis 
Commercial software (SPSS, IBM, Armonk, NY) was used for statistical analysis 
(Levene’s test for equality of variances, t-test). Statistical significance was 
considered at p < 0.05. 
 
Results 

[123/125I]FIAU synthesis and in vitro stability 
The radiochemical purity was always > 95% for both [123/125I]FIAU before use, as 
confirmed by HPLC. During solid phase extraction purification, part of the labeled 
FIAU was lost in the loading/washing steps and the recovery was 80.3±10.2% (n 
= 14) and 57.0±12.4% (n = 26) for [125I]FIAU and [123I]FIAU, respectively. 
Gentisic acid was added to the purified [123I]FIAU to avoid the formation of 
impurities caused by water radiolysis. [125I]FIAU was stable in 50% mouse serum 
for up to 24h, as derived from HPLC analysis (Fig. S5.5). 
 
FIAU accumulation in cells in vitro 
The accumulation of [125I]FIAU was up to 100-fold higher in LITG cells than in 
WT cells in vitro (Fig. 5.3b). Higher absolute uptake of [125I]FIAU was observed 
when the incubation time and/or the cell number were increased. Following 20 
min incubation, the LITG/WT ratio was similar for all three cell concentrations. 
However, after 60 min incubation the ratios decreased from 81:1 to 61:1 with 
increasing cell numbers, reasonably due to an increase in nonspecific [125I]FIAU 
accumulation in WT cells. 
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Figure 5.3 [125I]FIAU accumulation in cells in vitro. Three different concentrations of LITG 
and WT cells were incubated with the same amount of [125I]FIAU for 20 or 60 min. The bars 
are the mean of three experiments and the error bar is one standard deviation. The 
radioactivity uptake ratios for each LITG/WT pair are depicted above the bars. At each cell 
density, all four groups are significantly different (p < 0.05). 
 
Uptake kinetics in vivo 
The uptake of [123I]FIAU in subcutaneous tumors and muscle (control) was 
quantified over a time period of 140 min p.i. from dynamic SPECT scans (Fig. 
5.4a-e). The tumor uptake kinetics, in %ID, of the three animals scanned is 
shown in Figure 5.5. For all animals, an initial fast accumulation of activity was 
observed in tumors, followed by equilibrium after the first 120 min p.i. The mice 
had different tumor volumes (mouse 1-3: 535, 507, 226 mm3, respectively) and 
the larger the volume the higher the %ID value. An animated sequence of the 
kinetics from consecutive SPECT scans can be found in Figure S5.6 
(supplementary information). 
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Figure 5.4 SPECT/CT imaging. (a-e) Uptake kinetics at 0, 8, 15, 24, and 120 min post 
[123I]FIAU injection, respectively; Maximum intensity projections of mice bearing (h) WT and 
(i) LITG tumors imaged at 2 h p.i.; post mortem full body maximum intensity projections for 
the same (f) WT and (g) LITG mice. Both animals were injected with 40 MBq [123I]FIAU. 
Open arrows: bladder; closed arrows: tumor; diamond arrows: stomach and intestines. 
Grouped images (a-e) and (f-g) and (h-i) are at the same max-min scale. 
 
 
 

 
Figure 5.5 Tumor uptake kinetics. Activity from SPECT data in subcutaneous tumors (solid 
symbols) and respective control muscle (empty symbols; same size VOI as for tumor) 
plotted as a function of time post [123I]FIAU injection. The tumors sizes for mice 1-3 were 
535, 507, 226 mm3, respectively. The vertical dotted line shows the plateau (2 h p.i.). 
Subcutaneous tumor imaging and quantification 
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Mice bearing differently sized subcutaneous tumors were imaged to investigate 
the relationship between tumor size by MRI and [123I]FIAU accumulation by 
SPECT (n = 14) in comparison with tumor weight (at dissection) and γ-counting 
(n = 11), as shown in Figure 5.6. In mice bearing LITG tumors a linear 
relationship was found for both SPECT/MRI  
 

𝑦 [%𝐼𝐷] =  5.093 ± 0.380 �% 𝐼𝐷
𝑐𝑚3� 𝑥[𝑐𝑚3] –  0.065 ± 0.114[%𝐼𝐷],   𝑅2 = 0.93  

 
and γ-counting/weight  
 

 [%𝐼𝐷] =  5.963 ± 0.998 �% 𝐼𝐷
𝑔
� 𝑥[𝑔]  +  0.191 ± 0.205[%𝐼𝐷], 𝑅2  =  0.77.  

 
In WT tumors, both SPECT/MRI (𝑅2  =  0.43) and γ-counting/weight (𝑅2  =  0.60) 
followed very different relationships compared to LITG tumors, with significantly 
lower tracer uptake in terms of %ID/[cm3,g] (p < 0.05). The tracer uptake was 
higher in LITG, 5.10±1.94 %ID/cm3 and 7.3±3.85 %ID/g, compared to WT 
tumors, 2.48±1.28 %ID/cm3 and 1.67±0.40 %ID/g. In both LITG and WT 
tumors the %ID/cm3 values were not statistically different from the 
respective %ID/g values (p > 0.05). Examples of the SPECT/CT images from 
animals bearing LITG or WT tumors can be seen in Figure 5.5f-i. The measured 
ex vivo distribution of the radioactive tracer in the different tissues can be seen 
in Figure S5.7 (supplementary information). 
 

 
Figure 5.6 The correlations between %ID and tumor size by both SPECT/MRI and γ-
counting/weight for the subcutaneous tumors are depicted. The data were fitted with a 
linear regression (Eq. 1 for %ID/cm3 and Eq. 2 for %ID/g Each ‘□’ and ‘○’ symbol represents 
the quantification of one tumor (n = 14 for SPECT and n = 11 for γ-counting). 
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Bone metastases imaging and quantification 
Upon cardiac injection of tumor cells, the animals developed multiple bone 
metastases in diverse sites (femur, tibia, iliac crest, scapula, and skull; Fig. 
5.7a). In SPECT/MR overlaid images the activity spots corresponded nicely to 
tumor masses (Fig. 5.7b-c). In a different mouse, injection of radiolabeled 
doxorubicin-containing liposomes led to accumulation in the soft tumor tissue 
forming the bone metastasis on the tibia. This accumulation was visualized using 
dual isotope SPECT imaging overlaying the 177Lu (liposomes) and 123I (FIAU) 
signal (Fig 5.7f-h). Ex vivo, a hind limb with metastases on both the femur and 
tibia showed the osteolytic lesions by µCT (Fig. 5.8). The measured ex vivo 
distribution of the radioactive tracer in the different tissues can be seen in Figure 
S5.7 (supplementary information). 
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Figure 5.7 Imaging bone metastases. (a) Full body SPECT/CT of a mouse with multiple 
metastases (femur, tibia, scapula, skull, and scapula-humerus joint). (b) MRI coronal 
section of a mouse with four metastases in femur and tibia, 30 days post cardiac injection of 
tumor cells. (c) The SPECT/MR overlay shows a good correspondence between tumor 
masses and spots of radioactivity accumulation. (d-f) Accumulation of radiolabeled liposomal 
doxorubicin in the soft tissue of the bone metastasis in the tibia is visualized by (d) dual 
isotope SPECT imaging of (e) [123I]FIAU (red-blue) and (f)177Lu-liposomes (green). (a-c) 
were acquired at 13 h post [123I]FIAU injection; (d-f) were acquired post-mortem.  
 
 
 

 
 
 
 
Figure 5.8 µCT. An example of 
the osteolytic nature of the bone 
lesions caused by the tumor 
metastases (a) the hind limb bone 
structure can be seen in greater 
detail on the µCT images (b-c) of 
a femur and tibia. (a) SPECT/CT 
acquired in vivo and (b-c) post-
mortem. 
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Around day 20 post-cardiac injection, the smallest detectable metastases (< 2 
mm3) were visible by FIAU-SPECT but were not yet clearly visible by MRI. Over 
the following weeks these metastases increased in volume with a resulting 
increased uptake (%ID) of FIAU (Fig. 5.9). Osteolytic bone destruction was 
visible by CT only after both SPECT and MRI signals were observed (> 28 days 
post tumor cell injections). 
As for the subcutaneous tumors, also for the bone metastases a linear 
relationship was found between FIAU uptake and tumor size from the SPECT/MRI 
data (Fig. 5.10): 
 

𝑦[%𝐼𝐷] = 1.713 ± 0.098 �% 𝐼𝐷
𝑐𝑚3� 𝑥[𝑐𝑚3] − (6.045 ± 12.5). 10−4[%𝐼𝐷],  𝑅2 = 0.86 (3) 

 
 
 

 
Figure 5.9 Uptake over time. %ID measured by SPECT for different metastases in the same 
animal imaged at day 18, 32, and 39 post cardiac injection of tumor cells. Tumor masses at 
18 days p.i. were not visible by MRI. 
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Figure 5.10 Correlation between %ID measured by SPECT and metastasis volume 
calculated from MRI. The data were fitted with a linear regression (R2 = 0.86; Eq. 3). Each 
‘□’ symbol represents the quantification of one bone metastasis from a specific scan. 
 
Histology 
Histology of bone sections showed tumor cells located in the marrow and 
invading surrounding tissues such as muscle (Fig. 5.11). In the analyzed 
samples (n = 25), tumor cells were found only in areas of the bone where 
metastases were detected by SPECT/MRI. 
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Thymidine kinase (eGFP) Masson’s trichrome 
tibia 

  
humerus-scapula joint 

  
humerus-scapula joint 

  
Figure 5.11 Histology of bone metastases. Left panels - Cryo-sections stained for GFP (red) 
and nuclei (blue). The muscle is also seen from its auto-fluorescence signal (light green). 
Right panels – corresponding cryo-sections stained with Masson’s trichrome. Cytoplasm 
(light red/pink), connective tissue and bone (blue) and nuclei (dark brown/black) are visible. 
T: tumor; B: bone/cartilage; M: muscle; BM: normal bone marrow. Scale bars are 200 µm. 
 
