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Preclinical molecular imaging has become an essential tool
in translating the scientific understanding that has been
gained by studying and developing the animal models of
multiple human diseases to the clinic [1]. Today, several of
the current clinical imaging techniques are already available
for use in preclinical imaging models. It has allowed that
same parameters can be derived from preclinical and clinical
images, which has meant a swift translational trajectory for
many clinical trials in oncology [2], neurology [3] or in-
flammation [4], or cardiology [5]. #ese parameters can be
considered as imaging biomarkers because they represent
objective physical and biological characteristics of tissues,
tumours, or organs, and they can help to identify normal or
pathogenic processes and treatment response. Nevertheless,
the use of preclinical molecular imaging is still limited due to
the lack of efficient and standardized methods for extracting
accurate and reproducible imaging biomarkers for each
particular disease model. #e translational benefit of pre-
clinical molecular imaging will substantially increase by
improving the reliability of the collected data [6]. In this
regard, a key challenge in translational molecular imaging is
to define appropriate imaging biomarkers for each disease
for prediction of therapeutic outcome and follow-up of new

treatments. #is will help in swift and successful translation
of studies from small animal models to patients and con-
sequently reduce the cost of drug discovery portfolio. #is
special issue focuses on the recent advances in quantitative
imaging biomarkers that can be used for translational re-
search. In particular, it promotes the discussion of the
various methods that benefit from the use of markers derived
from preclinical imaging techniques that can be directly
transferred to clinical imaging.

#is special issue contains both review (2) and original
articles (8), and its focus is to provide insights into the
methodologies to investigate new imaging biomarkers in
translational small animal models. An open call for papers
was announced in December 2017, and the submission
deadline was in August 2018. In total, 20 articles were
submitted, and 10 articles were accepted for publication. In
terms of imaging modality, all articles used magnetic res-
onance imaging (MRI) (7 articles) and/or positron emission
tomography (PET) (7 articles), of which 3 articles utilised
both MRI and PET. Only one of the review articles included
other imaging techniques, but even in that case, PET and
MRI were the predominant imaging techniques. #erefore,
it seems that both PETandMRI are efficient research tools in
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the domain of translational preclinical imaging. In terms of
disease animal models, the clinical conditions were mainly
oncology (brain, breast, and pancreatic cancer) and car-
diovascular diseases (cardiovascular dysfunction and ath-
erosclerosis) and other clinical fields such as radiotherapy
(neutron capture and high energy photons). Obviously, the
articles included in this special issue represent only a small
part of the uses of translational molecular imaging in animal
models, but we believe that they can be representative in
relative terms. #e predominance of PET and MRI could be
interpreted as the consequence of their higher translational
potential if compared with optical imaging or ultrasound.

In brief, the published papers on oncology show bio-
markers for monitoring therapies such as radiation treat-
ment and its side effects. S. De Bruycker et al. reviewed the
different approaches to generate hypoxic in vivo cancer
models directly related to PET imaging. N. Kovács et al. in
their original paper performed a study to monitor the dose-
limiting organs in patients undergoing radiotherapy. #ey
report that conventional SUV values derived from brain PET
and apparent diffusion coefficients from DWI can be con-
sidered as biomarkers for the follow-up of the health status
after radiation therapy.

Among the other research articles, some were focused on
new tracers and contrast agents. A. Leftin and J. A. Koutcher
showed that tumour-associated macrophages can be accu-
rately estimated in a mouse model of breast cancer by fo-
cusing on spatial distributions of iron deposits rather than
ROI averages. #ey found that the polarization status of the
iron+ populations is affected by contrast-agent injection,
which has broad implications for nanoparticle-enhanced
biomedical imaging. #e paper by K.-H. Jung et al. was
focused on the use of new agents for theragnostic approaches
based on MRI and neutron capture therapies, showing in-
creased MRI signal in the tumour after therapy. Also, new
radiolabelled peptides and antibodies were proposed by M.
A. Morcillo et al. as novel PET biomarkers for the diagnosis
and prognosis of pancreatic ductal adenocarcinoma. Finally,
J. Buck et al. described a novel arterial spin labelling MRI
method to perform accurate and robust measurements of
cerebral blood flow.

In metabolism and cardiology, different PET and MRI
biomarkers were proposed by Y. H. Chung et al. for mea-
suring the myocardial glucose adaptations in high-fat-diet-
induced insulin resistance, and novel PET tracers were
proposed by S. Hellberg et al. to improve characteristics for
imaging atherosclerotic plaque inflammation. In neurology,
R. Gandhi et al. reported in their systematic review different
uses of preclinical imaging techniques of postischaemia
neurovascular remodeling. Finally, a technical research ar-
ticle by D. Deidda et al. proposes a novel PET image re-
construction algorithm by utilizing MRI information. #is
approach offers the opportunity to extract the time-activity
curve from the images so that kinetic information can be
calculated without the potential need of continuous arterial
blood sampling from animals. All ten articles illustrate that
the value of predominantly PET and MRI biomarkers in
different animal models offers useful biological information
in various clinical applications. It is interesting to note that

hybrid PET/MRI imaging was performed only in the
technical article, whereas in the others, only PETor MRI was
used. #us, it remains to be seen if this powerful machine
can become a mainstream multimodality imaging tool to
offer substantially improved information than standalone
PET and MRI [7].

We envision the scientific findings and knowledge
printed in this special issue demonstrate the importance of
PET and MRI imaging biomarkers in preclinical in-
vestigations as well as the need for standardisation of the
imaging biomarkers of each particular disease model and for
the follow-up of new treatments and drugs from the small
animal model to the patient.

Finally, we would like to thank the reviewers for their
valuable review comments, improving greatly the quality of
all submitted papers.
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In the pursuit of understanding the pathological alterations that underlie ischaemic injuries, such as vascular remodelling and
reorganisation, there is a need for recognising the capabilities and limitations of in vivo imaging techniques. *us, this review
presents contemporary published research of imaging modalities that have been implemented to study postischaemic neuro-
vascular changes in small animals. A comparison of the technical aspects of the various imaging tools is included to set the
framework for identifying the most appropriate methods to observe postischaemic neurovascular remodelling. A systematic
search of the PubMed® and Elsevier’s Scopus databases identified studies that were conducted between 2008 and 2018 to explore
postischaemic neurovascular remodelling in small animal models. *irty-five relevant in vivo imaging studies are included, of
which most made use of magnetic resonance imaging or positron emission tomography, whilst various optical modalities were
also utilised. Notably, there is an increasing trend of using multimodal imaging to exploit the most beneficial properties of each
imaging technique to elucidate different aspects of neurovascular remodelling. Nevertheless, there is still scope for further utilising
noninvasive imaging tools such as contrast agents or radiotracers, which will have the ability to monitor neurovascular changes
particularly during restorative therapy. *is will facilitate more successful utility of the clinical imaging techniques in the in-
terpretation of neurovascular reorganisation over time.

1. Introduction

Oxygen is essential for the survival and basic functioning of
biological systems. A stable equilibrium between the supply
and usage of oxygen in biological systems generates oxygen
gradients, wherein areas with low concentrations of oxygen
(i.e., hypoxic regions) are situated relatively distant from the
central vasculature. *ese oxygen gradients contribute to a
healthy and functioning physiology, and their dis-
turbance—for example, due to injury or disease—can confer
debilitating effects on the functioning physiology [1]. Neural
ischaemia is typically a hypoxic phenomenon, usually the
result of some kind of traumatic injury or vascular dis-
ruption, developing from a deficiency in blood flow to brain
tissue. *is interrupted circulatory flow then triggers
changes in the brain’s metabolic processes [2]. Immediately
following ischaemic injury, a series of biochemical reactions

ensue within the brain, which are collectively termed the
ischaemic cascade. *e ischaemic cascade involves bio-
chemical energy depletion and the inability tomaintain ionic
gradients across cell membranes due to the restriction in
blood supply. *is eventually triggers cytotoxic and vaso-
genic oedema, as well as apoptotic and necrotic processes,
which ultimately result in the deterioration of healthy brain
tissue [3–5]. *is cascade is elicited in patients who expe-
rience ischaemic stroke (Figure 1) [6].

One of the outcomes of an ischaemic stroke is the
structural alteration of blood vessels to accommodate for the
changes in haemodynamic conditions. *is remodelling of
the vasculature involves alterations in angiogenesis, the
development of new blood vessels from preexisting ones;
angionecrosis, the death of blood vessels or of the walls of
blood vessels; migration of cells that compose blood
vessels; and production and/or degradation of the
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extracellular matrix. Essentially, vascular remodelling is
dependent on an interplay of haemodynamic stimuli,
growth factors, and vasoactive substances [7]. As a result of
the inclusion of a wide range of processes, it is essential to
briefly address that the terminology of vascular “remod-
elling” may be used interchangeably with “alterations,”
“plasticity,” “reorganisation,” “rearrangement,” or other
similar keywords in the literature. *e biological process
involving this interplay is described in Figure 2, wherein
the detection and relay of haemodynamic signals ulti-
mately lead to vascular reorganisation.

Knowledge of the overall neurovasculature is useful
for distinguishing the blood vessel or group of vessels that
may be associated with an ischaemic stroke; unusual
vascular patterns can then be attributed to other diseases,
such as seizures, intracerebral haemorrhage, or brain
tumours [8]. *e functional deficits resulting from an
ischaemic stroke are dependent on the cerebral arter-
ies—and thus the brain regions—that are disrupted [6].
*e cerebral hemispheres are each supplied by the pos-
terior, middle, and anterior cerebral arteries. *e poste-
rior cerebral arteries originate from the basilar artery and
supply the medial and posterior regions of the temporal

and occipital lobes, as well as the thalamus and brainstem
regions. *e middle cerebral arteries, which originate
from the supraclinoid internal carotid, supply the anterior
and lateral regions of the temporal lobes and lateral re-
gions of the parietal and frontal lobes. *e anterior ce-
rebral arteries also originate from the supraclinoid
internal carotid and supply the anterior regions of the
basal ganglia, as well as the medial regions of the parietal
and frontal lobes [9].

Imaging techniques play a significant role in clinical re-
search; they are crucial for enhanced visualisation to better
understand biological processes. *e world’s first images of
human brain metabolism were acquired via continuous in-
halation of positron-emitting radioactive oxygen ([15O]) to
study the neurovascular distribution and accumulation of
oxygen [10, 11]. Since then, our understanding of neuro-
vascular dynamics has significantly progressed; various
neuroimaging techniques with additional advantages, such as
improved spatial resolution and the capacity for longitudinal
imaging, are implemented in preclinical research and clinical
practice. Neuroimaging (i.e., the use of imaging for neuro-
logical structures) can serve two purposes: (1) to differentiate
amongst various morphological structures and (2) to visualise

Ischaemic injury

Hypoxia Breakdown of BBB

Depletion of ATP Flooding of fluids into
extracellular space

Loss of balance between energy
supply and consumption Vasogenic oedema

Cell depolarisation Release of glutamate and
free radicals

Influx of Na+, Ca2+, and water Disruption of mitochondrial
membrane

Cytotoxic oedema Apoptosis

Death of astrocytes,
oligodendroglia, and microglia

Necrosis

Removal of infarcted tissue by
macrophages

Encephalomalacia

Figure 1: Ischaemic cascade. *e cascade involves a series of events that follow ischaemic injury to the brain, such as that due to stroke.
Eventually, this results in the softening or loss of brain tissue (i.e., encephalomalacia). BBB, blood-brain barrier; ATP, adenosine triphosphate.
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functional changes in neural plasticity following injury [6].
One such example involves imaging patients immediately
after the onset of a stroke and posttraumatically at regular
intervals. It is well established that patients who experience
ischaemic stroke subsequently undergo vascular remodelling
within the brain [2, 5, 7]. Studies of stroke in humans are
limited because of the difficulties in collecting postmortem
tissue samples when neuronal death occurs. *us, neural
ischaemia research is largely built upon information gathered
from studies of animal models. When ischaemia is induced in
experimental rodent models, for example, blood flow is
disrupted to restrict the delivery of oxygen and glucose to
neurons, eventually causing a depletion in biochemical energy
[1, 12].

*e aim of this review is to provide a guide to current
imaging techniques being used to explore neurovascular
remodelling in a preclinical in vivo setting. *is review will
contribute to the following:

(i) Identify and distinguish preclinical imaging options
used in the last 10 years

(ii) Compare these techniques across common
parameters

(iii) Explore the potential applications of novel advances
in imaging technologies

(iv) Discuss how these imaging techniques could be
translated to improve the medical management of
ischaemic stroke

2. Materials and Methods

2.1. Search Strategy. *e PubMed® and Elsevier’s Scopus
online databases were used to retrieve journal papers. Titles,
keywords, and abstracts were scanned for the search ter-
minology using the search engines. *e citations and ref-
erences of any retrieved papers were also scanned for any
relevant literature that may have been missed in the initial
search. Boolean operating search strings were employed to
ensure that the most suitable papers were retrieved. Table 1
outlines the search strategy that was implemented for lit-
erature retrieval.

2.2. Eligibility Criteria. Applying inclusion and exclusion
parameters to the literature search process facilitated the

Vascular
remodelling

Angiogenesis

Migration

Production/
degradation of

ECM

Angionecrosis

Ischaemia-induced haemodynamic stress

Release of haemodynamic stimuli, growth factors, and vasoactive substances

Stabilisation of
haemodynamics

Elimination of dead cells by
surrounding macrophages Release of growth factors

Inhibition of neural growth

Structural rearrangement of vasculature

Figure 2: Biological process of vascular remodelling. Angiogenesis, migration of vascular cells, production and degradation of the ECM, and
angionecrosis constitute the major pathological hallmarks of vascular remodelling. ECM, extracellular matrix.
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retrieval of the most appropriate papers. Search results were
restricted to papers published in English within the last 10
years (i.e., between 2008 and 2018, inclusive), as the translation
of papers published in non-English languages may have dis-
torted the understanding of the research. In vivo studies of
small animals were included, and several papers discussing the
same imaging technology were not disregarded, as these would
only strengthen any common conclusions formed from these
studies. Only primary research papers were included in the
final analysis; other secondary or tertiary publications such as
reviews, books, conference proceedings, presentations, and
abstracts were only referred to for background or follow-up
information and are cited accordingly in the discussion.

2.3. Quality Appraisal. *e Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines were followed to ensure that the most appropriate
research papers were included in this review. *e PRISMA
guidelines were established by David Moher and colleagues
to conceptually represent the progressions within the field of
systematic literature reviews. *e papers that were retrieved
from the search process following this model were sys-
tematically categorised according to their significance in
helping to answer the overall aim of this research [13].

2.4. Data Collection and Analysis. Each of the retrieved
papers from the literature search focussed on one or more
imaging techniques. *e next step involved assessing these

imaging techniques based on relevant parameters to evaluate
whether they could be implemented to observe neuro-
vascular remodelling following ischaemic injury. Accord-
ingly, the following details were extracted from each of the
retrieved papers, where available: imaging technique, pur-
pose of the study, animal model used, spatial resolution or
field of view, duration of scanning, contrast agent or mo-
lecular probe utilised, safety considerations for imple-
mentation in humans, and considerations for modality-
specific image interpretation.

Although an effective imaging technique may offer ex-
cellent image resolution with minimal patient invasiveness,
it may not be considered optimal for the purposes of clinical
translation if the acquired data are exceedingly difficult and
time-consuming to acquire and even process. By analysing
and discussing comparisons between different technical
characteristics and across a variety of imaging techniques,
appropriate strategies to employ for postischaemic imaging
can then be determined.

3. Results

*e PRISMAmodel, as outlined in the previous section, was
used to select the literature for this review. *e articles’
filtering process is presented in Figure 3.

*e results of the literature search essentially revealed a
number of imaging parameters for each imaging technique
that may be relevant for the imaging of neural vasculature,
particularly following ischaemic trauma. *ese relevant
parameters, along with a brief overview of the imaging
techniques, are presented in Table 2.

*e distribution of the selected publications per year is
presented in Figure 4. *ere evidently appears to have been
peaks of relevant research published in 2009, 2014–2015, and
2017 in relation to the search queries for this review, which
may indicate a marginally increasing trend in studies of
postischaemic neurovascular remodelling in the last 5 years.

4. Discussion

4.1. Rationale. Neurovascular remodelling is a process that
establishes an ideal biological environment for neurological
healing. Proceeding after an ischaemic injury, neurovascular
remodelling acts to restore the haemodynamic stability of the
brain, inhibit neural degeneration, eliminate any dead cells by
surrounding macrophages, and facilitate the release of growth
factors. Many signalling compounds and chemokines are
involved in cell–cell interactions to facilitate attempts to
salvage surviving neural tissue and reorganise the vasculature
following ischaemic injury [17, 49]. A better understanding of
these remodelling processes can enhance clinical diagnostics
and restorative therapy options; thus, improved visualisation
of this vascular reorganisation within the brain is beneficial.
*ese biological pathways involve some of the samemolecules
that have already been used to inform the development of
probes and tracers for the clinical study, such as the glucose
analogue [18F]FDG. Nonetheless, there remains a knowledge
gap about the biological processes of neurovascular remod-
elling that can be answered by imaging the regions in which

Table 1: Literature search strategy.

Initial search
terminology

Synonyms and
related terminology

Truncations
and wildcards

ischaemic

ischaemia
low blood

low blood flow
low oxygen
hypoxia
stroke

isch?emia
ischaemi∗
ischemi∗
hypoxi∗

neuro
brain

cerebral
neurological

neuro∗
cerebro∗

vascular
vasogenic

blood vessels
arteries

vascular∗
arteri∗

remodelling rearrangement
reorganisation

remodel?ing
remodel∗

reorgani?ation

imaging

scanning
observing
assessing
measuring
monitoring
detecting

imag∗
scan∗
observ∗
assess∗
measur∗
monitor∗
detect∗

*e initial search terminology stemmed from the wording of the overall aim
of the review. *e inclusion of alternative terminology and truncation and
wildcard operators helped to uncover a wider range of papers from the
databases. Some searches were also conducted with the exclusion of
“remodelling” to assess whether imaging methods could potentially be
implemented for this purpose.
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Full-text papers included in analysis (n = 35)

Abstracts and titles screened (n = 139)

Papers identified 
through initial 
database search 

(n = 109)

Papers identified 
from citation lists and 

repeat searches 
(n = 30)

Papers excluded 
based on eligibility 
criteria (n = 104)

Figure 3: *e Preferred Reporting Items for Systematic Reviews and Meta-Analyses model, as implemented for this systematic review. A
final total of 35 papers were included in the literature analysis (adapted from [13]).

Table 2: Literature search results and extracted data.

Reference Method and application
(models)

Imaging
parameters

Contrast agent or
molecular probe

Safety
considerations for
clinical translation

Applications

Bosomtwi
et al. [14]

MRI to observe poststroke
vascular changes (rats) FOV: 32mm Feridex Noninvasive

Tissues can be
monitored long term
through stages of

angiogenesis enabling
evaluation of vascular

remodelling

Bosomtwi
et al. [15]

MRI in combination with
LSCM to visualise postischaemic

changes in vasculature (rats)
FOV: 32mm MIONs

Noninvasive;
high doses of

intravascular agent
are required

LSCM can be used to
validate MRI data;
poststroke vascular
remodelling can be
three-dimensionally

quantified

Brunner
et al. [16]

fUS to measure postischaemic
cerebral blood volume (rats)

Resolution: 100 μm,
FOV: 12.8× 9mm2,
duration: approx.

3min

None
No contrast agent
injections are

required

Stroke longitudinally
studied across all stages;
can image whilst in

motion, as the probe is
implanted on the head

Cai et al.
[17]

PET to observe VEGFR
expression in poststroke

angiogenesis (rats)
—

64Cu-DOTA-
VEGF121

—

Some cellular VEGFRs
may be visualised,
resulting in the

potential to observe
poststroke

reorganisation and
plasticity

Deddens
et al. [18]

MRI to detect vascular
remodelling after cerebral

ischaemia (mice)

FOV:
1× 1.2× 2 cm3

PECAM-1-
targetted FeOx
microparticles

—
PECAM-1 can be used
to assess poststroke
vascular remodelling

Ding et al.
[19]

MRI to visualise poststroke
cerebral angiogenesis (rats)

FOV:
32× 32×16mm3 Gd-DTPA Noninvasive

Detect angiogenesis
and determine the
temporal profile of
angiogenic processes

Errico et al.
[20]

Ultrafast US localisation
microscopy to visualise

neurovasculature and quantify
haemodynamic characteristics

(rats)

Resolution:
12.5× 2.5×1 μm3

Inert
perfluorocarbon-
filled microbubbles

Microbubbles are
clinically approved
contrast agents

Even slight
haemodynamic changes
in neurovasculature can

be monitored; the
resolution can be

enhanced by localising
microbubbles directly
from radiofrequency

data; motion correction
algorithms needed
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Table 2: Continued.

Reference Method and application
(models)

Imaging
parameters

Contrast agent or
molecular probe

Safety
considerations for
clinical translation

Applications

Figueiredo
et al. [21]

CTA

To observe cerebral
vascular anatomy
and blood flow

(mice)

Resolution:
163 μm3, duration:

20–40 s
Iomeprol

Injection of
contrast agent is

required

Can detect changes in
the diameter of
vasculature

MRA

Resolution:
31× 31× 93 μm3,
FOV: 12×16mm2,
duration: 58min

None No ionising
radiation —

Digital
subtraction
angiography

Resolution:
14×14 μm2,
duration: 3 s

Iomeprol

Low injection
volume and dose of
radiation, although

much more
invasive than CTA

and MRA

Can detect changes in
intracerebral blood

flow

Gramer
et al. [22]

PET, LSI, and RGB reflectometry
to measure CBF, blood
oxygenation, and glucose

metabolism (rats)

Resolution (PET):
1.3mm (FWHM),
FOV: 12× 7mm2

[18F]FDG
*in-skull

preparation is
required

Can be used to quantify
metabolic activity of
neurovasculature in
real time making it
suitable for studying

pathological
conditions. Partial
volume is an issue

Horton
et al. [23]

Triphoton fluorescence
microscopy to visualise

hippocampal vasculature (mice)

Resolution: 4.4 μm
(axial, FWHM)

Dextran-coupled
Texas Red dye —

Overcomes the
limitations of two-
photon microscopy,
such as signal-to-
background ratio of

excitation in scattering
tissues and lack of

fluorescent labels that
can be used

Howles
et al. [24]

Contrast-enhanced MRA to
visualise neurovasculature (mice)

Resolution:
52× 52×100 μm3,

FOV:
20× 20× 8mm3,
duration: approx.

12min

SC-Gd liposomal
nanoparticles —

SC-Gd allows for high
contrast-to-noise ratio;
useful to visualise very

small vascular
structures

Hu et al.
[25]

Optical-resolution PAM to study
micro-haemodynamic activities

(rodents)

Resolution:
5×15 μm2 — Noninvasive

Can help quantify
changes in metabolic

parameters

Huang et al.
[26]

MRI to assess vascular reactivity
and functionality during

postischaemic proangiogenic
vascular remodelling (rats)

FOV:
2.56× 2.56 cm2 — —

Anaesthesia protocols
must be optimised to
minimise physiological

disturbance

Jimenez-
Xarrie et al.
[27]

MRI to assess postischaemic
cerebrovascular damage

FOV: 32× 32mm,
duration: 9min 17 s None

Isoflurane
anaesthesia can
affect stroke
outcomes and
evaluation of

vascular changes

Long-term vascular
consequences of
ischaemia with
coincident

hypertension
can be studied

Kolodziej
et al. [28] SPECT to study CBF (mice)

Resolution: 0.7mm
(FWHM), FOV:
20.9mm (axial),
duration: approx.

2 h

99mTc-HMPAO

99mTc-HMPAO is
lipophilic and is
quickly cleared
from the plasma

Uses pinhole imaging
for higher resolution
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Table 2: Continued.

Reference Method and application
(models)

Imaging
parameters

Contrast agent or
molecular probe

Safety
considerations for
clinical translation

Applications

Lake et al.
[29]

MRI to assess poststroke brain
morphology and vascular

function (rats)

Resolution:
0.1× 0.1mm2,

duration: <12min
—

Propofol
anaesthesia induces
20–60% regional
vasoconstriction,

which may
influence vascular

studies

Functional MRI can be
used tomeasure resting

blood flow and
cerebrovascular

reactivity; structural
MRI may have limited
sensitivity to detect

subtle changes in tissue
morphology

Lecoq et al.
[30]

Two-photon phosphorescence
lifetime microscopy to measure
the partial pressure of oxygen and

blood flow (mice)

Resolution: <1 μm
(lateral)

Phosphorescent
nanoprobe PtP-

C343

Minimally invasive;
the probe is neither

toxic nor
phototoxic

Oxygen gradients in
microvascular

networks can be
distinguished; this is
particularly useful for
postischaemia imaging

Letourneur
et al. [31]

Two-photon laser scanning
microscopy to longitudinally
image vascular development

(mice)

Duration: 50–150 s

Fluorescein-
conjugated dextran
and Texas Red-

dextran

Requires thinning
of the skull; head

must be
immobilised

Can longitudinally
image the same areas
over many days; can
measure flow dynamics
over time in relation to

changes in vessel
diameter

Li et al. [32] LSI to study neurovasculature
(rats)

Resolution:
6.7× 6.7 μm2 None Requires thinning

of the skull

Different circulatory
dynamics can be

observed at different
spatial locations

Liao et al.
[33]

Functional PAM to study
functional changes in total
haemoglobin concentration,
cerebral blood volume, and

haemoglobin O2 saturation in
cerebral blood vessels (rats)

Resolution:
36× 65 μm2 None —

Can be complemented
with other imaging
modalities for label-
free visualisation of
neurovasculature

Lin et al.
[34]

3D ΔR2-based microscopy of
MRA to visualise poststroke
changes in neurovasculature

(rats)

Resolution:
54× 54× 72 μm3,

FOV:
2.8× 2.8×1.4 cm3,
duration: 76min

MIONs

Greater magnetic
fields may be

needed to visualise
smaller vessels

Can simultaneously
visualise microvascular
morphology and reveal

physiological
properties of

microvascular cerebral
blood volume

Luckl et al.
[35]

LSI and imaging of intrinsic
signals to study CBF dynamics

during ischaemia (rats)

Resolution: 140 μm
every 2 s, FOV:

5× 5mm2
Erythrosin B dye

Requires thinning
of the skull for

better observation

Vascular changes in
metabolism can be

quantified

Miao et al.
[36] LSI to study angiogenesis (rats) FOV: 4.7× 4.7mm2 None Requires thinning

of the skull

CBF under various
pathological states can
be analysed, and smaller
vessels can be enhanced;
results can be affected
by motion artefacts

Nagaraja
et al. [37]

MRI to visualise poststroke
changes in the BBB (rats) FOV: 32mm

Gd-DTPA and Gd-
DTPA linked to
bovine serum

albumin and Evans
blue dye

Noninvasive

Different
measurements are

obtained with different
contrast agents;
quantifying BBB

permeability can help in
understanding the
progression of
ischaemic injury
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Table 2: Continued.

Reference Method and application
(models)

Imaging
parameters

Contrast agent or
molecular probe

Safety
considerations for
clinical translation

Applications

Sakadžić
et al. [38]

Two-photon phosphorescence
lifetime microscopy to measure
partial pressure of oxygen in

cortical microvasculature under
hypoxic conditions (rats, mice)

—
Phosphorescent
nanoprobe PtP-

C343

Minimally invasive
with low doses of
the probe required;
no detected leakage
of the probe into
interstitial spaces

*e partial pressure of
oxygen can be
simultaneously

assessed at various
positions and depths,
making it more feasible
to functionally study
transient changes in

oxygen levels

Schambach
et al. [39]

Volume-CTA to visualise cerebral
vessels (mice) Duration: 40 s Iodinated contrast

agent

Large dose of
contrast agent is

required

Changes in vessel
diameter can be

monitored

Schroeter
et al. [40] PET

To observe
postischaemic

vascular changes
(rats)

Duration: up to
60min

[18F]FDG and [11C]
PK11195 Noninvasive

Characterise
neuroinflammation and
metabolic disruptions
repeatedly over time.

MRI FOV: 3.0 cm — Noninvasive Can help localise areas
of infarction

Seo et al.
[41]

Contrast-enhanced μCT to
visualise poststroke changes in
cerebral vasculature (rats)

Duration: approx.
2min Iopromide

High doses of
iodinated contrast
agent are needed

Images are subject to
blurring due to

physiological motion

Stein et al.
[42]

PAM to study blood oxygenation
dynamics of hypoxic cerebral

vasculature (mice)

Resolution:
70× 54 μm2

None; monitors
“endogenous”
haemodynamics

Noninvasive
Single blood vessels can

be noninvasively
assessed in real time

Struys et al.
[43]

PET

To characterise
acute and long-
term vascular and
metabolic effects of
unilateral common

carotid artery
occlusion (mice)

Resolution:
1.35mm
(transaxial,

FWHM), duration:
10min

[15O]H2O and [18F]
FDG

—

Can be used to monitor
short-term/long-term
perfusion and vascular

remodelling in
ischaemic stroke

models
MRI

Resolution:
98× 98 μm2, FOV:

2.5× 2.5 cm2
—

Tsukada
et al. [44]

PET to study postischaemic
changes (monkeys) Duration: 91min [18F]flurpiridaz and

[18F]BCPP-EF

Surgical procedures
are invasive and

require anaesthesia

Study metabolic
properties and
distinguish

inflammatory
processes

Yanev et al.
[45]

Steady-state contrast-enhanced
MRI to assess the changes in
cerebral blood volume and
microvascular density after

transient stroke (rats)

FOV: 30× 30mm2,
duration: approx.

135min

Ultrasmall iron
oxide particles —

Changes in cerebral
blood volume and

microvascular density
can be observed at least
3 months after stroke;
only perfused (and
therefore functional)
vessels can be detected

Yoon et al.
[46]

Multiphoton luminescence to
visualise morphological changes
in cortical vasculature over time

(mice)

— PEG-GNPs
PEG-GNPs are

highly
biocompatible

Long circulation time
of PEG-GNPs enables
vascular imaging for
several hours, making

them suitable to
observe remodelling

8 Contrast Media & Molecular Imaging



the neurovascular changes occur. Consequently, this review
purports itself to identify current imaging technologies being
used in neurovascular research to observe postischaemic
neurovascular remodelling in small animals. Various tech-
niques were revealed in the published literature and evaluated
against a set of properties and common measures in image
analysis that were deemed relevant for vascular imaging in the
brain. *e imaging techniques have been categorised to help
identify when certain modalities may be more appropriate for
the given purpose. *is review provides guidance in the
identification of imaging modalities for different translational
applications.

4.2. Animal Models of Ischaemia. Small animals play a
valuable role in elucidating the mechanisms underlying is-
chaemia. *e use of small animal models allows for greater

control and reproducibility to precisely evaluate ischaemic
pathophysiology, compared to human cases that involve
heterogeneous manifestations and causal factors. Invasive
techniques can also be implemented in small animals for direct
access to the brain vasculature, although they are undesirable
in the context of clinical translatability. Furthermore, animal
models allow for the study of immediate postischaemic
changes, providing insights into early-stage mechanisms [50].
Some common rodent models of stroke include the (a) middle
cerebral artery (MCA) occlusion (MCAo) model, which in-
volves temporarily or permanently disrupting blood flow in
the MCA and associated vascular branches that are pre-
dominantly affected in human stroke; (b) craniotomy model,
which involves craniectomy and removal of a section of dura
mater to access the MCA; (c) embolic stroke model, which
involves the application of micro/macrospheres or clots to
induce ischaemic lesions; (d) endothelin-1 (ET-1) model,
which involves the application of ET-1 to a neural region of
interest (often the MCA) to act as a vasoconstrictor and thus
induce ischaemia; and (e) photothrombosis model, which
involves targeted photo-oxidation to generate precise
ischaemic lesions [50–54]. *e most commonly reported is-
chaemiamodels in the papers identified in this reviewwere the
embolic stroke, MCAo, and craniotomy models (Figure 5).
Different stroke models have different advantages and may
provide information on different aspects of postischaemic
changes; therefore, it is useful to consider the type of in-
formation that is desired when designing an imaging study.

4.3. Fundamentals. Neurovascular remodelling undergoes
several phases in its process of ultimately establishing fully
functional vasculature. To better understand postischaemic

Table 2: Continued.