Discussion 

Bone metastases have a mortality rate of nearly 100% and thus more insights 
into the disease process are urgently needed to derive new therapeutic 
strategies. Appropriate animal models and real time imaging of osteotropic 
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cancers provide major and critical information about tumor progression and 
skeletal metastasis. Our approach allows to noninvasively locate tumors and 
quantify growth, imaging the ensuing bone lesions, and to image a possible 
response to treatment. Other studies, using subcutaneous tumors, have also 
combined nuclear reporter gene imaging (SPECT, PET) with MRI but only to 
provide an anatomical reference for localization [19, 20, 33]. 
In this study, we first compared the uptake of the HSV-1 TK substrate [123I]FIAU 
in subcutaneous tumors and bone metastases obtained from a breast cancer cell 
line stably transfected with the reporter gene. A linear correlation was found 
between the uptake of FIAU (%ID) detected by SPECT and the corresponding 
tumor volume calculated by MRI (cm3). As the uptake of FIAU in MDA-MB-231-
LITG cells is a surrogate readout for the expression of the reporter gene and the 
uptake increases with the number of viable cells, as we showed in vitro, this 
correlation can be used to quantify the amount of viable tumor cells in a lesion 
[18, 19, 33]. SPECT image analysis for subcutaneous tumors and bone 
metastases yielded different slopes of approx. 5.1 %ID/cm3 compared to approx. 
1.7 %ID/cm3, respectively. In our opinion several factors might contribute to this 
discrepancy. Most importantly, tumors that originate from a subcutaneous graft 
of tumor cells and tumors originating from tumor cells homing in the bone 
marrow after intracardiac injection strongly differ in terms of micro environment, 
morphology, and blood supply [1]. For these reasons, orthotopic and 
spontaneous tumor models are often considered more suitable than 
subcutaneous xenografts to evaluate new diagnostic and therapeutic tools in the 
preclinical setting. Also, the mice with metastatic tumors were imaged with 
SPECT 13 h post [123I]FIAU injection, vs. the 2 h post injection imaging that was 
carried out in mice with subcutaneous xenografts. This delayed imaging protocol 
was chosen based on the slow tracer wash-out from muscle observed during the 
kinetic studies (Fig. 5.5). Also, 2 h post FIAU injection, the uptake in 
subcutaneous LITG tumors was only 2- and 4-fold higher, respectively 
in %ID/cm3 and %ID/g, than the corresponding WT tumors, which is much less 
than observed in vitro. This finding suggests non-specific FIAU accumulation in 
tumors at early time points [34]. During the 14 extra hours, [123I]FIAU cleared 
from blood (from approx. 2.8 to 0.05 %ID/g) and muscle (from approx. 1.0 to 
0.02 %ID/g) but, partially, also from the LITG metastases. However, the 
increased tumor-to-blood and tumor-to-muscle ratios allowed the detection of 
extremely small (< 2mm3 size) metastases with high contrast. 
The exact co-registration of the sequentially acquired SPECT and MRI images of 
bone metastases turned out to be challenging. Great care was taken to avoid 
any movement of the animals between the scans and the same animal bed was 
used in both devices. Three fiducial markers attached to the animal bed were 
used as landmarks for SPECT and MRI image co-registration. Still, small 
movements (deep respiration of the animal under anesthesia and small spasms) 
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resulted in co-registration issues due to the millimeter size of the metastases 
spread over the whole skeleton. Therefore, separate VOIs for SPECT and MRI 
were drawn instead of the same VOI covering both signals, leading to slight 
mismatches in the tumor volumes considered for the analysis. Despite these 
challenges, SPECT was able to detect metastasis-related activity spots when no 
tumor mass was yet visible by MRI. This suggests that in our studies the minimal 
amount of tumor cells/mass needed for early detection was lower for SPECT than 
for MRI.  
Since FIAU accumulation scales up with the amount of viable tumor cells, the 
presence of necrotic tumor regions or apoptotic cells caused by therapeutic 
treatments would lead to a lower overall tumor [123I]FIAU uptake. This approach 
was shown in various preclinical mouse models of HSV-1 TK expressing 
subcutaneous tumors [25] and lung metastases [23], where treatment with 
ganciclovir led to a reduction in both specific FIAU uptake (%ID/g) and tumor 
volume compared to untreated controls. Other reporter gene approaches were 
evaluated for therapy monitoring. In a therapy study in mice bearing bone 
metastases of a luc expressing tumor, a significant reduction in tumor growth 
(detected by X-rays) was associated with a decrease in the in vivo 
bioluminescence signal from the tumor [7]. However, this approach bears the 
limitations of in vivo optical imaging, for noninvasive detection of deeply seated 
structures due to scattering and light absorbance by tissues. 
We believe that our multimodality imaging approach combined with the bone 
metastasis mouse model could serve in drug development to quantify early 
therapy responses, which may not immediately translate into detectable 
morphological readouts, e.g. tumor volume shrinkage. Additionally, the 
morphological information from MRI as well as the skeletal bone information 
from the CT images would allow studying the downstream effects of a treatment. 
Dual-isotope SPECT studies allow to combine tumor/metastasis imaging with 
drug distribution/uptake quantification, which we showed here with a model 
radiolabeled drug carrier. Therefore, with this approach additional quantification 
of drug delivery in combination with tumor response assessment could be 
performed.  
With respect to clinical translation, to date five clinical studies used reporter 
genes approaches (using HSV-1 TK and sodium iodide symporter) in combination 
with imaging to assess gene expression and possible effects of therapy [9, 35-
38]. However, reporter gene approaches require upfront gene transfection of all 
tumor cells and, in particular, HSV-1 TK has the potential to elicit an immune 
reaction due to its viral origin. Human reporter gene systems currently being 
developed are expected to minimize immune responses. Therefore, future clinical 
applications of reporter systems could benefit the therapy strategies for, e.g., 
cancer and heart diseases [9, 39]. 
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Conclusion 

A multimodality imaging toolbox for preclinical studies on bone metastases was 
developed. To our knowledge this is the first report where the combination of 
soft tissue information from MRI, bone structure from CT, and reporter gene 
imaging by SPECT is used to follow metastatic bone lesions. The combination of 
reporter gene SPECT imaging, MRI and CT allows following the spread and 
growth of bone metastases in the whole skeleton noninvasively. Multi-isotope 
SPECT imaging adds extra functionality to this approach as it can give insights in 
drug accumulation at the target site, with a simultaneous quantification of 
therapeutic tumor load and tumor cell viability. This methodology holds promise 
in drug development to quantify early response of metastases to treatment, 
making this an important tool in the discovery of new and more effective anti-
cancer therapies. The step from bench to bed can also be envisioned due to the 
ongoing development of non-immunogenic reporter gene systems for cell 
transfection in patients. 
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Figure S5.1 (A) Microscope images of MDA-MB-231 wild-type (WT) cells (left) and MDA-
MB-231-LITG (LITG) cells (right). Upper panels: bright field images; Lower panels: 



Bone metastasis imaging with SPECT/CT/MRI: 
a preclinical toolbox for therapy studies 

105 

fluorescence images (excitation 480/40 nm). Magnification 40x; (B) FACS analysis of LITG 
(top) and WT cells (bottom). A total of 10,000 events per sample were collected. Cells were 
excited using an air-cooled solid state diode laser (488 nm) and the emission was collected 
through a 515-545 nm detector (FITC-A channel). In addition, forward-light scatter (FSC-H) 
and side-light scatter (SSC-H) data were collected for each sample. 

 
Figure S5.2 Sensitivity of MDA-MB-231 wild-type (WT) and MDA-MB-231-LITG (LITG) 
tumor cells to ganciclovir (GCV) determined with a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) viability assay. MTT is a yellow tetrazole derivative which is 
reduced to purple formazan in living cells. It is expected that WT cell proliferation and 
viability will not be affected by GCV at the concentrations used. Cells were plated in a 96-
well plate in triplicate at densities that ensured 80% confluence at time of MTT assay (3000 
cells/well for LITG cells and 5000 cells/well for WT cells) 24 h prior to the experiment. Then 
medium was replaced by medium containing GCV at concentrations ranging from 0-50 mM 
and the cells were incubated for 72 h. The medium was replaced daily to keep GCV 
concentration constant. After incubation, MTT was dissolved in pre-warmed medium at 5 
mg/mL and passed through a 0.22 µm filter. Fifty µL of the MTT solution were added to each 
well and the plates were incubated for 120 min. The medium was gently aspirated and the 
formed formazan crystals were dissolved in 100 µL dimethylsulfoxide (DMSO). Absorbance 
at 560 nm was measured on a plate reader. The effective dose that produced a therapeutic 
response in 50% of the LITG cells (ED50) was determined from results derived from three 
independent experiments and calculated to be 0.15 µM. WT cell proliferation was not 
affected by incubation with the GCV concentrations used. 
A 

 



Chapter 5 

106 

B 

 
C 

 
D 

 
Figure S5.3 Radiochemical purity analysis and chemical identity determination of 
[123I]FIAU. Analytical radio-HPLC was performed on an Agilent 1100 system equipped with 
UV and radioactivity (Gabi, Raytest) detectors in series. The analyte was injected on a C18 
Eclipse XBD column (150 × 4.6 mm; 5 μm particle size) and eluted with a linear gradient 
(A) of H2O/methanol at 1 mL min−1. (B) Elution profile of the FIAU standard (UV profile; Rt = 
9.4 min); elution profile of (C) the crude and (D) sep-pak purified [123I]FIAU re-dissolved in 
0.9% NaCl (radioactive profile; Rt = 9.8 min). 
 
 
177Lu-labeled liposomal formulation of doxorubicin 

A 177Lu-radiolabeled liposomal formulation of doxorubicin similar to the clinically used Doxil® 
formulation [27], was prepared based on previously published methods [30, 31], with minor 
modifications: the liposomes were composed of HSPC:Cholesterol:DPPE-PEG2000:DOTA-DSPE 
= 75:50:3:1 (molar ratio). A total amount of 115 µmol of phospholipids and cholesterol 
were dissolved in a solution of chloroform/methanol (4:1, v/v). The organic solvents were 
removed under vacuum until a thin lipid film was formed, which was further dried overnight 
under a nitrogen flow. The lipid film was hydrated at 60 °C with a 240 mM (NH4)2SO4 buffer 
(pH 5.4). The suspension was extruded at 60 °C successively through a 200 nm filter (two 
times) and a 100 nm filter (six times). After extrusion, the extra-liposomal buffer was 
replaced by HEPES buffered saline (HBS), pH 7.4 (20 mM HEPES, 137 mM NaCl) by gel 
filtration through a PD-10 desalting column (GE Healthcare). Subsequently, a doxorubicin 
solution (AvaChem Scientific, San Antonio, TX) in HBS (5 mg/mL) was added to the 
liposomes at a 20:1 phospholipid-to-doxorubicin weight ratio and incubated at 37 °C for 90 
min. Finally, the liposome solution was passed through a PD-10 column to remove traces of 
free doxorubicin. The intraliposomal doxorubicin concentration (2.63±0.07 ng/mL) was 
determined using fluorescence measurements (Perkin Elmer LS55, λex = 485 nm and λem = 
590 nm) after destruction of the liposomes with Triton X-100. The hydrodynamic radius of 
the liposomes (simple fit: 72.25 nm) in HBS was determined using dynamic light scattering 
(ALV/CGS-3 Compact Goniometer System, ALV-GmbH, Landen, Germany). 

 

 

0.00 5.00 10.00 15.00 min

UV_A

0.00 5.00 10.00 15.00 min
0

100

200

300 mAU 

 

0.00 5.00 10.00 15.00 min

ChA

0.00 5.00 10.00 15.00 min
0

500

CPS 

 

 

0.00 5.00 10.00 15.00 min

ChA

0.00 5.00 10.00 15.00 min
0

500

CPS 

 

 



Bone metastasis imaging with SPECT/CT/MRI: 
a preclinical toolbox for therapy studies 

107 

Radiolabeling. 100 µL of liposomes solution was transferred to a vial containing 5 µL of 2 M 
ammonium acetate buffer pH 5.5 and approx. 96 MBq of 177Lu (1.5 µL). The solution was 
incubated for 1.5 h at 50 °C, then 1 µL of 10 mM DTPA in 0.9% NaCl was added and the 
solution was incubated for 10 min at RT. The crude mixture was purified using a 7 kDa 
Zeba® desalting Spin column (Thermo Scientific, Waltham, MA) pre-equilibrated with HBS 
to remove unbound 177Lu and exchange the buffer. The radiochemical yield was assessed by 
thin layer chromatography (iTLC-SG plates, Varian Inc., Palo Alto, CA) using 200 mM EDTA 
in 0.9% NaCl as the running buffer (Fig. S5.4). 
 

 

 
Figure S5.4 Radiolabeling yields and radiochemical purity of doxorubicin-encapsulated 
177Lu-liposomes after DTPA challenge (1) and after size exclusion purification and buffer 
exchange (2). The radiochemical purity was assessed by TLC which was performed on 
instant TLC silica gel strips (Varian Inc.) eluted with 0.9% NaCl containing 200 mM EDTA. 
Under these conditions the free 177Lu migrates with Rf = 0.9, while the doxorubicin-
encapsulated 177Lu-liposomes remain at the origin. The strips were imaged on a phosphor 
imager (FLA-7000; Fujifilm), and the labeling yields/purity were quantified using AIDA 
Image Analyzer software. 
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4 h incubation 

 
24 h incubation 

 
Figure S5.5 [125I]FIAU stability in 50% mouse serum. (a-c) examples of [123I]FIAU HPLC 
elution profiles at 0, 0.5, 4, and 24 h of incubation. The sample was incubated at 37 ºC and 
300 rpm. Samples (100 µL) were taken at 0 and 30 min, 1, 1.5, 2, 3, 4 and 24 h and diluted 
2-fold with ice cold MeCN to precipitate the serum proteins. The mixture was centrifuged for 
five minutes at 12,000 rpm. Supernatant was separated from pellet by pipetting, passed 
through a 0.22 µm filter and diluted in 0.9% NaCl. Radiochemical purity was always > 95%, 
as verified by HPLC. The activity recovered in the supernatants was > 90% from the total 
activity (supernatant + pellet), as analyzed by γ–counting. 
 
 
 

    

    
Figure S5.6 SPECT/CT imaging of a mouse with subcutaneous MDA-MB-231-LITG tumor 
(hind-limb). Stills from animated sequence of scan 1, 3, 7, 15, 21, 30, 40, and 48 of 48 
consecutive SPECT scans. The mouse was injected intravenously with approx. 40 MBq 
[123I]FIAU in 100 µL saline followed by dynamic SPECT scans (12 projections/scan, 30 
s/projection, approx. 4 min/scan, 140 min scan time) and by a CT scan (45 keV, 2 
s/projection, and 240 projections/scan). Open arrow: bladder; closed arrow: tumor. 
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Figure S5.7 Normal tissue biodistribution of [123I]FIAU in mice bearing subcutaneous MDA-
MB-231-LITG (solid bars; n = 11) and bone metastases (empty bars; n = 4), 2 and 16 h 
post tracer injection, respectively. The control mice (WT, striped bars; n = 4) had 
subcutaneous tumors obtained from MDA-MB-231wild-type cells. The bars in (A) and (B) 
represent the mean percentage injected dose per gram (%ID/g and %ID/organ, 
respectively) and the error bars one standard deviation. The data show non-specific FIAU 
uptake in all selected organs and a pronounced washout of radioactivity from blood and 
tissues between 2 h and 16 h post-tracer injection. High uptake in stomachs, which were not 
emptied before γ-counting, was seen in other in vivo studies with radioactive FIAU [20, 23, 
40-42] and would suggest in vivo degradation and iodide accumulation in the gastric 
mucosa via the sodium/iodide symporter [43]. However, the low uptake in thyroid suggests 
that no tracer de-iodination occurred in vivo. Therefore intact [123I]FIAU might also 
accumulate in the gastrointestinal tract [44]. Also, [123I]FIAU was mainly excreted intact 
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through the kidneys, in the urine, as confirmed by radio-HPLC. 
 
 
Table S5.1 Quantification data from subcutaneous tumors. Animals 4, 7, 8 were not used 
for γ-counting. 
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4 0.12 0.02 7.55 

6 0.23 0.06 4.0
5 0.37 0.03 14.8

1 

7 0.43 0.06 7.2
7    

8 0.31 0.08 3.6
8    

9 0.46 0.12 3.9
2 0.66 0.09 7.65 

10 0.97 0.13 7.6
7 2.26 0.17 13.4

6 

11 2.39 0.38 6.2
9 2.24 0.35 6.40 

12 1.53 0.45 3.4
4 1.67 0.33 4.99 

13 3.82 0.62 6.1
4 2.42 0.31 7.87 

14 3.36 0.79 4.2
6 1.60 0.31 5.17 

WT 

1 0.62 0.15 4.1
9 

2.48 1.2
8 

0.34 0.19 1.77 

1.67 0.4
0 

2 0.38 0.16 2.3
4 0.27 0.15 1.72 

3 0.45 0.20 2.2
7 0.30 0.15 2.06 

4 0.24 0.22 1.0
9 0.14 0.12 1.11 
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Abstract 

Many diseases but also accidents lead to a damage of tissues, organs or limbs or 
other crucial structures that do not restore as the regenerative potential of 
humans and also most mammals is very limited. The salamander axolotl 
(Ambystoma mexicanum) however, is capable of complete complex structure 
(e.g. limbs, tail and heart) regeneration in a scar-free process. A pool of 
progenitor cells (known as the ‘blastema’) forms on the site of injury, 
proliferates and differentiates to regenerate the damaged tissue. Even though 
this process has been extensively researched in developmental biology, it has 
not been imaged in vivo using the non-invasive techniques of Magnetic 
Resonance Imaging (MRI) and Computed Tomography (CT). Thus, we have 
developed axolotl imaging protocols for CT and MRI and assessed the feasibility 
of these techniques in studying axolotl tail regeneration and heart anatomy & 
function. The distal 3-4 cm tail tips of axolotls were amputated and the ensuing 
regeneration was periodically imaged. The blastema was visible from approx. 20 
days post amputation (p.a.) on MRI. A rod of cartilage projected out from the 
spinal cord into the tail tip at day 29 p.a. New muscle tissue was observed after 
60 days p.a. The appearance of ossified vertebrae was seen by both CT and MRI 
from day 80 p.a. The formation of new blood vessels (aorta and vena cava) was 
observed at 19 days p.a. in the angiograms. New smaller vessels we observed at 
roughly the same time but were only visible on T2 weighted anatomy images. 
The high definition (< 200 µm) image sets depicting the heart anatomy closely 
matched previously published anatomical features. A ventricle ejection fraction 
of 55-62% was calculated from a preliminary functional analysis of the cardiac 
cycle. This analysis is still ongoing as several challenges associated with the 
difficulty in delineating the ventricle cavity from the cardiac walls still need to be 
addressed. 
For the first time both MRI and CT were used to non-invasively image the 
regeneration process in an axolotl. Further imaging protocols optimization should 
allow the observation of smaller tissue changes. The prospective heart data show 
a potential application of functional MRI imaging in a regenerative heart study. 
 
Keywords: regeneration, axolotl, MRI, CT, heart, amphibian 



Imaging regeneration: the axolotl way 

115 

Introduction 

Regeneration is the replacement of tissues, organs or body parts and restoration 
of their function after (partial) loss or injury.  In humans but also most 
mammals, the regenerative potential is rather limited and often restricted to 
certain tissues. Examples for cyclical regeneration are maintenance of skin, 
renewal of the intestinal lining, new blood and blood vessel formation, hair, 
bone, as well as the generation of new neurons in the brain are all part of 
cyclical regeneration [1]. However, many diseases but also accidents lead to a 
damage of tissues, organs, limbs or other crucial structures that do not restore.  
For example, current predictions suggest that the prevalence of limb 
amputations will steadily increase in the next 40 years due to the increasing 
incidence of obesity and associated diseases such as diabetes and 
atherosclerosis [2, 3]. In some cases, a prosthesis (e.g. leg prosthetics) is able 
to replace the loss of function, but these types of solutions pale in comparison to 
the regeneration of a fully functional limb. Also for tissue regeneration, only a 
few limited examples exist in humans. For example, the liver may regrow a large 
portion up to its original size when enough hepatocytes remain to proliferate [4]. 
In most other cases, the wound healing mechanisms lead to scar formation [5]. 
Scar tissue is the result of extracellular matrix deposition by fibroblasts at the 
wound site effectively replacing the affected tissue leaving the original functional 
capacities of that tissue diminished. A typical example is the remodelling of the 
cardiac muscle in the left ventricle after a cardiac infarction. Here, the 
replacement fibrotic tissue has limited contractile function and difficulties 
adopting the electrical gradient, leading to further heart problems [6-8]. 
Currently the clinical applications of regenerative medicine approaches are 
limited, however promising progresses have been made in stimulating stem 
activity and bioengineering new scaffolds [9-11]. In 2013 Song et al. managed 
to recover kidney function in rats by transplanting a matrix scaffold of a rat 
kidney, decellularized and reseeded in vitro [12]. Stem cell isolation and artificial 
manipulation to induce morphogenesis of complex structures is one of the main 
approaches in mammalian regeneration [11]. In a recent clinical trial it was 
suggested that left ventricular function in ischaemic heart disease patients can 
possibly be salvaged by injection of bone marrow stem cells, but was 
unsuccessful [13]. The enormous complexity of the current stem cell based 
approaches is a reason to consider new alternatives and complementary 
approaches.  
 
The axolotl as an animal model for regeneration 

Interestingly, not all vertebrate tetrapods face the same type of challenges in 
regeneration. 
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Namely, the axolotl (Ambystoma mexicanum) is an aquatic salamander with the 
ability to regenerate lost extremities (limbs and tail) in addition to parts of most 
organs as long as the functions critical to its survival remain intact [9, 14]. It 
belongs to the order of caudata/urodela (salamanders) in the class of Amphibia. 
It is an inducible obligatory neotene, meaning that it keeps its larval form 
through its life span under normal conditions (Fig. 6.1) [15]. 

 

Figure 6.1 An axolotl in its normal larval appearance that is typically maintained for life (A); 
its metamorphosed counterpart (B); a larval tiger salamander bears great similarities to the 
axolotl (C); and an adult metamorphosed tiger salamander (D) [16-18]. 
 
Adulthood and sexual maturity are reached in 12 to 18 months [19, 20]. 
Regeneration in salamanders is common in the larval stages, but some urodele 
amphibians such as the axolotl and newt retain this ability throughout their 
entire life making them two of the most apt regenerators among vertebrates [9, 
21]. In contrast, anuran amphibians such as the frog revert to scar-based 
healing once they have metamorphosed into their adult form [21]. The 
regenerative capacity through the different life stages of mammals, urodele- and 
anuran amphibians is displayed in Figure 6.2 [9]. 
The axolotl, rarely if ever, undergoes metamorphosis under normal conditions, 
thus retaining its juvenile characteristics, such as the external gills and aquatic 
housing environment [20, 22]. If metamorphosis is induced by thyroid hormones 
(artificially), the axolotl will undergo heavy physiological changes to become a 
terrestrial salamander, similar to the tiger salamander (Ambystoma tigrinum, Fig 
6.1D) [15]. It will maintain its regenerative potential, but at a reduced rate and 
fidelity [20]. Still, the facultative metamorphosis of axolotls offers us a way to 
study its effects on anatomy, physiology, and regeneration [23].  
The axolotl, rarely if ever, undergoes metamorphosis under normal conditions, 
thus retaining its juvenile characteristics, such as the external gills and aquatic 
housing environment [20, 22]. If metamorphosis is induced by thyroid hormones 
(artificially), the axolotl will undergo heavy physiological changes to become a 
terrestrial salamander, similar to the tiger salamander (Ambystoma tigrinum, Fig 
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6.1D) [15]. It will maintain its regenerative potential, but at a reduced rate and 
fidelity [20]. Still, the facultative metamorphosis of axolotls offers us a way to 
study its effects on anatomy, physiology, and regeneration [23]. 

 
Figure 6.2 Lifetime regenerative capacity for mammals, urodele- and anuran amphibians. 
The anurans have a steep drop in regenerative ability during early stages of metamorphosis. 
Mammals lose most of their regenerative abilities before birth. Urodeles appear to maintain 
regeneration through life by maintaining certain gene expression patterns. Image 
reproduced from [9]. 
 
The molecular and genetic pathways of axolotl limb and tail regeneration have 
been extensively analysed by molecular and cell biology techniques such as 
immunoblotting and quantitative polymerase chain reaction, and the 
morphological changes by histology, microscopy and genetically modified 
axolotls expressing e.g. fluorescent proteins [24-31]. The axolotl is capable of 
regenerating nearly every structure of its body, including parts of the heart, 
forebrain, spinal cord and entire limbs when enough tissue remains intact [32-
35]. This is achieved by the formation of a diverse pluripotent progenitor cell 
pool by dedifferentiation of existing cells and migration of resident stem cells 
[36-38]. This pool is referred to as the ‘blastema’ and is highly similar to the 
growth bud in embryonic development (Fig. 6.3).  
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Figure 6.3 Segments of an axolotl front limb; hand (H), lower arm (L) and upper arm (U) 
(a). Formation of a blastema underneath the wound epidermis, after limb amputation (b). 
The contribution of different cell types to the blastema cell pool (c). Image copied from [38]. 
 