Reference Method and application
(models)

Imaging
parameters

Contrast agent or
molecular probe

Safety
considerations for
clinical translation

Applications

Yu et al.
[47]

Spectral Doppler OCT to
quantitatively assess dynamic

blood flow before and after stroke
(mice)

Duration: approx.
20min Rose bengal —

Mimics ischaemic
conditions by reducing

CBF in
microvasculature; the
pulsatility of CBF is
quantified; changes in
heart rate due to

anaesthesia wearing off
and being

readministered must be
considered

Zhang et al.
[48]

SR-PCI to visualise neural
microvasculature (rats)

Resolution:
<10 μm, FOV:
approx. 3mm

None High doses of
ionising radiation

Vascular architecture
and volume can be

visualised and
quantified; FOV is

limited
External sources were not consulted to fill in missing details at this stage in the research. Abbreviations: FOV, field of view; MRI, magnetic resonance imaging;
LSCM, laser scanning confocal microscopy; MION, monocrystalline iron oxide nanoparticle; fUS, functional ultrasound; PET, positron emission tomography;
VEGFR, vascular endothelial growth factor receptor; PECAM, platelet endothelial cell adhesion molecule; Gd-DTPA, gadolinium-diethylenetriaminepentaacetate;
US, ultrasound; CTA, computed tomography-angiography;MRA,magnetic resonance angiography; LSI, laser speckle imaging; RGB, red-green-blue; CBF, cerebral
blood flow; FWHM, full width at half maximum; [18F]FDG, [18F]fluorodeoxyglucose; SC-Gd, surface-conjugated gadolinium; PAM, photoacoustic microscopy;
SPECT, single-photon emission computed tomography; 99mTc-HMPAO, 99mTc-hexamethylpropyleneamineoxime; BBB, blood-brain barrier; μCT,microcomputed
tomography; PEG-GNP, polyethylene glycosylated gold nanoparticle; OCT, optical coherence tomography; SR-PCI, synchrotron radiation phase contrast imaging.
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Figure 4: Number of publications fulfilling the search criteria per
year.

Contrast Media & Molecular Imaging 9



changes, studying neurovascular remodelling in its indi-
vidual stages is ideal. *e individual characteristics of these
phases can be measured to provide a better understanding of
the postischaemic reorganisation that occurs. Firstly, a
cellular cascade instigated by endothelial cells causes
heightened permeability of vessels due to the deterioration
of key vascular junctions. *is, in turn, enables the ex-
travasation of plasma proteins, which helps construct a
framework for the development of new vessels. *ereafter,
the growth of new vasculature leads to fluctuations in
haemodynamic properties, such as cerebral blood flow and
volume, as well as in vessel density, whilst the vascular
network continues to develop. *e remapping of the vas-
cular network in response to ischaemia is an important
aspect of appreciating neurovascular outcomes [55, 56].

*erefore, it might be of considerable value to utilise
small nanometre-scale intravascular contrast agents that
could trace this extravasation to signal the generation of new

vasculature. Agents of different sizes could help detect
different levels of permeability in different areas at different
intervals, whilst enhanced opacification could ideally be
achieved by utilising a higher density contrast. Ideally, an
imaging approach would enable the dynamic visualisation of
both large and small vessels as postischaemic angiogenesis
proceeds for a more complete picture of the vascular mi-
croanatomy, although studying microvascular changes
might offer significant information about the earliest pos-
tischaemic processes. Hence, to distinguish individual ves-
sels, the image resolution should complement the range of
vessel diameters. An imaging resolution of at least 0.5mm
would confer the greatest benefit if the biological tracer
being utilised is nonspecific to the vasculature, since cerebral
arteries are larger in diameter than this, although a more
precise range may be necessary to observe the remodelling of
microvessels [57–59]. Nevertheless, neurovascular remod-
elling is not a one-off event; thus, the capacity to obtain
repeated measurements over time (i.e., longitudinal imag-
ing) is also desirable in an ideal imaging approach, thereby
circumventing the need for more invasive methods. By
visualising early processes, studies can infer postischaemic
remodelling changes from an earlier time point. *is would
be valuable in a twofold manner. Firstly, experiments could
retain a larger sample size, given the survival durations after
ischaemia. Secondly, studying earlier fundamental processes
using imaging would allow for better correlations with later
outcomes in studies of neurovascular outcomes.

4.4. General Overview of ImagingModalities. A wide array of
imaging techniques have been implemented within the last
10 years in preclinical small animal models specifically for in
vivo visualisation of vascular changes following ischaemic
injury. Magnetic resonance imaging (MRI) and positron
emission tomography (PET) remain the predominant mo-
dalities of choice to study postischaemic neurovascular
changes, despite the advent of numerous other modalities
being implemented over the last 10 years (Figure 5).
According to a survey (n� 173) conducted amongst UK and
non-UK university researchers and UK National Health
Service personnel, MRI is amongst the topmost researched
areas [60].

Well-established modalities such as computed tomog-
raphy (CT), MRI, and PET were expectedly found in the
literature; in addition, several other methods have been
developed and introduced relatively recently. *ese include
ultrafast ultrasound localisation microscopy (uULM), which
incorporates the use of inert gas microbubbles for precise
visualisation of cortical vessel branching; synchrotron ra-
diation phase contrast imaging (SR-PCI), which does not
require the administration of a contrast agent, but it involves
high doses of ionising radiation; the use of gold-coated
nanoparticles in multiphoton luminescence to allow for
repeated imaging over time (Figure 6); and functional ul-
trasound (fUS), which can be implemented in freely moving
models without the use of contrast agents [16, 20, 46, 48].
Each new imaging modality improves on singular aspects of
imaging vascular disease and may likely serve as an adjunct
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Figure 5: Frequency distribution of imaging modalities amongst
papers retrieved through the literature search, with further dis-
tinction of the ischaemia induction models implemented. Magnetic
resonance imaging and positron emission tomography were the
most common techniques employed for in vivo preclinical studies
of postischaemic neurovasculature. Other modalities included one
instance each of multiphoton luminescence, optical coherence
tomography, ultrafast ultrasound localisation microscopy, syn-
chrotron radiation phase contrast imaging, digital subtraction
angiography, microcomputed tomography, red-green-blue re-
flectometry, single-photon emission computed tomography,
functional ultrasound, laser scanning confocal microscopy, three-
photon fluorescence microscopy, and two-photon laser scanning
microscopy. *e MCAo/CCAo model was used most commonly
across all the imaging modalities. Open-skull intervention included
craniotomy, thinning of the skull, and electrode or optic fibre
implantation. MRI, magnetic resonance imaging; PET, positron
emission tomography; LSI, laser speckle imaging; MRA, magnetic
resonance angiography; PAM, photoacoustic microscopy; CTA,
computed tomography angiography; 2P-PLM, two-photon phos-
phorescence lifetime microscopy; MCAo, middle cerebral artery
occlusion; CCAo, common carotid artery occlusion.
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to existing clinical imaging modalities. Given the general
accessibility of PET and MRI and their preexisting use in
patients, these well-established techniques are likely to
persist and receive the bulk of the relevant research focus.
Nonetheless, much like PET/CT being a widely available
hybrid system, continued study of neurovascular remodel-
ling is likely to rely on more than one technique to develop
our understanding and help fine-tune the output data from
these large-scale techniques. *ese novel methods show
promise for neurovascular imaging, and it would be of
interest to follow any future work involving these methods.

4.5. Imaging Specifications Representing Limitations to
Overcome. Multiphoton microscopy is a fluorescence
technique that effectively merges laser scanning microscopy
with pulsatile multiphoton excitation to image tissues that
have been labelled with fluorophores [61].*is approach has
been actively employed to investigate the mechanisms of
neurovascular reorganisation following ischaemic injury
[62]. Despite the high spatial resolution from targeted im-
aging, this technique suffers from slow imaging times,
limited fields of view, and depth of tissue penetration. For
example, live imaging in small rodents requires a cranial
window—an opening in the skull for optical access to the
parenchyma—to be created in the model being tested. *is
functionally limits the field of view available. In rats, a large
cranial window (e.g., 4 × 6mm2 in size) is usually created,
involving removal of the overlying bone and resection of
the dura mater, to enable the insertion of devices, such as

cannulae and electrodes. *is step is complicated by the
need to reseal the window to reestablish intracranial
pressure and reduce motion artefacts [63]. Mice, on the
contrary, are a good alternative because cranial window
generation is less invasive than that in rats; the thin skull of
mice can remain intact and only requires thinning for a
resulting cranial window (e.g., 2× 2mm2 in size), which
produces limited disruptions in intracranial pressure and
decreased inflammation [64]. *erefore, animal choice
forms a key part of designing such imaging experiments.

PET and single-photon emission computed tomography
(SPECT) are molecular imaging techniques that track bi-
ological target-specific changes in function with high sen-
sitivity. Nonetheless, their relatively poor resolution (around
0.8mm for PET and 0.3mm for SPECT) prevents ana-
tomically specific imaging and presents as a limiting factor,
whichmay also augment partial volume effects and influence
the measurement of vascular parameters. Partial volume
effects are a direct response to multiple tissue types present
within a single voxel, hence generating image blurring.
Partial volume effects refer to the difference between actual
and obtained image intensity values and typically occur
when more than one type of tissue is contained within
individual voxels, ultimately influencing the quantification
of key parameters. Larger voxels have a greater probability
of containing various tissue types in comparison to smaller
voxels. *e consequential blurring effects are essentially the
result of the interplay between low spatial resolution and
limited tissue sampling. Methods to correct for partial
volume effects in PET imaging represent an active field of
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Figure 6: In vivo multiphoton luminescence imaging using PEG-GNPs of cerebral vasculature in murine stroke models. (a) Experimental
timeline, prior to which an open-skull cranial window was generated in a live mouse. Photothrombosis was induced within the vessels to
generate the mouse model. (b) Multiphoton luminescence images of neurovasculature before and after induction of photothrombotic stroke
with 5 and 40 nm sized PEG-GNPs. Scale bar, 100 µm. (c) Relative luminescence of extravascular tissues following photothrombosis.
∗∗∗P< 0.001, one-tailed t-test, n� 3; values are mean with standard deviation. PEG-GNP, polyethylene glycosylated gold nanoparticle
(republished with permission from the Royal Society of Chemistry [46]; permission conveyed through Copyright Clearance Center, Inc).
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research [65–67]. *e biggest advantage of using these nu-
clear medicine techniques despite the poor anatomical defi-
nition is that dynamic, real-time imaging becomes possible.
Dynamic imaging offers considerable diagnostic information
that may not be accessible from static imaging by overcoming
the bias presumed by static imaging, in which a single time
frame is selected to reflect the overall tracer metabolism
without correcting for variabilities in distribution and activity
[68]. *is advantage of dynamic imaging is important for
neurovascular studies when studying absolute blood flow
dynamics and the remodelling process.

If anatomical detail is required, MRI provides a com-
plement of both real-time imaging and high spatial reso-
lution without the use of ionising radiation [3]. Access to
MRI systems incorporating ultrahigh magnetic fields
(i.e., greater than 9.4 T) can allow for the acquisition of
images with higher spatial resolution [69]. *is enhance-
ment of resolution, however, comes at the cost of increased
scan durations. With lengthier scans, the probability of
involuntary movements (e.g., cyclic respiration) increases,
thus resulting in lower-quality images [57]. An apparently
missing imaging technique from the preclinical imaging
investigations is functional MRI (fMRI). In patients, these
limitations in resolution and real-time imaging have been
increasingly overcome by fMRI. Even if this is perhaps one
of the most successful imaging modalities in the clinic, its
fundamental principle of operation and practical aspects
make it largely incompatible for standard imaging of small
animals [70].

In general, particularly high-resolution parameters for
vascular imaging may be achieved by the newer uULM
(Figure 7) and SR-PCI techniques (<10 µm), but also by
SPECT (<1mm), photon excitation microscopy (<1 µm),
and angiography (<20 µm); however, the applications of
these may come at the cost of longer scanning durations, the
use of contrast agents, cranial window generation, or high
ionising radiation doses [20, 21, 28, 30, 48, 62]. On the
contrary, when a technique is minimally invasive to the
subject, the resolution is compromised, as noted with MRI
(0.1mm, <30mm) and functional photoacoustic microscopy
(fPAM; <30 µm) [14, 15, 19, 33, 37, 40, 42, 71, 72]. Researchers
have many imaging modalities available to them; however, it
is important to understand the limitations of each technology
and design experiments based on the limitations of the
modalities.

4.6. Contrast Agents and Molecular Probes. Imaging with
molecular probes is useful for studying active biological
processes at cellular and subcellular levels. Most molecular
probes are radionuclide tracers and are used because of their
ability to emit radiation from within the body including cells
in which these tracers are taken up. As a result, radionuclide
imaging offers both qualitative and quantitative data on
dynamic biological processes [17, 73]. Meanwhile, contrast
agents also emit signals that can enable the collection of
qualitative data on the vascular architecture, although there
have been discussions regarding their potential side effects
[74, 75].

PET is well established as a valuable method to visualise
the interplay between changes in cerebral blood flow and
the metabolic needs of ischaemic tissues. *e effectiveness
of PET in understanding different aspects of postischaemic
vascular processes depends largely on the types of tracers
utilised. For example, [15O]-radiolabelled tracers offer
the ability to quantify a number of haemodynamic char-
acteristics, such as cerebral blood flow, cerebral blood
volume, cerebral metabolic rate of oxygen, oxygen ex-
traction, and energy metabolism [3]. *e most common
tracer used in PET imaging is [18F]FDG, although other
tracers such as [18F]MISO, [18F]BCPP-EF, and [11C]
PK11195 have been utilised as well for different applica-
tions [22, 40, 44, 76].

Different molecular factors, such as vascular endothelial
growth factor (VEGF), trigger angiogenesis as a component
of vascular remodelling, and these processes are regulated by
the interplay between components of extracellular matrices
and adhesion molecules. VEGF, associated adhesion mol-
ecules (e.g., integrins), and microvessel density can thus be
useful targets to detect and visualise angiogenesis using
probes that are specific to radionuclide imaging techniques
[17, 73, 77]. *e use of [15O]H2O as a PET tracer was also
noted. Although blood oxygen level-dependent fMRI con-
fers better spatial and temporal resolution and reduced
radiation exposure, [15O]H2O PET benefits include quan-
titative data output and the capacity for longitudinal imaging
[78]. Accordingly, few [15O]H2O PET studies have been
conducted to evaluate cerebral blood flow and other hae-
modynamics in small animals primarily due to the short
half-life of 15O and its potentially high-energy emitted
positron, which render the PET images noisier and of lower
resolution. Nevertheless, the development of [15O]H2O-
based imaging in small animals is an increasing focus of
recent research, and the aforementioned challenges may be
technically addressed in the near future (more information is
available on the website of the project Small Animal Fast
MRI Insert at https://safir.ethz.ch) [43, 79–82].

Despite the high resolution of MRI, it generally does not
require intravenous contrast agent injections; however, MRI
may be enhanced by effective contrast agents for visual-
isation or quantitative analysis, and this can be facilitated by
monocrystalline iron oxide nanoparticles (MIONs). MIONs
are useful contrast agents because they are relatively cost-
effective to produce, nontoxic, biocompatible, and both
chemically and physically stable [83]. Although they are able
to depict the vascular architecture clearly, it is important to
note that utilising MIONs or any intravascular MRI contrast
agents may cause difficulties in evaluating vessels with large
diameters due to the contrast agent particles reducing the
baseline intravascular signals from larger vessels. *is
suggests that there may exist an upper threshold in studying
vascular remodelling using contrast-enhanced MRI and that
only small-vessel changes may reliably be observed. *is
might be an important aspect to consider when assessing
vascular remodelling that includes larger vessel sizes and
densities [15, 34, 57, 84].

CT methods, such as micro-CT (µCT) and CT angiog-
raphy, offer detailed images of the neurovascular
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architecture. *eir strengths are reflected in their ability to
rapidly generate high-resolution images at relatively low
costs [9, 85]. CT angiography involves the administration of
an intravenous contrast agent to visualise the vasculature on
thin-section images in any plane. Moreover, these detailed
images can be obtained in short time frames of approxi-
mately less than a minute [21, 39]. Whilst CT does not offer

the same degree of soft-tissue resolution as MRI, CT scans
are not contraindicated when metal is present. *is is
uniquely beneficial because animals with implants or devices
can still be imaged. For qualitative data on structural changes
in the neurovasculature, CTmay be a more practical choice
of imaging modality, which may require supplementation by
other imaging modalities for quantification.

(a)
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Figure 7: (a) Coronal-view image of uULM performed through a thinned-skull window, conferring a resolution of 10× 8 µm2. (b) In-plane
velocity map of some vessels from (a). (c) Coronal-view image of uULM performed through an intact skull, conferring a resolution of
12.5×1 µm2. (d) In-plane velocity map of some vessels from (c). uULM, ultrafast ultrasound localisation microscopy [20] (reprinted with
permission from Copyright Clearance Center, Inc. [20]).
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*is systematic literature review also revealed a number
of techniques that do not require the administration of
contrast agents or tracer molecules; these include fUS,
photoacoustic microscopy (PAM), fPAM, laser speckle
imaging (LSI), and SR-PCI [16, 32, 33, 36, 42, 48]. Evidently,
evading the need for intravenous injections would render
these techniques as attractive and ideal for translation to
clinical practice. LSI has already been implemented to assess
systemic microvascular function in patients with and
without cardiovascular disease [86]. Meanwhile, PAM has
been used previously to evaluate vascular profiles and ox-
ygen saturation in patients with complex regional pain
syndrome, as well as to visualise the microvasculature and
changes in vascular networks in patients with and without
acral melanoma [87, 88].

4.7. Safety Considerations in Small Animals. Depending on
the type of study being designed, there are different safety
issues to consider. Some optical imaging modalities involve
directly exposing cerebral tissue via thinning of the skull or
creation of a cerebral window, after which intravascular
labels can be monitored as close to the surface as possible
[61]. Because of the invasiveness required, in addition to
offering comparatively small fields of view due to minimal
penetration of tissue, they are commonly employed in small
animal preclinical studies [63, 69]. Alternatively, other
optical approaches such as fluorescence microscopy offer the
ability for repeated imaging longitudinally in the same
animals, which circumvents two major problems: (1)
needing to sacrifice animals after critical time intervals in a
study and (2) using different cohorts of animals for different
time points [89]. In this way, noninvasive imaging tech-
niques may allow for longer experiments over a span of
several days, weeks, or months with minimal interruption to
the animals whilst monitoring dynamic processes like
neurovascular remodelling after ischaemic stroke.

Dose-equivalent radiation is another concern. *e
performance of µCT is influenced by the X-ray source
utilised. In preclinical applications, µCT involves signifi-
cantly lower photon output than that used in clinical CT
scanners. Long (e.g., around 50min) average scan durations
may thus be required for preclinical µCT to achieve com-
parable noise levels to those in clinical CT [90]. Maintaining
recovery anaesthesia, restricting movements, and mini-
mising ionising radiation doses over longer periods then
become major procedural concerns [39]. *e effects of large
doses of radiation on such small animals must also be
considered. However, a recent study that evaluated X-ray
doses and their corresponding biological effects in experi-
mental animals that underwent cone-beam µCT scans
demonstrated no significant radiation damage in the animals
used [91].

Imaging system design may sometimes dictate animal
handling. For example, in MRI studies, no items comprising
ferromagnetic metals should be present within anMRI suite;
this inflicts limitations on equipment that may be needed for
small animals in a given investigation, such as monitoring
probes, catheters, needles, metal-containing sutures, or

implants. Although shielding from magnetic penetration
may be implemented for certain tools, MRI-compatible
alternatives are available for instruments that must be
present within the MRI suite and within close proximity to
the MRI unit [92].

Functional imaging modalities, which reveal physio-
logical changes in response to experimental interventions,
mandate stable homeostasis. *e administration of anaes-
thesia may influence key parameters, such as blood volume,
flow, and oxygenation; therefore, these changes must be
acknowledged and compensated for when administering
anaesthetics, analgesics, fluids, body temperature control,
blood pressure regulation, or artificial ventilation
[27, 93–95]. Other considerations when using small animal
models arise simply from their small size, which imposes the
need for specialised equipment. In experimental models, it is
important for stroke to be stimulated under sterile and
hygienic conditions to minimise the occurrence of wound
infections. It is crucial to verify that any neuroinflammation
that is identified using imaging techniques stems from is-
chaemia, rather than inadequate aseptic methods [96].
Administering sufficient anaesthesia for the duration of the
imaging scan, sustaining metabolic homeostasis via dedi-
cated monitoring equipment, and restricted access to the
animal during the imaging scan are also prominent aspects
that require consideration to ensure that the instruments
utilised do not generate image distortions or hazards to the
animals or researchers [92].

4.8. Potential Limitations in Imaging Vascular Remodelling.
Improving the interpretation of imaging data is an active
field of research to overcome the functional limitations
present in various imaging techniques. For example, PET
produces high-resolution images that are subject to back-
ground noise in the data that must be corrected for. Imaging
vascular changes using contrast-enhanced methods expe-
riences similar issues. Contrast-enhanced imaging methods
rely on the distribution of molecules throughout the vas-
culature to be visualised. In ischaemic injury, vessel dis-
ruption directly affects the distribution of contrast. Acutely,
this absence of contrast agents may contribute to the di-
agnosis of ischaemia; however, in long-term settings, the
remodelling itself may contribute to the absence of contrast
agents by means of vessel occlusion, haemostasis, or sub-
threshold quantities of contrast in these vessels, thus limiting
detection on image acquisition. *is disruption in blood
flow is certainly not uncommon in ischaemic injury, and this
phenomenon has been previously demonstrated with the use
of ultrafast Doppler angiography to study coronary blood
flow dynamics [97]. Cerebral blood volume is another
concern when assessing neurovascular remodelling because
an increase can represent either neoangiogenesis or vessel
dilatation [14]. Lack of definition is also an issue to consider
when imaging vasculature after injury. *e damaged vessels
may also allow the contrast agent to leak into the interstitial
space around the vessels, which can inevitably distort the
resulting images obtained by generating blurred images [98].
*us, in such cases, certain types of noise in the data could
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potentially represent vascular leakage or, comprising a more
positive outlook, could provide information on changes in
postinjury blood flow dynamics.

One overarching aspect that may be worth considering
when interpreting images from the translation of preclinical
research to its application to humans is the age of animal
models used. In general, younger animal models are used for
research purposes simply because they are easier to manage
and incur lower laboratory costs; older animals would need
to be maintained for several months until the equivalent “old
age.” However, ischaemic injury in the form of stroke is a
much more common occurrence in elderly individuals
amongst humans. *e ischaemic penumbra also varies in
measurements of size and its incorporation into the
ischaemic core over time between young and old animals
[96]. As a result, it may be worth imaging small animals at
various time points into “older” age to inform the in-
terpretation of imaging results in preclinical models.
Whether the physiology and pathology of younger pre-
clinical models provide a sufficient platform to develop
effective treatments in older humans is a point to consider in
future research.

4.9. Future Prospects. *e current trends in preclinical
imaging are progressing towards synergistic methods,
allowing for the simultaneous extraction of the beneficial
characteristics of each individual modality, a broader range
of information that can be obtained from resulting images,
and thus, optimisation of diagnosis. It is difficult to establish
a single imaging technique that is optimal in all cases, as this
will likely require a trade-off between different parameters;
instead, multimodal techniques can be employed to take
advantage of the most optimal parameters. Furthermore,
with the data obtained from multiple imaging techniques, a
greater number of parameters may be integrated into or used
to confirm mathematical models to shed further light on
physiological and pathological information [69, 73].

Amultimodal imaging systemwith the ability to perform
SPECT, bioluminescence imaging, and fluorescence imag-
ing—referred to as the U-SPECT-BioFluo system—was
introduced to elucidate physiological and anatomical in-
formation within the body, specifically to target tumours. To
achieve this, mouse models were administered with both a
fluorescent optical dye and radioactive agent to visualise
their molecular-level interactions within the body. *is
imaging system was originally introduced with specific
relevance to study tumourigenic angiogenesis, and similarly,
such a system could be employed to study the vascular
changes (which also involve angiogenesis, amongst other
cellular processes) following ischaemic injury (Figure 8)
[99]. On a similar note, another group developed a hex-
amodal imaging system that exploited a unique porphyrin-
phospholipid-coated type of nanoparticle. *ese nano-
particulate agents can be utilised to retrieve information
from six different imaging modalities that comprise this
system: upconversion, fluorescence, photoacoustic, PET,
CT, and Cherenkov luminescence imaging [100]. Highly
integrated systems such as this show great promise and

feasibility for providing information that may not be
achievable with single or dual imaging modalities. Multi-
modal neuroimaging hence represents the foundation for
advancing postischaemic restorative therapies. Combina-
torial techniques can ultimately be implemented to achieve a
more needs-based and personalised approach in medicine
and healthcare.

Novel tracers that target different molecular pathways
and can be utilised with existing imaging systems are also
continuously under investigation. For example, the newly
characterised PET tracer [18F]glycoprotein-1 ([18F]GP1) has
been demonstrated to elucidate regions of platelet aggre-
gation and thrombi in cynomolgus monkeys. Small venous
and arterial thrombi were clearly and simply visualised in
real time, and the tracer exhibited rapid blood clearance,
raising the possibility of imaging ischaemia-related vascular
changes in humans using [18F]GP1 (Figure 9) [101]. In
addition, another group demonstrated the feasibility of a
dual optical and PET/CT tracer for (a) noninvasive in vivo
imaging of activated macrophages and vascular in-
flammatory activity in atherosclerotic plaques in mouse
models and (b) visualisation of activated macrophages in
human carotid plaque tissues, based on the activity of
cysteine cathepsins [102].

Developments in MRI systems that may be useful in
cases of ischaemia are also worth mentioning here. Four-
dimensional (4D) flow MRI has been demonstrated to be
useful for the evaluation of neurovascular haemodynamics
and cerebral blood flow [103, 104]. Although long acqui-
sition times (approx. 5–20min) and a spatial resolution that
is insufficient to capture small-vessel haemodynamics rep-
resent considerable technical limitations, 4D flow MRI
comes with the benefit of evading the necessity for gado-
linium contrast agents [105]. To achieve superior image
contrast, MRI-based quantitative susceptibility-weighted
imaging offers a way to facilitate the delineation of neural
structures with the added advantage of quantification of
magnetic properties in the brain [83]. Ultimately, preclinical
imaging is performed with the aim of translating findings to
clinical practice. Given the fact that the most common
preclinical imaging techniques are MRI followed by PET, as
identified in this systematic literature review, their direct
combination in dedicated PET/MRI systems can prove to be
advantageous for providing complementary functional and
structural data. *is would be advantageous for studying
ongoing vascular changes; however, technical developments
are warranted to facilitate accurate quantification and im-
proved spatiotemporal resolution [106, 107].

*rough its wide-ranging applications, preclinical im-
aging generously lends itself to translational approaches
from small animals to humans.*e ability to visualise tissues
and organs influences the precision and accuracy of di-
agnosis, staging, treatment planning, and treatment re-
sponse evaluation. MRI, PET, SPECT, CT, and ultrasound
are commonly used in clinical practice for various imaging
purposes. Although optical imaging modalities are relatively
not as frequently implemented in the clinic, they are in-
creasingly garnering attention for clinical translation [108].
*e Network for Translational Research: Optical Imaging in
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(a)

(b)

Figure 8: Images of a mouse with a 4T1-luc+ tumour. Bioluminescence images were acquired following D-luciferin injections; fluorescence and
SPECT images were acquired following multimodal tracer [111In]-RGD-MSAP injections. (a) U-SPECT-BioFluo bioluminescence images with
and without median filter applied, fluorescence images with high and low threshold applied, and SPECT image. (b) IVIS bioluminescence and
fluorescence images. SPECT, single-photon emission computed tomography; IVIS, in vivo imaging system.*is figure is published in [99], which
is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0).
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Figure 9: (a) [18F]GP1 PETimage of cynomolgusmonkeyswith arterial and venous catheters that were inserted in the right carotid artery and vena
cava, respectively (maximum-intensity projection 0–60min). Both arterial and venous thrombi exhibited tracer uptake. (b) [18F]GP1 time-activity
curves of thrombus uptake and blood clearance in monkeys 1 (displayed in (a)) and 2. [18F]GP1, [18F]glycoprotein-1; PET, positron emission
tomography;M1,monkey 1;M2,monkey 2; %ID/g, percentage injected dose per gram.*is researchwas originally published by Lohrke et al. [101].
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Multimodal Platforms is a programme dedicated to de-
veloping, optimising, and validating imaging methods for
rapid clinical translation. In particular, this network focusses
on early-stage imaging using multiple common modalities
in combination with an optical imaging modality; this
combination may facilitate a quicker progression of optical
imaging modalities to clinical trials [109, 110].

Furthermore, multidisciplinary collaboration can prove
to enhance the value of imaging technology in translating
preclinical animal models to clinical settings. For example,
point-of-care technology is emerging as the future direction
for clinical applications of imaging to enhance patients’
experiences and decrease associated expenses. *e most
significant advantage of point-of-care medical imaging is the
capacity to provide instant information to guide immediate
clinical management decisions, as it acts as a first-line tool to
screen for acute medical problems, particularly in resource-
limited settings [60]. Ultimately, optimal medical and mo-
lecular imaging methods may contribute to more accurate
diagnoses at earlier disease stages and prior to and during
surgical operations; in due course, these methods are an-
ticipated to enhance therapeutic outcomes in patients.

5. Conclusions

*efield of neuroimaging has augmented our understanding
of the mechanisms of ischaemic trauma, and a variety of
imaging techniques are particularly helpful for observing
subsequent vascular remodelling within the brain. Appro-
priate combinations of imaging modalities incorporating
biomarkers of blood flow, energy fluctuations, and neuro-
vascular breakdown can potentially elucidate optimal per-
spectives of postischaemic reorganisation.

*is review is a systematic study and analysis of the
literature published between 2008 and 2018 regarding
preclinical in vivo imaging biomarkers for postischaemia
neurovascular remodelling. *e search identified 35 peer-
reviewed research articles, which predominantly reported on
the use of MRI or PET, although other imaging modalities
were also utilised. *ere remain critical gaps in our
knowledge within the field of restorative therapy for neu-
rological pathologies, such as traumatic brain injury and
ischaemia; amongst them, being able to detect vascular
remodelling noninvasively and observe its evolution
through stages of vascular recovery is an important aspect.
*e push towards molecular imaging has promoted the
development of biological target-specific tracers to reveal the
physiological and pathological mechanisms within the brain.
Concurrently, the prospect of multimodality clinical im-
aging with its unification of anatomical and functional in-
formation holds superior potential in expanding our
understanding of neurovascular organisation and disease
activity.
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Positron emission tomography (PET) provides simple noninvasive imaging biomarkers for multiple human diseases which can be
used to produce quantitative information from single static images or to monitor dynamic processes. Such kinetic studies often
require the tracer input function (IF) to be measured but, in contrast to direct blood sampling, the image-derived input function
(IDIF) provides a noninvasive alternative technique to estimate the IF. Accurate estimation can, in general, be challenging due to the
partial volume effect (PVE), which is particularly important in preclinical work on small animals. 'e recently proposed hybrid
kernelised ordered subsets expectation maximisation (HKEM) method has been shown to improve accuracy and contrast across a
range of different datasets and count levels and can be used on PET/MR or PET/CTdata. In this work, we apply the method with the
purpose of providing accurate estimates of the aorta IDIF for rabbit PETstudies. In addition, we proposed amethod for the extraction
of the aorta region of interest (ROI) using the MR and the HKEM image, to minimise the PVE within the rabbit aortic region—a
method which can be directly transferred to the clinical setting. A realistic simulation study was performed with ten independent
noise realisations while two, real data, rabbit datasets, acquired with the Biograph Siemens mMR PET/MR scanner, were also
considered. For reference and comparison, the data were reconstructed using OSEM, OSEM with Gaussian postfilter and KEM, as
well as HKEM.'e results across the simulated datasets and different time frames show reduced PVE and accurate IDIF values for the
proposed method, with 5% average bias (0.8% minimum and 16% maximum bias). Consistent results were obtained with the real
datasets.'e results of this study demonstrate that HKEM can be used to accurately estimate the IDIF in preclinical PET/MR studies,
such as rabbit mMR data, as well as in clinical human studies. 'e proposed algorithm is made available as part of an open software
library, and it can be used equally successfully on human or animal data acquired from a variety of PET/MR or PET/CT scanners.

1. Introduction

[18F]-based PET imaging has been successfully used as a
noninvasive imaging biomarker of different human diseases.
[18F]-Sodium fluoride ([18F]-NaF) has been associated
with calcium molecular metabolism, and it has been used to
study benign osseous diseases such as osteoporosis, vascular

calcification, osteoarthritis, and rheumatoid arthritis [1–6].
[18F]-Fluodeoxyglucose ([18F]-FDG) is themost commonly used
in clinical practice and particularly for the detection, quantifi-
cation, staging, and therapy evaluation of cancerous lesions, as
well as in cardiovascular and neurological diseases [7–12].