In 2004, Endo et al. described the stepwise model for limb regeneration (Fig.6.4) 
describing the different signals required for progression to the next stage of 
development and the possible (detrimental) outcomes when one of these signals 
is not present [39]. One possible detrimental event of an interrupted or absent 
signal (e.g. a deviated nerve) is the abrupt end of limb regeneration, resulting in 
the formation of a stump. The regenerative process can roughly be divided in 
three major phases: wound healing, dedifferentiation and redevelopment [36, 
37]. The last phase is further subdivided into the early bud, medium bud, late 
bud, palette and outgrowth stages [37]. Interestingly, the blastema cells already 
receive information on their final identity and position as early as three days 
post-amputation/wound [25]. New structures are placed in a proximal to distal 
direction, using the remaining tissue as a scaffold [28, 40, 41]. Nerves are one 
of the first structures to regrow, as the regenerative process is highly dependent 
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on nerve signals [36]. Blood vessels are the second structure to regenerate, 
being restored through an angiogenesis-like process [36]. The next step is 
restoration of bone and muscle [36]. A skeleton will be formed from cartilage-
like cells. Ossification into actual bone may occur later [42]. Grim & Carlson 
showed that forelimb muscle regenerates in a proximo-distal gradient, and later 
in a radio-ulnar gradient (in the case of a limb) [43]. In other words, the upper 
arm will form first, then the hand, and the thumb is the first digit to appear. As 
for tail regeneration, a similar proximo-distal pattern is seen in which muscle 
sections (myotomes) will finalize proximally while the outgrowth of the blastema 
continues distally [24].  

 

Figure 6.4. Stepwise model of axolotl regeneration, as presented by Endo et al. [39]. Lack 
of required signals can lead to a variety of detrimental outcomes. 
 
The time it takes for lost structures to return depends largely on age. In 2014, 
Monaghan et al. [20] investigated the effects of age and development stage on 
regeneration and found that three month old axolotls completed regeneration in 
approx. 66 days, whereas nine month olds only regenerated approx. 56% of the 
lost structures at this point. However, it remains unclear if this difference is 
caused by the sheer mass that needs to be regenerated or if cell cycle pathways 
(rate of growth) are affected by aging. 
A disadvantage of most of the aforementioned techniques used in developmental 
biology, e.g. histology, is that animals need to be sacrificed to acquire data. In 
particular, for longitudinal studies of regeneration, multiple animals have to be 
euthanized and thus it is not possible to obtain detailed information from all 
stages of regeneration from only one individual. Modern non-invasive in vivo 
imaging techniques, such as Magnetic Resonance Imaging (MRI) and Computed 
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Tomography (CT) allow repeated, high resolution and full body imaging of 
tissues in vivo. This gives the possibility to track the complete regenerative 
process in each animal. Lauridsen et al. published the first abstract depicting a 
study on axolotls where the fate of iron oxide labelled blastema cells were 
imaged with MRI in 2010, but surprisingly little has been published since then 
[44, 45]. Both CT and ultrasound (US) have shown their use in imaging cartilage 
and bone formation, but are seldom used in regeneration studies [46]. 
The heart is another topic of great interest in axolotls because they are able to 
regenerate it after injury [32]. The normal heart cycle of the axolotl is different 
from mammals [47] (Fig. 6.5). The salamander heart has only three chambers 
(two atria and 1 ventricle) but has a large sinus venosus (that disappears in 
post-embryonic mammals) that is part of the wave of contraction. The sinus 
venosus receives de-oxygenated blood and leads it into the right atrium. The 
common pulmonary vein shares its ventral wall with the sinus and lead 
oxygenated blood directly into the left atrium. The sinus then contracts causing 
blood to pass into the atria through the sinu-atrial junction. The septum of the 
atria consists of thin muscle extending from the cardiac walls of both atria. Blood 
is then pumped from both atria through the atrio-ventricular junction in the 
single chambered ventricle simultaneously. The endocardium lining the 
ventricular cavity extends into a muscular spongework inside the chamber that 
extends all the way to the epicardium. The axolotl does not possess coronary 
arteries and relies on the blood in the chamber to nourish the ventricular muscle. 
The inner muscle mass is responsible for most of the contractile function, and 
squeezes the blood into the bulbus cordis like a sponge. The bulbus and truncus 
arteriosus are considerably large and also contract to spread blood through the 
body. Oxygen-poor blood enters the ventricle slightly earlier than oxygen-rich 
blood and prefers the pulmonary arteries due to a lower resistance. The oxygen-
rich blood then takes the remaining routes. 
In 2010, Cano-Martínez et al. studied the heart function of axolotls ex-vivo after 
10% of the ventricle wall was removed and allowed to regenerate for up to 90 
days [32]. They found that the functional capacity of the heart would restore 
accordingly with the structural recovery of the myocardium. The axolotl heart 
was then proposed as potential in vivo model for underlying heart regeneration 
mechanisms in adult vertebrates. Imaging and measuring the cardiac function 
with MRI is an ideal technique, as is already done in mice [48]. These protocols 
will be essential in future studies involving the in vivo recovery of heart function 
after induced injury. At the time of writing this manuscript, an abstract from a 
congress was published where heart infarction was induced in axolotls and the 
cardiac function recovery followed with MRI and ultrasound [45]. 
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Figure 6.5 Salamander heart depictions. (a) Ventral view and (b) dorsal view. A.S. atrial 
septum; A-V.F. atrio-ventricular funnel; A-V.R. atrio-ventricular ring; A-V.V. atrio ventricular 
valve; B. bulbus; C.P.V. common pulmonary artery; L.A. left atrium; L.D.C. left duct of 
Cuvier; P.C.V. post-caval vein; P.M’. pappilary muscles attached to A-V funnel; P.M’’. 
pappilary muscles attached to chordae tendinae of A-V valve; R.A. right atrium; R.D.C. right 
duct of Cuvier; S. sinus; S-A.O. sinu-atrial opening; S.B. septum bulbi; S.V. sinus valve; 
T.A. truncus arteriosus; V. ventricle; V-B.J. ventriculo-bulbar junction; V.I. ventricular 
invagination; V.T. ventricular trabeculae. Images copied from [47]. 
 

Aim of this study 

In this study we have used both MRI and CT to non-invasively study two 
different processes of the axolotl in vivo: (1) regeneration of an amputated tail; 
and (2) heart anatomy and function. To study regeneration, the distal 3.5-4 cm 
of the tail were amputated and followed by (bi)weekly MRI and CT scans until full 
regeneration and function were achieved. The evolution of blood vessels, muscle, 
nerves, bone and cartilage was assessed. The heart was imaged with dynamic in 
vivo MRI scans to allow functional analysis, e.g. ejection fraction and cardiac 
output. In the end, the feasibility and future perspectives of non-invasive in vivo 
modern imaging techniques in regenerative medicine are discussed. 

Materials and Methods 

All reagents and solvents were obtained from Sigma-Aldrich and used without 
further purification, unless otherwise stated. 
 
Axolotls and experimental plan 

(a) (b) 
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Fifteen Axolotls (14 golden- and 1 white-albino) were purchased from the 
Ambystoma Genetic Stock Centre© (Kentucky, USA). Three axolotls (golden) 
were selected for protocol definition and scanning parameters optimization for 
MRI and CT. In addition, these animals were used for anatomical and functional 
cardiac imaging with US and MRI. In our regeneration study; two axolotls (one 
golden, one white) had the distal 3.5-4 cm of their tails amputated. The anatomy 
during regeneration of these tails was then followed over respectively 2 and 3 
months using MRI, CT and photography. Three axolotls were used for the heart 
function study. All experiments were performed on animals between 7 and 15 
months old, weighing between 16 and 80 grams and a length (snout-to-tail tip) 
of 13 to 18 cm.  
Animals were housed in individual tanks of 43.5 x 23 x 19.5 cm3 filled with 40% 
Holtfreter’s Solution (HFS; 100% HFS: 3.46 g NaCl, 0.05 g KCl, 0.1 g CaCl2 and 
0.2 g MgSO4.7H2O in 1 L Toxivec® (Sera, Heinsberg,Germany) -treated tap 
water) in a dedicated aquarium setup (Fleuren-Nooijen©, Nederweert, the 
Netherlands; supplementary information Fig. S1). Tanks were cleaned daily to 
remove faeces, dust, skin sheddings, bacteria and algae with an aquarium grade 
vacuum pump (Profi-Cleany, Europet-Bernina International®, Iserlohn, 
Germany). Once a week, approx. 50-60 litres of HFS from the system were 
refreshed (10-12.5% of total volume). Axolotls were fed a diet of Axolotl/Newt 
Pro-Range laboratory grade pellets (Pollywog©, Malvern, UK). Five small pellets 
(0.06 g) were given to small axolotls later replaced by two large pellets (0.24 g) 
once they were deemed large enough to swallow them. All animal experiments 
and procedures were approved by the ethical review committee of the Maastricht 
University Hospital (the Netherlands) and were performed according to the 
principles of laboratory animal care (US Committee on care and Use of 
Laboratory Animals [49]) and the Dutch national law “Wet op Dierproeven” (Stb 
1985, 336). 
 
Anaesthesia, recovery, and euthanasia 
Anaesthesia was induced using an aqueous solution of benzocaine. A 
concentrated stock of benzocaine was first dissolved in absolute ethanol. All used 
benzocaine solutions were then dissolved in 40% HFS (buffered to pH 7.4 with 
NaHCO3) to the appropriate concentrations (Table 6.1) before use, with a final 
EtOH concentration < 5%. The animal was placed in a container with a small 
layer of 0.02% benzocaine to induce anaesthesia followed by partial submersion 
with the anaesthetic solution. An animal was considered to be fully anesthetized 
when it did not attempt to turn-around for 30 seconds when placed on its back 
(turn-around reflex). Anaesthesia was maintained during the experiments with a 
lower concentrated benzocaine solution (Table 6.1). During the experiments the 
animals were completely wrapped in a Kimwipe (Kimberly-Clark, Irving, TX) 
soaked with the anaesthetic solution. Additional maintenance benzocaine was 
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periodically added to the Kimwipe during the experiments to maintain 
anaesthesia and hydration. A Minerve mouse bed (Equipment veterinaire 
Minerve®, Esternay, France) was modified to hold an axolotl and a layer of liquid 
for up to 5 hours (Fig. 6.6) was used for both the MRI and CT scans. When 
imaging the regeneration of the tail, the tail of the animal was laid on a plastic 
wedge in order to keep it flat and to align the spine (Fig. 6.7C). Visual markers, 
i.e. two glass capillaries filled with water, were placed under the wedge 
indicating where the tip of the tail should be positioned. 

Figure 6.6 The modified Minerve® is a bed able to support one axolotl in both CT and MRI 
scanners. Parafilm®, tape and a plastic bottle cap were used to make the bed water tight. 
 
The axolotl’s heart beat was determined roughly every 35-45 min thereafter 
using either ultrasound (15 MHz linear array transducer, Philips ATL®

 HDI5000, 
Philips Healthcare, Best, the Netherlands) or the MRI. To recover the animal 
from anaesthesia the Kimwipe was removed and the animal gently washed with 
40% HFS and then partially submerged in a layer of 40% HFS. An animal was 
considered sufficiently recovered (and thus able to return to its tank) once it was 
able to turn upright after being placed on his back (recovery of turn-around 
reflex). Animals were sacrificed using a 200 mg/kg body weight pentobarbital 
overdose injected intraperitoneally. 

 

 

Figure 6.7 (A) Anatomical planes in normal axolotl anatomy. The black lines and box 
represent the slices made through the body in MRI. Out of the water, the axolotl’s tail 
rotates 90° due to lack of support (B). It is important to note that when a sagittal scan is 
performed with MRI, the image represents a coronal section in normal anatomy. (C) On the 
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wedge the tail is laid flat and the elevation of the wedge ensures that the tail remained 
straight. The blue line marks where the tip of the tail was positioned. Two glass capillaries 
filled with water were placed underneath the wedge, to serve as a positional marker for MRI 
and CT scans. 

 
Table 6.1. Summary of benzocaine concentrations used. 