Accurate and precise quantitative biomarkers can be
obtained by exploiting the pharmacokinetic information in
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the measured data [13]. 'is requires the estimation of the
radiotracer concentration in the arterial blood plasma (input
function). 'e gold standard for such measurement is blood
sampling during the PET acquisition, via arterial cannula-
tion [14]. Unfortunately, this technique is invasive and can
be complicated, as it requires arterial blood samples in
specific quantities and at precise times with corrections for
delay and dispersion to account for the distance between the
sampling site and the regions of interest (ROIs) [15].

A noninvasive technique is the image-derived input
function (IDIF) [16] which uses a region of interest (ROI) to
measure the uptake in the vessel over time. 'e IDIF is a
simple way to calculate activity over time; however, it is
challenging due to image-related issues. Firstly, the choice of
the ROI has a very important impact, and nonaccurate ROIs
will affect the measurement [17, 18]. Other challenges are
related to the use of MR images to extract the ROI because a
potentially inaccurate registration between PET and MR
images can lead to erroneous estimates of the activity in the
chosen arterial ROI. With a hybrid PET/MR scanner, the
problem of coregistration is expected to be minimised.

'e aforementioned problems are mostly related to the
ordered subsets expectation maximisation (OSEM) method
[19] which is usually followed by postreconstruction
Gaussian filtering due to the high noise levels expected for
the very short-time frames used for the IDIF estimation.
OSEM with or without postfiltering has been shown to
produce inaccurate values of IDIF with bias up to 30%
propagating through the kinetic constant calculations [20].
In preclinical experiments, these issues can be even more
challenging [13, 21] because of the smaller size of animal
vessel tissue, such as rabbit aortas, especially when they are
performed with clinical scanners designed for larger human
subjects. In this case, the PVE can be significant, as the
diameter of the rabbit aorta is about 5mmwhich is the same
order of magnitude as the PET resolution.

Different studies have proposed methods for the use of
IDIF by correcting or avoiding PVE [22–26]. Zanotti-
Fregonella et al. [16] have shown in their comparison be-
tween cannulation-based and image-derived input functions
that the use of high-resolution PET images is often not
sufficient to avoid the need of cannulation to obtain a reliable
IDIF. Moreover, the accuracy of the IDIF may vary between
radiotracers and scanners. MR-guided techniques have been
proposed and discussed [15], showing that erroneous regis-
tration between the PET and the MR images, as well as er-
roneousMR segmentation, can introduce an error in the IDIF
estimation. 'e problem of PET/MR misalignment has been
discussed for the kernel by Deidda et al. [27]. In this study, we
apply a PET/MR-guided image reconstruction algorithm,
hybrid kernelised expectation maximisation (HKEM) [28], to
minimise PVE during the reconstruction step so that we can
obtainmore accurate IDIF estimates. In addition, tominimise
the PET/MR misalignment, the HKEM-reconstructed image
at the peak activity frame was used together with the MR
image to extract the ROI to be used for the estimation of the
input function. In this way, only a percentage of the maxi-
mum value is included in the ROI avoiding low-value voxels
outside the carotid in case of PET/MR misalignment.

'e kernel method [29], which was first introduced in
PET image reconstruction by Wang and Qi [30] and
Hutchcroft et al. [31, 32], makes use of only one prior in-
formation image, MR or PET, respectively. Furthermore,
many other studies showing promising performances have
appeared in the literature [33–39]. In contrast, the HKEM
method, which we recently developed in the open-source
STIR library [40], exploits both the PET and the MR cor-
egistered images to derive PET information iteration after
iteration.

'e HKEM algorithm was introduced by Deidda et al.
[28] as a method for improving PET image resolution and
uptake recovery in PET/MR phantom experiments, as well
as contrast and quantification of atherosclerotic plaque le-
sions in carotid arteries in clinical PET/MR studies—which
could also be applied in PET/CT studies. In addition, it is a
robust and stable method which gives consistent results
across different datasets using the same parameter settings.
In this paper, we focus on the quantification of the aorta
IDIF of rabbits using 18F-based radiotracers such as [18F]-
FDG and [18F]-NaF, to extend the applicability and use-
fulness of our novel reconstruction algorithm. Here, we
assume that if HKEM can recover the uptake while retaining
satisfactory noise suppression for low-count PET acquisi-
tions, it will also be capable of providing accurate IDIF
estimates using a wide range of dynamic PET frame
durations.

'e paper is structured as follows: Section 2 describes the
datasets used to study image reconstruction, list mode (LM)
subsampling, and the experimental methodology. Section 3
presents the results of the proposed method and comparison
with different standard algorithms. 'e results are discussed
in Section 4, and conclusions are drawn in Section 5.

2. Methods and Materials

2.1. Simulation. A realistic simulation was created using a
model derived from real [18F]-NaF rabbit data [41] and
utilities implemented in the STIR library. 'e real data were
acquired with the Siemens BiographmMR scanner at Mount
Sinai Hospital, NY, USA. 'e voxel size for the simulated
image was 1.56 × 1.56 × 2.031mm. 'e rabbit was a healthy
subject and was anaesthetised before the scan. It was injected
with [18F]-NaF 170 MBq and scanned for 90 minutes.
Different organs and tissues were segmented from the ac-
quired MR UTE sequence, using 0.07ms echo time. 'e
original voxel size is 1.56 × 1.56 × 1.56mm. It is then aligned
to the PET field of view (FOV) and resliced to match the PET
native voxel size, 1.56 × 1.56 × 2.031mm3, and FOV size, 344
× 344 × 127 voxels. 'e same image is also used for the
calculation of the kernel matrix. In particular, the abdominal
aorta, kidneys, bladder, myocardium, lungs, stomach, and
background were extracted as independent images. Each
tissue type was segmented using a semiautomatic segmen-
tationmethod in ITK-SNAP based on thresholding [39], and
it was then used as a ROI in the real PETdata to estimate the
activity concentration over 45 frames organised as follows:
17 × 6 s, 4 × 15 s, 4 × 30 s, 4 × 60 s, 4 × 180 s, and 12 × 300 s.
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'e measured values were then assigned to every tissue in
the simulation.

In order to create the projection data, each simulated
image is forward projected into the sinogram space. 'e
attenuation sinogram is estimated using the attenuation
coefficient, μ, map obtained from a Dixon MR sequence
[42–45], and the precalculated hardware attenuation co-
efficients for the bed and coils. 'e projection data con-
taining random events were estimated as a uniform
sinogram containing 20% of the total number of events in
the simulated acquisition sinogram. In order to estimate the
scattered events, the Watson single scatter simulation was
applied [46], and a mask obtained from the μ map was used
for the tail fitting. At this point, the random and scatter
sinograms were combined as an additive term in the
emission sinogram to create the modelled prompts pro-
jection data. 'e final step was the simulation of Poisson
noise from the prompts events.

'e above steps were repeated for each simulated frame
image, and 10 noise realisations were created.

2.2. Real Rabbit Data. 'e acquisition was carried out using
the Siemens Biograph mMR at Mount Sinai Hospital, NY,
USA.'e rabbit was a healthy subject and was anaesthetised
during the scan. It was injected with [18F]-NaF 170 MBq for
the first study and [18F]-FDG 133 MBq for the second, both
scanned for 90 minutes. 'e attenuation images were ob-
tained from the scanner, which included the attenuation
coefficient for bed and coils. 'e LM data were divided into
smaller frames, to permit calculation of the input function.
'e tracer was injected during the first seconds of the scan.
'e MR part of the kernel matrix was obtained from a MR
UTE sequence with 0.07ms echo time, and the original voxel
size was 1.56 × 1.56 × 1.56mm. It was then aligned to the
PET field of view (FOV) and resliced tomatch the PETnative
z voxel size, 1.56 × 1.56 × 2.031mm3, and FOV size, 344 ×

344 × 127 voxels.

2.3. Reconstruction Setup. All the datasets were recon-
structed using HKEM with 21 subsets and 10 iterations. 'e
PET image voxel, λj, using the HKEM can be written as

λj � 

Nj

f�1
αfkfj, (1)

where kfj is the fjth element of the kernel, Nj is the number
of feature vectors related to voxel j, and αf is the kernel
coefficient to be estimated iteratively as follows:

α(n+1)
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α(n)
f

jk
(n)
fj ipfi


j
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1
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fl α

(n)
f + si

,
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with pij being the system matrix and si the additive term.
'e fjth element of the kernel consists in two components,
and it can be written as follows:
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is the kernel derived from the MR image and
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(5)

is the kernel component derived from the updated PET
image. 'e Gaussian kernel functions have been modulated
by the distance between voxels in the image space. 'e
quantity xj is the coordinate of the jth voxel, n is the
subiteration number, z(n)

j and vj are the feature vectors that
are calculated from the nth updated PET image and the MR
image, respectively, and σm, σp, σdm, and σdp are the scaling
parameters for the distances in (4) and (5). Note that the
HKEM uses a voxel-wise kernel. 'is means that the feature
vector assigned for each voxel contains only one nonzero
element with the same voxel value.

'e kernel parameters were chosen in order to obtain the
minimum RMSE in the aorta. 'e values of the kernel
parameters were set as follows: N � 27, σm � 1, σdm � 3,
σp�1, and σdp � 3 (the last two are only used by HKEM).

For comparison, the same datasets have been recon-
structed also with 21 subsets and 10 iterations of OSEM with
and without 3mm FWHM Gaussian postfilter. 'ese
methods are denoted as OSEM+G and OSEM, respectively,
in this study. 'e selected number of subsets and the ap-
plication of the Gaussian post-filter are considered as
standard settings in clinical routine. All datasets were
reconstructed using span 1.

Scatter correction was performed with the method de-
scribed by Tsoumpas et al. [47] and Polycarpou et al. [48].
Randoms were estimated from singles, which were calcu-
lated from delayed events [49]. 'e procedures for these
evaluations, including attenuation and normalisation cor-
rections [50], make use of STIR.

2.4. Image Analysis. 'e comparison was carried out in
terms of the mean value for all of the short frames and
datasets, and the bias was estimated for the simulation to
assess the accuracy of the proposed method. 'e ROI was
obtained using the HKEM-reconstructed image and the MR
image as follows (Figure 1):

(i) 'e aorta was segmented from the MR image using
the semiautomatic segmentation method in ITK-
SNAP based on thresholding [51]

(ii) 'e obtained mask is multiplied with the HKEM-
reconstructed PET image to obtain the segmented
aorta, As, from the the PET image
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(iii) 'e ROI, A, is obtained by taking into account only
the voxels with a value bigger than 75% of the
maximum in order to optimize those affected by
PVE

Ai �
1, As

i ≥ 0.75 · As
max,

0, otherwise,
 (6)

where I is the index of the voxel. Quantitative comparison
between algorithms was performed using the following
figures of merit:

meank � tk �

V
j�1tjk

V
, (7)

biask �
tk −AT

k




AT
k

· 100, (8)

CoVk �

��������������������

1/(V− 1)
V
j�1 tjk − tk 

2


tk

× 100, (9)

where tk is the mean value of the target ROI at frame k, tjk is
the value of voxel j within the ROI at frame k, and V is the
number of voxels within the ROI. 'e ROIs obtained with
the proposed method are shown for each dataset in Figure 2.

3. Results

3.1. Simulation. 'e IDIF estimates for the simulated rabbit
data and the early and late frames for the IDIF are illustrated

in Figure 3. In the same figure, the reconstructed images with
OSEM, OSEM+G, KEM, and HKEM, at the peak frame
(24–30 s), are shown. Figure 4 presents the line profile of the
aorta estimated for the images, as reconstructed with all
investigated methods, at two different positions (LP1 and
LP2), while Figure 5 reports the median IDIF estimated over
the ten noise realisations using the HKEM. 'e shaded
region is the range of possible values over the 10 simulated
datasets, and the dashed line is the true IDIF. Finally, Table 1
reports the percentage value of the mean, maximum, and
minimum absolute bias over the frames and the noise
realisations.

A voxel-wise analysis example is reported in Figure 6,
where the 10 peak frame images were combined to extract
the bias and the SD images for each algorithm.

3.2. NaF Study. Figure 7 shows the comparison, on the
bottom row, between the initial 200 s of the input function
on the left, and the later section of the IDIF on the right.
Moreover, to give an idea of the image quality, the recon-
structed [18F]-NaF images for the peak time are shown on
the top. Figure 8 reports the line profile of the aorta in two
different positions (LP1 and LP2) for the [18F]-NaF peak
images reconstructed with the investigated methods to il-
lustrate in detail the differences between the images
reconstructed with different techniques. Figure 9 gives an
example of fused PET/MR image quality for all the re-
construction techniques.

3.3. FDG Study. 'e IDIF was estimated for a [18F]-FDG
study in order to assess the method on a different tracer.

Ai =
1, s

0, otherwise.
Ai ≥ 0.75·Amax,s

HKEM PET

ROI: A

MR

MR segmentation

PET segmentation

ROI extraction

Figure 1: Schematic representation of the extraction of the region of interest (ROI), A, of the aorta using the PET and MR images as the
input.
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Figure 10 shows a comparison among the different algo-
rithms in terms of image quality at the [18F]-FDG peak
activity frame, input function values. On the bottom row, we
can see the initial 200 s of the input function on the left and
the remaining part of the IDIF on the right, while on the top,
the reconstructed images for the peak frame are shown.
Figure 11 reports the line profile of the aorta in two different
positions (LP1 and LP2) for the [18F]-FDG peak images
reconstructed with all the investigated methods.

4. Discussion

In this study, we have proposed the use of our recently
developed hybrid kernelised reconstruction algorithm
HKEM, for the estimation of the IDIF in the aorta artery of
rabbits having undergone [18F]-FDG and [18F]-NaF PET/
MR studies using a clinical PET/MR scanner. 'e study was
driven by the fact that many applications, where dynamic
PET is used to extract more accurate and precise kinetic

(a) (b) (c)

Figure 2: Regions of interest (ROIs) chosen for this study, defined by the white regions. 'e target ROIs for the (a) aorta in the simulation,
(b) [18F]-NaF rabbit study, and (c) [18F]-FDG rabbit study. 'e target ROIs are indicated by the white arrows.
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Figure 3: A comparison between the true and the measured IDIF values over time, as obtained from the reconstructed image with HKEM,
KEM, OSEM, and OSEM+G. On the top, the peak frame (24–30 s) images are also shown.
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imaging biomarkers, rely on the estimation of the IDIF
which is problematic in preclinical studies due to extensive
PVE. As a consequence, it is relevant to propose a method
which provides accurate estimates of IDIF. 'e results in
Figure 3 show that the proposed reconstruction method and
ROI extraction provide accurate results for all time points.
'e mean, maximum, and minimum bias were also calcu-
lated over the frames and the ten noise realisations (Table 1).

We were able to obtain a mean bias of 5% using the HKEM
with the maximum value being 16.1%. Note that due to the
applied threshold in the definition of the ROI, the OSEM
also provided accurate results although the dynamic PET
image frames were very noisy, and thus it becomes chal-
lenging to accurately delineate the appropriate aortic input
function ROI, which is crucial for the IDIF calculation. In
addition, a 52% averaged CoV over noise realisations means
that there is a probability of about 68% that the repeated
measure will have a value within ± 52% around the mean.
As a consequence, values with high bias are very likely with
OSEM.'e results suggest that MR information can provide
substantial improvement in terms of PVE and noise sup-
pression. Nevertheless, the inclusion of the PET functional
information allows better accuracy at similarly low noise
levels (Table 1), compared to KEM. Figure 4 shows the line
profiles in two different points of the carotid for the image
corresponding to the peak. Here, we can notice the better
delineation of the aorta for both the KEM and HKEM MR-
guided techniques, thanks to the broader smoothness ap-
plied in the background tissue regions. It is also important to
highlight that the extraction of the ROI from the OSEM
image in Figure 1 would not be accurate, as the maximum
value was very high due to noise.'us, the 75% thresholding
would only extract very few voxels, therefore causing up to
100% bias in the OSEM IDIF values despite being associated
with high accuracy estimates. Figure 5 illustrates the median
full IDIF estimate over the 10 realisations, and it is possible
to notice the accuracy over time compared to the true values.
A voxel-wise analysis example is reported in Figure 6, where
it can be seen the better image quality of KEM and HKEM,
with lower bias in the aorta and low SD overall. 'e ROI
analysis was also performed on this image. 'e results re-
ported in Table 2 are in agreement with the ROI analysis
performed with all the frames. Due to the optimized ROI,
OSEM gives a similar bias value to HKEM on the peak
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Figure 5: Median IDIF estimated over the ten noise realisations
using the HKEM. 'e shaded region is the range of possible values
over the 10 simulated datasets, and the dashed line is the true IDIF.
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Table 1: Absolute bias (%) and CoV (%) estimation over the 45
frames.

Mean
bias

Max.
bias

Min.
bias

Mean
CoV

Max.
CoV

Min.
CoV

OSEM 6.3 20.8 0.1 52.0 75.6 31.5
OSEM+G 23.32 39.2 4.4 16.2 34.9 10.1
KEM 12.8 30.2 7.7 19.3 30.4 10.9
HKEM 5.0 19.3 0.8 19.9 32.8 10.7
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frame; however, the repeatability of the measure is around 3
times worse. When Gaussian filter is applied, the value is
extremely biased with similar CoV to HKEM and KEM.

'e same analysis was applied to two real PET/MR rabbit
datasets acquired with the Biograph mMR scanner, using
[18F]-NaF or [18F]-FDG radiotracers. Figure 7 shows con-
sistent results for the IDIF plots. 'e reconstructed images
using the real data show regions of high uptake only in some
places of the aorta, thereby demonstrating the benefit in
contrast and resolution of exploiting a hybrid PET/MR
kernel matrix. Figure 8 presents the line profiles obtained
with the different methods, showing the good resolution of
the aorta when using the HKEM method and the poor
quality of the postfiltered OSEM which is highly affected by
the PVE. In Figure 9, the fused PET/MR image is illustrated
for each technique, confirming the better alignment of the
aorta region between the PET and the MR images and the
resulting higher PET image resolution and aortic contrast.
Moreover, the comparison between the [18F]-FDG and
[18F]-NaF PET/MR studies allowed to assess the feasibility
and performance of HKEM in estimating the aorta IDIF for

two of the most commonly employed radiotracers in on-
cology and cardiology. From the results in Figure 10, the
benefit of the synergistic PET/MR information encoded in
the kernel matrix is visible especially in the IDIF plot. 'ese
results are also supported by the line profiles in Figure 11
showing a clear definition of the aorta for the proposed
method and minimum spill-out of activity from the aorta. It
is worth noticing that, for the real data, there are two peaks
in the early frames IDIF; this is probably due to the fact that
the injection was not continuous during the scan but there
was a sudden stop making the uptake rate drop down in that
specific time frame. We could show the IDIF with one peak
by summing the frame associated with the first peak and the
frame having low uptake; however, we think it is interesting
to show the effect of a noncontinuous injection on the IDIF
estimation. 'e input function represents a very crucial data
component when estimating kinetic parameters, and its
accurate estimation can become extremely challenging for
small animal imaging due to the very small sizes of the
associated aortic vessels. In this study, we proposed the use
of PET/MR synergistic information for the more accurate
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Figure 9: Comparison between reconstructed images with (a) OSEM, (b) OSEM+G, and (c) KEM using only MR and (d) the proposed
HKEM fused with the MR UTE image for the [18F]-NaF rabbit data.
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and precise extraction of the aortic ROI and IDIF estimation
in the framework of the HKEM method. We demonstrated
that, despite the small size of the rabbit aorta, it is feasible
and promising to employ the HKEM method for the ex-
traction of an aorta IDIF estimate of improved accuracy and
reduced PVE even when using a clinical PET/MR scanner. In
addition, the method described to extract the ROI is easy to
use and implement as it only involves trivial mathematics
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Figure 11: Comparison between the line profiles, LP1 and LP2, after reconstructing with OSEM, OSEM+G, KEM, and HKEMmethods for
the [18F]-FDG rabbit data.

Table 2: Bias (%) and CoV (%) estimation over the 10 noise
realisations at the peak frame.

Bias Mean CoV
OSEM 19.3 15.4
OSEM+G 40.4 3.5
KEM 20.2 4.3
HKEM 19.3 4.6
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between matrices. It is worth mentioning that, although this
study was performed with PET/MR data, it could also work
with PET-CT data especially if the CT image to use as an-
atomical information is a CT angiography image.

5. Conclusion

In this investigation, we demonstrated that the HKEM
method allows the more accurate extraction of the aortic
ROI for improved IDIF estimation even when using a hu-
man hybrid scanner, compared to conventional OSEM or
anatomically guided KEM reconstruction. Our findings were
validated with both 10 simulated [18F]-NaF PET/MR
datasets as well as 2 real rabbit PET/MR studies. Further,
the methodology can be applied to most of the available
radiotracers and with PET-CT without any major modifi-
cation. 'is technique can enhance the use of dynamic PET
in the context of imaging biomarkers with direct pharma-
cokinetic information.

Data Availability

A demonstrative code for the creation of the simulated
study, reconstruction, and ROI extraction is available in
CODE OCEAN at https://doi.org/10.24433/CO.bde84e0c-
4c73-47fa-8ba5-81fb8bd2af77. 'e real rabbit data used to
support the findings of this study, however, have not been
made available because the Translational and Molecular
Imaging Institute Group, who provided the data, retains the
right to publish the data before making them generally
available.
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Brain and tumour blood flow can be measured noninvasively using arterial spin labelling (ASL) magnetic resonance imaging (MRI),
but reliable quantification in mouse models remains difficult. Pseudocontinuous ASL (pCASL) is recommended as the clinical
standard for ASL and can be improved using multiphase labelling (MP pCASL). +e aim of this study was to optimise and validate
MP pCASL MRI for cerebral blood flow (CBF) measurement in mice and to assess its sensitivity to tumour perfusion. Following
optimization of the MP pCASL sequence, CBF data were compared with gold-standard autoradiography, showing close agreement.
Subsequently, MP pCASL data were acquired at weekly intervals in models of primary and secondary brain tumours, and tumour
microvessel density was determined histologically. MP pCASL measurements in a secondary brain tumour model revealed a sig-
nificant reduction in blood flow at day 35 after induction, despite a higher density of blood vessels. Tumour core regions also showed
reduced blood flow compared with the tumour rim. Similarly, significant reductions in CBF were found in a model of glioma 28 days
after tumour induction, together with an increased density of blood vessels. +ese findings indicate that MP pCASL MRI provides
accurate and robust measurements of cerebral blood flow in näıve mice and is sensitive to changes in tumour perfusion.

1. Introduction

Reliable and accurate quantification of cerebral blood flow
(CBF) by noninvasive methods, such as magnetic resonance
imaging (MRI), is of critical importance in many neuropa-
thologies. +e measurement of tumour blood flow, for ex-
ample, is key to both treatment planning and predicting
response. Tumour perfusion is widely used as an indicator of
tumour microenvironment, stage, and progression, and
greatly influences treatment. Clinical studies have shown that
tumour perfusion and, consequently, oxygenation are highly
correlated with clinical outcome [1–3]. Critically, the in-
creased use of antiangiogenic drugs and vascular normalising
therapies in conjunction with radiotherapy to treat tumours
has resulted in a need for improved quantitative, noninvasive

imaging measurements of vascular parameters to monitor
treatment response.

+eMRI method arterial spin labelling (ASL) is often used
to image cerebral blood flow (CBF), as it requires no exogenous
contrast agent and is easily implemented on clinical scanners.
Moreover, this method can provide absolute quantitative
measures of blood flow, which are not readily obtained by other
modalities. Pseudocontinuous ASL (pCASL), in particular, has
been recommended as the methodology of choice for clinical
ASL [4], but no such recommendations currently exist for
mice. Importantly, many potential therapeutic strategies for
brain tumours are initially tested in mouse models. Conse-
quently, there is a need for accurate methods of measuring
preclinical brain and tumour blood flow, reflecting those used
in the clinic, to enable assessment of likely therapeutic efficacy.
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Despite initial reports developing ASL in rodents [5, 6],
most implementations have focussed on clinical ASL. Many
challenges exist in the adaptation of pCASL MRI for pre-
clinical use, including higher blood flow velocities in the
feeding arteries, smaller brain size, susceptibility artefacts
from neighbouring air spaces, and B0 inhomogeneities in
high-field preclinical systems. Implementations of ASL in
mice have historically produced CBF values that are semi-
quantitative [7–9], single slice [10], or vary with the sequence
[11–13] and body position [14] used. Moreover, the mean
brain CBF values obtained are often unphysiologically high
(>200mL/100 g/min) [11, 15–17] and show little concor-
dance with gold-standard autoradiography measurements
(ca. 100mL/100 g/min) in the normal mouse brain [18–22].
+ese values may be influenced by the use of anaesthetics,
which at high concentrations can increase CBF dramatically
[23, 24]. Whilst some preclinical studies have validated their
ASL measurements using autoradiography [25–27] or mi-
crospheres [28], pCASL has not yet been validated in the
mouse brain. A previous implementation of pCASL to
measure CBF in mice not only showed clear advantages but
also showed a loss of inversion efficiency stemming from
phase offsets in the label-control acquisitions [12].

+e use of multiphase pCASL (MP pCASL) has been
shown to reduce these errors in both humans [29] and rats
[27], but this sequence has not yet been applied in mice. We
have recently implemented a multiphase pCASL method for
use in the rat brain, which shows high reliability, re-
producibility, and accuracy for CBF measurements [27].
However, given the even smaller size of the mouse brain,
implementing this sequence in mice remains challenging.
Movement artefacts from respiration affect the signal at the
base of the brain in particular, and air spaces surrounding
the brain produce distortions. Since most preclinical models
of primary brain tumours and brain metastasis are estab-
lished in mice rather than rats, developing this method
further for robust and reliable application in mice is
essential.

+us, the primary aim of this study was to optimise and
validate MP pCASL MRI for measuring CBF in naı̈ve mice.
Subsequently, we assessed the sensitivity of the optimised
MP pCASL sequence to changes in blood flow in early stage
tumours, using mouse models of secondary brain cancer
(metastasis) and primary glioma.

2. Materials and Methods

2.1. Animals. Female BALB/c mice (Charles River, UK),
7–10 weeks old, were used in all naı̈ve and metastasis model
experiments. Female SCID mice (Charles River, UK), 7–10
weeks old, were used in all primary brain tumour model
experiments. All animal experiments were approved by the
UK Home Office (Animals (Scientific Procedures) Act 1986)
and conducted in accordance with the University of Oxford
Policy on the Use of Animals in Scientific Research and the
ARRIVE guidelines [30]. Animals were housed in in-
dividually ventilated cages under a 12-h light/12-h dark cycle
with food and water ad libitum. All animals were housed in
cages of 4–6 animals.

2.2. Carotid Blood Flow Measurements. Mice (n � 4) were
anaesthetised with 3% isoflurane in O2. Temperature was
monitored and maintained at 37.0 ± 0.5°C throughout with
a feedback heating system. Respiration was monitored and
maintained between 30 and 80 breaths per minute. An
electrocardiogram was also acquired. Using a Vevo 3100
ultrasound (Visualsonics, Amsterdam, Netherlands) and
a mouse cardiology probe (MX550D), a respiration-gated
3D ultrasound image was acquired across the whole neck.
+e left carotid artery was located, and 10 Power Doppler
blood flow clips of 30 s duration were acquired per mouse at
respiration rates across the range of 30–80 breaths per
minute, achieved by varying the concentration of isoflurane
between 3 and 1%. Carotid blood flow values from the Power
Doppler trace were extracted using an open-source plot
digitiser [31], and values representing the systolic and di-
astolic flow velocities were used in pCASL simulations to
determine labelling efficiency.

2.3. Labelling Efficiency Simulations. Bloch simulations were
carried out to simulate labelling efficiency over a range of
different gradient strengths, radiofrequency (RF) powers,
labelling plane thicknesses, and blood flow velocities, as
described by Okell [32]. We conducted Bloch simulations
whilst varying Gmax and Gmean (Gmean � 0.05 × Gmax in our
MP pCASL sequence) gradient strengths, equivalent to
converted labelling plane thicknesses of 1–10mm in 0.5mm
steps. Blood flow velocities of between 1 and 20 cm/s with
steps of 1 cm/s were modelled with T1blood � 2.1 s, T2blood �

0.033 s (based on ex vivo rat blood measurements at 9.4 T)
[27], and RF pulse amplitudes of 1–10 µTwith steps of 0.5 µT
for a train of 600 μs Hanning-shaped pulses, beginning every
1.2ms. Simulations of the theoretical maximum saturation
for different label durations were also carried out, and data
are available in the Supplementary Information.

2.4. MP pCASLOptimisation. MP pCASL experiments were
performed on a separate cohort of mice (n � 4) using a 9.4 T
MRI spectrometer (Agilent Technologies Inc., Santa Clara,
USA) with a 26 mm volume transmit-receive birdcage RF
coil (Rapid Biomedical GmbH, Rimpar, Germany). Mice
were anaesthetised with 3% isoflurane in 30% O2: 70% N2
and positioned in a custom-built cradle in the volume coil.
Mouse temperature was monitored andmaintained at 37.0 ±
0.5°C with a rectal probe and feedback heating system.
Respiration was monitored using a pressure balloon, and
breathing rate was maintained at approximately 60 breaths
per minute by adjusting isoflurane concentration; stable
breathing was typically maintained with an isoflurane
concentration of 1.2–1.5%. +e respiration trace was
recorded and used to inform respiratory triggering.

Zero- and first-order shimming was conductedmanually
using a PRESS sequence on a voxel encompassing the brain.
+e EPI readout was acquired with the following parameters:
2-shot spin-echo encoding, relaxation time (TR) � 4.0 s,
echo time (TE) � 18.32ms, spectral width (SW) � 250 kHz,
field of view (FOV) � 20 × 20mm,matrix size � 64 × 64, slice
thickness � 1mm, and number of slices � 8, with the anterior
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slice positioned just posterior to the olfactory sulcus. Re-
spiratory triggering (with an associated variable post-trigger
delay) was also employed to reduce signal fluctuation at the
base of the brain caused by respiratory motion.

+e MP pCASL parameters were optimised for use in
mice. +e MP pCASL labelling was implemented with
a labelling train consisting of a set of slice-selective
RF/gradient pulse pairs followed by a slice-refocusing gra-
dient pulse; RF pulse duration 600 μs, Hanning shape with
effective flip angle (FA) � 40°, and slice-refocusing gradient
pulse duration 600 μs. +e phase of these RF pulses was
arrayed from 0° to 315° with incremental steps of 45°: 0°, 45°,
90°, 135°, 180°, 225°, 270°, and 315°. +e labelling plane was
oriented at −10° relative to the axial plane in order to be
perpendicular to the carotid and vertebral arteries (Figure 1).
+e labelling pulse train was followed by a gradient crusher
to remove residual transverse magnetisation, a postlabel
delay (PLD) to enable labelled blood water spins to travel to
the brain, and the EPI readout. Using these parameters and
the variable respiration trigger, the duration of the scan
varied from 3 minutes 12 seconds to a maximum of ap-
proximately 5 minutes. Labelling train duration was varied
between 0.4 and 5.0 s (TR increased accordingly from 4–
7.6 s) and PLD between 10 and 1000ms, to optimise the MP
pCASL signal.

2.5. Validation of MP pCASL by Autoradiography. For
comparison of MP pCASL data with gold-standard auto-
radiography CBF measurements, näıve mice (n � 4) were
anaesthetised using the same setup and isoflurane concen-
trations as for MRI described above. MP pCASL was per-
formed on each animal on the day before autoradiography,
owing to restrictions concerning the use of radioisotopes in
certain rooms. Care was taken to ensure breathing rate and
isoflurane concentration, and duration of anaesthesia prior
to measurements was as similar as possible between the ASL
and autoradiography sessions. For the MP pCASL MRI,
a labelling pulse duration of 0.9 s and a postlabel delay of
0.4 s seconds was used with the parameters described above.

Autoradiography was performed using the method de-
scribed by Maeda et al. [19]. Mice were injected in-
traperitoneally with 0.15 µCi of 4-iodo-N-methyl-[14C]
antipyrine (Hartmann Analytic, Germany, specific activity
55mCi/mmol), and 2 minutes later, they were injected
intraperitoneally with an overdose of pentobarbitone then
immersed in isopentane on dry ice until frozen. +e frozen
brain was extracted, and 20 µm sections were collected at
200 µm intervals and dried at 60°C for 10min.+ese sections
were exposed to film for 24 hours alongside calibrated ra-
dioactive standards, and films were scanned (Carestream
Kodak BioMax MR Film; standards: 0–35 µCi/g, ARC; Ex-
pression 10000XL transmittance scanner, Epson, UK).
Scanned films were background subtracted and calibrated
against the standards. Absolute CBF was then calculated
using the equation as described by Sakurada et al. [33]. Blood
sampled from the frozen heart at end-point was used to
calculate the final arterial tracer concentration using auto-
radiography. For calculation of regional CBF values, the

autoradiography images were perspective transformed,
aligned to the MR images, and down-sampled to the same
resolution as the MP pCASL images (64 × 64 pixels).
Subsequently, regional masks were created.