Axolot
l 

weight 

Previous 
anaesthesi
a moments 

Induction 
concentratio

n (%) 

Inductio
n time 
(min) 

Maintenance 
concentratio

n (%) 

Re-
applicatio
n time (h) 

Recover
y time 
(min) 

≤ 30 g 
≤ 4 0.02 10-15 0.01 2.5 10-25 

> 4 0.02 15-20 0.015 2.5 20-30 

> 30g 
≤ 4 0.02 10-15 0.015 2.5 20-30 

> 4 0.02-0.03 10-20 0.015 2.5 15-25 

 
MRI imaging 
MRI scans were obtained using a 1H 35mm Quadtransceiver radiofrequency coil 
(model 1P T9311, Bruker Biospin®, Ettlingen, Germany), inserted in a preclinical 
9.4 T small animal MRI (Bruker BioSpec®). The anatomical planes of the axolotl 
are presented in Fig. 6.7. For the tail images only, because the tail was rotated 
90° the coronal anatomical axis corresponds to the sagittal axis from MRI 
images. General anatomy images (including the beating heart) were first 
acquired in non-amputated animals. In amputated animals only the tail area was 
imaged. An overview of used scans and their parameters can be found in Table 
6.2. A RARE-T1 sequence was used to obtain a fast anatomical overview that 
served as a baseline for slice orientation, i.e. a coronal scan of the tail displayed 
the spine in such a way that the sagittal (coronal in anatomical axes, Fig. 6.7A) 
slices could be orientated to slice directly through the length of it. Higher 
resolution anatomical images were obtained with a TurboRARE-T2 sequence. 
During tail regeneration, we used a sagittal scan covering the distal 4.5 cm of 
the tail and an axial scan covering the regenerating and the healthy part of the 
tail (approx. 2 cm). Angiograms from the full body were obtained with a FLASH-
TOF 2D flow compensated sequence. Diffusion Tensor imaging (DTI) was used 
on both control and regenerating tails to visualise the skeletal muscle fibre 
orientation. To analyse the cardiac function one heart was scanned with an 
Intragate-FLASH sequence in three perpendicular orientations. These 
orientations were defined according to the structural characteristics seen in the 
heart. One animal was scanned 4 consecutive times. In between each scan the 
animal bed was removed from the scanner and placed back slightly rotated. This 
way it was possible to verify if the standard orientations defined were 
reproducible. An INTRAGATE-FLASH sequence was also used as a method for 
measuring the axolotl heartbeat [50]. 
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Table 6.2. List of MRI scans and their parameters. (AVG = average(s); FOV = field of view; 
HQ = high quality; ID = inter-slice distance; LQ = low quality; MQ = medium quality; ST = 
slice thickness; TE = echo time; TR = repetition time). 

 
TR 
(ms

) 

TE 
(m
s) 

AV
G 

FOV 
(cm

) 
Matrix Voxel 
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50 1 
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0 

36 4 
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*2 
or 

3*2
.5 

384*384 117*53or 
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0.5
5 

40-
50 1 
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TOF 2D-
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18 4 4 3*3 256*256 117*117 0.4 0.2
5 

12
0-
15
0 

1 

TurboRA
RE-3D 
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0 45  3*3

*4 
256*256

*128 
117*117

*312 40 0.3
1 1 1 

disc SE 
DTI 10 

direction
s 

250
0 

20.
4 1 4.5

*3 256*128 176*234 0.5 0.5
5 11 1 

INTRAG
ATE-

FLASH 
LQ 

6 2.9 1 3*3 192*192 156*156 1 N/A 1 100 

INTRAG
ATE-

FLASH 
MQ 

6 2.9 1 3*3 256*256 117*117 1 N/A 1 250 

INTRAG
ATE-

FLASH 
HQ 

6.7 3.2 1 3*3 384*384 78*78 1 N/A 1 250 

 
CT imaging 
The axolotl skeleton was imaged using a small animal NanoSPECT/CT™ scanner 
(Mediso Medical Imaging Systems Ltd., Budapest, Hungary). The following 
parameters were used: 45 kVp, 2000 ms per projection, 360 projections, pitch of 
1 and ultrafine setting. 
 
Amputation 
Anaesthesia was induced and maintained with 0.02% benzocaine during the 
whole procedure. The axolotl was subcutaneously injected with buprenorphine 
(14 mg/kg body weight) and gentamycin (2.5 mg/kg body weight, repeated 
every 72 h for 15 days, intramuscular). The animal was placed under a 
dissection microscope (Leica MZ6, Leica Microsystems©, Wetzlar, Germany) and 
a cut was made 3.5-4 cm from the tip of the tail using a #22 Swann-Morton 
scalpel in a single smooth motion. The wound remained untouched for the next 
ten minutes, allowing the bleeding to stop naturally. The animal was then 
recovered from anaesthesia. 
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Image/data processing 
The MRI RARE-T1, TurboRARE-T2, and INTRAGATE-FLASH scans were analysed 
using the software ParaVision® 5.1. Angiograms (FLASH-TOF scans) were 
processed with Mathematica® (Wolfram, Oxfordshire, UK), which produced a 
maximum intensity projection (MIP) image from the raw data. The DTI images 
were processed with Mathematica® and then loaded into vIST/e® (Imaging 
Science and Technology Eindhoven group, TU/e, Eindhoven, the Netherlands) for 
fibre tracking analysis. Functional heart data was analysed with QMassMR 7.6® 
(Mediso medical imaging Systems): first, the inner ventricle walls at systole and 
end diastole stages were delineated. The software automatically calculated the 
respective volumes. Ejection fraction was defined as the difference between end 
diastolic volume and systole volume divided by end diastolic volume. The cardiac 
output was defined as the product of the ejection fraction and the heart rate. CT 
scans were reconstructed and processed using the vendor’s own software 
(InVivoScope® 2.00, BIOSCAN Inc., Poway, US). Statistical analysis using One-
way ANOVA was performed with a significance of 0.05 (using SPSS, IBM). 
 
Results 

General anatomy imaging 
Figures 6.8-6.10 show anatomical images acquired with MRI. The T2-weighted 
scans had a higher resolution than the T1-weighted which allowed a better 
distinction between different anatomical structures (Fig. 6.8A-B). The heart and 
the major blood vessels were easily seen in the angiograms (Fig. 6.8C). In 
contrast, the majority of the smaller vessels and capillaries were not seen by 
angiography even though they were visible to the naked eye. 
 

 
Figure 6.8 Anatomical scans. In all panels the snout is at the top and the rest of the body is 
at the bottom. (A) a coronal T1 weighted image of the head where the eyes and the two 
nostrils in between are visible. The black regions below the (fore)brain seem to be part of 
the skull. The packs of muscle seen to the lateral sides of the head are most likely involved 
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in moving the jaw [51]. The (semi)circular black structures with clearly defined borders are 
blood vessels. The two larger ones in the centre (1 cm above the lungs) are leading out of or 
in to the heart, whereas the ones on the side are in the gills; (B) a coronal T2 weighted 
image of the head, showing the heart, part of the liver and muscle lining the body cavity 
(long semi-vertical grey structures to the left and right of heart). Different compartments of 
the heart can be defined, as well as the truncus arteriosus (immediately above the ventricle 
and atria) and blood vessels leading into the body. The black streak at the top of the image 
is part of the jaw; (C) an angiogram of the head, showing the heart, carotid vessels and the 
gills. Movement artefacts slightly distort the heart. The gills can be identified as groups of 
large vessels to the side of the body. These large vessels sprout into many small capillaries 
(the frilly part of the gills) and exchange oxygen directly with the water [51]. The carotid 
arteries and veins can be seen projecting upward from the heart into the head (C). Scale 
bars are in cm. 
 
Organs such as the liver, stomach (with food pellets inside), heart, gills, brain, 
aorta and the spine are all shown in Figure 6.9. The characteristic myotomes 
(muscle ridges perpendicular to the spine, Fig. 6.7A-B) along the trunk of the 
axolotl are visible in Fig. 6.10A. Images of the limbs were also obtained (Fig. 
6.10 A-C). Obtaining an image orientation where a whole limb is seen (humerus 
to finger tips) was not achieved. The use of a 3D scan allowed to get such an 
imaging plane however a compromise in image resolution had to be made to 
compensate the otherwise not practical scan time (hours). Interestingly, in the 
axial slices (Fig. 9C-D) it is possible to distinguish what appear to be individual 
skin glands. The tail was easy to align while lying on the inclined plastic wedge 
(Fig. 6.10). In both T1-weighted coronal and T2-weighted sagittal images blood 
vessels, spine, and muscles could be seen (Fig. 6.10D-E, respectively). Fiber 
tracking was performed on the tail and it showed a prevalence of muscle fibers 
oriented in a cranial to caudal direction. The spinal nerve bundle was also visible. 

 



Chapter 6 

128 

Figure 6.9 T2-weighted scans of the axolotl head and upper body. (A) the back muscle is 
clearly defined in myotomes aligned with the spine (with ribs in between). The nerve bundle 
branches into left and right shortly after the spinal cord begins; (B) the gills have connective 
tissue and muscle at the base (responsible for their movement) and thick blood vessels 
running through them, the frilly part (consisting of many small hair like vessels) is also 
visible. Part of the stomach is seen, with intact food; (C) the spine, upper arms, gills and 
muscle are easily distinguishable in the axial sections, and the skin is lined with round skin 
glands that secrete mucus to keep the skin slimy and hydrated (C+D). The gills are seen as 
a piece of connective tissue containing several blood vessels (C) and are still separated by a 
layer of connective tissue after they enter the body (D). The humerus of both front limbs is 
visible (C) as a lining of dense bone (black) with bone marrow in the centre (light grey). 
Panels A-B: snout on top and rest of body on bottom; Panel C – ventral side right and dorsal 
side left; Panel D – ventral side up and dorsal side down. 
 

 
Figure 6.10 Anatomical scans of the front-, hind limb and tail. T2-weighted images of the 
front limb (A) and the hind limb are seen (B); (C) A 3D T2-weighted scan of the hind limb; 
(D) T1-weighted coronal scan of the tail. This scan was used to orientate sagittal slices 
parallel to the spine (blue arrow); (E) T2-weighted sagittal scan orientated from the blue 
arrow in (D). It displays the organized muscle sections, spine, and main blood vessels (not 
seen in this plane); (F) DTI fibre tracking of the axolotl tail. Fibres parallel (green) and 
perpendicular (blue) to the imaging plane are seen. The vertical nerve bundle in the middle 
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corresponds to the vertical black canal seen in (E). On the left side of the tail part of the 
hind limb is seen. Scale bar in the images is in cm. 
 
An angiogram of the complete tail is presented in Figure 6.11. It was clearly 
seen that the thicker proximal half of the tail has an overall higher quality than 
the thinner distal part (Fig. 6.11A-B). Also, in the angiograms it was not possible 
to image the full vasculature of the tail since the smaller blood vessels were not 
visible (Fig. 6.11C vs. D). 

 
Figure 6.11 Example of processed angiogram data. Slices of a more proximal and thicker 
part of the tail (A) and a more distal and thinner part (B) are shown. (C) full maximum 
intensity projection angiogram after processing with Mathematica® (snout is up and caudal 
is down); (D) photograph of the distal 4 cm of another tail. Notice the amount of blood 
vessels visible by eye and compare with the panel (C). Scale bars in cm for panels A-C. In 
panel D two black lines represent 1 mm. 
 
Figure 6.12A shows a full body angiogram. Most notably are the heart, gills, the 
carotid vessels, the aorta and vena cava. Additionally, the lower body shows 
larger vessels sprouting off the aorta and vena cava. These are likely providing 
blood to the urogenital tract [51]. The chest area also shows several larger 
vessels (next to the aorta and vena cava) that might be related to the lungs. In 
the CT scan (Fig. 6.12B) the most intense signals originate from four structures 
in the skull. The two positioned most posteriorly are probably part of the 
operculum, a bony flap fat the base of the gills. The remaining two structures 
might be related to the jaw or part of the parietal bone. It is also possible that 
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these 4 dense structures form the otoliths (balance organs). The jaw appears 
denser than other structures as it contains three hundred teeth (not visible on 
the CT image). In contrast, the joints of the shoulder/hip, elbow/knee and 
wrist/ankle appear black on the CT, suggesting these are actually cartilaginous. 
In the front limbs, the phalanges and metacarpals are visible, but the carpal 
bones are not. The same is observed in the hind limbs. Lastly, the vertebrae 
become considerably smaller and less dense towards the tip, with the very end 
not showing on the CT. 

Figure 6.12 Full body scans. (A) montage of three angiograms showing the axolotl body 
from snout to cloaca (right-to-left). The heart, carotid vessels, gills, aorta and vena cava are 
identifiable. Some smaller (not as bright) vasculature is seen, presumably belonging to the 
lungs and urogenital tract; (B) CT scan of an 8 months old axolotl. The bone structures are 
generally not very dense, although exceptions include the teeth/jaw, sternum and four 
structures in the skull. Note how the joints appear black, indicating these structures are 
cartilaginous. 
 