2.6. MP pCASL Data Analysis. ASL data analysis and per-
fusion quantification were performed using a custom ver-
sion of the BASIL toolbox from the FMRIB Software Library
(http://www.fmrib.ox.ac.uk/fsl/BASIL). +e raw multiphase
data were initially fitted to a modified Fermi function [27]
(α � 70, β � 19) to produce a raw phase map. +e phase
values were then smoothed and clustered using supervoxel
clustering [34] to produce regions of interest (ROIs) for each
supervoxel phase cluster. +e raw multiphase data were
combined with the supervoxel ROIs to produce high SNR
means of the optimal phase for each supervoxel. +e high
SNR supervoxel data were then fitted to the Fermi function
again to produce a high-precision phase map, which could
be used to calculate the final CBF map.

Perfusion quantitation was performed according to the
kinetic model of Buxton et al. [35] and calibration with
Oxford_asl [36]. Reference scans acquired without labelling
were used for absolute quantitation of CBF. Detailed
postprocessing methods, including supervoxel clustering,
are described by Larkin et al. [27].

2.7. Mouse Models of Brain Metastasis and Primary Brain
Tumours. Sensitivity of the MP pCASL sequence to changes
in tumour blood flow over time was first assessed in a brain
metastasis model. Female BALB/c mice were anaesthetised
with 3% isoflurane in 30% O2: 70% N2O, and focally
microinjected using a finely drawn glass microcapillary (ca.
75 µm tip diameter) with 5000 4T1-GFP, metastatic murine
mammary carcinoma cells in 0.5 µL sterile saline into the left
striatum (+0.5mm anterior, +2mm lateral, 2.5mm depth
relative to bregma). Mice underwentMRI at day 7 (n � 3), 14
(n � 5), 21 (n � 6), 28 (n � 8), or 35 (n � 6) after tumour
induction; mice were randomly assigned to each time point
group.

To further assess the sensitivity of the MP pCASL
method, a primary brain tumour model was also used.
Female SCIDmice were anaesthetised and injected in the left
striatum, as above, with 5000 U87 human glioma cells. Mice
underwent MRI at day 14 (n � 10) or 28 (n � 6), after tu-
mour induction.

In addition to MP pCASL acquisitions, T1 and T2 maps,
angiography, and T1 and T2 weighted anatomical scans were
acquired for each mouse. Time-of-flight angiography was
acquired with TR � 30ms, TE � 1.78ms, FA � 30°, matrix
size � 128 × 128 × 128, and FOV � 20 × 20 × 30mm. A T1-
weighted spin-echo multislice anatomical scan was acquired
with TR � 0.55 s, TE � 20ms, number of averages � 2, and
matrix size � 256 × 256. A T2-weighted fast spin-echo
multislice anatomical scan was acquired with TR � 3.5 s,
echo spacing � 15ms, effective TE � 60ms, echo train length
� 4, and matrix size � 256 × 256; using the same slice plan
and FOV as the MP pCASL. A contrast-enhanced scan was
obtained 5 minutes following intravenous injection of 30 µL
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(15 µmol, approximately 0.75mmol/kg based on a 20 g
mouse) Gadodiamide (Omniscan, GE Healthcare) using the
T1-weighted scan parameters described above.

Following imaging, mice underwent transcardial
perfusion-fixation with 0.9% heparinised saline followed
by 20mL periodate-lysine-paraformaldehyde solution con-
taining 0.025% glutaraldehyde, and the brains were collected
for histology.

2.8. Immunohistochemistry. Sections were stained for the
blood vessel marker CD31 (AF3628, R&D systems,
Abingdon, UK) according to the method described by
Andreou et al. [37]. Microvessel density (vessel area fraction)
was quantified for the core and rim regions of the entire
tumour, and also for the contralateral striatum, as the
percentage of area covered using the “Positive Pixel Count
2004-08-11” algorithm in Imagescope (Leica Biosystems).
+e parameters used for perfusion-fixed tumour model
10µm sections were moderately stained pixel intensity be-
tween 202 and 185 and strongly stained pixel intensity lower
than 10. +e parameters used for postfixed 20 µm autora-
diography sections were moderately stained pixel intensity
between 180 and 171, and strongly stained pixel intensity
lower than 53.

2.9. Statistics. All data are reported as group mean ± group
standard deviation. Differences between groups were de-
termined using two-tailed paired t-tests or one-way ANOVA
(regional and histology analysis), or two-way repeated

measures (paired) ANOVA (time-course analysis) followed
post hoc by the Bonferroni multiple test correction. An f-test
was used to assess heterogeneity between groups.

3. Results

3.1.MP pCASL SequenceOptimisation. Blood velocity in the
carotid artery was measured to inform Bloch simulations of
pCASL. +e mean blood velocity in the carotid artery was
found to be 124 ± 17mm/sec, and the maximum blood
velocity was found to be 275 ± 58mm/sec. Mean blood
velocity was consistent between animals, but varied with the
respiration rate in 3 of 4 animals (linear regression, slope �

0.3–1.4). Maximum blood velocity varied between animals
(range � 214–556mm/sec), and also varied with the respi-
ration rate in 3 of 4 animals (linear regression, slope �

2.0–7.6). Using these values to inform the range of blood
velocities in the Bloch simulations, a 2 mm label thickness
was chosen as it provided sufficient theoretical inversion
(labelling) efficiency (78.5%) at the RF pulse amplitude used
in our system (5 µT) and average blood velocity of 124mm/s,
and lies within the linear portion of the feeding arteries in
the neck.

Respiratory triggering, whereby the EPI readout was
acquired during the plateau phase of respiration, was found
to reduce signal fluctuation at the base of the brain (Sup-
plementary Figure 1). +e respiratory triggering also sig-
nificantly increased the signal-to-noise ratio (SNR) of the
MP pCASL data (15.1 ± 5.9) compared wih the untriggered
sequence (6.5 ± 1.5, p< 0.05; Supplementary Figure 2).
Finally, a variable post-trigger delay was encoded in the
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Figure 1: Optimisation of EPI readout using respiratory triggering to acquire the imaging readout during the plateau phase of respiration,
reducing signal fluctuation at the base of the brain. Black trace � raw respiration trace; red trace � digitised respiration trace which acts as the
trigger signal; and blue trace � readout of the post-trigger delay period, followed by the imaging slice acquisition. A variable encoding the
post-trigger delay was implemented in the sequence to allow adjustment for changing respiration rates.

4 Contrast Media & Molecular Imaging



sequence to allow adjustment for changing respiration rates
in subsequent scans (Figure 1).

Following angiography, a labelling plane positioned at
−10° relative to the axial plane was found to be perpendicular
to the carotid and vertebral arteries. Label placement just
posterior to the medulla oblongata enabled consistent la-
belling plane placement between animals using a distinct
anatomical landmark, and is posterior to the vertebral
flexure of the carotid arteries (Figure 2(a)).

All labelling pulse train durations tested yielded CBF
values close to the physiological range expected from the
literature (Figure 2(b)), and no significant differences in
calculated CBF values were found between the different
durations. Similarly, phase maps were stable across labelling
durations. +us, as a compromise between ensuring suffi-
cient labelling (SNR simulations described in Supplementary
information) and keeping scan time as short as possible,
a label duration of 0.9 s was chosen.

To allow measurement of bolus arrival time in brain
voxels, 12 PLDs from 10 to 1000ms were acquired, each with
8 phases of labelling RF pulses. Arrival maps showed that the
bolus arrived at over 95% of voxels in the most anterior slice
and at 99% of voxels in the most posterior slice within 0.4 s
(Figure 3(c)). +us, 0.4 s was chosen as the optimal PLD to
reduce signal loss from relaxation.

3.1.1. MP pCASL Validation. Use of the optimised MP
pCASL sequence in näıve mice yielded measured CBF values
of 96 ± 18mL/100 g/min on average across the brain
(Figure 4(a)), 103 ± 23mL/100 g/min in the cortex, 90 ±
24mL/100 g/min in the striatum, and 77 ± 21mL/100 g/min
in the corpus callosum. Using the gold-standard auto-
radiography method, we measured CBF to be 101 ±
32mL/100 g/min across the whole brain, a difference of <6%
when compared with MP pCASL results across the same
region (Figure 4(a)). Average CBF values using autoradi-
ography were 102 ± 32mL/100 g/min in the cortex, 95 ±
25mL/100 g/min in the striatum, and 87 ± 28mL/100 g/min
in the corpus callosum. No significant differences were
found between MP pCASL and autoradiography CBF
measurements (Figure 4(b)). Blood vessel density was cal-
culated from histological sections stained for CD31 in these
animals, yielding values of 3.0 ± 0.6%, 2.2 ± 0.8%, and 0.8 ±
0.3% for the cortex, striatum, and corpus callosum, re-
spectively (Supplementary Figure 3). Although both CBF
and vessel density appeared to decrease across the three
regions studied (cortex > striatum > corpus callosum), no
significant correlation between vessel density and CBF was
found.

3.1.2. Mouse Model of Brain Metastasis. Application of the
MP pCASL sequence in mice with intracerebral metastases
showed a significant, 16%, decrease in CBF in the tumour-
bearing striatum (84 ± 16mL/100 g/min) compared with
the contralateral (normal) striatum (99 ± 24mL/100 g/min)
at day 35 (ANOVA p< 0.05; post hoc Bonferroni test
p< 0.05). +e mean absolute reduction in CBF in
the tumour-bearing striatum was 15.3mL/100 g/min. No

differences were found between hemispheres at other time
points. All tumours were confirmed histologically, and the
mean tumour diameter measured by histology at day 35
was 2.14 ± 0.53mm.

In a subset of animals from days 21–35 (n � 7), the
striatum exhibited gadolinium enhancement throughout the
area of metastatic foci and, in these animals, no difference in
CBF was evident between the tumour (86 ± 26mL/100 g/min)
and contralateral striatum (92 ± 24mL/100 g/min; Fig-
ures 5(a)–5(c). Analysis of microvessel density within the
metastatic foci showed an increased vessel area fraction
(7.7 ± 2.2%; Figure 5(d)) in the enhancing tumour com-
pared with normal tissue in the contralateral striatum
(0.9 ± 0.4%, p< 0.0005; Figures 5(e)–5(f )).

However, in a further, distinct subset of animals
from days 28 and 35 (n � 6), a gadolinium-enhancing
tumour rim was evident surrounding a nonenhancing tu-
mour core. Analysis of these animals showed a significant
reduction in blood flow in the core of the tumour region
(69 ± 14mL/100 g/min) compared with the rim (83 ±
10mL/100 g/min, p< 0.05; Figures 6(a)–6(c). No difference
was found between the enhancing rim of the tumour
and normal tissue in the contralateral striatum (82 ±
13mL/100 g/min; Figure 6(c)). +e mean absolute reduc-
tion in CBF in the tumour core compared with that in the
tumour rim was 13.4mL/100 g/min. +e tumour voxels
(including core and rim) showed significantly greater het-
erogeneity, as demonstrated by higher intra-ROI voxel
variance, than the contralateral striatum (F-test, p< 0.001).
Analysis of microvessel density within the metastatic foci
showed a greatly increased vessel area fraction (13.5 ± 2.5%)
in the nonenhancing tumour core compared with the tu-
mour rim (6.6 ± 2.5%, p< 0.0001; Figures 6(d)–6(f )), which
in turn showed greater vessel area fraction than the normal
tissue in the contralateral striatum (1.2 ± 0.7%, p< 0.0001;
Figure 6(f )). Correlation analysis between microvessel
density and CBF measured by MP pCASL MRI revealed
a trend towards negative correlation in both tumour core
and rim, but this did not reach significance (Supplementary
Figure 4).

3.1.3. Mouse Model of Glioma. Application of the MP
pCASL sequence in mice injected intracerebrally with U87
glioma cells showed a significant, 19%, reduction in CBF in
the tumour-bearing striatum (61 ± 12mL/100 g/min)
compared with the contralateral striatum at day 28 (74 ±
10mL/100 g/min, p< 0.05; Figures 7(a)–7(c)). +e mean
absolute reduction in CBF in the tumour-bearing striatum
was 13.3mL/100 g/min. Only two tumours showed gadoli-
nium enhancement, and no tumours showed nonenhancing
core regions. As for the metastasis model, analysis of
microvessel density within the day 28 tumours showed an
increased vessel area fraction (10.7 ± 2.9%; Figure 7(d)) in
the tumour compared with the normal tissue in the con-
tralateral striatum (3.6 ± 0.5%, p< 0.05; Figures 7(e)–7(f )).
All tumours were confirmed histologically, and the mean
tumour diameter measured by histology at day 28 was 1.20 ±
0.52mm.

Contrast Media & Molecular Imaging 5



Labelling plane Imaging slices
Olfactory

sulcus

Medulla
oblongata

Carotid arteries

(a)

Label duration (s)

CB
F 

(m
L/

10
0g

/m
in

)

0

20

40

60

80

100

0.4 50.9 1.4 3.72.4

(b)

Figure 2: Optimisation of MP pCASL bolus duration. (a) A−10° labelling plane (blue) relative to the axial imaging plane (yellow) was
optimal, as this was perpendicular to the carotid and vertebral arteries visible by angiography (red). Label plane placement posterior to the
medulla oblongata, visible on a sagittal T2 weighted anatomical image (green), enabled consistent label plane location between animals,
while not interfering with imaging slices (yellow). (b) No significant differences were found in calculated CBF across the range of label
duration times tested (n � 3).

0

0.25

0.5

A
rr

iv
al

 ti
m

e (
s)

(a)

0

0.25

0.5

A
rr

iv
al

 ti
m

e (
s)

(b)

0.0 0.2 0.4 0.6 0.8
Time (s)

0

20

40

60

80

100

Cu
m

ul
at

iv
e (

%
)

Front
Back

(c)

Figure 3: Optimisation of postlabel delay (a–b). Multi-PLD scans were acquired to measure arterial transit time at the front and back of the
brain. Example maps of bolus arrival time in (a) anterior and (b) posterior slices. (c) Arrival maps showed bolus arrival in over 95% of voxels
in the anterior slice and 99% of voxels in the posterior slice within 0.4 s (n � 4).

CB
F 

(m
L/

10
0g

/m
in

)

0

50

100

150

200

Multiphase pCASL

Autoradiography

(a)

C
or

te
x 

A
SL

C
or

te
x 

A
R

St
ria

tu
m

 A
SL

St
ria

tu
m

 A
R

CC
 A

SL

CC
 A

R

0

50

100

150

CB
F 

(m
L/

10
0g

/m
in

)

(b)

Figure 4: Cerebral blood flow maps and regional values. (a) Representative CBF maps produced using gold-standard autoradiography (top
row), and the optimisedMP pCASL sequence (bottom row). (b) Regional CBF values as measured byMP pCASL and autoradiography (AR).
Average CBF values were 96 ± 18mL/100 g/min across the whole brain using MP pCASL, and 101 ± 32mL/100 g/min using autoradi-
ography. No significant differences were found between MP pCASL and autoradiography CBF measurements either for whole brain, or by
region. CC–corpus callosum.
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4. Discussion

Pseudocontinuous ASL is the recommended MRI sequence
for clinical measurements of cerebral blood flow, and
multiphase ASL sequences have many advantages in com-
pensating for off-resonance effects that alter labelling effi-
ciency, thus improving the quality and reliability of CBF
maps produced. Despite these advantages, no studies have
been published implementing multiphase pCASL in mice.
We have now demonstrated that our optimised MP pCASL
sequence provides reliable and accurate measures of CBF in
naı̈ve mice in vivo and is sensitive to changes in tumour
blood flow.

In this study, our aim was to produce MP pCASL
measurements that can be used to obtain CBF maps in mice
that replicate blood flow values obtained using the gold-
standard approach of autoradiography. Our results showed
good concordance with autoradiography and were in accord
with previous autoradiography findings [19], including
those comparing ASL with autoradiography [22, 27]. As
anticipated, the use of multiphase pCASL reduced the errors
seen in the previous implementation of label-control pCASL
in mice, owing to loss of inversion efficiency [12]. As an
alternative to theMP pCASL approach described here, phase
correction can also be applied using prescans [38]. However,
this method requires processing during scan time rather

than post hoc. For this reason, the MP pCASL approach
offers an easier implementation and potentially more time
efficient approach for the measurement of CBF.

+e inclusion of a respiration trigger in the sequence
reduced signal fluctuation at the base of the brain and
improved image quality. However, this technique does result
in a variable TR between phase acquisitions. As the TR
becomes longer than the minimum with triggering, it is
expected that there will be no effect on the next acquisition.
Extended TR values of up to 20 s have been tested with this
sequence and have shown no effect on data quality (data not
shown). +e use of respiratory triggering also relies on
a reasonably stable respiratory cycle, which was reliably
achieved at ∼60 breaths per minute with 1.2–1.5% isoflurane
concentrations for up to two hours.

Our data show less regional variation in CBF than other
autoradiography studies in mice, which may, at least in
part, reflect differences in mouse strain and anaesthetic
regime used [19, 21, 39]. Gaseous anaesthesia, in particular,
is known to have region specific effects on CBF, and in rats
the caudate/putamen shows a much greater (∼70%) in-
crease in CBF than in the cortex (∼20%) under isoflurane-
anaesthetised conditions compared with awake animals
[23]. Consequently, regional differences in CBF under
isofluorane anaesthesia are greatly reduced [23], and it is
likely that this underlies the reduced regional variation in
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Figure 5: Application of the MP pCASL sequence in mice with intracerebral 4T1-GFP metastatic tumours showing gadolinium en-
hancement. (a) T1-weighted image showing enhancement (dotted outline) of metastatic foci. (b) CBFmaps with the same ROI indicated. (c)
Graph showing CBF values in tumour and contralateral regions; no significant decrease in perfusion is evident (d-e). Histological
comparison of microvessel area fraction in tumour (d), and contralateral (e) regions. Scale bars � 20 µm. (f) Graph showing quantitation of
microvessel area fraction in tumour and contralateral striatum regions; a significant increase in microvessel area fraction is evident in
tumour compared with normal tissue in the contralateral striatum (n � 7). ∗∗∗p< 0.01.
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Figure 6: Application of theMP pCASL sequence in mice with intracerebral 4T1-GFPmetastatic tumours showing a gadolinium enhancing
rim and a nonenhancing core region. (a) T1-weighted image showing core (nongadolinium-enhancing central regions; dotted outline) and
rim (gadolinium-enhancing regions; solid outline) of metastatic foci. (b) CBF maps with the same ROIs indicated. (c) Graph showing CBF
values in core, rim, and contralateral regions; a significant decrease (n � 6) in perfusion is evident between the core and rim regions of
tumours (d-e). Histological comparison of microvessel area fraction in core (d) and rim (e) regions. Scale bars � 20 µm. (f) Graph showing
quantitation of microvessel area fraction in core, rim, and contralateral striatum regions; a significant increase in vessel area fraction is
evident in core regions compared with both the rim regions (n � 6) and normal tissue in the contralateral striatum. ∗p< 0.05; ∗∗∗p< 0.0001.
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Figure 7: Application of the MP pCASL sequence in mice with intracerebral U87 glioma at the day 28 time point. (a) T1-weighted image
showing no evidence of gadolinium enhancement in the tumour injected (left) hemisphere. (b) Immunohistochemical image showing an
overlay of tumour area (red) combined from tissue sections spanning 500 µm corresponding to the MRI slice in (a). (c) CBF maps showing
reduction in local CBF (arrowheads) (d-e). Immunohistochemical image showing CD31 staining of vessels (brown) in tumour-injected
striatum (d) and contralateral striatum (e). (f ) Graph showing CBF values in the tumour-bearing (black) and contralateral (white) striatum.
CBF is reduced in the tumour-bearing compared with the contralateral striatum at day 28 time point (p � 0.02). Scale bars � 20 µm.
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CBF observed in the current study. +e reduced regional
variation was observed in both MP pCASL and autoradi-
ography data, supporting the above conclusion. To reduce
the effects of isoflurane on our CBF measurements, we used
the lowest possible concentration of isoflurane in order to
achieve a stable breathing rate of ∼60 breaths per minute.

+e MP pCASL technique was found to be sensitive to
changes in tumour perfusion in mouse models of both brain
metastasis and glioma at later time points. +e technique was
also sensitive to perfusion heterogeneity within metastatic
tumours, showing significantly reduced (but not absent)
perfusion in the nonenhancing tumour core compared with
normal tissue in the contralateral striatum and increased
heterogeneity in perfusion compared with the contralateral
striatum. As autoradiography has only been used to validate
CBF measurements in the näıve brain, it is possible that
differences in tumour arterial transit time or tissue relaxation
time may affect the CBF quantification from MP pCASL data
in these tumour-bearing animals. However, these results are
in line with other preclinical primary brain tumour perfusion
studies, which showed reduced perfusion in the tumour core
[7, 40–42]. +e reduction in tumour blood flow observed in
the current study was considerably smaller than other (pri-
mary) tumour perfusion studies. +e majority of previous
studies have investigated large tumours (>5mm diameter in
mice) [7, 9, 40, 42], which often have a large necrotic core
with few blood vessels [7, 43] resulting in a substantial
perfusion deficit. In contrast, in both the metastasis and
glioma models used here, the tumour foci were considerably
smaller (1–2mm diameter) and more diffusely growing.
Moreover, histological analysis demonstrated that the core
regions, rather than being necrotic and devoid of vessels, in
fact contained large numbers of blood vessels. Such tumours
would be ideal candidates, clinically, for treatment with
vascular modifying agents, and the ability to quantitatively
measure changes in blood flow in such small tumours could
be of considerable use in preclinical testing.

Tumours have a number of distinct vascular phenotypes,
each of which may confer changes in blood flow. One such
phenotype, which is present in our model, is that of a highly
branched network of nonfunctional angiogenic vessels. In
this case, despite an increase in the density of vessels,
a decrease in CBF may be observed in this region, owing
their highly branched and dysfunctional nature. Another
vascular phenotype often seen in solid tumours is the rapid
growth of the tumour faster than the vasculature can keep
up, resulting in a tumour core with low vascularity, and
hence a decreased CBF. Both of these phenotypes are
characterised by a decrease in CBF, despite the differences in
tumour vascularity.

Gadolinium contrast enhancement on MRI reports on
both vessel permeability and blood flow, and a lack of
gadolinium enhancement in tumour core regions is typically
taken to reflect tissue necrosis and complete absence of
vessels. In contrast, blood vessel density measurements
provide no information on whether vessels are perfused, but
only whether they are present. However, in both models
used in the current study, although core tumour areas
showed significant reductions in blood flow in areas devoid

of gadolinium enhancement, histological assessment
revealed a significant increase in microvessel density and
only very small areas of necrosis. Together, these findings
suggest that these core vessels are either structurally ab-
normal or have abnormal flow patterns, as is common in
angiogenic tumour vessels [44–46], and that MP pCASL
measurements may complement histology and contrast-
enhanced MRI to provide useful insights into vessel pa-
tency and tumour blood flow.

Interestingly, the rim of the metastatic tumour area also
showed an increase in microvessel density histologically, but
in this region, CBF measured by MP pCASL MRI was
normal. Similarly, in those tumours showing enhancement
throughout the tumour core, microvessel density was in-
creased, but no change in CBF was evident. +ese findings
suggest that MP pCASL MRI identifies heterogeneity in
tumour blood flow that could not be predicted from his-
tological assessment of vascularity alone. +us, by identi-
fying areas of reduced (but not absent) flow,MP pCASLMRI
may enable identification of brain tumours in which vascular
normalising therapy or antiangiogenic therapy could be
beneficial prior to, or in conjunction with, radiotherapy.

5. Conclusions

Multiphase pCASL MRI has been successfully implemented
and validated for imaging cerebral blood flow in naı̈ve
mice and has been shown to overcome the limitations in-
herent in standard nonmultiphase ASL methods. +e data
show high reproducibility in CBF measurements between
animals and concordance with gold-standard autoradiog-
raphy measurements. Further, this imaging approach is
sensitive to changes in perfusion in mouse models of both
primary and secondary brain tumours, even in very small
tumours, and provides insight into tissue blood flow dy-
namics that complements vessel density measurements and
contrast-enhanced MRI. +is method could be of high value
for noninvasive measurement of brain tumour blood flow
prior to and following therapy, increasing the potential for
clinical translation.
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Supplementary Materials

Supplementary Figure 1 (video): exampleMP pCASL images
with (A) and without (B) respiratory triggering. Respiratory
triggering reduces signal fluctuation at the base of the brain.
Supplementary Figure 2: signal-to-noise ratio (SNR) of the
MP pCASL sequence with and without respiratory triggering
(n � 4, ∗p< 0.05). Supplementary Figure 3: microvessel
density of brain regions in näıve animals used for autora-
diography (n � 4). ∗p< 0.05; ∗∗p< 0.01 Supplementary
Figure 4: plot showing correlations between CBF and
microvessel density in a subset of animals (n � 6) with
a gadolinium enhancing rim and nonenhancing core
structure. Linear regression lines for each dataset are plotted,
showing a trend towards an inverse correlation between CBF
and microvessel density for core and rim regions. Supple-
mentary Figure 5: change in theoretical signal saturation
over a range of label durations. (Supplementary Materials)
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Gadolinium-neutron capture therapy (Gd-NCT) is based on the nuclear capture reaction that occurs when 157Gd is irradiated with
low energy thermal neutrons to primarily produce gamma photons. Herein, we investigated the effect of neutron capture therapy
(NCT) using a small molecular gadolinium complex, Gd-DO3A-benzothiazole (Gd-DO3A-BTA), which could be a good candidate
for use as an NCTdrug due to its ability to enter the intracellular nuclei of tumor cells. Furthermore, MRI images of Gd-DO3A-BTA
showed a clear signal enhancement in the tumor, and the images also played a key role in planning NCT by providing accurate
information on the in vivo uptake time and duration of Gd-DO3A-BTA. We injected Gd-DO3A-BTA into MDA-MB-231 breast
tumor-bearing mice and irradiated the tumors with cyclotron neutrons at the maximum accumulation time (postinjection 6 h); then,
we observed the size of the growing tumor for 60 days. Gd-DO3A-BTA showed good therapeutic effects of chemo-Gd-NCTfor the in
vivo tumor models. Simultaneously, the Gd-DO3A-BTA groups ([Gd-DO3A-BTA(+), NCT(+)]) showed a significant reduction in
tumor size (p< 0.05), and the inhibitory effect on tumor growth was exhibited in the following order: [Gd-DO3A-BTA(+), NCT(+)]
> [Gd-DO3A-BTA(+), NCT(−)] > [Gd-DO3A-BTA(−), NCT(+)] > [Gd-DO3A-BTA(−), NCT(−)]. On day 60, the [Gd-DO3A-BTA
(+), NCT(+)] and [Gd-DO3A-BTA(−), NCT(−)] groups exhibited an approximately 4.5-fold difference in tumor size. Immu-
nohistochemistry studies demonstrated that new combinational therapy with chemo-Gd-NCTcould treat breast cancer by both the
inhibition of tumor cell proliferation and induction of apoptosis-related proteins, with in vivo tumor monitoring by MRI.

1. Introduction

Neutron capture therapy (NCT) is a well-known approach
to cancer treatment based on the accumulation of neutron
capture agents at the tumor site [1], followed by irradiation
with thermal neutrons. NCT is a very effective technique for
cancer treatment because the thermal neutrons with low
energy do not cause damage to normal cells that lack the

neutron capture compounds. /is technique thus provides
a solution to the major problem of radiation therapy, which
is the radiation-induced damage to normal tissue./erefore,
the strategy for the accumulation of NCT compounds
specifically within the tumor is critical to avoid damage to
normal tissues [2–5].

Gadolinium (157Gd)-based NCT (Gd-NCT) has gener-
ated recent interest as a cancer treatment due to the
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following merits. (i) /e 157Gd atom captures neutrons
(157Gd + nth (0.025 eV) ⟶ [158Gd] ⟶158Gd + γ +
7.94MeV) across a very large cross section (σth � 240,000 b).
(ii)/e kinetic energy of Gd-NCT, with a mixture of low- and
high-energy ionizing particles, is more uniformly distributed
throughout tumor tissues, and can be used to solve the
shortcomings of heterogeneous in vivo dose distribution.
(iii) 157Gd complexes are widely developed as magnetic res-
onance imaging (MRI) contrast agents by chelation chemistry
and have been routinely used in clinical applications including
Gadovist® (gadobutrol), Dotarem® (gadoterate meglumine)
andOmniscan® (gadodiamide) [6]. GadoliniumMRI contrast
agents could thus be first considered as NCT agents, but it is
difficult to specifically target tumor cells in vivo. /ese agents
do not accumulate well in tumor tissue during neutron ir-
radiation after an intravenous injection for therapy, as shown
in Table 1. /e data show high uptake of the contrast agents
into tumor cells at 5mins, but they exhibit very low uptake at
2 hrs. To obtain success with 157Gd-NCT, 157Gd must be
transferred into tumor cells at high concentrations during
neutron irradiation. In a previous study, a 50–200μg 157Gd/g
tumor was reported as an effective cancer treatment.

For the 157Gd neutron capture reaction, the majority of
the energy is released as long-range gamma radiation, while,
0.63% of the time, this emission occurs as Auger and
conversion electrons. Auger electrons generated from Gd-
NCT have strong in vivo cytotoxicity by high linear energy
transfer (LET), which can induce DNA double-strand breaks
(DSB) and restrain the proliferation of tumor cells. /us,
increase in the therapeutic effects is observed when Gd
atoms are highly internalized into tumor cells [18, 19].

As therapeutic candidates, various benzothiazoles de-
serve special attention, as they are known to possess diverse
biological properties such as anti-inflammatory, antimi-
crobial, and anticancer effects. Some of the compounds
containing the benzothiazole system are in clinical usage for
the treatment of various diseases/disorders [20]. In our
previous study, the complexes have not only displayed tu-
mor specificity but also enhanced intracellular MR images of
the cytosol and nuclei of a series of tumor cells. /e anti-
proliferative activity of Gd-DO3A-BTA (Chart 1), which
contains a chelating moiety (DO3A) and a chemoagent
region (BTA), was demonstrated by determining the in vitro
growth inhibition values (GI50 and TGI) and monitoring
tumor volume regression in vivo. In particular, Gd-DO3A-
BTA has been reported to specifically accumulate in-
tracellularly in tumors arising from MDA-MB-231 breast
cancer cells [9, 21]. On the basis of this result, we make
attempts to treat in vivo tumor tissue by neutron beam
irradiation with a medical cyclotron, preserving the high
tumor uptake of 157Gd complexes.

2. Results

2.1. In Vivo MR Imaging. Figure 1(a) shows the in vivo T1-
weighted MR images of mice that were injected with Gd-
DO3A-BTA (0.1mmol Gd/kg) via the tail vein. T1-weighted
MR images were used because the T1 shortening effect is
more dominant at the relatively low Gd concentrations used

(∼0.1mmol Gd/kg). /e MR image reveals clear tumor
enhancement, which increased for 6 h before gradually
decreasing (Figure 1(b)). /is result is consistent with the
biodistribution data reported in our previous study [9],
demonstrating that we can effectively define the starting
point of NCT with in vivo MR imaging.

2.2. Gd-NCT Inhibited Tumor Growth with Gd-DO3A-BTA.
A small animal study was performed in which mice were
irradiated with a neutron beam at 6 h p.i. to determine the
optimal time at which the highest uptake of Gd-DO3A-BTA
into the tumor tissue occurred. All other tissues, except the
tumor tissues, were covered with a plastic box of Teflon to
protect them from irregular showering with neutron beams.
Figure 2(a) shows the time-course of change in tumor
volume after irradiation with neutron beam for 60 days. /e
Gd-DO3A-BTA-injected and neutron-irradiated mice
group ([Gd-DO3A-BTA(+), NCT(+)]) showed a significant
decrease in tumor size than the nontreated groups ([Gd-
DO3A-BTA(+), NCT(−)], [Gd-DO3A-BTA(−), NCT(+)],
and [Gd-DO3A-BTA(−), NCT(−)]). Four groups began to
show significant changes in tumor volume on day 15. In
particular, the difference between [Gd-DO3A-BTA(+),
NCT(+)] and nontreated groups on days 42, 50, and 60 was
significant (p< 0.05). /e tumor growth suppression was
observed in the following order: [Gd-DO3A-BTA(+), NCT
(+)] > [Gd-DO3A-BTA(+), NCT(−)] > [Gd-DO3A-BTA(−),
NCT(+)] > [Gd-DO3A-BTA(−), NCT(−)]. On day 60, [Gd-
DO3A-BTA(+), NCT(+)] and [Gd-DO3A-BTA(−), NCT(−)]
groups showed an approximately 4.5-fold difference in tumor
size. /e mean tumor volume (relative tumor volume) of the
[Gd-DO3A-BTA(+), NCT(+)] group was 11.99 ± 5.05, which
was much smaller than that in the other groups (p< 0.05) on
day 60. Due to the tumor suppressive effects of BTA, the
antitumor activity of Gd-DO3A-BTA alone (no neutron
beam irradiation) was higher than that of neutron irradiation
alone. Consistent with earlier reports [10, 22, 23], the neutron
irradiation [Gd-DO3A-BTA(−), NCT(+)] alone group also
showed some inhibition of tumor growth than the group
that did not receive either treatment [Gd-DO3A-BTA(−),
NCT(−)]. After irradiation by neutron beams, changes in the
body weight of the mice were measured as well as tumor
volume. As shown in Figure 2(b), no significant weight loss was
observed, suggesting the safety of Gd-DO3A-BTA for NCT.
/e suppression of tumor growth could be clearly seen from
the MR images and morphological findings shown in Figure 3.

2.3. Gd-NCT Inhibited Tumor Cell Proliferation and Induced
Tumor Cell Apoptosis with Gd-DO3A-BTA. /e in vivo
antitumor activity of Gd-DO3A-BTA in NCT was further
verified with histological evaluation and immunohisto-
chemistry, as shown in Figure 4. H&E staining of tumor
sections showed proliferating tumor cells and necrotic re-
gions./ere were no apparent differences in growth patterns
and areas of necrosis between groups. To assess the effect of
Gd-NCT on tumor suppression and apoptosis, immuno-
histochemistry for Ki-67, cleaved caspase 3, and caspase 8, as
well as TUNEL staining, was performed. /e expression of
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the proliferation marker Ki-67 was significantly decreased in
the [Gd-DO3A-BTA(+), NCT(+)] group compared to that
of the [Gd-DO3A-BTA(−), NCT(−)] group. All irradiated
groups including [Gd-DO3A-BTA(+), NCT(+)] and [Gd-
DO3A-BTA(−), NCT(+)] showed a decrease in Ki-67 ex-
pression, indicating that the neutron beam irradiation
has tumor suppressive effects. In addition, the [Gd-DO3A-
BTA(+), NCT(−)] group also showed decreased Ki-67 ex-
pression, implying the antitumor activity of BTA without
neutron beam irradiation. Caspase 8 acts as an initiator
of apoptosis and is involved in the extrinsic pathway,
whereas caspase 3 acts as an effector of apoptosis [24]. /e
expression of cleaved caspase 3 and 8 did not show sig-
nificant differences between groups. However, the ex-
pressions of both cleaved caspase 3 and 8 were slightly
increased in the irradiated groups [Gd-DO3A-BTA(+),
NCT(+)] and [Gd-DO3A-BTA(−), NCT(+)] compared to
that in the nonirradiated [Gd-DO3A-BTA(+), NCT(−)]
and [Gd-DO3A-BTA(−), NCT(−)] groups. Moreover, the
evaluation of apoptotic cell death by TUNEL staining
revealed that the percentage of cells undergoing apoptosis
was greater in all treated groups, including the [Gd-
DO3A-BTA(+), NCT(+)] group. /ese results correlate
with the finding that the [Gd-DO3A-BTA(+), NCT(+)]
group had the smallest tumor volumes, suggesting that the
reduced Ki-67 activity and increased apoptotic cell death

after BTA injection and neutron beam irradiation induced
tumor growth suppression.

3. Discussion

For the success of Gd-NCT as a therapeutic modality for
cancer, it is important to effectively deliver and sufficiently
accumulate Gd into tumors. For an effective in vivo Gd-
NCT, an optimal dose of 50–200 µg·Gd/g tumor tissue has
been reported [11, 25]. As shown in Table 1, 0.1mmol/kg of
Gd-DO3A-BTA administered as an intravenous injection
resulted in approximately 221 µg of Gd/g tumor tissue [9].
/is uptake was approximately 1.4 times higher than that
reported previously (158 µg·Gd/g tumor tissue) with an
intravenous injection of Gd-DTPA-encapsulated liposomes
[11, 12].

Various nano-based formulations have been developed
to deliver sufficient amounts of Gd into tumor cells for Gd-
NCT, and these include nanoparticles [15–17, 26–28], li-
posomes [10, 11, 12], emulsions [13, 29], and microcapsules
[7, 30]. Most of these particles were designed to be ap-
proximately 100 nm in size to avoid high uptake by the
reticuloendothelial system (RES). However, these particles
have limited specific tumor targeting ability, since their
delivery completely depends on the enhanced permeability
and retention (EPR) effect around tumor sites [11, 14, 31].
Furthermore, these nanoparticles often show high in vivo
instability by releasing Gd from the nano-based formula-
tions due to the high solubility of Gd-DTPA in an aqueous
solution [11, 13, 15]. /erefore, some nano-based formu-
lations for Gd-NCT use a lipophilic complex such as Gd-
DPTA/pLL or Gd-acetylacetonate (Gd-acac) to prevent the
possible release of Gd [11, 29]. However, as shown in Table 1,
these nano-based formulations can be injected only by in-
traperitoneal or intratumoral methods and cannot be ad-
ministered intravenously.

Gd-DO3A-BTA, however, is readily administered in-
travenously. Furthermore, Gd-DO3A-BTA has a relatively

Table 1: Various types of gadolinium agents for NCT.

Form Injection
route

Injection amount
(Gd)

Tumor accumulation
Gd/g tumor Highest uptake time (ICP time) Reference

Low molecules

Gd-DTPA i.t. 1200 µg/mouse 451 µg/g 5min [7]5.3 µg/g 24 h

Gd-DTPA i.v. 0.1mmol/kg 70.39 ± 8.75 µg/g 5min [8]30.22 ± 4.91 µg/g 2 h

Gd-BOPTA i.v. 0.1mmol/kg 100.33 ± 7.91 µg/g 5min [8]40.93 ± 1.83 µg/g 2 h
Gd-DO3A-

BTA i.v. 0.1mmol/kg 221 µg/g 6 h [9]

Nanoparticles

Liposome i.v. N/D 40.277 ± 2.512 µg/g 2 h [10]
Liposome i.v. 20mg/kg 158.8 ± 115.6 µg/g 12 h [11, 12]

Lipid emulsions i.p. 6mg/hamster 107 µg/g 48 h [13]
Micelles i.v. 0.02mmol/kg 3.9% ID/ga 10 h [14]
Lipid NPs i.v. 6mg/hamster 100.7 µg/g 12 h [15]

Chitosan NPs i.t. 2.4mg/mouseb 1766 ± 96 µg/tumor tissuec 8 h [16, 17]
Chitosan NPs i.t. 1200 µg/mouse 897.1 µg/g 24 h [7]

N/D: not determined; i.t.: intratumoral; i.v.: intravenous; i.p.: intraperitoneal. a%ID/g: percentages of the total injected dose per organ weight. bAdministered
twice by i.t. injection 24 h and 8 h before the assay. c/e Gd content in melanoma tissue in mice.
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Chart 1: Structure of Gd-DO3A-BTA.
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small molecular weight (M.W. 767) and high chemical
stability, which makes it a better tumor-theranostic agent for
MR image-guided NCT with a good therapeutic dosage for
clinical use. However, for the success of Gd-NCT, Gd must
be transferred into tumors at high concentrations during
neutron irradiation. /e MR imaging data demonstrated
that Gd-DO3A-BTA preferentially accumulated in tumor
tissue in vivo. Gd-DO3A-BTA delivers more Gd to tumor
tissue than conventional Gd-based MRI contrast agents,
which may result in a more efficient uptake by the tumor.
/e effective tumor ablation by Gd-DO3A-BTA could
therefore be associated with the high accumulation of Gd in
tumor tissue, which in turn captures sufficient thermal
neutrons to kill the tumor. Although enriched 157Gd
compound would be preferable for Gd-NCT, in this ex-
periment, we utilized the natural Gd compound./e natural
abundance of 157Gd is only 15.65%, while enriched com-
pounds may contain up to 90% 157Gd [20]. /erefore, in the

near future, it would be important to perform Gd-NCT
experiment with enriched 157Gd compounds to confirm the
current results using the natural Gd compound. /e tumors
in mice that were irradiated and injected with Gd-DO3A-
BTA were much smaller than those observed in other
groups, demonstrating that the Gd-DO3A-BTA could sig-
nificantly enhance the therapeutic effect of Gd-NCT. In
addition, the tumor-therapeutic effects of Gd-DO3A-BTA in
combination with NCTwere confirmed by MR imaging and
histological evaluation. Furthermore, the tumor suppressive
effects were evident even after 60 days, suggesting that early
treatment of the tumor with a Gd-DO3A-BTA injection, and
NCT has the potential to suppress further tumor progres-
sion. However, the limitation of the current study should be
mentioned. In this study, the neutron beam was generated
by irradiating a proton beam upon a beryllium target using
an MC-50 cyclotron, and the thermal neutron flux was low.
Because the high flux of thermal neutrons is usually used for
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NCT, it is necessary to perform NCT experiment with low
energy neutron at high flux to be sure that the effect shown
in the current study is due to NCT.

4. Conclusions

/e present study presented the potential for Gd-NCTusing
low molecular weight Gd chelate as a new combinatorial
chemo-NCT approach in cancer treatment. Despite the
simple chemical structure of the metal complex, Gd-DO3A-
BTA shows a high therapeutic effect when used in Gd-NCT
against solid tumors. /e high accumulation of Gd-DO3A-
BTA in tumor tissues effectively damaged the tumor cells.
Furthermore, as an MR contrast agent, Gd-DO3A-BTA can
guide NCT and monitor tumor growth via MR imaging.

5. Materials and Methods

5.1. General. /e Gd-DO3A-BTA (nonenriched Gd) was
prepared as described previously [10, 21]. All animal ex-
periments were conducted in compliance with the Guide-
lines for the Care and Use of Research Animals under
protocols approved by the Korea Institute of Radiological
and Medical Sciences (KIRAMS) Animal Studies Com-
mittee./e neutron beam irradiations including low content
thermal neutrons were performed using anMC-50 cyclotron
(Scanditronix, Sweden, 1985). When the neutron beam was
generated by irradiating a proton beam (20 μA, 35MeV)
upon a beryllium target of 15mm thickness, the following
results were previously reported: the thermal neutron (0.24%
of total neutrons) flux was approximately 1.94 ×

104 n/cm2·sec and the cross section was 13.79 ± 0.45 barn (a).
At that time, the absorbed dose of neutron beams was
9.36–8.69 cGy/min (including the gamma ray of 1.42–
1.57 cGy/min) at the depth of 15–30mmwith the field size of
26 × 26 cm2 (b). /e irradiation time of neutron beams in
our studies was typically performed as the standard point of
approximately 1Gy/12min [32, 33].

5.2. Tumor Model. /e human breast adenocarcinoma
cancer cell line MDA-MB-231 (ATCC CRM-HTB-26) was
purchased from the American Type Culture Collection
(ATCC). MDA-MB-231 is a highly aggressive, invasive, and
poorly differentiated triple-negative breast cancer (TNBC;
estrogen receptor (ER), progesterone receptor (PR), and
HER2 (human epidermal growth factor receptor 2)) cell line.
/e cells were maintained in RPMI-1640 containing 10%
fetal bovine serum (FBS) and 1% antibiotics and were grown
in a humidified incubator at 37°C and 5% CO2. MDA-MB-
231 tumor cells (1×108 cells·mL−1) suspended in RPMI-1640
medium without FBS, and antibiotics were injected into the
subcutaneous tissue (sc) of female BALB/c nude mice (aged
6 weeks, 18–25 g of body weight) in both legs. One week after
tumor cell implantation, the mice were divided into two
groups (n � 5/group). To compare the effect of chemo-
therapy and NCT on solid tumor, the mice were adminis-
tered (A) none or (B) Gd-DO3A-BTA (0.1mmol/kg)
intravenously through the tail vein. Only the right-sided
tumors were irradiated by neutrons.

5.3. In Vivo MR Imaging. /e mice were anesthetized with
1.5% isoflurane in oxygen. Tumor measurements were made
before and after injection of 0.1mmol·Gd/kg via the tail vein.
MR images were taken with a 3 T MR unit (Magnetom Tim
Trio, Siemens Medical solution, Erlangen, Germany) using
an animal coil. /e T1-weighted fast spin-echo imaging was
performed under the following conditions: repetition time �

9.9ms; echo time � 3.2ms; 10mm field of view; 256 × 256
matrix size; 1mm slice thickness; and average � 3.

/e contrast to noise ratio (CNR) was defined as the
difference in signal-to-noise ratio (SNR) between adjacent
anatomic structures.

CNR � SNRpost − SNRpre. (1)

5.4. In Vivo Gd-NCT. Gd-DO3A-BTA was administered
intravenously as a bolus (0.1mmol/kg) into the tail vein of
female mice with MDA-MB-231 tumors. After 6 h, the mice
were locally irradiated on one side with a 0.3 Gy neutron
beam, while the other side was shielded using Teflon as
shown. Figure 5 shows the overall experimental scheme for
Gd-NCT. /e tumor size was measured before and after
irradiation, and the volume (V) was calculated using the
following equation:

V �
a × b2

2
, (2)

where a and b are the major and minor axes of the tumor
measured by a caliper.

5.5. Tissue Preparation and Histological Evaluation. /e
animals were sacrificed after 60 days, and tumor tissues were
obtained. /e samples were fixed in 10% neutral buffered
formalin, processed, and embedded in paraffin, according to
standard procedures. /e sections were then stained with
hematoxylin and eosin (H&E) using an automated processor
(Tissue-Tek, PrismaE2, Sakura, Japan). /e images were
acquired using a digital scanner (Panoramic MIDI, 3D
HISTECH Ltd, Hungary).

5.6. Immunohistochemical Analysis. /e tumor samples
were serially sectioned (4 μm sections), deparaffinized, and
rehydrated. /e sections were incubated in 0.3% hydrogen
peroxide to quench the endogenous peroxidase after antigen
retrieval by heating in 10mM citrate buffer (pH 6.0). /e
immunohistochemistry was performed according to the
avidin-biotinylated-HRP complex (ABC) method using the
Vectastain Elite ABC kit (Vector Laboratories, Burlingame,
CA, USA). /e primary antibodies used were Ki-67 and
caspase 8 (both 1 :100, Abcam, Cambridge, MA, USA)
and caspase 3 (1 :100, Santa Cruz, Santa Cruz, CA, USA).
Apoptosis was assessed by terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL;
Roche Diagnostics, Indianapolis, IN, USA) according to the
manufacturer’s instructions. All immunohistochemistry
reactions and TUNEL staining were visualized by Vector SG
(Vector Laboratories) and counterstained with fast nuclear
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solutions (Vector Laboratories). Staining was quantified
using ImageJ image analysis software (NIH, Bethesda, MD,
USA).

5.7. Statistical Analysis. Data in the manuscript are
expressed as the mean and standard deviation (SD), and the
significance of the results was analyzed by Student’s t-test.
p< 0.05 was considered statistically significant.
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Radiotherapy is one of the most frequently applied treatments in oncology. Tissue-absorbed ionizing radiation damages not only
targeted cells but the surrounding cells too. .e consequent long-term induced oxidative stress, irreversible tissue damage, or
second malignancies draw attention to the urgent need of a follow-up medical method by which personalized treatment could be
attained and the actually dose-limiting organ could be monitored in the clinical practice. We worked out a special hemisphere
irradiation technique for mice which mimics the radiation exposure during radiotherapy. We followed up the changes of possible
brain imaging biomarkers of side effects, such as cerebral blood flow, vascular endothelial function, and cellular metabolic
processes for 60 days. BALB/c mice were divided into two groups (n � 6 per group) based on the irradiation doses (5 and 20Gy).
After the irradiation procedure arterial spin labeling (ASL), diffusion-weighted imaging (DWI) in magnetic resonance modality
and [18F]fluoro-deoxy-D-glucose positron emission tomography (FDG-PET) scans of the brain were obtained at several time
points (3, 7, 30, and 60 days after the irradiation). Significant physiological changes were registered in the brain of animals
following the irradiation by both applied doses. Elevated standard uptake values were detected all over the brain by FDG-PET
studies 2 months after the irradiation..e apparent diffusion coefficients fromDWI scans significantly decreased one month after
the irradiation procedure, while ASL studies did not show any significant perfusion changes in the brain. Altogether, our sensitive
multimodal imaging protocol seems to be an appropriate method for follow-up of the health status after radiation therapy. .e
presented approach makes possible parallel screening of healthy tissues and the effectiveness of tumor therapy without any
additional radiation exposure.

1. Introduction

Radiotherapy is one of the most widely spread anticancer
treatments in the field of clinical oncology. .e paradigm of
radiotherapy declares the therapeutic effect is based on
indirect and direct DNA damages [1, 2]. Although every cell
has well-developed repair mechanisms for DNA impair-
ments, the less-differentiated cancerous cells have di-
minished ability to repair their broken DNA double-strand
based on their uncontrolled and fast reproduction. .is
unique physiological property serves as the base of radiation
therapy where the accumulated absorbed dose determines

the severity of the evolving damages (slowed down re-
production, necrosis, or cell death) [1].

Shortly after the exposure, enhanced reactive chemical
species concentration can be observed. But, the level of these
species continues to arise for several days and months [3].
.ese oxidative changes affect not only the targeted but also
the nontargeted cell population and their progenies as well
via intercellular communication pathways [1, 4–9]. .ey
often cause from mild to severe inflammation, irritation,
fatigue, xerostomia, oral and gastrointestinal mucositis,
radiation dermatitis, and cystitis depending on the irradiated
region [10]. .e persistence of these stressful effects has

Hindawi
Contrast Media & Molecular Imaging
Volume 2018, Article ID 5906471, 9 pages
https://doi.org/10.1155/2018/5906471

mailto:szigeti.krisztian@med.semmelweis-univ.hu
http://orcid.org/0000-0002-0828-9828
http://orcid.org/0000-0003-1122-1872
http://orcid.org/0000-0002-9687-3556
http://orcid.org/0000-0001-7343-0413
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/5906471


significant consequences. Among others, they are re-
sponsible for long-term health risks of irradiation such as
cardiovascular disease, vascular cell damage, neuropathy,
and nerve demyelination as well [1–13]. .e second ma-
lignancies following radiotherapy are also presumably based
on oxidative DNA damages of tumor suppressor genes (p53
and Rb) [14, 15].

One of the most frequently occurring severe late side
effects of radiation therapy is myelopathy. Radiation mye-
lopathy (RM) is an irreversible impairment of the brain and
spinal cord that has received much attention in the last years
[16, 17]. In the case of neuro-oncological irradiation
treatments, the healthy brain and spinal cord are critical
dose-limiting organs during therapy [1, 17–20].

In clinical oncology, use of medical imaging technologies
and the introduction of personalized treatment could refine
the whole RT protocol. .us, it offers a chance to minimize
radiation-related side effects. .e innovation of medical
devices, imaging agents, standardized protocols, and im-
aging analysis allows to noninvasively capture quantitative
and qualitative information about intratumoral heteroge-
neity. .is further helps to personalize radiotherapy for each
patient. .us, the application of imaging radiomics in the
wider field of oncology involving toxicity, pathology, im-
aging, blood biomarkers, demographics, genomics, and
proteomics related studies could increase the number of
quality years of patients’ life. Imaging radiomics for per-
sonalized cancer therapy promotes cost effectiveness in the
long term too [21]. .e quality of life and effectiveness in
cost is an important aspect of brain radiation treatments,
too.

Due to the fact that widespread use of radiotherapy in the
clinical routine currently comes without any standardized
and routine monitoring protocol for acute side effects, there
is high medical need for an early, sensitive, and harmless in
vivo diagnostic imaging method to follow up radiotherapy
and continuously monitor the status of patients. .is is
especially true in the case of patients with primary or sec-
ondary brain malignancies. Radiotherapy to the brain can
lead to the rise of radiation myelopathy both by focused or
whole-brain irradiation techniques. Our approach was to
develop and to test multimodal image analysis techniques,
which are able to investigate the emerging metabolic, per-
fusion, and diffusion-related changes in the body after the
irradiation of neural tissues. To this end, we chose widely
accessible imaging methods in magnetic resonance imaging
(MRI) and in [18F] fluoro-deoxy-D-glucose (FDG) positron
emission tomography (PET). FDG-PET and MRI are clin-
ically easily accessible modalities that are usually applied in
the work-up of almost all cancer patients especially in cancer
patients with brain involvement. We applied a mouse model
of partial brain irradiation. Our purposes included detection
of neural correlates. Radiation-induced effects reach not
only the immediate environment of the tumor but seemingly
distant parts and regions of the brain too. To investigate this
phenomenon, we applied the image analysis technique of
correlations between brain regions. .is way, effects of ir-
radiation to, e.g., one hemisphere could be detected in the
other seemingly unaffected hemisphere too. We applied two

single absorbed dose levels of 5Gy and 20Gy to investigate
the standalone effect of single doses applied in the clinical
practice of multidose fractionated radiotherapy. .ese two
radiation doses were selected to account for the low-dose
clinical fraction value and the high-dose clinical fraction
value.

2. Methods

2.1. Animals. All applicable international, national, and
institutional guidelines for the care and use of animals were
followed, and in particular, all animal experiments were
carried out according to the guidelines of German Regu-
lations for Animal Welfare and have been approved by the
Landesdirektion Dresden. .e experimental procedure
conforms in particular to the European Convention for the
Protection of Vertebrate Animals Used for Experimental
and Other Scientific Purposes (ETS No. 123). 12 BALB/c
female mice were divided into two groups (n � 6) differing
in irradiation doses (5 and 20Gy). Animals were fed ad
libitum and maintained under controlled temperature,
humidity, and light conditions.

2.2. Irradiation. .e irradiation was made under
ketamine/medetomidine anesthesia. .e schedule of our
study regarding irradiation and imaging protocols is illus-
trated on Figure 1.

Instead of whole-brain irradiation, the left hemisphere
irradiation was chosen. For reproducible positioning,
a custom-made mouse holder and lead collimator were used.
.e holder consisted of a plastic box with lead covering on
the top and ear and teeth sticks for fixing the position of the
mice. .e irradiated area (0.7 × 1 cm hole in the lead
shielding) was defined based on an MRI scan. To avoid the
high eye-dose, the eyes were shielded as well. Irradiation was
done by an Yxlon X-ray tube (MGC-41 Maxishot, calibrated
at 200 kV and 20mA) with an ambient filter (combination of
3mm beryllium, 3mm aluminium, and 0.5mm copper).
Two different irradiation schemes were tested in our ex-
periments, which differed only in the duration of the irra-
diation, thus in dose of 5Gy and 20Gy.

2.3. Imaging. Imaging was made under desflurane anes-
thesia at 5 different time points—before irradiation (“pre”), 3
days (“p3d”), 7 days (“p7d”), 30 days (“p30d”), and 60 days
(“p60d”) after irradiation.

FDG-PET imaging was performed on a nanoScan PET-
CT small-animal imaging system (Mediso Ltd., Budapest,
Hungary) with a special custom-made animal bed capable of
scanning two mice simultaneously. .e mice were fastened
for 14 hours prior to scanning. 60 minutes before the brain
scans, the animals were generally anesthetised with des-
flurane (9% desflurane in 30% oxygen/air), and 30min
before the scan, 5.05 ± 3.04MBq [18F]FDGwas administered
intravenously in the tail vein. .e imaging parameters were
normal mode with packet timestamping and 50% axial
overlap. .e reconstruction used the Monte Carlo-based
OSEM technique with 4 iterations, 3 subsets, a 400–600 keV
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energy window, 1 : 5 coincidence window, and attenuation
correction.

MRI scans were performed on a 7T small animal MRI
system (BioSpec 70/30, Bruker, Germany) equipped with
active shielded 200mT/m gradients and a head surface coil
only for receiving. .e scanning protocol started with a fat-
suppressed and respiratory-triggered T2-weighted turbo
rapid acquisition with refocused echoes (TurboRARE) se-
quence as an anatomical background at the same position as
the following scans. .e imaging parameters were 16 axial
slices, slice thickness of 0.8mm, gap of 0.2mm, in-plane
resolution of 0.15mm, TR/TE 4315/45ms, 4 averages, RARE
factor of 8.

Diffusion-weighted imaging (DWI) based on an echo-
planar imaging (EPI-SE) sequence had the same geometrical
parameters as the anatomical scan except in this case the in-
plane resolution was 0.234mm and TR/TE 3000/31ms.
Diffusion-weighting parameters were chosen to be Δ/δ
14/7ms and b-values (0, 100, 200, 400, 600, 800, and 1000
s/mm2) in three orthogonal directions.

For the perfusion measurements, the arterial spin la-
beling (ASL) technique using the flow alternating inversion
recovery (FAIR) method was performed with adiabatic
hyperbolic secant inversion pulse and echo-planar imaging
acquisition (EPI-SE, TR/TE 9000/14.67ms, 5 averages). .is
single-shot, multiphase ASL measurement was acquired on
a single slice (slice thickness of 0.8mm, in-plane resolution
of 0.18 × 0.225mm) containing both thalamus and hippo-
campus, repeated 22 times (minimal inversion recovery time
(TIR), 26ms and 200ms increment between the successive
inversion times).

2.4. Postprocessing. .e first step of our postprocessing was
the manually atlas-based (mouse brain atlas from Broo-
khaven National Laboratory [22]) registration of each scan
using VivoQuant software (inviCRO, USA). .e further
evaluation of MRI scans to create parametric maps was
performed by a self-written code in MATLAB (.e Math-
works Inc., USA). .us, parametric maps could be in-
vestigated in the hypothalamus, thalamus, hippocampus,
neocortex, amygdala, and striatum separately (Figure 2).
Cerebellum was excluded from the evaluation based on the
imperfect shimming and EPI distortion on the MRI scans.

In case of [18F]FDG-PET scans, activity concentration
(Aconc) was calculated in ROIs and the standard uptake value
(SUV in g/mm3) as a measure of [18F]FDG uptake was
determined as follows:

SUV �
Aconc

Ainj/BW 
, (1)

where Ainj is the decay-corrected injected activity and BW is
the body weight of the mouse. Based on the diffusion-
weighted scans, the apparent diffusion coefficient (ADC)
map was calculated with a voxel-wise monoexponential
curve fitting in all three diffusion weighting directions. Not
to incorporate direction-dependence, the mean ADC value
was determined as the mean of the three apparent diffusion
coefficients corresponding to the different orthogonal
diffusion-weighting directions.

In the ASL, a scan evaluation one-tissue compartment
model was used to describe the transport kinetics of water
molecules accounting for the limited membrane perme-
ability of the blood-brain barrier (BBB) [23]. .e calculated
K1 map (equivalent with the uptake rate) practically equals
to the blood flow if the BBB is considered perfectly per-
meable for water:

K1 � Vd ∗R1,a

R1,s −R1,ns

R1,ns
, (2)

where volume of distribution of water in tissue (Vd) is
considered to be known in our model Vd � 0.95mLH2O/mL
[24]. R1,i is the reciprocal of longitudinal relaxation rates,
respectively, to the arterial water (a), selective scan (s), and
nonselective scan (ns). .e last two were determined voxel-
wise by least square fitting of

Ss,ns � c + S0
1− 2eT1

R1s,ns
 




, (3)

where S is the MRI signal of the selective or nonselective
FAIR scan, c is a bias, S0 corresponds to the proton density,
and T1, a is the relaxation rate of arterial water—in our
model, T1, a � 2s [25].

2.5. Data Analysis. For statistical analysis, the mean MRI
signals and calculated SUV, ADC, and K1 values were

Group 1 (6 female mice): 5 Gy dose to le� hemisphere

Irradiation

Time points

Scanning protocol

Data evaluation

Group 2 (6 female mice): 20 Gy dose to le� hemisphere

pre scans
(day 1)

p3d scans
(day 3)

18F-FDG PET

SUV values Atlas
coregistration to
delineate ROIs

ADC map
(mean

diffusivity)

Perfusion map
(K1)

T2w turbo RARE DWI SE-EPI ASL FAIR-EPI

p7d scans
(day 7)

p30d scans
(day 30)

p60d scans
(day 60)

Figure 1: .e schedule of irradiation and image data processing.
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exported from every ROI..e analysis was performed for all
3 modalities. At first, difference between the left and right
whole (the mean of different regions’ ROI values was cal-
culated) hemispheres was determined and related to the left
hemisphere for each rat at each time point. .ereafter,
correlation (using Pearson correlation coefficients) between
hemispheres among brain regions was determined regard-
less the time points. .e time trend was analyzed on the
whole brain using a linear mixed effect model (random slope
and intercept model with quadratic time effect using re-
stricted maximum likelihood calculation) and with con-
trolling for dose (Stata/IC 15.0, StataCorp LLC, Texas, USA).

3. Results

3.1. FDG-PET. FDG-PET studies were able to register the
metabolic changes within the brain of animals. Figure 3
illustrates the mean SUV values of brain regions at five
different time points using 5Gy (A) and 20Gy (B). Strong
correlation (except the cerebellum and amygdala) was found
between contralateral brain regions in either dose groups as
shown in Figures 3(c) and 3(d). .e relative SUV difference
between the hemispheres was only 0.1%; thus the sum of the
SUVs was acceptable. .e time trend analysis of the whole
brain did not show any statistical evidence for difference in
the effect of 5Gy and 20Gy (p< 0.05) but revealed signif-
icant (p< 0.05) quadratic effect (Figure 3(e)).

Shortly after the irradiation, no relevant [18F]FDG up-
take changes (in term of mean SUV) could be seen in the
investigated brain areas, but two months later, relevant
increased SUVs were registered in the whole brain.

3.2. DWI. Figure 4 illustrates the mean ADC values of brain
regions at five different time points using 5Gy (A) and 20Gy
(B). Strong correlation was found between contralateral
brain regions in either dose groups as shown in Figures 4(c)
and 4(d). .e relative ADC value difference between the
hemispheres was only 1.2%; thus ADC values were summed.
.e time trend analysis of the whole brain did not show any
statistical evidence for difference in the effect of 5Gy and
20Gy (p< 0.05) but revealed a significant (p< 0.05) qua-
dratic effect (Figure 4(e)).

As the fitted trend line shows no ADC value, changes
were detected at the first week. One month after the

irradiation, relevant ADC value decreasing was registered in
all brain regions, whose values did not alter until the end of
the measurement (Figure 4(e)).

3.3. ASL. Figure 5 illustrates the mean K1 values of brain
regions at five different time points using 5Gy (A) and 20Gy
(B). Moderate correlation was found between contralateral
brain regions in either dose groups as shown in Figures 5(c)
and 5(d). .e relative K1 value difference between the
hemispheres was 0.8%; thus the ASL values were summed.
.e time trend analysis of the whole brain did not show any
statistical evidence for difference in the effect of 5Gy and
20Gy (p> 0.1). .ere was no significant trend in time
(p> 0.1).

4. Discussion

We have investigated the short- and long-term risks and side
effects of radiation therapy to the brain. In this study,
a custom-made small animal irradiation system using two
different doses mimicked the effects of high- and low-dose
single RT fractions in clinical practice. .e applied multi-
modal imaging method has monitored important physio-
logical parameters (cerebral blood flow, vascular endothelial
function, and cellular metabolic processes) for 60 days.

.e 5Gy and 20Gy single-fraction radiation doses are
equivalents of the single dose of the lowest and the highest
human doses during a fractioned RT [26].

[18F]FDG-PET scans made possible to follow up brain
glucose use of animals after the irradiation [27]. .e [18F]
FDG uptake and the calculated SUV strictly correlate with
local glucose metabolism, reflecting different constituents of
brain glucose uptake: glial metabolism, neuronal and syn-
aptic activity, and local immune processes [28]. As such,
[18F]FDG could be used to monitor eventual microglial or
other inflammatory conditions in the brain postradiation
therapy too.

Diffusion-weighted MRI has been used for the moni-
toring of physiological changes (oedema, inflammation, fi-
brosis, and necrosis) within the brain tissue and for the
quantification of MRI signal loss using ADC. ADC as
a clinically validated measurand in the field of oncology is
able to differentiate between the RT-induced tissue changes.
Malignant tumor disease is often described with lower ADC

(a) (b) (c) (d)

Figure 2: [18F]FDG-PET-CT coregistered to MRI images (a). Altas coregistered T2w turboRARE (b). ADC map coregistered to T2w
turboRARE (c). Perfusion map coregistered to T2w turboRARE (d) (all images are from individual studies).
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values while oedema and inflammation are manifested in
higher ADC values [29, 30]. Besides these changes, decreased
ADC values were reported after RT in case of noncancerous
tissues by Takayama et al. [31].