Imaging regenerating tails 
Two axolotls had their tails amputated at 3.5 and 4 cm from the tip, 
respectively. The regeneration was followed with photography, MRI and CT over 
the course of 117 (axolotl 1, 11 months old) and 61 (axolotl 2, 12 months old) 
days (Fig. 6.13). Axolotl 1 regenerated a total length of 2 cm after just less than 
4 months and axolotl 2 regenerated just over 1 cm in 3 months, which is approx. 
the same as axolotl 1 at this time point. During this period, axolotl 1 had a 
natural growth in length of approx. 69% and axolotl 2 of 33% (difference 
between the same two vertebrae inter-distance), which should be kept in mind 
when determining what the final length of the regenerate should be. In 
photography and MRI, a blastema started to protrude from the spinal cord 
around day 22 (axolotl 1) and 26 (axolotl 2) post-amputation. It grew distally 
and laterally and appeared to be vascularized [31, 37]. Larger vessel started 
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forming around day 40 p.a. A cartilage rod, i.e. the frame of cartilage on which 
the ependymal tube (dorsal) and aorta/vena cava (ventral) rest [31], originating 
from the spine grew distally into the tip of the tail. Later during regeneration (80 
days p.a. on CT images), this cartilage rod would calcify to form the bone of the 
vertebras in the spinal cord. The regenerating nerves of the spine use this rod as 
a scaffold but were not distinguished from it on the MRI images at that time. In 
contrast, the regenerating blood vessels are visible in T2-weighted images, 
although no distinction could be made between the aorta and vena cava on 
sagittal scans (Fig. 6.14). The vertebral discs became apparent on day 93 p.a., 
when dark formations appeared around the cartilage rod. Noteworthy, the final 
size of these vertebral discs is larger than the original, due to natural animal 
growth. Muscle appeared to regenerate laterally from the spinal cord from day 
57 p.a. in axolotl 1, but it was smaller and could only be seen at day 61 p.a. in 
the axial scans for axolotl 2. The muscle grew out from the existing muscle 
tissue in a proximal to distal direction [14]. 
Angiograms of a regenerating tail are presented in Figure 6.13 and in greater 
detail in Figure 6.15. Regeneration of the vena cava and aorta becomes apparent 
at 35 days p.a., although distinguishing them from each other was not possible 
close to and distally to the amputation plane in the sagittal slices. Formation of 
blood vessels was only seen after the blastema was established. Some of the 
larger vessels also were not visible in all scans. For example, Figure 6.15 shows 
the aorta and vena cava down until the plane of amputation on day 4 p.a. On 
day 22 p.a., the most distal part has much less signal. Furthermore, some of the 
larger vessels sprouting out into the tail are not visible on every scan (i.e. Figure 
6.15 day 4 compared to day 29). Many scans suffered from a high amount of 
noise. This was caused by an abnormally high intensity of surrounding tissues 
due to an absence or insufficient amount of signal from the blood vessels. This 
problem started occurring from day 107 (axolotl 1) and day 14 (axolotl 2) 
onward and appeared consistent in nature. Axolotl 1 still showed a considerable 
amount of regenerated blood vessels distal to the plane of amputation (approx. 
1.5 cm), but didn’t display the smaller vessels present in the blastema.  
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Figure 6.13 Tail regeneration of axolotl 1. (a) photographs (left) matched to MRI 
angiograms (right), the plane of amputation is represented by the green bar; (b) T2 
weighted MRI (left) and corresponding CT (right) scans. New nerves and vasculature are 
seen from day 22 onwards. Muscle and calcified bone structures are visible from day 80. CT 
on day -1 is from a different axolotl of similar size. 
 
 
 
 
 
 
 
 

 
Figure 6.14 T2-weighted scans of axolotl 1’s regenerating tail at day 29 p.a (A) and day 
114 p.a. (B). These are the same scans from Fig. 6.13, but on a different slice level. Here, 
the formation of the major blood vessel(s) (aorta and vena cava) in the tail becomes 
apparent (indicated by arrows). Small black dots (particularly noticeable in panel (A) might 
indicate the small regenerating blood vessels of the blastema. In axial slices of the 
regenerating tail (here 114 days p.a.) the aorta and vena cava can clearly be distinguished 
(C). In addition, other blood vessels are noted as small black dots or streaks in the rest of 
the tail, not to be confused with the black lining around the cartilage rod or regenerating 
vertebrate discs (bone). 
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Figure 6.15 Angiogram of the regenerating tail of axolotl 1. The plane of amputation was 
estimated and indicated by a horizontal bar. Outgrowth beyond this plane was seen around 
day 35 p.a. and becomes more apparent on day 48 p.a. On day 107 and 114 p.a., the signal 
obtained belongs to surrounding tissue and no actual blood vessels were imaged. (DPA = 
days post amputation). Scale bars are in cm. 
 
The appearance of ossified vertebrae was specifically imaged with CT. Axolotl 2 
did not regenerate any bone within the observation period (not shown). As for 
axolotl 1, Figure 6.13 shows that the first calcified vertebrae arose around day 
80 p.a. They appeared and grew in a proximal-distal direction. On day 107 p.a. 
calcification of spinous processes were seen for the most proximal regenerated 
vertebra. 
In the axial T2-weighted images of the regenerating tail of axolotl 2 the cartilage 
rod can be seen over the whole regenerated structure (Fig. 6.16). A muscle 
lining formed laterally from the spinal cord (indicated by yellow arrows), and 
matured (and forms mytomes) in a medial to lateral direction. The proximity of 
the muscle to the nerve canal depends on the presence of a vertebral disc, e.g. 
in the healthy 61 DPA slice the muscle is separated from the nerves by a 
vertebral disc (indicated by a pink arrow). Many black spots or small streaks are 
noted in the light grey tissue surrounding the centre of the tail. These are the 
many small blood vessels of the membranous part of the tail, which show up on 
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the T2-weighted scans around the same time as they can be noted by eye (day 
20-26 p.a.). In contrast to the sagittal scans, the vena cava and aorta can be 
distinguished from each other. A more prominent example of this observation is 
presented in Figure 6.14. This rod appears to originate from the annulus fibrosus 
disci intervertebralis (intervertebral fibrocartilage) having a similar color in the 
MRI image. This is a similar finding as Echeverri et al., who claimed that this rod 
forms in place of the larval notochord (which later becomes the nucleus 
pulposus, the gel-like substance surrounded by the fibrocartilage) and that the 
boundary between these two marks the plane of amputation [24].
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Imaging the heart 
The sinus is large and appears to function as a fourth chamber contracting in 
sequence with the other cavities (Fig. 6.17). A large mass of contracting muscle 
was seen inside the ventricle. This mass resembled a sponge- or basketweave-
like network of muscle [47]. The blood was seen seeping through the mesh to 
reach the edge of the cavity, most likely to supply the cardiac wall with nutrients 
[47, 52]. Lastly, we saw that the outer walls of the heart barely move during the 
cardiac cycle. This further supports the notion that most of the contractile 
function of the ventricle comes from the inner muscle network rather than the 
cardiac walls. The INTRAGATE-FLASH sequence was used to produce 25-frame 
movies with different orientations of the cardiac cycle (Fig. 6.17).  

 
Figure 6.17 Intragate-FLASH scans of the heart. (a) coronal-oriented slice and (b) sagittal-
oriented slice; (c) the salamander heart, as described by Davies and Francis [47]. Described 
in detail in Figure 6.5. Unlike mammals there are only three chambers (two atria (R.A.+L.A.) 
and one large ventricle(V.)), but the sizable sinus (S) appears to contract with the rest of 
the heart to pump blood into the atria. Separation of oxygen-rich and -poor blood happens 
purely on spatial position as the atria pump into the ventricle quasi-simultaneously. The 
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inner ventricle consists of a basket-weave-like network of muscle bundles. Most of the 
contractile power comes from this network, rather than the outer lining of the heart. 
 
These initial scans allowed us to standardize the geometric axes used to obtain 
the image datasets from which the cardiac function analysis was made (Fig. 
6.18).  

 

Figure 6.18 (A) apparent long axis: cuts the half-way mark of the ventricle on the top left 
side and the bottom of the V-S wall; (B) long axis 1 (perpendicular A): cut through apex and 
middle of heart; (C) long axis 2 (perpendicular to B): line through apex and atro-ventricular 
valve rotating the image to do so; (D) short axis: rotate previous line 90º and obtain the 
axial slice orientation. 
 
The size difference of the inner muscle spongework of the ventricle during 
systole and diastole was used to calculate the ejection fraction, as this appeared 
to provide most of the contractile function. Indeed, this mass grew in size and 
became filled with blood during diastole and then contracted and shrunk to a 
much smaller size during systole (Fig. 6.19). The ejection fraction and cardiac 
output were defined for the first and second long axes, but not for the short axis 
series as the transition between ventricle and atria was not clearly definable. The 
results of this experiment are summarized in Table. No statistical difference was 
found between the ejection fraction calculated by the first and second axes (p < 
0.05). This was valid for both within and between animals.  
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Figure 6.19 Definition of the inner heart muscle of the ventricle, in a long axis 1 
INTRAGATE-FLASH scan. During diastole (A) the inner muscle mass of the heart is 
considerably larger than during systole (B). The red lining indicates the contours of the inner 
muscle mass (spongework). 
 
 
Table 3. Ejection fraction and cardiac output of three axolotls, measured three separate 
times within one anaesthesia moment for both axes.  

Animal Iteration 
# 

Heart 
Rate 

(bpm) 

Ejection Fraction (%) 
Cardiac 
output 

(mL/min) 
Long 
axis 
1 

Mean 
± SD 

Long 
axis 
2 

Mean ± 
SD 

Long 
axis 
1 

Long 
axis 
2 

1 
1 42 65 

64±5 
51 

52±11 
76 31 

2 30 68 64 86 40 
3 27 59 42 51 22 

2 
1 41 54 

57±8 
36 

49±12 
46 36 

2 32 67 56 67 56 
3 26 51 56 51 56 

3 
1 38 61 

66±5 
70 

64±8 
63 50 

2 27 71 67 91 52 
3 28 65 55 84 33 

Total means ± SD 62±7 55±11  
 

Discussion 

In this study we have shown that MRI and CT offer a feasible approach to 
monitor the regeneration of axolotls non-invasively, in vivo and longitudinally in 
single animals. Most anatomical structures of the tail and body (with exception of 
early regenerating nerves) were distinguishable with MRI. On axial slices it was 
possible to image individual skin glands. In fact, in a study by Holder et al. it was 
shown that the glands increase proportionally to the axolotl’s length [53]. In our 
images the glands diameter was approx. 200 µm from a 14 cm long animal and 
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in Holder’s work a 13.5 to 16.5 cm animal would have glands ranging from 80 to 
190 µm. 
In contrast to the limbs, the tail was much larger and more practical to 
orientate. It proved difficult to image the early stages of regeneration (wound 
closure, formation of wound epithelium and AEC) due to the considerable small 
size of the wound. At 2 months post amputation the muscle seemed to 
regenerate in a medial to lateral fashion, and regained its natural orientation and 
organization proximally while the regenerative process continued distally. The 
axial slices of the regenerating tail emphasized the proximal to distal direction in 
the regenerative process, as the proximal slices always show a more advanced 
stage of regeneration compared to the distal and tip slices. The organization of 
muscle into mytomes was already observed as early as 57 days p.a. in axolotl 1 
and became well defined by day 80 p.a. In addition, a ventro-dorsal gradient 
suggested in forelimb muscle regeneration was not seen in the tail [54]. The 
gradients of muscle regeneration in the fore and hindlimbs were studied in depth 
by Diogo et. al. [54] that only saw the ventro-dorsal gradient in the forelimbs. 
Our data seems to suggest that only the forelimbs have this gradient. In 
contrast, regenerated muscle was not seen in axolotl 2 at day 61 p.a. This could 
be explained by an age/size difference, as axolotl 2 was 1 month older at the 
day of amputation [20, 37, 55]. 
The regenerating spinal cord first projected a cartilage rod into the tip of the tail, 
which may be used as a support structure by blood vessels (aorta, vena cava) 
and nerves [31]. Calcification of new vertebrae was seen after three months 
p.a., but it was unclear if vertebrae formation started earlier than this (as 
cartilaginous discs). Innervation of the early blastema (< 30 days p.a.) was not 
seen with MRI. However, as nerve bundles (surrounded by CSF) of the spinal 
canal are easily distinguishable in healthy tissue, we expect to see regeneration 
of these structures at a later date. The fact that new blood vessels were only 
seen after the blastema was formed supports Mescher’s notion that angiogenesis 
is suppressed until the blastema has formed [56]. In fact, the T2-weighted scans 
showed rich vascularization of the (early) blastema.  
The angiogram scans were only able to display major vessels in the tail and were 
sometimes faced with reduced quality. The FLASH-TOF sequence saturates 
stationary tissue and relies on the inflowing blood to produce a fully relaxed T1 
signal. Therefore, if blood flow is not fast enough in these vessels, it is possible 
that they remained saturated. The considerable loss of image quality in the 
regeneration study compared to the control animals can probably be attributed 
to a lack of detectable 1H protons in the thin end of the tail. As the tail 
regenerated, the total volume in the field of view diminished due to the thinner 
regenerating part now occupying a larger percentage of the space. Possible 
solutions include further parameter optimization (with probable increase in scan 
time) and/or the use of contrast agents. The notion that blood vessels 
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regenerate by extension of existing ones in an angiogenesis-like process is 
supported by the fact that the main vessels of the regenerate sprouted from the 
aorta/vena cava and grew in length over time [36]. Coronal orientated scans 
were not made because the tail was too thin to obtain enough anatomical slices. 
Axial T2-weighted scans were added to the scanning protocol as they offered 
more insights into the regeneration stage for each tail section. In particular it 
was useful for describing the differences in proximal and distal regenerating 
structures. DTI did not become part of the standard imaging protocol due to its 
lengthiness (30 minutes). Still, it was performed sporadically to assess its 
feasibility in later studies. 
The prospective heart study showed the different compartments and some of the 
unique characteristics of the axolotl heart. We were also interested in the 
possibilities of in vivo axolotl cardiac function imaging, and attempted to use MRI 
for the calculation of ejection fraction and cardiac output. The mouse cardiac 
protocols already defined within our group were not easily translatable to the 
three-chambered axolotl heart [47]. In the mouse method, the long and short 
axes of the heart are obtained. Cardiac function can then be retrieved by 
calculating the surface difference of the ventricle wall between systole and 
diastole. Therefore, standard axolotl heart axes had to be defined, as this had 
not been done previously. Only in a conference abstract published while writing 
this report did a group in Denmark stated that MRI was used to follow cardiac 
function [45]. However, the methods used were not published. The outer cardiac 
wall appears stationary during contraction and most of the contractile power 
comes from an inner network of muscle in the ventricle. Calculation of cardiac 
functions, such as ejection fraction and cardiac output, is ongoing. The 
preliminary analysis showed that the measurements of ejection fraction for the 
two long axes that we defined were not statistically different. Also, during one 
anaesthesia moment the heart rate of the axolotl decreases substantially from 
approx. 50 bpm at rest to < 30 after approx. 4 h. This variability also 
compromised the analysis of the cardiac output and future studies to gather 
more data points at the same heart rates would be ideal.  
This study sheds some light on the contributions that non-invasive molecular 
imaging can give to the fields of developmental biology and regenerative 
medicine. The use of molecular “bullets”, targeted to e.g. fibrin, angiogenesis 
markers, or 99mTc-MDP for bone activity, are examples of possible future studies.  
 
Conclusion 

In summary, we defined standard operating procedures for both the handling 
and scanning of axolotls in MRI, CT and US. We showed that the structures of 
regenerating axolotl tails are identifiable by MRI and that the calcification of 
newly regenerating vertebrae can be seen with both MRI and CT. In addition, we 
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have laid out the ground work for future metamorphosis studies in which we will 
image the changes of the axolotl body after metamorphosis and see how this 
transformation influences regenerative rate, capacity and efficiency. We believe 
that the clinical translation of amphibian regeneration is only a question of time 
and molecular imaging will be a fundamental tool to use at that moment. 
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Supplementary Information 
 

 
Figure S6.1 Dedicated axolotl aquarium setup. The pump sends filtered 40% HFS to each 
of the 16 tanks through a series of pipes (top right). Water flow is regulated per cage, and 
excess water is flows through a metal net and drains into the filter tank. Here, the water is 
cleaned by sedimentation (left compartment), biofiltration (middle compartment) and UV 
treatment (right compartment).  
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Figure S6.2 A side-by-side comparison of regenerating tail vertebrae on T2 and CT in 
axolotl 1 at 114 DPA. The white lines indicate the 6th healthy vertebral disc cranial to the 
plane of amputation. Yellow lines indicate the first regenerating disc caudal to the plane of 
amputation. The 2nd and 3rd regenerating discs are also indicated, with red and blue lines 
respectively. The 8 regenerating discs are marked with a white dot on the CT image. Note 
that the final three discs are barely visible, but were easily identifiable when the grey-scale 
is adjusted (over-exposing the image). The position of the 8th regenerating disc is pointed 
out by yellow arrows, but could not be identified on the T2 weighted image. 
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Molecular imaging in drug delivery, oncology and regenerative medicine 

Over the last decade, Molecular Imaging has been established as a powerful tool 
in preclinical and translational research to visualize and characterize biological 
processes at cellular and tissue level in vivo. In this thesis, Molecular Imaging is 
used to investigate research questions related to drug delivery, oncology and 
regenerative medicine. 

Molecular imaging for application in ultrasound-mediated drug delivery  

Chapter 3 and 4 of this thesis describe experiments, where Molecular Imaging 
is used to investigate US-mediated drug delivery. This research question is 
motivated by the fact that many potentially potent therapeutic drugs (e.g. 
nucleic acids or biologicals) are, upon injection, either too large or biochemically 
incapable of reaching their extravascular and intracellular targets but stay inside 
the blood pool. Ultrasound in combination with microbubbles has been proposed 
as a possible solution to this challenge as US-induced cavitation leads to a 
transient permeabilization of blood vessels (extravasation) and cellular 
membranes (sonoporation) allowing above drugs to extravasate and to pass 
cellular membranes. The transitory US-induced extravasation and sonoporation 
effects have been subject of intense research over the past decades. Since 
surprisingly little was known about the parameters important to US-mediated 
extravasation, we performed a set of US drug delivery experiments using 
skeletal muscle as a target organ for the site-directed delivery of an 8 nm model 
drug. Chapter 3 describes a molecular imaging study using SPECT to follow and 
quantify the extravasation kinetics of the radiolabeled model drug after US 
exposure. The US-induced permeability allowed extravasation of the model drug, 
but was transient in nature and reduced with a half-life of approx. 21 min. At the 
same time of our study, Marty et al. presented a mathematical model to 
compute the closure time of the blood-brain-barrier after US-induced 
permeabilization [1]. The model considers the permeability of blood vessels as 
pores that are induced by cavitation and subsequently close with a certain rate. 
The model allows to predict the extravasation half-life for molecules as function 
of their hydrodynamic diameter. Interestingly, above model predicts for our 
model drug with a diameter of 8 nm an extravasation half-life of 27 min, which is 
well in agreement with the value measured in our study. There are important 
implications if we consider the inter-study variability of the US parameters, 
organs, and animal models used. First, we have used skeletal muscle and Marty 
et al. the brain as a target organ. Second, it has been shown that the US 
parameters greatly influence the permeabilization effect. For example, Hynynen 
et al. showed how an increase in US pressure from 1 to 3.3 MPa almost doubled 
the half closure time [2]. Third, higher amount of MBs leads to increased 
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endothelial gaps formation and thus more extravasation [3]. Fourth, a particle’s 
extravasation level increases when the time between US delivery and the 
particle’s presence in the bloodstream is shorter, independently of particle size 
(co-injection approach). We therefore proposed that the model of Marty et al. 
describes a tissue independent US-mediated extravasation mechanism, i.e. 
pores created by US, have the same closure half-life for different tissues given 
the same treatment conditions (US and MB). 

Based on these findings we then explored the use of US in gene delivery. 
Chapter 4 describes the use of optical imaging to quantify US-mediated gene 
transfection employing a plasmid that encodes for an optical reporter gene. 
Ultrasound-mediated gene transfection has been proposed as an alternative to 
virus-based gene delivery approaches. Viral vectors have the ability to cross 
cellular membranes and thus seem like an ideal carrier. However, viral vectors 
raise safety concerns about induced immune responses and the danger of 
insertional mutagenesis. This has led to the research of alternative carriers such 
as pDNA vectors, even though they cannot passively enter cells, are quickly 
degraded while in circulation, and typically suffer from low transfection levels. 
Several chemical modification approaches have been developed to protect these 
vectors and to facilitate their intracellular uptake such as complexation with 
cationic structures. However, this uptake is mainly nonspecific and toxicity 
concerns exist. Therefore, the use of US with MBs to noninvasively and locally 
deliver naked pDNA is an interesting solution. However, the parameter space in 
a US gene delivery scheme is large. Correspondingly, existing literature shows 
varying experimental conditions that hamper a comparison of the results. We 
therefore explored in Chapter 4 the effect of different parameters on the 
efficacy of gene transfection in vivo. We have shown that the injected amount of 
MB is a determining factor in gene delivery. Moreover, the use of bolus injections 
instead of a continuous infusion allows to locally achieve much higher dose levels 
of MB that lead to higher gene expression levels. The results are also consistent 
with the finding presented in Chapter 3, as the number of cavitation induced 
pores in endothelial layers and most likely also in adjacent cells scales with the 
number of MBs. However, as cavitation can also induce tissue damage, gene 
transfection efficacy has to be optimized in view of adverse bioeffects.  

Molecular imaging for application in oncology research 

In Chapter 5 we have applied the concept of reporter gene imaging using 
SPECT to study the formation of bone metastases. Bone metastases occur in 
about 70-80% of all patients suffering from solid tumors. These metastases are 
considered incurable leaving only palliative treatment to ensure a reasonable 
quality of life [4-6]. Thus, a better understanding of the process leading to bone 
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metastasis formation and their possible treatment is needed. We have used 
SPECT imaging to follow and quantify the formation of bone metastasis in a 
mouse. To that aim, we modified a breast cancer cell line to stably express the 
reporter gene HSV-1 TK. Subsequently, these cancer cells can be quantified in 
vivo with SPECT using the radiolabeled substrate [123I]FIAU. After cardiac 
injection of these reporter gene expressing cells, SPECT could be used to follow 
bone metastasis formation. In a dual modality approach using SPECT/MRI the 
tumor volume measured by SPECT could be compared to volumes measured 
with MRI, showing a linear correlation between the SPECT and MRI data. 
However, SPECT imaging was able to find and quantify smaller lesions compared 
to MRI. Furthermore, the tumor caused a downstream osteolytic reaction in the 
surrounding bone leading to a degradation of the bone tissue as imaged with CT 
and µCT. Additionally, we performed a pilot experiment where a radiolabeled 
liposomal doxorubicin formulation was injected in a mouse with bone 
metastases. Using dual-isotope SPECT/MRI it was possible to image the reporter 
gene expression from the metastases overlaid with the signal from the 
liposomes. The dual isotope data showed an accumulation of the liposomes in 
the tumor tissue of the lesion. The liposomal doxorubicin formulation is similar to 
the clinically used liposomal drug Doxil®, which is prescribed to treat 
metastasized breast cancer.  
Though not yet performed in our study, our data suggest that this multimodality 
imaging platform and mouse model could be used to quantify the bone 
metastases response to above drug treatment. More general, this molecular 
imaging approach could serve as a platform in the preclinical testing of new 
drugs, where FIAU uptake could be used as readout for cell viability, while MRI 
reports on the overall tumor volume.  