In our study, a trend of decrease in ADC of both the
irradiated and the correlating hemispheral brain structures
could be observed starting a month after radiation therapy
and it was maintained up to the end of the 60 day ob-
servation period. Our results of ADC values are close to

these and other previous findings [32–34]. .e effect of RT
is assumed to be related to the damage of vascular endo-
thelial cells, which influences the swelling of the concerned
cells and decreases the extracellular space in case of
inflammation.

.e arterial spin labeling technique, as a proposed al-
ternative of PET scan, has the potential for detection and
quantitative follow-up the cerebral blood flow changes
without any contrast material [24]. Following RT, there is
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Figure 3: .e effect of irradiation on brain [18F]FDG uptake values. .e mean SUVs of the left (irradiated) brain regions (.: thalamus; Ctx:
cortex; Hth: hypothalamus; Hc: hippocampus; Cb: cerebellum; Amy: amygdala; Str: striatum) are shown at five different time points by 5Gy
(a) and 20Gy (b) dose groups..e boxplots show median with quartiles, minimum, and maximum. Correlation maps of [18F]FDG uptake
values of the left versus right brain areas (regardless of the time points) by 5Gy (c) and 20Gy (d) dose groups are shown..e heatmaps visualize
the Pearson correlation of irradiation effects between each investigated brain region..e time trend analysis of the whole brain is shown in (e).
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a “latent period” when no significant perfusion and vascular
changes could be registered. However, the length of this
period is absolutely depending on the applied doses which
vary from a few months to a few years. 20Gy dose whose

effect on rat brain equivalent with the tissue response to
a mean total dose of human-fractionated brain RT—ap-
plied by Reinhold et al. caused significant transient neu-
rotransmitter enhancement, increased CBF, and decreased
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Figure 4:.e effect of irradiation on the brain ADC values..emean ADC values of the left (irradiated) brain regions (Vent: ventricles;.:
thalamus; Ctx: cortex; Hth: hypothalamus; Hc: hippocampus; Cb: cerebellum; Amy: amygdala) are shown at five different time points by
5Gy (a) and 20Gy (b) dose groups. .e boxplots show median with quartiles, minimum, and maximum..e correlation maps of the ADC
values of the left versus right brain areas (regardless of the time points) by 5Gy (c) and 20Gy (d) dose groups are shown. .e heat maps
visualize the Pearson correlation of irradiation effects between each investigated brain region. .e time trend analysis of the whole brain
ADC changes is shown in (e).
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extravascular space in rats 3 months after the RT [35]. In our
2 month long experiments, the animals did not show any
perfusion changes in either dose groups (5/20Gy dose
groups). Based on the high intersubject variability, the in-
herently low signal-to-noise ratio (SNR) of this technique and
the potential presence of “latency period” after irradiation
showing up in perfusion changes more animals, and a longer
follow-up period would have been necessary to observe
eventual trends in perfusion changes in the brain with MRI.

No hemisphere-related changes were observed in the
case of 5/20Gy dose groups using either FDG-PETand DWI
MRI. However, statistical trend analysis could detect the
methods’ applicability for monitoring course of the side
effects. Interestingly, the results of correlation analysis of
regions show a high correlation between the hemispheres.
.is may indicate long-distance bystander side effects of
radiotherapy in the CNS. .e detectability and effects of
irradiation between the 5–20Gy dose range were not dif-
ferent which draws the attention to an existing side effect
profile of even low-dose fractionated radiotherapy.

5. Conclusions

We succesfully developed a new multimodal imaging pro-
tocol which is able to monitor the irradiation-related side
effects and follow up the health status of the animals for
several weeks. .e most relevant imaging biomarkers in the

field of neuroscience were able to responsibly indicate the
forming side effects of RT. Elevated brain glucose con-
sumption and decreased diffusion with nearly constant
cerebral blood flow were the first detectable signs of the
altered local circulation and transportation, the changed
metabolic activity, and the induced inflammation by reactive
oxygen species (ROS) production.

Based on the high translational power of this quantitative
MRI/PET technique and the availability of these modalities
in clinics, it is assumed that our scientific results could
support and refine the radiation therapy via the monitoring
of side effects and follow up the health status of patients. In
addition, this imaging protocol can support the realization
of personalized therapy in medical practice.

Hereby, a newmultimodal imaging protocol is presented
which the authors consider an appropriate monitoring
method to follow both effects of irradiation of the tumor and
side effects of radiation therapy.
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Figure 5: .e effect of irradiation on the brain K1 values. .e mean K1 values of the left (irradiated) brain regions (Ctx: cortex; Hc:
hippocampus; Hth: hypothalamus;.: thalamus) are shown at five different time points by 5Gy (a) and 20Gy (b) dose groups..e boxplots
show median with quartiles, minimum, and maximum..e correlation maps of the K1 values of the left versus right brain areas (regardless
of the time points) by 5Gy are presented in (c) and for 20Gy dose groups in (d). .e heat maps visualize the Pearson correlation of
irradiation effects between each investigated brain region.
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Magnetic resonance imaging applications utilizing nanoparticle agents for polarized macrophage detection are conventionally
analyzed according to iron-dependent parameters averaged over large regions of interest (ROI). However, contributions from
macrophage iron deposits are usually obscured in these analyses due to their lower spatial frequency and smaller population size
compared with the bulk of the tumor tissue. We hypothesized that, by addressing MRI and histological pixel contrast het-
erogeneity using computer vision image analysis approaches rather than statistical ROI distribution averages, we could enhance
our ability to characterize deposits of polarized tumor-associated macrophages (TAMs). We tested this approach using in vivo
iron MRI (FeMRI) and histological detection of macrophage iron in control and ultrasmall superparamagnetic iron oxide
(USPIO) enhanced mouse models of breast cancer. Automated spatial profiling of the number and size of iron-containing
macrophage deposits according to localized high-iron FeMRI or Prussian blue pixel clustering performed better than using
distribution averages to evaluate the effects of contrast agent injections. *is analysis was extended to characterize subpixel
contributions to the localized FeMRI measurements with histology that confirmed the association of endogenous and
nanoparticle-enhanced iron deposits with macrophages in vascular regions and further allowed us to define the polarization status
of the macrophage iron deposits detected by MRI. *ese imaging studies demonstrate that characterization of TAMs in breast
cancer models can be improved by focusing on spatial distributions of iron deposits rather than ROI averages and indicate that
nanoparticle uptake is dependent on the polarization status of the macrophage populations. *ese findings have broad im-
plications for nanoparticle-enhanced biomedical imaging especially in cancer.

1. Introduction

Widespread efforts have succeeded in integrating nano-
particles in virtually all areas of medical imaging. *e appeal
of these formulations derives from their ability to be tailored
to specific applications ranging from neuroscience to on-
cology by chemical manipulation of nanoparticle compo-
sition rendering them visible to multiple imaging modalities
such as MRI, PET, and optical imaging systems [1].
Moreover, the ability to functionalize these particles using
delivery systems such as polymers or lipids and bioaffinity
tags such as antibodies further enhances our ability to probe,

monitor, and control ubiquitous biological processes
spanning drug delivery and cell tracking [2].

Nanoparticles formulated from iron are ubiquitous
contrast agents forMRI. One common agent used consists of
ultrasmall superparamagnetic iron oxide (USPIO) nano-
particles solubilized with dextran polymer to facilitate
suspension and delivery in aqueous solution [3, 4]. Cancer
research is a premier application of these USPIO nano-
particles, and they have been used to investigate virtually
every cancer type. *ey provide information about both
vascular and immune cell properties of the tumor that are
key determinants of the pharmacodynamic behavior of
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drugs and the cellular immune response to therapies
[5–7].

Quantification of tissue uptake of iron nanoparticles and
deposition in macrophages is conventionally performed
using region of interest (ROI) analysis of MRI images [8].
Pixel contrast levels, relaxation times, rates, or the suscep-
tibility phase [9–12] are measured over tissue cross-sectional
areas and analyzed according to pixel distribution statistics.
Changes in iron concentration following USPIO injection
can be further quantified from these pixel distributions
according to parametric relations between these observables
and known iron standards, iron-labeled cells, or biopsy iron
measurement to provide quantitative estimates on nano-
particle delivery, cellular uptake, and concentration [13–16].
So-called iron MRI (FeMRI) approaches can estimate iron
nanoparticle uptake by the measurement of parametric
distribution statistics. However, it has long been an accepted
caveat of the quantitative interpretation of most cellularMRI
applications that ROI-based distribution analysis is biased
by contributions from the abundant low-iron areas of the
tissue, i.e., those not containing the iron deposit or contrast
agent, which limits the specificity of the MRI pixel distri-
bution analysis for iron accumulation in rare cellular targets
such as macrophages in tumors.

Macrophages are important imaging targets in cancer
because they can function in both inflammatory and wound-
healing roles that influence tumor growth and therapeutic
response [17–19]. Nanoparticle injection and uptake is de-
pendent upon and can influence this polarization status of the
targeted cellular populations as these cells exhibit plasticity in
these functional roles that in turn is coupled to their innate
role in iron metabolism [20, 21]. While MRI studies do not
directly report on polarization, immunofluorescence imaging
can be used to evaluate changes in TAM iron deposit po-
larization and provide subpixel information about the de-
pendence of the USPIO contrast agent uptake on TAM
polarization [22–24]. However, nanoparticle delivery to the
tumor rarely exceeds a few percent of the injected dose [25],
and therefore, only a small fraction of macrophages present in
the tumor will be engaged by the nanoparticles and give rise to
localized detectable iron contrast. *erefore, similar to cel-
lular ironMRI, whole ROI analysis of histological polarization
state measurements is more representative of the
nanoparticle-free macrophage populations rather than sub-
populations containing iron. *erefore, scoring macrophage
polarization with immunofluorescence using whole ROI
distribution analysis also will generally not be representative
of the relatively rare iron-handling populations targeted by
the nanoparticle injections. *us, alternative unbiased anal-
ysis approaches that better quantify the local distributions of
these iron-containing cells and their phenotypes are required
to evaluate the polarization status of the macrophage targets
and to provide cellular level corroboration of FeMRI
applications.

In the current study, we advance a computer vision
approach to localize polarized macrophages according to
iron status in order to improve their quantification in
USPIO-enhanced cellular imaging by MRI and histology.
We have previously shown that, by addressing the spatial

heterogeneity of iron-dependent image contrast, we could
enhance the quantification of these macrophage deposits
without contrast agents usingMRI and histology because the
type of iron stored in the macrophages generates stronger
MRI contrast enhancement compared with venous or
hemorrhagic blood [26–30] and Prussian blue only labels
macrophage with solid iron deposits corresponding to those
of the highest iron concentration. *ese endogenous stores
conferred sufficient cellular sensitivity and specificity to
detect macrophage iron deposits in multiple cancer models
including prostate cancer and breast cancer, in both primary
and distant disseminated metastatic locations of the lung
and brain, as well as systemically in organs which naturally
or pathologically accumulate macrophage iron such as the
liver and spleen [29, 30]. In the current study, we continue
our translational development of this approach by com-
bining it with the USPIO contrast agent injection to evaluate
iron deposition in polarized breast tumor macrophages.

2. Results

To demonstrate the difference between the ROI average dis-
tribution measurements and the localized measurements of
cellular iron deposition with and without dextran-USPIO
injection, we initiated orthotopic MMTV-PyMT murine
mammary tumors and injected USPIO (0.5mmol/kg) or
saline intravenously once tumor volumes reached ap-
proximately 1 cm3. Mapping iron-dependent contrast
24 hrs after injection at 7T showed that both the
nanoparticle-free (Figure 1(a), −USPIO) and contrast-
enhanced tumors (Figure 1(b), +USPIO) evidenced het-
erogeneous distributions of pixel iron levels, with both
cohorts exhibiting numerous high-iron pixel regions,
i.e., clusters indicative of iron deposits, at the periphery of
the tumor, and iron oxide-injections increased the num-
bers of these clusters.

Analysis of the iron MRI maps was then performed to
quantify these pixel distributions. Parametric pixel distribu-
tions expressed as number of pixel clusters (Figure 1(c)) and
cluster size measured in mm2 (Figure 1(d)) were recon-
structed as a function of iron concentration with high and low
ranges defined with respect to the median iron level of the
distribution range. Frequency (number of pixel clusters) and
size distribution maxima fell well within the low-iron contrast
range in both control and USPIO-injected tumors and
appeared to shift nominally towards higher concentrations
with USPIO injection. In the high iron range of the frequency
distribution, clear increases of pixel clusters occurred with the
USPIO uptake, while the size of these high-iron clusters
appeared to remain constant in the control and nanoparticle-
treated groups suggesting that iron injection changed only the
number of the deposits but not their size. Statistical analysis of
the ROI-based parametric iron distributions was then per-
formed to quantify the observations. First, median values
were calculated from ROI analysis over whole tumor cross
sections as is conventionally performed. Median iron levels of
the parametric pixel distributions from the ROI showed small
but significant increases in frequency (Figure 1(e); p< 0.05)
and size (Figure 1(f); p< 0.05) with USPIO enhancement. In
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order to more specifically quantify local accumulation of iron
deposits indicated by the high-iron range stratification, the
frequency of high-iron clusters in the maps was counted, and
the areas were measured.*is revealed significant increases of
the high-iron pixel clusters with iron nanoparticle injection
(Figure 1(g); p< 0.001) and provided an additional mea-
surement of the size of these regions of iron accumulation
with and without contrast agents (Figure 1(h); p> 0.05). *is
demonstrates an improvement over the ROI quantification in
terms of the significant increases in iron deposit accumulation
detected and confirms the observation that the number of
high-iron clusters increase but the size remains relatively
unchanged with USPIO injection.

To confirm the cellular identity of the iron+ species and
characterize the microenvironment of the iron deposits,
Prussian blue iron histochemistry (Figure 2(a)) and im-
munofluorescence for F4/80+ (Figure 2(b)) macrophages
and CD31+ vasculature (Figure 2(c)) was performed. Iron
staining of the MMTV-PyMT tumor sections evidenced iron+
cellular species in stromal regions almost exclusively at pe-
ripheral tumor margins. *ese localized cellular iron sources
clustered as multicellular deposits in both the control and
USPIO-treated tumors. Macrophage immunofluorescence of
these tissue cross sections further confirmed that the iron+ cells
identified in the Prussian blue histology were colocalized with
F4/80+ macrophages. *ese iron+ F4/80+ macrophages were
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Figure 1: Spatial quantification of endogenous and nanoparticle-enhanced iron deposits with MRI in vivo. T2-weighted MRI and iron
concentration overlay images of (a) control (−USPIO) and (b) iron nanoparticle-injected (+USPIO) tumors. Expansion shows high-iron
pixel contrast in clustered areas. (c) Number (#) of clusters and (d) area of the pixel clusters in control (−USPIO) and nanoparticle-injected
(+USPIO) tumors as a function of iron concentration. Distributions are fromwhole cross-sectional regions of interest (ROI) areas of tumors
measuring approximately 1 cm3 (mean± SEM shown, n � 8 tumors/group). MRI iron concentration range at bottom corresponds to values
in iron images above. Control (−USPIO) and nanoparticle-injected (+USPIO) (e) median iron concentrations and (f) pixel cluster sizes. (g)
Number (#) of high-iron pixel clusters and (h) size of the high-iron clusters from localized computer vision analysis (mean± SEM shown,
n � 8 tumors/group, n.s. p> 0.05, ∗p< 0.05, ∗∗∗p< 0.001, two-tailed unpaired Student’s t-test). Scale bars are shown for all images.
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invariably found in close proximity to CD31+ vasculature
in both control and USPIO-injected cohorts suggesting that
the accumulation of metabolic or nanoparticle-derived
iron is dependent upon their spatial distribution beside
tumor vasculature.

*e spatial characteristics of the histologically detected
macrophage iron deposits were then analyzed in a manner
similar to the FeMRI pixel cluster analysis. *e endogenous
(Figure 2(d)) and USPIO-enhanced deposits (Figure 2(e))
found in the localized regions were automatically identified and
the number of the clusters (Figure 2(f)), the number of iron+
macrophages per deposit (Figure 2(g)), and the areas of the
clusters (Figure 2(h)) were measured exhaustively from whole
tumor axial cross sections. *e number of deposits containing
iron+ macrophages increased significantly with USPIO in-
jection (p< 0.001), and deposit areas in the control and in-
jected groups were found to be equivalent, approximately a few
MRI square-pixels (p> 0.05). *ese regions also equivalently
contained an average of approximately 14 iron+ macrophages
per control or USPIO-enhanced deposit (p> 0.05) supporting
the cellular sensitivity of the FeMRI measurement and spec-
ificity of the pixel cluster analysis for these cellular species.

To determine the polarization status of general mac-
rophage populations in the tumors and their changes with
injection of USPIO, immunofluorescence staining of the
tumor cross sections was conducted for pan-macrophage
(CD68), inflammatory (M1-like AIF1 (allograft in-
flammatory factor 1)), and wound-healing surface marker
phenotypes (M2-like CD206 (mannose receptor)), besides
Prussian blue iron histology as the primary observable
(Figures 3(a)–3(e)). Absolute counts of CD68+ macro-
phages conducted over whole tissue cross-sectional areas
were performed to score CD68 infiltrates (Figure 3(f );
p> 0.05). AIF1+ and CD206+ polarization markers were
similarly quantified to evaluate phenotypic shifts. Ex-
haustive counts performed over the control tumor cross
sections and calculation of frequency of these populations
with respect to total numbers of these macrophages (M1 or
M2/(M1+M2)) (Figure 3(g)) showed that USPIO injection
did not lead to significant changes in absolute counts of
macrophages (p> 0.05). Phenotypic populations in the
control mice were significantly biased towards M2-like
polarization with 42% M1-like AIF1+ and 58% of macro-
phages CD206+ (p< 0.05). *is analysis of TAM
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Figure 2: Spatial quantification of endogenous and contrast-enhanced macrophage deposits by iron histology. Paraffin-embedded sections
from control (−USPIO) and iron nanoparticle-injected (+USPIO) tumors. (a) Prussian blue iron staining, (b) F4/80 macrophage im-
munofluorescence, and (c) CD31 vascular immunofluorescence were performed in the same sections to demonstrate the colocalization of
iron deposits with infiltrating macrophages in vascular areas of the tumor microenvironment. Histological fields from (d) control and (e)
iron nanoparticle-injected mice showing deposits of Prussian blue iron+ macrophages localized in infiltrative border regions in discrete
clusters. Black borders are regions of interest drawn automatically around deposits of cells according to iron status. Expansion shows iron+

macrophages in the deposit regions. (f ) Number of iron deposits (clusters) per tumor cross section in control (−USPIO) and nanoparticle-
injected (+USPIO) mice (mean± SEM shown, n � 8 tumors/group, ∗∗∗p< 0.001, two-tailed unpaired Student’s t-test). (g) Number of iron+

macrophages per deposit, and (h) size of each of the deposits measured over the whole Paraffin-embedded tumor cross sections stained by
Prussian blue (mean ± SEM shown, −USPIO n � 235 total clusters/group, +USPIO n � 748 total clusters/group, n.s. p> 0.05). Scale bar is
shown for all images.

4 Contrast Media & Molecular Imaging



polarization was also performed in the USPIO-injected
animals and showed that M1 and M2 status was signifi-
cantly different with 54% AIF1+ and 46% CD206+ TAMs
present (p< 0.05) indicating that USPIO injection caused
a significant increase in M1-like cells and reduction of M2-
like cells (p< 0.05). *is demonstrates that TAM polari-
zation and not number of macrophages in the tissue
changed as a function of iron nanoparticle injection in
these measurements.

We then measured the frequency of specifically iron+-
polarized TAMs with respect to their respective general
population (iron+M1+ or iron+M2+/M1+ or M2+), performed
counts of iron+CD68+ cells as a function of total CD68,
and also counted the frequency of the iron+AIF1+CD206+
population expressing both general macrophage polariza-
tion markers selected in this study (Figures 3(h)–3(k)).
*e numbers of iron+ cells were less frequent than the general
populations assessed above. In control tumors, 0.41% were
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FIGURE 3: Characterization of endogenous and contrast-enhanced macrophage iron deposit polarization. Fields of paraffin-embedded
tumor cross sections from control (left, −USPIO) and iron nanoparticle-injected (right, +USPIO)mice showing deposits of (a) Prussian blue
iron+ macrophages and colocalized (b) AIF1, (c) CD68, (d) CD206, and (e) merged immunofluorescent markers. (f ) Absolute count of
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iron+, 0.40% of AIF1+ were iron+, 0.61% of CD206+ TAMs
were iron+, and 0.60% were iron+AIF1+CD206+ cells. In-
jection of USPIO led to significant increases in all these
macrophage subsets with 4.9% iron+CD68+ cells (p< 0.01),
4.1% iron+AIF1+ (p< 0.01), 2.5% iron+CD206+ (p< 0.01),
and 3.7% iron+AIF1+CD206+ cells observed after USPIO
injection (p< 0.05). *is indicates that SPIO injection in-
creases iron in all polarized macrophage subsets but also
indicates that inflammatory subsets take up relatively,
but not significantly (p> 0.05), more iron than M2-like
populations.

3. Discussion

*e main purpose of the current work was to evaluate
a computer vision method for detection and quantification of
USPIO-enhanced macrophages by MRI and extend this
analysis to histological images in order to characterize sub-
MRI pixel phenotypes of the cells. By targeting the spatial
heterogeneity in iron-based pixel contrast arising from en-
dogenous or iron contrast agent-enhanced cellular iron de-
posits, this approach improved statistical quantification of
macrophages over conventional ROI-average distribution
analysis, and provided measured constraints on the size and
frequency of the polarized macrophage deposits.

*e MRI analysis approach presented here improves on
current conventional ROI-based approaches by parsing the
spatial distributions of iron image contrast. *is was ac-
complished by constructing parametric iron MRI maps and
then quantifying the number and size of pixel cluster areas as
a function of stratified iron concentration range. *is in-
dicated that most of the area of tumor pixels in both control
and nanoparticle-injected groups were predominantly of
low iron contrast, reflecting a cellular distribution charac-
teristic of the location of low-iron cancer cells and stroma in
the tumor. *e ROI distribution analysis only revealed
minor shifts towards high iron concentrations with USPIO
injection, while counting of the localized iron clusters in-
creased the statistical differences between the control and
USPIO-injected groups. A similar approach was used to
evaluate the size of macrophage iron deposits in the his-
tological analysis with and without contrast agents. *is
revealed areas of iron-laden macrophage colonies that were
on the order of the size and frequency of the high-iron MRI
clusters. *is side-by-side spatial analysis confirmed the
cellular sensitivity and specificity of the MRI and histological
methods for detecting localized macrophage deposits
according to the iron status, and provided per unit area
cellularity estimates of the iron-laden macrophages detected
in vivo by MRI.

To complement the iron histology analysis, we also
performed immunofluorescent imaging focusing on the
microenvironment and polarization characteristics of both
general macrophage populations and specifically the iron+
macrophage subpopulations. *e polarization of
macrophages is a multifactorial process that depends on
the tissue and microenvironment in which they are found as
well as complex signaling between tissue resident and
infiltrating immune cells with the macrophages [31, 32].

As such, myriad intracellular and surface protein markers
have been developed that allow one to specify their position
along the continuum of accessible polarization states [33].
Iron itself is a central metabolic factor in macrophage
function and is associated with many polarization states
[21]. To determine the association of iron deposits with the
tumor microenvironment and polarization, we adopted
a panel of general tissue and macrophage biomarkers
which showed the iron+ macrophages were predominantly
found in vascularized CD31+ regions of the stromawhere they
likely serve iron-handling functions in heme homeostasis
[34–36]. Overall, these iron+ macrophages were found as
a subpopulation of the total macrophages detected in the
whole cross sections of stained tissues. Characterization of
these general populations indicated that frequency of CD68+
macrophage infiltrates remained approximately unchanged
with USPIO injection and further confirmed previous studies
indicating that phenotypic inflammatory M1-like macro-
phage markers are increased and protumor M2-like pheno-
types decreased with USPIO injection.

In our spatial analysis, we further characterized effects of
USPIO on polarized endogenous and nanoparticle-enhanced
iron+ macrophage deposits. We observed that USPIO injections
increase iron in pan-macrophage CD68+ populations as ex-
pected and also found relative differences in frequency of iron-
laden populations following USPIO injection in polarized
subsets. Here, although inflammatory (AIF1+), wound-healing
(CD206+), and double-positive macrophage populations (AIF1
+CD206+) all increased frequency with USPIO injection, in-
flammatory macrophage populations experienced the largest
relative increases presumably due to their predominant role in
iron scavenging during the acute inflammatory response caused
by the iron nanoparticles [22–24]. *erefore, spatial histological
segmentation approaches based on iron status combined with
macrophage polarization measurements in these regions allow
for the further characterization of subpixel phenotypes of the
iron-laden macrophage giving rise to the contrast measured by
MRI.*is provides further insight into the biological function of
the macrophages detected and reveals differences in their iron
handling roles in the tumor microenvironment.

4. Conclusions

While the spatial image analysis approach described here is
based on identification of the macrophage according to the
iron status, similar machine-based analyses are envisioned to
be conducted utilizing other parametric MRI contrasts and
other multimodality imaging contrasts. Further, in the
current work, the approach is specific for the macrophage
due to their high innate capacity for iron uptake; however,
integrating other endogenous and contrast-agent enhanced
parameters with these analysis tools can also potentially
provide spatial information about different cellular pop-
ulations in diverse tissues settings. We anticipate that the
current findings will motivate the use of computer-assisted
image analysis routines and accelerate the translation of
these methods towards the clinic to aid in our imaging
investigations of complex cellular microenvironments and
physiological processes in diseases such as cancer.
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5. Methods

5.1. Animal Procedures. All animal work was approved and
performed according to the guidelines of the Animal Care
and Use Committee of MSKCC. Mice were anesthetized
with 1–3% isoflurane in O2 gas, and respiration was mon-
itored during all imaging sessions. Female 6-week-old
FVB/N mice underwent orthotopic injection into the
lower mammary fat pad of 1× 106 syngeneic TS1 MMTV-
PyMT tumor cells grown under standard tissue culture
conditions and suspended in 100 μL 50% Matrigel (BD
Bioscience). Mice bearing orthotopic TS1 MMTV-PyMT
tumors (approximately 1 cm3) were injected with either
0.5mmol/kg dextran coated superparamagnetic 5 nm iron
oxide nanoparticle contrast agent (Ocean NanoTech) or
saline and were imaged 24 hr after injection.

5.2. MRI. 1H MRI was conducted on a 7T/30 cm horizontal
bore Biospec MRI system (Bruker BioSpin Corporation)
with a custom-built 30mm inner-diameter transmit-receive
quadrature coil. A 2D multigradient echo (MGE) relax-
ometry pulse sequence with fat suppression was used with
the following parameters: 16 evenly spaced 3ms TEs, TR
1.2 s, matrix 256× 256 in the plane data matrix with 25–49
slices, an in-plane spatial resolution of 0.1mm× 0.1mmwith
a slice thickness of 0.5mm, and RF flip angle of 90°. Each
phase encode acquisition was gated on the animal’s re-
spiratory cycle. *e first image of the gradient-echo series
was used as reference images shown in the figures.

Aqueous solutions of Fe3+(NO3
−)3 (Fisher Scientific)

were used as reference iron concentrations over the
0.0–0.3mg iron(III) g−1 range at 7T [29]. *e T∗2 values for
these solutions were determined by pixel-wise mono-
exponential fitting of the MGE images using Matlab
(Mathworks) and/or Fiji [37]. A linear relation between the
relaxation rate R∗2 � 1/T∗2 and known iron concentration was
found and was subsequently used to generate parametric iron
MRI maps. Iron MRI maps were stratified by high concen-
tration (total range, 0.0–0.3mg·g−1; high, 0.15–0.3mg·g−1).
Spatial characteristics of the high-iron pixels were then
quantified by performing cluster analysis over whole tissue
MRI cross sections with the Fiji Analyze Cluster tool.

5.3. Histology. Whole tissue cross sections were sliced from
the axial midpoint regions of PBS-perfused tumors following
MRI studies, fixed in 4% PFA for 24 hours at 4°C, and then
washed with H2O and resuspended in 70% ethanol (Fisher
Scientific). Tissues were paraffin embedded, cut into 5μm
sections, and placed on glass slides for immunohistochemistry.

*e Prussian blue histochemical detection of iron(III)
was performed by manually deparaffinizing in xylene and
rehydration in series of alcohol dilutions (100%, 95%, and
70%) and tap water. Slides were then placed in a working
solution of equal parts of 10% potassium ferricyanide (Fisher
Scientific) and 10% hydrochloric acid (Fisher Scientific)
prepared in distilled water and stained for 30 minutes. Slides
were rinsed in distilled water, counterstained with nuclear-
fast red, and cover slipped with Permount (Fisher Scientific).

*e immunofluorescent detection of F4/80, CD31,
CD68, AIF1, and CD206 was performed using a Discovery
XTprocessor (VentanaMedical Systems).*e tissue sections
were deparaffinized with EZPrep buffer (Ventana Medical
Systems), antigen retrieval was performed with the CC1
buffer (Ventana Medical Systems), and sections were
blocked for 30 minutes with Background Buster solution
(Innovex) followed by avidin/biotin blocking for 8 minutes.
F4/80 (Abcam, cat# ab6640, 5 µg/ml), CD31 (Dianova, cat#
DIA-310 1 µg/ml), CD68 (Boster, cat# PA1518, 5 µg/ml),
AIF1(Wako, cat# 019–19741, 0.5 µg/ml), and CD206
(Abcam, cat# ab64693, 1 µg/ml) were applied, and sections
were incubated for 5 hours, followed by 60 minutes in-
cubation with biotinylated goat anti-rabbit antibodies
(Vector Labs, cat# PK6101) at 1 : 200 dilution. *e detection
was performed with Streptavidin-HRP D (part of the
DABMap kit, Ventana Medical Systems), followed by in-
cubation with Tyramide Alexa Fluor A488 (Invitrogen, cat#
T20922), Tyramide Alexa Fluor 568 (Invitrogen, cat#
T20948), or Tyramide Alexa 647 (Invitrogen, cat# B40958),
respectively, prepared according to manufacturer’s in-
structions with predetermined dilutions. After staining,
slides were counterstained with DAPI (Sigma-Aldrich, cat#
D9542, 5 µg/ml) for 10min and coverslipped with Mowiol.
Histological sections were digitized with a Mirax Scan
system and read with Panoramic Viewer (3DHISTECH,
Budapest, Hungary). Images were first visually inspected,
and then the whole images were exported and processed in
Fiji. Iron deposits were quantified as described by Leftin et al.
[29]. Briefly, iron deposit maps were generated by resizing
the histological images by using pixel averaging and bilinear
interpolation to down-sample the image size (1 :100) to the
resolution of the MRI experiment. *e resulting masks of
regions containing iron+ macrophages were discretized by
watershed gradient processing, and spatial characteristics of
the clusters were determined using the Fiji Analyze Cluster
tool. *e number of iron+ macrophages per cluster was then
determined by using the cluster maps to define regions of
interest for cell counts in the full-resolution histological
images. Polarization state was determined by either ex-
haustive whole cross section counting of AIF1 or CD206
immunostained macrophages or localized analysis that was
restricted to colocalized iron+ macrophages contained in the
iron deposit regions.

5.4. Statistics. Two-tailed Student’s t-tests were performed
with significance determined as p< 0.05. All statistical
calculations indicated in the text were performed with the
GraphPad Prism 7 Software.
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Tumor hypoxia is related with tumor aggressiveness, chemo- and radiotherapy resistance, and thus a poor clinical outcome.
,erefore, over the past decades, every effort has been made to develop strategies to battle the negative prognostic influence of
tumor hypoxia. For appropriate patient selection and follow-up, noninvasive imaging biomarkers such as positron emission
tomography (PET) radiolabeled ligands are unprecedentedly needed. Importantly, before being able to implement these new
therapies and potential biomarkers into the clinical setting, preclinical in vivo validation in adequate animal models is in-
dispensable. In this review, we provide an overview of the different attempts that have been made to create differential hypoxic in
vivo cancer models with a particular focus on their applicability in PET imaging studies.

1. Background

Hypoxia, which frequently occurs in solid tumors, is related
with an aggressive phenotype, chemo- and radiotherapy
resistance, and thus a poor clinical outcome. To a consid-
erable extent, hypoxia-inducible factor-1 (HIF-1), the major
transcriptional regulator of the cellular response to hypoxia
(Figure 1), is responsible for these observed phenomena.
Encouragingly, tremendous progress with strategies to
overcome the unfavorable effects of hypoxia has been made,
paving the way for new personalized medicine opportuni-
ties. However, as not all patients will benefit from this new,
promising radiosensitizing treatment schedules, molecular
biomarkers are of utmost importance for adequate patient
selection. Imaging biomarkers, such as positron emission
tomography (PET) radiolabeled compounds, allow non-
invasive and longitudinal assessment of molecular and
functional characteristics of a tumor, thereby coping with
inter- and intratumoral heterogeneity. ,erefore, over the
past decades, imaging biomarkers have tremendously in-
creased in significance.

From this perspective, adequate animal models may
accelerate translation of new therapies and personalized
approaches, and also potential new molecular imaging
biomarkers, into routine clinical practice. In hypoxia re-
search in particular, it is often crucial to be able to distin-
guish between a positive and negative model for tumor
hypoxia, i.e., tumors that are poorly and well oxygenated,
respectively. Obviously, these models should also accurately
reflect human disease. From this point of view, cell-line
derived xenograft models may be inferior to genetically
engineered models, orthotopic models, or patient-derived
xenografts [1]. However, based on historic knowledge ob-
tained in subcutaneous xenograft models, the fact that tu-
mors are externally visible and easily measurable and the
relatively straightforward experimental procedures that are
required for their creation and follow-up, subcutaneous
models are still frequently used in preclinical cancer studies,
including hypoxia research.

A prerequisite to be able to differentiate between
a positive and negative model for tumor hypoxia is the
availability of methods to quantify tumor oxygenation. To
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date, a variety of techniques has been used to measure tumor
hypoxia, as recently reviewed by Fleming et al. [2]: oxygen
(O2) electrodes such as OxyLite; electron paramagnetic
resonance (EPR); histological assessment with extrinsic
biomarkers, mainly pimonidazole, and intrinsic biomarkers
such as carbonic anhydrase IX (CAIX); blood O2 level-
dependent (BOLD) magnetic resonance imaging (MRI);
and single photon emission tomography (SPECT) or PET
with for instance hypoxia-targeting 2-nitroimidazole-based
radiotracers [2, 3]. However, correlations between the dif-
ferent measuring techniques are often absent [4, 5] as they all
provide information on different locations within the tumor,
e.g., intracellular hypoxia, interstitial hypoxia, or blood
oxygenation [2]. Moreover, some techniques such as Oxy-
Lite inevitably damage the tumor tissue. ,erefore, the
question remains if one of these techniques can be con-
sidered as the reference standard for measuring tumor
hypoxia.

Over the past decades, several 2-nitroimidazole de-
rivatives have been developed for hypoxia PET imaging
(Figure 2). [18F]fluoromisonidazole ([18F]FMISO), consid-
ered as the prototype tracer, is a lipophilic compound that is
highly metabolized in the liver and cleared via hepatobilary
and gastrointestinal pathways. ,e more hydrophilic

next-generation 2-nitroimidazole derivatives, such as [18F]
flortanidazole ([18F]HX4), have better pharmacokinetic
properties, resulting in chiefly renal excretion of the intact
compound and only limited (<20%) hepatobilary clearance.
,is gives rise to improved hypoxia-to-normoxia tissue
ratios and thus images with higher contrast in comparison to
[18F]FMISO [2,6–9].

Molecular imaging techniques, such as PET with 2-
nitroimidazole-based probes (Figure 2), may offer consid-
erable advantages over the other techniques because of their
noninvasive nature, accuracy and reliability, and the op-
portunity to measure hypoxia directly, both spatially and
temporally [2, 10]. From the preclinical point of view, PET
imaging has the added advantages that its use is directly
translatable to the clinic and that the same set of animals can
be followed over time, thereby reducing the required
number of animals for a single experiment and allowing
individual therapy response assessments. Since animals
function as their own controls over time, their intrinsic
intra-animal analysis increases statistical power [1].

Furthermore, PET imaging allows absolute quantifica-
tion of hypoxia. Ideally, this is achieved by performing
dynamic acquisitions and kinetic modelling [11]. Accord-
ingly, longer anesthesia regimens will be required, and

HIF-1α HIF-1α

DNA

HIF-1β

HIF-1α

Gene transcription
(e.g. VEGF)

pO2

HIF-1α

OH OH

Ubiquitination

Proteosomal
degradation

Hypoxia Normoxia

HIF-1α

(a) (b)

Figure 1: ,e HIF-1 pathway. (a) Under hypoxic conditions, HIF-1α stabilizes, and its transcriptional activity is regulated by hetero-
dimerization with the constitutively expressed HIF-1β and binding to the hypoxia-response elements in the promoters of genes that regulate
a variety of biological processes. ,ese include genes involved in tumor survival, progression, and proliferation, such as VEGF. (b) Under
normoxic conditions, the HIF-1α subunit is rapidly degraded by the proteasome after hydroxylation and ubiquitination.
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especially for hypoxia imaging, this may induce (re)oxy-
genation (cf Section 2.3.1). Evidently, dynamic imaging also
decreases the experimental throughput [12] which might
prove cumbersome in large groups of animals ideally being
scanned in identical hypoxia settings. ,erefore, most
studies use semiquantitative parameters derived from static
images, such as standardized uptake values (SUV) or tumor-
to-background ratios (TBR). Importantly, as it has been
shown that these static parameters are time-dependent
[3, 13, 14], it should always be taken into account that
these semiquantitative approaches inherently lead to higher
degrees of inaccuracy. To a certain extent, this can be
overcome by respecting andmaintaining an invariable tracer
uptake time of at least 3 hours within an experimental set-up
[3, 13]. However, for the more hydrophilic next-generation
hypoxia tracers such as [18F]HX4, which are dependent on
renal clearance, interanimal variability will remain sub-
stantial, due to intrinsic differences in kidney function [3]. In
line with this, in therapy response evaluation studies, in
which animals undergo multiple PET scans (i.e., pre- and
post-therapy), drug-induced alterations of renal excretion
may influence tracer clearance [3]. Unfortunately, no
established standardized quantification methodologies have
been developed for hypoxia PET imaging yet, particularly in
the preclinical setting. ,erefore, the difficulties discussed

above need to be confronted when analyzing hypoxia PET
images.

In this review, we provide an overview of the different
experimental approaches and study designs that may be
applicable for manipulating the tumor oxygenation state for
in vivo hypoxia research (Figure 3) with a particular focus on
preclinical hypoxia PET imaging, considering the inherent
difficulties of this imaging technique. For each modulation
approach, we will indicate its respective opportunities and
pitfalls, and share our own experiences and the difficulties
we run up against in our own attempts to create a differential
hypoxia murine cancer or tumor model.

2. Generating Differential Hypoxia in
Tumor Models

2.1. Tumor Physiological Parameters

2.1.1. Inherent Variation without Manipulations. ,e ability
to detect differential hypoxia in a single xenograft model
without underlying external manipulation is the ultimate
paradigm for in vivo cancer hypoxia research. However,
where inoculation of some cancer cell lines inherently leads
to tumors with different degrees of tumor hypoxia regardless
of the tumor volume [15], this is not the case for other cell
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Figure 2:,e binding mechanism of 2-nitroimidazole tracers here represented as X-NO2. (a) Under hypoxic conditions, tracer diffuses into
the cell, where the NO2 group undergoes a series of reductions and some of the intermediate products that are formed during these reactions
will bind to macromolecules within the cell. (b) Under normoxic conditions, the first reduction is reversed, giving rise to the original
compound which can unhinderedly exit the cell. Importantly, for removal of 2-nitroimodazole background signal, an uptake time of
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lines. For instance, heterogeneous [18F]-2-nitroimidazol-
pentafluoropropyl acetamide ([18F]EF5) uptake was observed
in A549 non-small cell lung cancer (NSCLC) xenografts, but
not in RKO andHT29 colon carcinoma xenograft models [16].

In some xenograft models, the observed intertumoral
variation in tumor oxygenation allowed to show the
properties of hypoxia PET as a predictive biomarker. For
instance, considerable intertumoral variation in oxygenation
has been observed in 9L glioma tumors, which enabled the

detection of significant correlations between [18F]EF5 up-
take and response to single-dose radiotherapy [17]. In line
with these results, Beck et al. performed [18F]fluoroazomycin
arabinoside ([18F]FAZA) imaging on 67 EMT6 breast
tumor-bearing mice and used the median tumor-to-
background ratio to discriminate between hypoxic and
normoxic tumors. Based on this distinction, significantly
faster tumor growth of the hypoxic tumors as compared to
their normoxic counterparts was observed. Moreover, it was
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2. Inoculation of different cell lines

3. Different tumor volume

1. Tumor location

2. Caloric restriction
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FIGURE 3: In vivo hypoxia modulation. Overview of the different experimental techniques and study designs that may be applicable for
manipulating the tumor oxygenation state for hypoxia research. (a) Tumor physiological parameters. (b) Animal physiological parameters.
(c) External interventions. (d) Pharmacological interventions.
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possible to show that administration of the radiosensitizer
tirapazamine prior to radiotherapy was beneficial in hyp-
oxic, but not in normoxic, tumors. Importantly, in this
study, tumor volumes were uniformly distributed across
both groups [18]. Similarly, it was found that baseline [18F]
FAZA TBR, which ranged from 1.17 to 5.83, was higher in
radioresistant than in radiosensitive esophageal carcinoma
xenograft tumors [19]. Finally, [18F]FAZA TBR predicted
that rhabdomyosarcoma and glioma tumors were sensitized
to the effects of radiotherapy by nimorazole [20] and
identified colorectal xenograft tumors that benefited from
addition of the hypoxic prodrug evofosfamide to standard
chemoradiotherapy regimens [21].

Despite these promising results which have been suc-
cessful in validating the predictive character of hypoxia PET,
this approach is not without pitfalls. For instance, in most
cases, rather large cohorts of animals may be required to
detect differential hypoxia, which is not preferable from an
ethical point of view. Also, the relationship between tumor
volume and oxygenation as such can also be an interfering
factor and will therefore be discussed in a separate section
(2.1.3) within this review. ,e most important concern may
however be the lack of a clear cutoff value to discriminate
between “hypoxic” and “normoxic” (i.e., “less hypoxic”) tu-
mors in these studies. Indeed, the chosen thresholds that have
been reported seem rather arbitrary [4,16,18–20,22], which
renders the comparison of different studies difficult. Also,
interpretation of intermediate values, i.e., values fluctuating
around the threshold, may be complicated.Moreover, as these
studies are predominantly semiquantitative and both SUV
and TBR are extremely dependent on the pharmacokinetic
properties of the used 2-nitroimidazole tracer and the PET
imaging protocol [3, 14, 23], the comparison of studies with
different tracers may be impossible in any case.

2.1.2. Inoculation of Different Cell Lines. ,e unique char-
acteristics of different cancer cell lines give rise to different
tumor phenotypes with typical features that will conceivably
lead to differential tumor hypoxia. Using pimonidazole
immunostaining and [18F]FMISO, [18F]-2-nitroimidazol-
trifluoropropyl acetamide ([18F]EF3) and [18F]EF5 PET,
differential tumor hypoxia could be observed in animal
models of osteosarcoma [24], fibrosarcoma [7], glioma
[25–27], head and neck cancer [28–31], lung cancer [15],
melanoma [32], and prostate cancer [15, 33, 34] that were all
derived from different cell lines, and in a panel of colorectal
cancer (CRC) patient-derived xenograft tumors [21]. Sim-
ilarly, the different stages of castration responsiveness in the
Shionogi prostate cancer tumor model could be differenti-
ated using [18F]EF5 PET [35].

,e investigation of different cell lines may be very
relevant from a clinical point of view, as it may accurately
reflect the high degree of intra- and intertumor heteroge-
neity observed in and between cancer patients. However, for
fundamental research purposes, this approach may result in
very complex analyses. When for instance therapy response
is compared between different models, the different oxy-
genation status of the tumors may be only one of many

factors that influence therapy outcome. Indeed, the diverse
genetic and phenotypic profiles arising from the different
cell lines will also contribute to therapy responsiveness
independently from the degree of hypoxia.

To undo the potential complexity of comparing ex-
perimental results obtained in tumors arising from dif-
ferent cell lines, knockdown or knockout cell lines can be
used. In these cells, the expression of only one or some
genes is either reduced or prevented, respectively. ,is
allows the investigation of the functional roles of particular
genes. ,e most obvious gene to be eliminated in regard to
tumor hypoxia is HIF-1 (Figure 1). Using this approach, an
inhibition in tumor growth was observed in subcutaneous
HIF-1 knockout HCT116, but not RKO CRC xenograft
models. Interestingly, the amount of hypoxia as determined
with pimonidazole was not affected [36]. In subcutaneous
lung and gastric xenograft tumors on the other hand, HIF-
1α knockdown stimulated tumor growth [37–39]. In the
case of gastric cancer, knockdown additionally resulted in
aggressive peritoneal dissemination via upregulation of
matrix metallopeptidase-1 and in increased sensitivity to
5-FU chemotherapy through increased susceptibility to
apoptosis and downregulation of drug efflux transporters
[37–39]. In subcutaneous xenografts derived from HIF-1α
deficient embryonic stem cells, HIF-1α deficiency resulted
in accelerated tumor growth, decreased perfusion, and
increases in tumor hypoxia as observed by pimonidazole
staining [40, 41]. Genetic ablation of vascular endothelial
growth factor (VEGF), a proangiogenic signal protein that
is one of the downstream targets of HIF-1 (Figure 1), has
been shown to give rise to increases in pimonidazole
staining and thus tumor hypoxia on top of reductions in
vascularity and tumor volume in a variety of tumors
[36, 41–43]. Interestingly, genetic disruption of both HIF-1
and VEGF further inhibited CRC xenograft tumor growth
as compared to VEGF disruption alone, but no additive
effect on the hypoxic tumor compartments could be ob-
served [36].

It should however be noted that the observed alterations
in tumor vasculature rather than the degree of hypoxia itself
may have influenced pimonidazole uptake (cf Section 2.4).
Logically, this potential complication factor may also hold in
PET imaging studies. ,e observed effects may also depend
on the inoculation site. For instance, subcutaneous in-
oculation of HIF-1α-deficient and VEGF-deficient trans-
formed astrocytes resulted in reduced vessel density and
tumor growth. Intracranial inoculation on the other hand
led to accelerated growth of HIF-1α-deficient tumor growth,
whereas VEGF-deficient astrocytomas still exhibited
a growth disadvantage. ,is suggests that the differences in
the microenvironment and the vascular structure between
the two inoculation sites determine the behavior and ag-
gressiveness of the tumor [44]. ,e influence of the in-
oculation site on tumor hypoxia will be discussed more
extensively in Section 2.2.1.

To wind up with, in orthotopic MDA-MB-231 breast
cancer xenograft models, exposure of cells to hypoxic cul-
turing conditions prior to inoculation not only accelerated
tumor growth, but also contributed to multidrug resistance,
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most importantly via increased HIF-1α levels. Indeed, the
hypoxia-driven induction of a differential protein expression
makes this technique very interesting for imaging purposes.
However, differences between tumors derived from hypoxic
and normoxic cells tend to diminish with increases in tumor
volume, starting from 100mm3 onwards [45]. Moreover, the
effects of in vitro exposure of cells to hypoxic conditions
prior to inoculation may be tissue-dependent or cell line-
dependent. Indeed, in recent studies, it was shown that
xenografts from lung cancer cells cultured under hypoxic
conditions show decelerated tumor growth but enhanced
cell survival, whereas the same strategy resulted in
accelerated subcutaneous tumor growth in a CRC model
[46, 47]. In our own quest to create a differential hypoxic
xenograft model, we investigated the effect of hypoxia-
pretreatment of Colo205 cells 72 hours prior to in-
oculation. Fourteen days after inoculation, we observed
a nonsignificant Colo205 tumor growth inhibition of 56% of
the tumors arising from hypoxia-pretreated cells, but [18F]
FMISO uptake was not affected by the hypoxia-pretreatment
(Figure 4). ,is may not be surprising since tumor volume
may also affect hypoxia tracer uptake, as discussed in Section
2.1.3. ,erefore, seeing the unpredictable effect on tumor
proliferation, we do not believe that exposure of cells to
hypoxic conditions prior to inoculation is a reliable method
for in vivo tumor hypoxia modulation.

2.1.3. Tumor Volume. In rat rhabdomyosarcoma tumors, it
was observed that the hypoxic volume assessed with both
pimonidazole staining and [18F]FMISO autoradiography
increased with increases in tumor volume [48]. In murine
sarcoma models on the other hand, inverse correlations
between autoradiographically determined [18F]fluoroery-
thronitroimidazole ([18F]FETNIM) and tumor volume were
found [49], whereas in other models, [18F]FETNIM, [18F]
FMISO, or [18F]FAZA uptake did not correlate with tumor
volume [50–52]. ,ese conflicting observations may be
due to the presence of tumor necrosis [49–51], since,
2-nitroimidazole PET tracers will be not retained by necrotic
cancer cells. As necrosis may be more wide-spread in larger
tumors [16], whether or not areas of necrosis are included
within the determined volume of interest (VOI) can po-
tentially lead to underestimation or slight overestimation of
the amount of tumor hypoxia, respectively, dependent on
the quantification method. ,ese important observations
should be considered particularly when exclusively focusing
on tumor volume.

,e use of autoradiographs allows an easy and accurate
quantification of the amount of tumor necrosis, although
only in ex vivo tissue samples. Corrections for the influence
of necrosis on in vivo hypoxia are more complicated. For
instance, in a CH3mammary carcinomamodel, [18F]FMISO
TBR did not correlate with tumor volume, despite the
existing correlation between tumor volume and pO2 elec-
trode measurements [5]. Again, this apparent discrepancy
between these two measuring techniques has been attributed
to the presence of tumor necrosis [54]. Indeed, the automatic
thresholding technique which was used in this study to

delineate tumors on PET images [5] may exclude macro-
scopically necrotic areas without tracer uptake. ,e polar-
ographic method on the other hand cannot distinguish
between viable and necrotic tumor fractions. Interestingly
however, by applying necrosis correction in murine rhabdo-
myosarcoma tumors, it was observed that polarographically-
determined pO2 values did not really change as tumors grew
larger and did not correlate with the degree of necrosis,
unless when tumors reached a weight of more than 2 grams
[55].

Depending on the tumor delineation method (manual or
automatic) on static PET images, areas of macroscopic
necrosis will or will be not included within the VOI. Im-
portantly, in studies that investigated the relationship be-
tween tumor volume and hypoxia PET tracer uptake
[16,23,26,27,31,33,56–58], it is not always clear if areas of
necrosis were included within the VOI, which renders the
interpretation and comparability difficult. Moreover, the
resolution of preclinical PETmay in any case be too low to
discriminate areas of microscopic necrosis. ,e use of
parametric images based on different tracer uptake patterns
over time between normoxic, hypoxic, and necrotic regions
also looked promising to overcome these shortcomings [11],
but the need for dynamic imaging may preclude general use
in rodent models for tumor hypoxia.

To what extent tumor volume influences the degree of
hypoxia remains an intriguing question. ,erefore, we do
not recommend the use of different volumes as a model
for tumor hypoxia for preclinical PET investigations. If
opting for this methodology regardless, the exclusion of
macroscopic areas of necrosis during hypoxia PET tracer
quantification is advisable.

Taken together, to be able to make a more well-defined
distinction between “hypoxic” and “normoxic” tumors, and
to broaden the intertumoral oxygenation range, experi-
mental manipulation may be required. In what follows we
will discuss the different procedures that have been adopted
for this purpose.

2.2. Animal Physiological Parameters

2.2.1. Tumor Location. In a study by Graves et al., the uptake
of the glucose analogue 2-deoxy-2-[18F]fluoro-D-glucose
([18F]FDG), [18F]FAZA, and pimonidazole was compared
between genetically induced lung tumors in in situ, sub-
cutaneous, and orthotopic A549 xenograft models. [18F]
FDG uptake was comparable between all models, whereas
[18F]FAZA and pimonidazole were only trapped in sub-
cutaneous tumors, but not in lesions growing within the
lung. ,ose observations were confirmed by administering
the hypoxic prodrug PR-104 to all models, as therapy re-
sponse was only observed in subcutaneous tumors [59].
Taken together, these data show that the presence of hypoxia
in lung cancer may depend on the inoculation site and thus
the present microenvironment. It has been hypothesized
that this may be either a result of the tumor vasculature
being more functional in orthotopic than in subcutaneous
tumors, or the accessibility of O2 via the alveoli in orthotopic
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but not in subcutaneous tumors, thereby suggesting that this
inoculation site-specific differential hypoxia is seen exclu-
sively in lung cancer [60]. Nevertheless, our research group
recently observed significantly lower tumor hypoxia, as
assessed with CAIX immunohistochemistry, in an ortho-
topic CRC xenograft model as compared to subcutaneous
tumors [61].

As already mentioned earlier in Section 2.1.2, the growth
and differentiation of HIF-1α-deficient and VEGF-deficient
astrocytomas is also dependent on the inoculation site and
its corresponding microenvironment [44]; however, the
degree of hypoxia was not quantified in the cited study.
Similarly, it has been observed that orthotopically and
subcutaneously grown gliomas derived from the same cell
line exhibit different gene expression profiles [62]. ,us, it is
clear that the inoculation site influences tumor character-
istics. Again, a major drawback of such technique is the
different growth rate of subcutaneously and orthotopically
growing tumors. Moreover, the different growth patterns
[59] will inevitably lead to different tumor volumes. Both
factors may complicate the interpretation of data on tumor
hypoxia (cf Section 2.1.3).

2.2.2. Caloric Restriction. ,e Warburg effect, i.e., the
upregulation of glycolysis in cancer cells regardless of the
partial O2 pressure, accounts for tumors’ high dependency

on the supply of nutrients, especially glucose. ,erefore, ca-
loric restriction (CR), which is the reduction in energy uptake
without malnutrition as compared to ad libitum feeding, has
been considered as a promising synergistic treatment option.
CR can be achieved via different ways: via intermittent fasting,
via short-term fasting, or via chronic daily energy restriction
whereby animals are only fed a certain percentage of normal
intake [63]. As tumor hypoxia is inextricably bound with the
Warburg effect, CR may provide another obvious way to
experimentally influence tumor oxygenation. Indeed, in A549
lung cancer xenograft models, it was shown with EF5 im-
munostaining that daily food restriction caused significant
decreases in tumor hypoxia, on top of significant inhibition of
tumor growth. In line with this, HIF-1α expression, VEGF
expression, and microvessel density (MVD) were all reduced
[64]. Similar observations were made in rat, mouse, and
human brain tumor models, where decreases in HIF-1α,
VEGF, andMVD could be observed [65, 66]. In line with this,
it was shown in orthotopic allograft breast cancer models that
CR and radiotherapy worked synergistically [67]. Within the
context of tumor hypoxia, VEGF inhibition by CR was
suggested to account for its observed radiosensitizing ca-
pacities, as this may result in vascular normalization and thus
increases in the O2 tension [63].

Taken together, these data are promising for the use of
CR to create a differential hypoxic tumor model. However, it
has been reported that some cell lines may be resistant for
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Figure 4: Hypoxia-pretreatment experiment, approved by the Antwerp University Ethical Committee (2012-69). All applicable institutional
and European guidelines for animal care and use were followed. (a) Colo205 cells (Perkin Elmer) were exposed to hypoxia (0-1%O2) for 72 h
in a Bactron IV Anaerobic Chamber (Shell Lab) or to normoxia (21% O2) in a common incubator. CD-1 nude mice (Charles River, n � 5)
were inoculated with 2×106 “hypoxic” cells in the shoulder and with 2×106 “normoxic” cells in the hind leg. Fourteen days later, animals
underwent a [18F]FMISO PET/CTscan as previously described [53]. Images were analyzed as previously described [53]. One representative
mouse is shown. Arrows indicate tumors. As [18F]FMISO clearancemainly occurs via the hepatobilary pathway and the gastrointestinal tract
[8], tracer uptake can be observed in liver and intestines. (b) “Hypoxic” tumors were numerically, but not significantly, smaller than
“normoxic” tumors (144± 129mm3 vs 328± 158mm3 [mean± SEM], respectively; p � 0.19). (c) [18F]FMISO SUV did not differ between
“hypoxic” and “normoxic” tumors (0.228± 0.074 vs 0.195± 0.090, respectively; p � 0.71).
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CR [68]. Moreover, some considerations should be taken
into account when using CR in combination with PET
imaging. First, CR lowers blood glucose and body weight
[63–67] and these disturbances should be taken into account
during PET image quantification. Second, the dietary status
may determine the intratumoral tracer distribution pattern.
In A549 xenograft models, [18F]FDG accumulated pre-
dominantly in the hypoxic cancer cells of fasted animals,
whereas in fed animals, radiotracer accumulated in the
noncancerous stroma [69]. ,ird, CR also influences tumor
volume [64–67], which potentially could alter tumor hyp-
oxia as discussed in Section 2.1.3.

2.3. External Interventions

2.3.1. Breathing. Mortensen et al. separated a hypoxic and
a normoxic mammary carcinoma group based on the median
[18F]FAZA TBR, although in this study, intertumoral oxy-
genation heterogeneity was increased by exposing some of the
animals to carbogen breathing prior to [18F]FAZA scanning
and radiotherapy [4]. ,e exposure of tumor-bearing animals
acutely or chronically to a gas mixture containing a reduced
O2 concentration (e.g., 5–10% O2) or, exactly the opposite, to
an increased O2 concentration (most commonly carbogen,
i.e., 95% O2), whether or not under hyperbaric pressure
conditions, is indeed the most applied technique to modulate
tumor oxygenation in vivo. In this way, O2 diffusion distances
decrease or increase, respectively, thereby deteriorating or
improving the degree of chronic hypoxia within the tumor. In
the study of Mortensen et al., significantly different tumor
control probabilities were observed in both tumor groups.
Interestingly, when the carbogen-breathing animals were
excluded from the analysis, significance of the radiotherapy
efficacy was lost. ,e authors therefore correctly suggested
that in general, intertumoral variability in tumor hypoxia
within one model may be too low without any external
manipulations [4].

In a variety of cancer xenograft models, the breathing
technique has proven to be very useful to detect differ-
ent degrees of hypoxia with numerous hypoxia PET
tracers, including [18F]FMISO [5, 6, 14, 29, 50, 53, 70–72],
[18F]EF3 [6, 7, 73], [18F]FETNIM [50], [18F]FAZA
[4, 14, 22, 71, 74, 75], [18F]fluoroetanidazole ([18F]FETA)
[76], and [18F]HX4 [8, 14, 77]. An important issue of this
breathing technique is that tracer metabolism and trace
uptake of background regions may also be affected [14],
which may hamper image quantification using background
normalization. It has been observed that carbogen or
hypoxic gas breathing significantly altered [18F]FMISO
uptake in fat tissue [50] and [18F]FETNIM and [18F]FAZA
uptake in muscle [14, 50, 71]. Similar observations were
made by Cairns et al., who found drops in pO2 in normal
muscle tissue when animals breathed 5–7% O2 and rises in
pO2 when ambient air was reintroduced [78]. Taken to-
gether, exposure to an altered breathing atmosphere obvi-
ously alters hypoxia tracer uptake of noncancerous tissue
too. ,erefore, it may not be appropriate to calculate TBRs,
without thorough understanding of the magnitude and

dynamics of these changes. By contrast, it has also been
argued that calculating TBRs is a way to anticipate the
possible confounding effects on background tracer uptake
[75].

Carbogen breathing is often combined with the ad-
ministration of nicotinamide, a vitamin B3 derivate that
induces vasodilation and thus improves tumor perfusion. In
this way, not only chronic but also acute hypoxia can be
counterbalanced [79]. Indeed, regional short-lived changes
in blood flow could possibly influence tracer circulation and
cause considerable day-to-day variations in hypoxia tracer
uptake. Nevertheless, given the relatively low temporal
resolution of (micro)PET (i.e., 10 seconds dynamic frames)
and the long uptake period required for 2-nitroimidazole-
based tracers, acute hypoxia may not be detectable with PET
[80]. Moreover, in different models, it was shown that the
combination of carbogen and nicotinamide gave rise to
similar or even less pronounced decreases in the hypoxic
fraction compared to carbogen alone [81, 82]. ,ese two
facts question the additional value of nicotinamide. In spite
of this, it has been observed that depending on the amount of
carbon dioxide in the gas mixture, breathing of a high-O2 gas
mixture may cause vasoconstriction [83], thereby de-
teriorating tumor oxygenation state and also tracer delivery.
In this particular case, administering nicotinamide may
compensate for that [75, 81, 84], but it should be noted that
changes in tumor vascularity are not necessarily accompa-
nied by a reduced accessibility of radionuclide tracers to
tumor tissue [85, 86]. ,e eventual positive or negative
influence of breathing an altered atmosphere on the oxy-
genation state and on tumor progression appears to be
tissue-dependent and cell line-dependent [46, 83, 87–89].

,e effectiveness of breathing models has also been
shown in numerous experiments in which hypoxia-evoked
therapy resistance was investigated. ,e most straightfor-
ward, yet clinically less relevant approach is the investigation
of the influence of breathing an altered O2 atmosphere on
the effect of a single therapy dose. For instance, in fibro-
sarcoma, colon carcinoma, and hepatoma models, tumor
growth decreased significantly when a single dose of 5-
fluorouracil (5-FU) was administered during short-term
carbogen breathing [90–93]. In line with these results, our
study demonstrated a reduced 5-FU chemotherapy effect in
colorectal carcinoma xenografts exposed to short-term
hypoxic breathing conditions during administration of
a single dose of 5-FU, as predicted on a baseline [18F]FMISO
scan [53]. In yet another study, rhabdosarcoma-bearing rats
and lung tumor-bearing mice were exposed to modified O2
concentrations 4 hours per day during 5 consecutive days.
Using this approach, the investigators were able to show that
treatment efficacy of the hypoxic prodrug TH-302 was
dependent on tumor oxygenation: daily short-term exposure
of the xenograft models to carbogen abolished the effect of
TH-302, whereas 7% O2 breathing increased the therapeutic
potential [77]. Accordingly, the hypoxic prodrug CEN-209
was induced more effectively in subcutaneous HCT116
tumors of mice exposed to a hypoxic atmosphere, whereas
hyperbaric O2 breathing suppressed CEN-209 activation
when the drug was administered after irradiation [94]. ,e
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use of breathing an altered atmosphere for improving ra-
diotherapy response is also being studied extensively. For
instance, accelerated radiotherapy with carbogen and nic-
otinamide (ARCON) enhanced therapeutic response in
a variety of tumor models, including mammary adenocar-
cinoma and sarcoma models [88, 95, 96].

Nevertheless, the breathing approach may become
technically challenging for longitudinal therapy schedules.
In particular, it has been shown in murine and rat tumors
that the effect of breathing an adapted atmosphere can be
reversed immediately when the intervention stops
[82, 97, 98], is time-dependent [84], and may even be lost
after prolonged exposure times [22, 99]. ,ings may even
become more complex when considering that anesthesia
potentially influences the experimental outcome. Indeed, to
avoid motion-related artefacts during preclinical in vivo
imaging, the use of anesthetics is inevitable, and these an-
esthetics or their carrier gasses (in case of volatile drugs) can
have a substantial influence on tumor oxygenation. For
instance, drops in pO2 in tumor and muscle tissue of
ketamine/xylazine-anesthetized animals when compared to
isoflurane-anesthetized mice have been observed [100]. In
CT26 colorectal carcinoma-bearing mice, [18F]FAZA PET
uptake was increased in both tumor and muscle tissue in
ketamine/xylazine-anesthetized animals as compared to
isoflurane-anesthetized animals. Yet these changes were less
pronounced in muscle, resulting in higher [18F]FAZA TBR
in ketamine/xylazine-anesthetized animals [101]. In a mu-
rine adenocarcinomamodel on the other hand, no difference
in [18F]FMISO TBR between the two anesthesia regimens
was found, despite the observation of higher tumoral uptake
in ketamine/xylazine-anesthetized animals compared to
their isoflurane counterparts [102]. Surprisingly however, in
both imaging studies, it was shown that [18F]FAZA and [18F]
FMISO TBR, respectively, did not differ between animals
breathing room air or animals breathing O2 during iso-
flurane anesthesia [101, 102].

2.3.2. Clamping. ,e O2 state of tumors can be temporarily
reduced by physically occluding the blood supply to the
tumor. ,is clamping technique gives rise to severe hypoxia.
In general, animals are subcutaneously inoculated in the
hind leg. When tumors have reached the desired volume,
animals are anesthetized whereupon the proximal part of the
leg is clamped with a rubber band or a metal clamp for
a limited time period. In this way, transient acute tumor
hypoxia is mimicked. For instance, it was observed that
clamping induces expression of HIF-1α [103]. Deteriorated
radiotherapy response after clamping has also been observed
[104]. Similarly, this clamping technique has been suc-
cessfully applied in an orthotopic liver tumor model, where
severe hypoxia could be induced via hepatic artery ligation
[105].