Although the imaging modalities used are clinically translatable, the methodology 
of using reporter genes for imaging therapeutic responses is clinically 
challenging. The latter means that tumors would have to be 
transfected/transduced with the reporter gene before imaging, which is 
challenging with current technologies. Most likely, a viral approach is most suited 
at this point in time, however, this approach may raise immune response 
concerns. Nonetheless, clinical trials have been performed where a virus carrying 
the reporter gene was directly injected in gliomas [7, 8] and it was possible to 
image the gene expression noninvasively using PET and [124I]FIAU. The prodrug 
ganciclovir (cytotoxic after interaction with HSV-1 TK) was also tested as a 
treatment option but the clinical response was poor [7]. The development of new 
reporter gene systems, ideally of human origin, is underway which together with 
the future progress in gene delivery methods is expected to create new 
treatment opportunities.  
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Imaging for application in regenerative medicine 

In Chapter 6 of this thesis, imaging is used to study tissue regeneration after 
injury in vivo. The physical healing process in humans following damage to an 
organ or even after an amputation leads to the formation of scar tissue, in most 
cases. This tissue does not possess the functional capacity of the healthy tissue, 
i.e. it represents an incomplete regenerative process. Consequently, there is a 
considerable body of research dedicated to solving this challenge including, but 
not limited to, bioengineering of new tissues, direct transplantations, stem cell 
implantation, and prosthesis. In the past centuries impressive progress has been 
achieved. For example, it took three centuries to go from the first (deadly) blood 
transfusions in the 17th century to the first successful heart transplant in 1967; 
and, nowadays, laboratory fabricated long lasting heart valves are regularly used 
[9, 10]. Currently stem cell applications are particularly important, as their 
potential to grow and/or stimulate functional regeneration of new organs has 
been recognized. Still, the current complexity associated with this approach asks 
for further research, or even for alternative solutions. On a fundamental level, 
research is needed to better understand how the full functional regeneration of a 
complex organ works. Fortunately, with salamanders, nature provides an 
inspiring example. The axolotl is an aquatic salamander capable of regenerating 
most organs (e.g. heart, brain, limb, tail, and kidney) throughout its lifetime. 
Their natural regeneration process depends on the accumulation of stem cells at 
the site of injury from which the new tissues originate. This process has been 
extensively studied, mainly with in vitro techniques. However, modern in vivo 
molecular imaging techniques have scarcely been used with this animal. In 
Chapter 6 we performed an exploratory study on the capabilities of MRI and CT 
in imaging the regeneration of tails after amputation. The formation of the 
blastema and its evolution was visible by MRI over time. Also, the different 
regenerating structures (blood vessels, nerves, muscles, and vertebrae) could be 
distinguished. Blood vessels and the spinal nerve were the first regenerating 
structures visible followed by muscle and later the calcified vertebrae.  
In a parallel experiment MRI-based protocols for evaluating the cardiac function 
in axolotls were also defined. The imaging protocols establish the axolotl as an 
animal model to later study regeneration after a cardiac infarct. Understanding 
how a new tissue regenerates from the stand point of images obtained from 
preclinical noninvasive systems, although not yet applicable, will be a necessary 
step towards the clinical translation and follow up of a future hypothetical 
regenerating organ in humans [11-13]. 

Quo vadis? 

Overall, molecular imaging has transformed our understanding of diseases and 
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therapeutic processes [14]. It represents a paradigm shift from imaging 
morphological and physiological (e.g. blood flow) properties of tissues to imaging 
specific cellular and molecular events [15, 16]. In preclinical research, it can be 
expected that even more molecular imaging approaches will be developed and 
tested in the context of biomedical and translational research as well as drug 
development. In a clinical setting, molecular imaging will provide in vivo 
information that will complement parameters obtained with in vitro methods 
(e.g. biopsy–based genomics or proteomics). Altogether, imaging based 
information will complement in vitro data for a more personalized patient 
treatment with high impact on overall patient management [17].  

Personal note 

Molecular imaging has only just begun to scratch the surface of its implications 
in the clinic and I am hopeful that within my lifetime it will be possible to store a 
digital snapshot of my full mind/memory for cloning purposes! 
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Chapters 3 and 4. The technique of ultrasound mediated drug delivery as such 
is especially related to new non-invasive therapeutic options in oncology, 
cardiology and regenerative medicine. Local gene delivery holds great promise to 
treat diseases at a genetic level rather than at phenomenological level. In this 
thesis methods for both drug delivery and gene delivery were developed. 

Chapter 5. Cancer is one of the leading causes of death worldwide. According to 
the World Health Organization the number of deaths from cancer worldwide are 
projected to continue rising, with an estimated 13.1 million deaths in 2030 
(www.who.int). Therefore, research to explore new cancer treatments is of 
utmost importance in order to improve the treatment efficacy and reduce the 
treatment burden on patients. In this thesis, a multimodality imaging platform 
for imaging bone metastases in small animals was developed. 

Chapter 6. Many current therapies do not offer a complete cure but leave the 
patient partially disabled or with organs functioning at a reduced level. Exploiting 
and stimulating the body’s own capabilities to regenerate tissue would decrease 
disease associated morbidity. Any fundamental insights on how these processes 
can be stimulated and applied in higher animals and finally humans present a 
medical breakthrough towards better medical care. The outlook of having 
developed curative approaches based on regenerative medicine and its impact 
on society outweighs in our opinion the discomfort of the animals in this study. 
As much as possible, all assays were developed and used in vitro avoiding 
unnecessary animal studies. However, for preclinical validation and clinical 
translation of the developed methods in this thesis, it is essential to gain 
knowledge about their behavior in vivo. For medical and ethical reasons, these 
new methods cannot be tested directly into humans; therefore the use of animal 
models was the only option for the final tests. 

All preclinical studies performed for this thesis were approved by the animal 
welfare committee of Maastricht University (the Netherlands). For each 
experiment, the amount of animals used, as well as the discomfort they 
experienced, was weighed against the importance of the obtained data. The 
maintenance and care of the experimental animals was in compliance with the 
guidelines set by the institutional animal care committee, accredited by the 
National Department of Health. 
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Molecular imaging as a tool in drug delivery, oncology, and 
regenerative medicine 
 
Summary 

The aim of this thesis is to explore the use of Molecular Imaging to study 
processes related to drug delivery, oncology, and regenerative medicine. 

In chapter 1 the importance of Molecular Imaging in (pre)clinical research is 
reviewed and the imaging techniques used are introduced. 

Site directed delivery of drugs remains one of the biggest challenges in 
pharmaceutical research to improve efficacy while reducing side effects. Many 
potentially potent therapeutic drugs (e.g. nucleic acids or biologicals) are, upon 
injection, either too large or biochemically incapable of reaching their 
extravascular and intracellular targets but stay inside the blood pool. Ultrasound 
(US) may offer a solution for this delivery dilemma. This approach is introduced 
in more detail in chapter 2. The pressure waves of US can drive circulating 
microbubbles (MBs), clinically used as US contrast agents, into a forced 
oscillation state inducing local transient permeability of the blood vessel 
endothelium (mediating extravasation) as well as cell membranes 
(sonoporation). The transitory US-induced extravasation and sonoporation 
effects have been subject of intense research over the past decades. Chapters 
3 and 4 describe experiments, where Molecular Imaging is used to study US-
induced drug delivery and gene transfection, respectively.  

Since surprisingly little was known about the parameters important to US-
mediated extravasation, we performed a set of US drug delivery experiments 
using skeletal muscle as a target organ for the site-directed delivery of an 8 nm 
model drug. In chapter 3, Molecular Imaging with SPECT was used to follow the 
extravasation of the radiolabeled model drug from the vascular system 
subsequent to a sonication with focused US in the presence of MBs. The US-
induced permeability allowed extravasation of the model drug, but was transient 
in nature and reduced with a half-life of approx. 21 min.  

Based on these findings we then explored the use of US in gene delivery. Viral 
vectors have the ability to cross cellular membranes and thus seem like an ideal 
carrier. However, viral vectors raise safety concerns about induced immune 
responses and the danger of insertional mutagenesis. This has led to the 
research of alternative carriers such as pDNA vectors, even though they cannot 
passively enter cells, are quickly degraded while in circulation, and typically 
suffer from low transfection levels. Therefore, US-mediated gene transfection 
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has been proposed as an alternative to virus-based gene delivery approaches. 
However, the parameter space in a US gene delivery scheme is large and 
literature shows varying experimental conditions that hamper a comparison of 
the results. In chapter 4, US-mediated delivery of a genetic vector in the 
muscle tissue of mice is described, where optical imaging was used to localize 
and quantify gene expression. We have shown that the injected amount of MB is 
a determining factor in gene delivery. Moreover, the use of bolus injections 
instead of a continuous infusion allows to locally achieve much higher dose levels 
of MB that lead to higher gene expression levels. 

Chapter 5 explores the use of Molecular Imaging in oncology to investigate the 
formation of bone metastases of breast cancer. These metastases are considered 
incurable leaving only palliative treatment to ensure a reasonable quality of life. 
Thus, a better understanding of the process leading to bone metastasis 
formation and their possible treatment is needed. To this aim, the concept of 
reporter gene imaging was extended to follow and quantify the development of 
bone metastases in mice using a multimodal SPECT/MRI approach. We have 
used a modified breast cancer cell line stably expressing the reporter gene HSV-
1 TK. Subsequently, these cancer cells can be quantified in vivo with SPECT 
using the radiolabeled substrate [123I]FIAU. After cardiac injection of these 
reporter gene expressing cells, the tumor activity measured by SPECT could be 
compared to volumes measured with MRI, over 40 days, showing a linear 
correlation between the SPECT and MRI data. However, SPECT imaging was able 
to find and quantify smaller lesions compared to MRI. Furthermore, the tumor 
caused a downstream osteolytic reaction in the surrounding bone leading to a 
degradation of the bone tissue as imaged with CT and µCT. Additionally, we 
performed a pilot experiment where a radiolabeled liposomal doxorubicin 
formulation was injected in a mouse with bone metastases. Using dual-isotope 
SPECT/MRI it was possible to image the reporter gene expression from the 
metastases overlaid with the signal from the liposomes. The dual isotope data 
showed an accumulation of the liposomes in the tumor tissue of the lesion. The 
liposomal doxorubicin formulation is similar to the clinically used liposomal drug 
Doxil®, which is prescribed to treat metastasized breast cancer. 

In chapter 6 of this thesis, imaging is used to study tissue regeneration after 
injury in vivo. The physical healing process in humans following damage to an 
organ or even after an amputation leads to the formation of scar tissue, in most 
cases. This tissue does not possess the functional capacity of the healthy tissue, 
i.e. it represents an incomplete regenerative process. Consequently, there is a 
considerable body of research dedicated to solving this challenge including, but 
not limited to, bioengineering of new tissues, direct transplantations, stem cell 
implantation, and prosthesis. Still, the current complexity associated with this 
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approach asks for further research. The axolotl is an aquatic salamander capable 
of regenerating most organs (e.g. heart, brain, limb, tail, and kidney) 
throughout its lifetime. Their natural regeneration process depends on the 
accumulation of stem cells at the site of injury from which the new tissues 
originate. This process has been extensively studied, mainly with in vitro 
techniques. However, modern in vivo Molecular Imaging techniques have 
scarcely been used with this animal. 

We performed an exploratory study on the capabilities of MRI and CT in imaging 
the regeneration of tails after amputation. The formation of the blastema and its 
evolution was visible by MRI over time. Also, the different regenerating 
structures (blood vessels, nerves, muscles, and vertebrae) could be 
distinguished. Blood vessels and the spinal nerve were the first regenerating 
structures visible followed by muscle and later the calcified vertebrae. In a 
parallel experiment MRI-based protocols for evaluating the cardiac function in 
axolotls were also defined. The imaging protocols establish the axolotl as an 
animal model to later study regeneration after a cardiac infarct. The results 
demonstrate the power of noninvasive imaging as for the first time such 
regrowth processes could be followed on a tissue level.  

The thesis ends with chapter 7, giving a summarizing discussion, sketching the 
future perspectives of Molecular Imaging in biomedical research. 
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