On top of being painful and stressful [106], clamping has
some other major limitations. First, by occluding the blood
supply to the tumor, the delivery of therapy or radiotracer
will also be extremely hampered [104]. It was hypothesized
that this could be prevented by administering [18F]FMISO

prior to initiation of the clamping procedure. Indeed, in two
different glioblastoma models, this approach resulted in
significantly increased tracer and pimonidazole uptake. On
the opposite, it was emphasized that clamping after PET
tracer administration may just cause trapping of unbound
radiotracer in the tumor [107]. A second drawback of the
clamping technique is that ischemia can occur instead of
hypoxia, leading to irreversible damage and cell death.,ird,
the occluded artery may clot during the clamping, ham-
pering reperfusion [105].

2.3.3. Temperature Modification. As excellently reviewed by
Song et al. [108], ample evidence in a variety of xenograft
models shows that tumor oxygenation improves during and
after heating at 39 to 42°C. ,is observation is probably the
result of a combination of an increase in tumor blood
perfusion and a decrease in the O2 consumption rate.
Moreover, mild hyperthermia oxygenates both chronic and
acute hypoxic cells, and this effect may last for up to 48 hours
after heating [108]. A second proposed mechanism of action
of hyperthermia is that it may kill hypoxic cells directly
[109, 110]. In order to avoid this so-called hyperthermic
cytotoxicity, which is beneficial from the therapeutic point of
view, but may complicate therapy response evaluation ex-
periments focusing on tumor hypoxia, the applicable tem-
perature range is rather narrow.

Practically, the tumor-bearing leg of restrained or
anesthetized animals is immersed into heated water. In
a subcutaneous CRC model, this resulted in an immediate
decrease in the hypoxic fraction, assessed with the extrinsic
hypoxia markers pimonidazole and EF5, but the effect
disappeared 24 hours after heating [111]. In a mammary
carcinoma model, HIF-1α increased immediately after 1
hour of hyperthermia treatment and was restored 48 hours
later. VEGF however was elevated up to 48 hours after
treatment, which on its turn was responsible for the in-
duction of angiogenesis, increased tumor perfusion, and
consequent decreases in tumor hypoxia [112].

Another way to achieve hyperthermia is whole-body
heating. By placing mice in a heated environmental
chamber, body temperature and thus tumor temperature
can be raised, leading to improved tumor perfusion [113].
After 6 hours of whole-body heating, pimonidazole staining
showed an initial decrease in hypoxia in a CRC xenograft
model, possibly by an increase in vascular volume, but
slightly increased again after heating [113].

Although it was suggested that temporal increases
in HIF-1α may lead to tumor reoxygenation and may
therefore be beneficial in particular cases [112], the role of
HIF-1 in therapy resistance is irrefutable and its upregu-
lation via heating may most likely be detrimental. Second,
raising the temperature of deep-seated orthotopic tumors
may be technically challenging or even impossible using
external heating. Whole-body heating may overcome this
short-coming but can cause systemic stress. ,ird, it has
been argued that anesthetics, which are indispensable in
imaging research, may limit the thermoregulatory response
as they cause vasoconstriction and thus may hamper the
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efficacy of hyperthermia [113]. Fourth, seeing its transient
nature, long-term use of hyperthermia may be complicated.
,us, tumor heating may not be a straightforward approach
for the creation of a differential hypoxic tumor model.

2.3.4. Exercise. In two studies by Jones et al., the effects of
long-term voluntary wheel running on tumor perfusion,
hypoxia, and angiogenesis were investigated in two different
orthotopic cancer models. In both models, significantly
higher hypoxia, epitomized by an increase in HIF-1α ex-
pression, and also improved tumoral blood perfusion were
observed in the exercise group as compared to the sedi-
mentary group. As speculated by the authors, exercise may
cause an increase in O2 delivery towards muscle and heart
tissue, thereby redirecting the O2 supply from tumors to
these metabolically active tissues. ,is in turn will activate
the HIF-1 cascade in the tumor in order to preserve the local
homeostasis, which possibly leads towards angiogenesis
[114, 115]. Similarly, increased orthotopic breast tumor
perfusion without affecting tumor oxygenation has been
observed after forced daily treadmill running [116]. In order
to investigate the influence of this altered microenvironment
on chemotherapy efficacy, the group of Jones et al. con-
ducted another study in two different murine orthotopic
breast cancer models using the same study protocol. As
opposed to the authors’ previous data, tumor hypoxia, now
assessed with EF5 immunohistochemistry, was significantly
lower in the exercise groups as compared to controls. MVD
and vessel maturity were significantly higher in the exercised
animals, which led to increases in tumor perfusion as ob-
served before [117]. Importantly, these results were in line
with other preclinical data obtained in a rat orthotopic
prostate cancer model [118].

Voluntary wheel running as used in the mouse studies
described above [114, 115, 117], may be an animal-friendly,
stressless way to influence tumor oxygenation. Moreover, as
it is sufficient to provide running wheels in the animals’
cages, this method is relatively cheap and uncomplicated
since it does not require sophisticated technical equipment.
Another major advantage is that low intensity exercise does
not influence tumor growth [114, 115, 117]. Nevertheless,
results may seem contradictory. In the studies where in-
creases in HIF-1 were observed, hypoxia as such was not
quantified [114, 115]. Importantly, the upregulation of HIF-
1α can also be the result of other mechanisms than a hypoxic
microenvironment. ,e observed changes in perfusion
[114, 115] on the other hand are most probably acute
phenomena, whereas the hypoxia marker EF5 [117] pri-
marily stains chronic hypoxia. Also, the site of inoculation
should always be taken into consideration. As already dis-
cussed in Section 2.2.1, the subcutaneous space and its
adjacent tissues are poorly perfused, which may explain at
least partially why subcutaneously implanted tumors ex-
perience acute hypoxia during exercise [119]. More cell lines
and more models should be studied in order to fully explore
the high potential of exercise to create a differential hypoxic
tumor model.

2.3.5. Other Approaches. Other, less-studied external in-
terventions to decrease tumor hypoxia include electrical
stimulation [120] and the addition of Matrigel during tumor
inoculations [121]. By studying the effect of electrical
stimulation of the sciatic nerve in intramuscularly implanted
liver and rhabdomyosarcoma tumors, significant increases
in tumor pO2 and tumor blood flow were observed in both
models, accompanied by decreases in the O2 consumption
rate [120]. However, seeing its invasiveness and technical
complexity, this technique may be less applicable, especially
in longitudinal therapy response evaluation studies. In line
with this, the use of Matrigel is also not supported, as no
differences in hypoxia could be observed between tumors
originating from FaDu cells in medium with or without
Matrigel, respectively [121].

2.4. Pharmacological Interventions. Last decades, the search
for radiosensitizers and hypoxia-targeting therapies has led
to the development of a variety of promising pharmaco-
logical interventions to overcome tumor hypoxia. For an
excellent recent review of this matter, we refer to Horsman
and Overgaard [110]. Some examples of these therapeutics
with potential usefulness for the creation of differential
hypoxia are described below.

In order to increase O2 delivery to tumors, adminis-
tration of erythropoietin (EPO), a substance naturally
produced by the body, seems evident. For instance, in
glioblastoma and carboplatin-treated NSCLC xenograft
tumors, EPO administration resulted in significantly lower
hypoxia as assessed polarographically or with HIF-1α im-
munofluorescence, respectively [122, 123]. However, EPO
also improved muscle oxygenation [122], which potentially
complicates hypoxia tracer TBR calculations (cf Section
2.3.1). Since EPO also acts as a stimulatory growth factor, it
may have detrimental tumor effects via processes that are not
hypoxia-related [110].

A more promising drug may be metformin, a relatively
safe antidiabetic with a favorable pharmacokinetic profile. It
could be argued that the administration of metformin to
laboratory animals may mimic the clinical situation to
a certain extent, as the drug is widely prescribed to diabetes
patients. However, it should be emphasized that in most
preclinical experiments, the drug is administered to non-
diabetic mice, often using doses exceeding those considered
safe in humans which may impair direct translation. Among
different anticancer effects attributed to this drug, metfor-
min is supposed to improve tumor oxygenation via its in-
hibitory effect on complex I of the mitochondrial electron
transport chain [124]. Zannella et al. showed in HCT116
CRC models that administration of a single dose of met-
formin indeed decreased tumor hypoxia and consequently
improved radiotherapy response using [18F]FAZA PET
[125], results that we were able to confirm in a comparable
set-up using [18F]HX4 PET in A549 NSCLC xenografts
[126]. ,ese observations are supported by similar obser-
vations obtained in xenograft models of prostate cancer
and lung carcinoma using another inhibitor of the
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mitochondrial complex I, BAY 87-2243; [18F]FAZA uptake
was significantly reduced after administration of this novel
drug [86]. In FaDu xenografts, no effect of a single dose of
metformin on EF5 staining was observed, but treatment for
seven consecutive days caused a nonsignificant decrease in
tumor hypoxia [127]. Despite these observations, the way in
which metformin influences radiation response is not fully
understood and may not be fully attributable to hypoxia-
related phenomena [128]. Moreover, in highly hypoxic
pediatric sarcoma models, it was shown that metformin had
no additive value to chemotherapy response, as opposed to
tumors with a better oxygenation state [129].

Another way to influence tumor oxygenation is the use
of vascular-targeting agents. A well-studied example of such
drugs is hydralazine, a vasodilator that relaxes arterial
smooth muscle. At high doses, hydralazine decreases tumor
perfusion through the “steal” phenomenon and thus in-
creases tumor hypoxia [79]. For instance, uptake of the
hypoxia tracer Prognox™ ([99mTc]HL91) was increased after
hydralazine administration in NSCLC and CRC xenograft
models when compared to controls [130, 131]. Similarly,
drops in pO2 were observed after hydralazine administration
in CRC models [132]. However, the use of hydralazine to
create a hypoxic model for investigating the cytotoxicity of
the hypoxic prodrug AQ4N produced conflicting results
[133, 134]. It was therefore suggested that in some tumor
models, the effect of hydralazine may be too limited and too
short-lived [134]. Other vascular-targeting agents include
vascular disrupting agents [110], such as the novel com-
bretastatin analogue OXi-4503, a tubulin-binding agent that
selectively targets endothelial cells and damages existing
tumor vessels [135, 136]. However, administration of such
vascular-targeting drugs may lead to severe reductions in
blood flow and thus ischemic cell death. ,is may in turn
lead to difficulties in interpreting longitudinal PET imaging
results as radiotracer delivery may be severely hampered.
Another category includes the angiogenesis inhibiting
agents [110]. It is generally believed that administration of
angiogenesis inhibitors in a correct dose leads to vascular
normalization and consequent decreases in tumor hypoxia
[137], as shown with [18F]FMISO PET in two patient-derived
pancreas xenograft models after dovitinib treatment [138].
However, also increases in [18F]FMISO after antiangiogenesis
treatment have been reported [139]. Moreover, for all vascular
targeting agents, timing of administration in combination
with other therapies, mainly radiotherapy, is still contro-
versial. It is supposed that vascular disrupting agents should
be administered shortly after irradiation in order to be ad-
ditive [110], which makes them unsuitable for the creation of
differential hypoxic models.

Yet another drug-based approach is the use of agents that
specifically target hypoxic cells. A first class includes O2
mimetics such as nimorazole. In Denmark, this drug is
incorporated in routine radiotherapy treatment of head and
neck cancer [119]. A second class includes hypoxic prodrugs
such as TH-302 [110]. For instance, it was shown that TH-
302 significantly decreased the hypoxic fraction, as assessed
with [18F]HX4 PET, in rhabdomyosarcoma and NSCLC
xenograft tumors. However, administration of TH-302 for

five consecutive days also resulted in a significant growth
delay as compared to control tumors [77], which limits its
potential as an exclusive hypoxia modulator.

Despite the promising potential of some of the therapies
discussed above as a radiosensitizer, pharmacological in-
tervention may not be the optimal choice for the creation of
a differential hypoxic model. Indeed, drugs may disturb the
physiological state of the tumor or alter the clearance
properties of the tracer [3] and may moreover give rise to
complex drug interactions when performing therapy re-
sponse evaluation studies.

3. Conclusions

In an ideal world, one would be able to detect inherently
differential hypoxia within a single cohort of tumor-bearing
laboratory animals. However, external manipulations may
be indispensable, especially for the investigation and vali-
dation of novel hypoxia-targeting therapies. In this article,
we reviewed a substantial number of promising techniques
with the potential to alter tumor oxygenation in a preclinical
in vivo setting. Obviously, none of these models will ac-
curately mimic the complexity of human disease. Indeed,
each individual discussed technique entails specific practical
or ethical drawbacks and is subject to the influence of the
other parameters. For instance, when creating a differential
hypoxia model using the breathing approach, one should
also take into consideration that the studied cell line, the
range of tumor volumes, the food type, and fasting periods,
body temperature, or anesthesia during imaging studies may
all have a substantial influence on the degree of tumor
hypoxia, or hypoxia PET tracer uptake, independently from
the administered breathing gasses.,erefore, in theory, all of
these factors should be monitored very strictly in order to
prevent experimental disturbances. Tumor hypoxia is such
a transient, complex, and very sensitive process, as a result of
which it is extremely susceptible to a lot of internal and
external influencing factors.

Indeed, the smallest disturbance in one of the discussed
variables mentioned above may individually or in combina-
tion lead to unpredictable, unexpected, unreliable, or unre-
producible experimental outcomes. Nevertheless, application
in a clinical setting is not free of influence from external
factors. In this respect, the use of mouse models offers im-
portant advantages over clinical research, such as the ease of
biopsy specimen collection, the nondependence on laborious
patient recruitment and not running the risk of failing to reach
target goals, and the curtailment of patient heterogeneity,
among others.

Mouse models have actually proven their usefulness, as,
for instance, [18F]FMISO has successfully been implemented
in patients after extensive preclinical in vivo validation.
Validation of other hypoxia tracers is however still evolving.
In this regard, this review provides a comprehensive over-
view and a better understanding of the applicable in vivo
hypoxia modulation methods, but it also reveals that ex-
perimental modulation of tumor oxygenation remains
a challenge. All of the reviewed methods may serve for
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specific experimental designs or hypotheses and in this way,
they undoubtedly all contribute to the ongoing search for
new biomarkers and cures for cancer.
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Pancreatic ductal adenocarcinoma (PDAC) continues to be one of the deadliest cancers for which optimal diagnostic tools are still
greatly needed. Identification of PDAC-specific molecular markers would be extremely useful to improve disease diagnosis and
follow-up. MT1-MMP has long been involved in pancreatic cancer, especially in tumour invasion andmetastasis. In this study, we
aim to ascertain the suitability of MT1-MMP as a biomarker for positron emission tomography (PET) imaging. Two probes were
assessed and compared for this purpose, an MT1-MMP-specific binding peptide (MT1-AF7p) and a specific antibody (LEM2/15),
labelled, respectively, with 68Ga and with 89Zr. PET imaging with both probes was conducted in patient-derived xenograft (PDX),
subcutaneous and orthotopic, PDAC mouse models, and in a cancer cell line (CAPAN-2)-derived xenograft (CDX) model. Both
radiolabelled tracers were successful in identifying, by means of PET imaging techniques, tumour tissues expressing MT1-MMP
although they did so at different uptake levels. .e 89Zr-DFO-LEM2/15 probe showed greater specific activity compared to the
68Ga-labelled peptide. .e mean value of tumour uptake for the 89Zr-DFO-LEM2/15 probe (5.67± 1.11%ID/g, n � 28) was 25–30
times higher than that of the 68Ga-DOTA-AF7p ones. Tumour/blood ratios (1.13± 0.51 and 1.44± 0.43 at 5 and 7 days of 89Zr-
DFO-LEM2/15 after injection) were higher than those estimated for 68Ga-DOTA-AF7p probes (of approximately tumour/blood
ratio� 0.5 at 90min after injection). Our findings strongly point out that (i) the in vivo detection of MT1-MMP by PET imaging is
a promising strategy for PDAC diagnosis and (ii) labelled LEM2/15 antibody is a better candidate than MT1-AF7p for
PDAC detection.

1. Introduction

Pancreatic adenocarcinoma (PDAC) remains one of the
most common and deadly cancers, in great need of optimal
diagnostic tools [1]. Abdominal ultrasound is currently the

method of choice for an initial examination when pancreatic
cancer is suspected, followed by endoscopic ultrasound,
contrast-enhanced multidetector computed tomography, or
magnetic resonance imaging combined with magnetic res-
onance cholangiopancreatography for further evaluation
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once a pancreatic mass is detected [2]. Since these imaging
techniques provide only morphological information on the
tumour, they are therefore of limited value. Positron
emission tomography (PET) could be a valuable alternative
imaging technology; however, the metabolic marker most
commonly used, 18-fluorodeoxyglucose (18F-FDG), lacks
sufficient specificity to allow for an accurate diagnosis of
PDAC. In addition, the desmoplastic reaction associated
with PDAC may cause the malignancy to show up as
a hypometabolic lesion under this imaging technique [3].
Additional limitations of 18F-FDG include false-positive
inflammatory processes and false-negative carcinoma in
patients afflicted with diabetes, hyperglycemia, and islet cell
tumours. Identification of PDAC-specific molecular markers
would then be very useful for improving diagnosis, for
identifying those patients more likely to response to certain
treatments, and for monitoring therapy progress, which will
in turn significantly enhance current survival rates. Because
pancreatic cancer is a heterogeneous process of a complex
nature, it has not been possible to date to validate any tumour
marker as a noninvasive diagnostics tool for this pathology.

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endopeptidases associated with tumour pro-
gression and metastasis since they are involved in the
degradation of the basement membrane and extracellular
matrix (ECM) components. In particular, membrane-tethered
MT1-MMP overexpresses in many tumours and associates
with tumour growth, invasion, metastasis, and poor prognosis
[4, 5]. In PDAC, the observed collagen-mediated upregulation
of MT1-MMP in the desmoplastic regions of the tumours
promotes both tumour progression and gemcitabine re-
sistance in a PDAC xenograft mouse model [6]. Given that
MT1-MMP plays a major role in tumour invasion and me-
tastasis, several pharmaceutical developments have already
been carried out using small molecule MT1-MMP inhibitors
targeting the active site [7]. .is first generation of MMP
inhibitors has, however, so far failed to deliver the expected
results when assayed in cancer clinical trials due to low net
efficacy behaviour and arisen adverse off-target effects since
these inhibitors can simultaneously interact with multiple
MMPs and other related enzymes harbouring structurally
conserved catalytic clefts [8]. .is has led to the current
exploration of new inhibition strategies based on highly
specific antibodies targetingMT1-MMP exosites and allosteric
interactions, rather than the catalytic site region, as promising
therapeutic alternatives to control MT1-MMP activity [9–12].
Antibody LEM2/15, raised against the exposed surface loop
V-B of MT1-MMP [13], has exhibited highly potent and
selective inhibition of the metalloproteinase. Protein crys-
tallography studies have accurately detailed the underlying
molecular mechanism of inhibition [14], thus supporting the
notion that antibody LEM2/15 might be a suitable lead for the
development of novel and improved therapeutics.

MT1-MMP would therefore represent a candidate bio-
marker to facilitate noninvasive PDAC detection, imaging,
and the assessment of therapeutic response using specific
probes. Several previous studies using MT1-MMP-specific
antibodies or peptides have already established the impor-
tance ofMT1-MMP as an imaging agent in numerous cancer

models. Among these, the nonsubstrate peptide termed
MT1-AF7p (sequence HWKHLHNTKTFL) that specifically
binds toMT-loop ofMT1-MMP is worth mentioning.When
tagged with a near-infrared fluorescent (NIRF) dye Cy5.5
this peptide provided clear visualization by optical imaging
of MT1-MMP-expressing breast tumours in a xenograft
mouse model [15]. MT1-AF7p peptide was also used as
a radioiodinated peptidic probe for SPECT/CT imaging in
a fibrosarcoma mouse model [16] and as a 99mTc-labelled
imaging agent for breast cancer diagnosis [17], thus high-
lighting the potential of using MT1-AF7p for MT1-MMP-
targeted tumour detection. .is antibody labelling approach
has also been explored as probes for the monitoring of MT1-
MMP. A 99mTc-labelled anti-MT1-MMP IgG [18] and an
111In-labelled miniaturized antibody have been generated
for SPECT imaging of fibrosarcoma mouse models where
a high accumulation of probes in MT1-MMP-positive areas
was observed.

Bearing in mind that PET imaging is far more sensitive
and accurate than other imaging techniques in clinic and
that it also holds a great promise in the visualization of
biology activities, we have developed in this study some
MT1-MMP-specific PET probes for pancreatic cancer de-
tection. When designing these types of PET probes, careful
consideration should be given beforehand to the values of
the half-life of the biomolecule and of the physical life of the
positron-emitting radionuclide that are to be linked. .us,
PET radionuclides with longer half-lives, such as 89Zr (78.4
hours), are ideally suited for conjugation with intact anti-
bodies (which remain in the blood for long) while smaller
peptides (which have shorter clearance times) must be la-
belled with PET isotopes featuring short or intermediate
half-lives such as 68Ga. We have recently developed an 89Zr-
labelled LEM15/2-based probe for the effective monitoring
of MT1-MMP by PET in preclinical GBM mouse models
[19]. Here, we have tested and assessed this probe in pan-
creatic cancer mouse models, together with a 68Ga-labelled
MT1-AF7p peptide. We have compared performance of
both probes.

2. Materials and Methods

2.1. Radiolabelling

2.1.1. Labelling of LEM2/15 Antibody with 89Zr. LEM2/15
hybridoma cells were cultured as described [13], and the
monoclonal antibodies (mAb) were purified from the hy-
bridoma supernatant following standard methods using
protein A-based chromatography. .e bifunctional chelator
DFO-NCS (Macrocyclics, Dallas, TX) was conjugated to
LEM2/15, and subsequent 89Zr radiolabelling was per-
formed by adaptation of published protocols [20, 21]. 89Zr
(T1/2 � 78.4 h, β+ � 22.6%; ∼2.7GBq/ml supplied in 1M
oxalic acid) was obtained from BV Cyclotron VU
(Amsterdam, the Netherlands).

For conjugation, 2mg of LEM2/15 in 1mL solution at
pH 9.0, adjusted with 0.1M Na2CO3 (max. 100 μL), were
mixed with DFO-NCS (dissolved in DMSO at a concen-
tration 3.5mM) at a molar ratio of 1 : 5. .e reaction was

2 Contrast Media & Molecular Imaging



incubated for 40min at 37°C. Nonconjugated chelator was
removed by G25-Sephadex size-exclusion chromatography
using a PD-10 column (GE Healthcare Life Sciences) and
5mg/ml gentisic acid in 0.25M sodium acetate trihydrate
(pH 5.4–5.6) as eluent. For the radiolabelling procedure, the
required volume of 89Zr-oxalic acid solution corresponding
to 37–74MBq was adjusted to a total volume of 200 μL using
1M oxalic acid, and 90 μL of 2M Na2CO3 were added and
incubated for 3min at room temperature. 1mL of 0.5M
HEPES and 710 μL of DFO-LEM2/15 (1mg/mL) were
subsequently added and incubated at room temperature for
90min on a rotating shaker. pH was checked to be at 7.0–7.5.
Finally, the reaction mixture was loaded onto a previously
equilibrated PD-10 column and eluted with phosphate-
buffered saline (PBS) into fractions of 250 μL. After puri-
fication, the collected fractions were measured in a dose
calibrator (IBC, Veenstra Instruments). Radiochemical
purity of the radiolabelled antibody was performed by in-
stant thin-layer chromatography (ITLC) on ITLC strips
(model 150–771, Biodex) using 0.02M citrate buffer (pH
5.0) : acetonitrile (9 :1) as eluent followed by exposure to
phosphor imaging screen-K (Bio-Rad); images were ac-
quired with a Personal Molecular Imager FX system (Bio-
Rad).

.e stability of 89Zr-DFO-LEM2/15 was investigated by
incubation in human serum and plasma for 7 days at 4°C and
37°C. .e radiochemical purity was determined by ITLC as
discussed above.

2.1.2. Labelling of DOTA-AF7p Peptides with 68Ga. .e
peptides DOTA-HWKHLHNTKTFL (denoted as DOTA-
AF7p-1) and HWK(DOTA)HLHNTKTFL (denoted as
DOTA-AF7p-2) were purchased from Bachem AG
(Bubendorf, Switzerland). .e molecular mass of both
peptides, estimated by MALDI-MS, was 1948.25 and
1948.38 g/mol, respectively; the purity (estimated by HPLC)
was 95.0% and 97.7%, respectively, as indicated by the seller.

Radiolabelling of DOTA-AF7p-1 and DOTA-AF7p-2
with 68Ga was performed using fractionated elution. .e
68Ga solution was eluted from a 68Ge/68Ga-generator, based
on nano-SnO2 and developed at CIEMAT [22], with 7mL of
1M HCl prepared from 30% HCl (JT Baker). Seven vials
containing 1ml eluate each were collected and measured in
a dose calibrator. One millilitre of the vial with the highest
amount of radioactivity (which contained approximately
85% of total elutable 68Ga) was transferred to a reaction vial
containing 210mg (±5mg) of HEPES (Sigma-Aldrich)
dissolved in 0.5mL deionized water to adjust the pH in
the solution at 3–3.5; next, 2–15 nmol of DOTA-peptide
dissolved in deionized water (0.1 nmol/µL) was added to the
radiolabelling reaction mixture. After very careful shaking,
the complex formation was performed at 90± 5°C for 5min
using a microwave with monomodal radiation and then
cooled to room temperature with nitrogen.

.e labelled peptides were purified using a Sep-Pak Light
C18 cartridge (Waters) conditioned and equilibrated pre-
viously with 4mL of pure ethanol and 4mL of deionized
water. .us, the reaction mixture was transferred onto

Sep-Pak where the 68Ga-DOTA-AF7p and colloidal 68Ga
were retained, whereas free 68GaCl3 passed through the
cartridge [23]. Next, the cartridge was rinsed with 4mL of
deionized water, and the activity on the Sep-Pak cartridge
was recovered with 0.5mL ethanol 96% (v/v). Finally,
ethanol was evaporated to dryness, and 68Ga-DOTA-AF7p
was dissolved in 0.9% saline solution.

Radiochemical yield was determined as % activity re-
covered in ethanol with respect to total activity used, after the
radioactivity was decay-corrected to the start of procedure.
An aliquot was taken to analyse the radiochemical purity
(RQP) of the final product by radio-HPLC. .e radio-HPLC
method used a Jasco HPLC system equipped with a photo-
diode array UV-detector MD-4015 (Jasco), a radioactivity
detector LB 507A (Berthold), and a reversed-phase Phe-
nomenex Jupiter Proteo 90 Å column (4 µm, 250× 4.6mm).
.e flow rate was 1mL/min. .e mobile phase was 95%
solvent A (0.1% TFA in 5% acetonitrile) and 5% solvent B
(0.1% TFA in 95% acetonitrile). .e linear gradient started
2min after sample injection with 95% solvent A and 5%
solvent B to 0% solvent A and 100% solvent B at 12min,
maintained at 15min and followed with 95% solvent A and
5% solvent B at 18min.

2.2. Cell Culture. Human pancreas adenocarcinoma cell line
Capan-2 was obtained from the American Type Culture
Collection (ATCCHTB-80™) and cultured at 37°C in 5%CO2
humidity according to standard mammalian tissue culture
protocols inMcCoy’s 5Amedium (Gibco) supplemented with
20% fetal bovine serum (FBS) (Gibco), 100 units/ml pen-
icillin/100 µg/ml streptomycin (Sigma), 2mM L-glutamine
(Gibco), and 10mM Hepes buffer (Sigma).

2.3. Tumour-Bearing Mice (CAPAN-2 and Patient-Derived
Xenografts). All animal experimental procedures were
performed by the following protocols approved by the
CNIO-ISCIII Ethics Committee for Research and Animal
Welfare (CEIyBA) and the CIEMAT Animal Ethical
Committee; they were performed in strict adherence to the
guidelines stated in the International Guiding Principles for
Biomedical Research Involving Animals, established by the
Council for International Organizations of Medical Sciences
(CIOMS). All animal experimental procedures had also been
approved by the Competent Authority of the Regional
Government of Madrid (CAM), Spain (projects PROEX
104/16 and PROEX 094/15).

.ree tumour models were used: (i) CAPAN-2 sub-
cutaneous, (ii) subcutaneous patient-derived xenograft
(PDX), and (iii) orthotopic PDX models.

For the cell line-derived model, 1× 106 CAPAN-2 cells
were injected subcutaneously into the flanks of female
athymic nude-Foxn1nu (nu/nu) mice (Harlan Laboratories).
Tumours were allowed to develop until palpable prior to
PET imaging. Mice were sacrificed when the tumour mass
reached a maximum size of 1500mm3 or tumour ulceration
was observed, or mice were symptomatic from their tumours
which included signs of lethargy, poor grooming, weight
loss, and hunching.
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PDX models used in this work were established as de-
scribed by Rubio-Viqueira et al. [24] and Hidalgo et al. [25]
using four- to six-week-old female athymic nude-Foxn1nu
(nu/nu) mice, purchased from Envigo (Barcelona, Spain).
Animals were maintained at the Spanish National Cancer
Research Centre (CNIO) Animal Facility (awarded with the
AAALAC accreditation). Orthotopic tumours were moni-
tored by ultrasonography, and those implanted into the
flanks were allowed to grow to approximately 40 to 200mm3

prior to perform PET imaging studies.

2.4. PET/CT Imaging. PET imaging was performed with
a small-animal Argus PET-CT scanner (SEDECAL, Madrid,
Spain). PET studies (energy window 250–700KeV and
30min static acquisition) and CT studies (voltage 45 kV,
current 150 μA, 8 shots, 360 projections, and standard
resolution) were performed either at 90min or at various
time points after injection of 68Ga-DOTA-AF7p or 89Zr-
DFO-LEM2/15, respectively, in mice anesthetized by in-
halation of 2–2.5% isoflurane. PETimage reconstruction was
accomplished using a 2D-OSEM (ordered subset expecta-
tion maximization) algorithm (16 subsets and two itera-
tions), with random and scatter correction. A calibration
factor predetermined by scanning a cylindrical phantom
containing a known activity of 68Ga or 89Zr was used to
convert counts per pixel/sec to kBq/cm3. Manually drawn
regions of interest (ROIs) selected from PET images using
CT anatomical guidelines were used to determine the mean
radiotracer accumulation in units of %ID/g tissue (decay
corrected to the time of injection) by dividing the obtained
average tracer concentration (kBq/cm3) in the region by the
total ID (injected dose, expressed in kBq). Tumour-to-blood
and tumour-to-background ratios were calculated from %
ID/g values in ROIs for the whole tumour, heart (a measure
of the blood pool), and brain (for background measure-
ments). Images were analysed with the image analysis
software ITK-SNAP [26] (http://www.itksnap.org).

2.5. Immunohistochemistry. Tumour-bearing mice were
sacrificed after acquisition of the last PET image, and tu-
mours were excised, fixed in 10% buffered formalin (Sigma),
and embedded in paraffin. For MT1-MMP expression
analysis, we performed immunohistochemical staining with
anti-MT1-MMP LEM2/15 antibody at 1 : 400 dilution after
antigen retrieval with low pH buffer in Autostainer platform
(Dako) and counterstaining with hematoxylin. Slides were
digitalized in the Mirax Scan (Carl Zeiss AG, Oberkochen,
Germany), and pictures were registered with the Pan-
noramic Viewer software (3DHistech Ltd., Ramsey, NJ,
USA).

2.6. Statistics. Univariate methods such as the t-test and
ANOVA were used to compare means of one variable
across two or more groups. .e significance of differences
was tested at the 95% confidence level by Bonferroni’s
multiple comparisons test; a P value of 0.05 or less was
considered significant. Data in graphs are presented as the

mean± SD. .e Grubbs test was applied to detect eventual
outliers in data sets with the online “Outlier Calculator”
tool provided by GraphPad software (http://www.
graphpad.com/quickcalcs/Grubbs1.cfm).

3. Results and Discussion

Initial studies on 89Zr-labelled LEM2/15, an antihuman
MT1-MMP mAb, as an immunoPETprobe for glioblastoma
in xenograft mice were previously reported by our group
[19]. Now in this study, the use of 89Zr-DFO-LEM2/15 was
validated as an immunoPET probe in CAPAN-2 cell line as
well as in patient-derived pancreatic ductal adenocarcinoma
xenografts. .e in vivo PET imaging of 89Zr-DFO-LEM2/15
was additionally compared with that of 68Ga-DOTA-AF7p,
a peptide that binds to the MT-loop region of MT1-MMP
[15].

3.1. Probe Radiosynthesis

3.1.1. 89Zr-DFO-LEM2/15. Conjugation of LEM2/15 to
desferrioxamine was achieved via an N-succinimidyl linkage
in an mAb : deferroxamine ratio of approximately 1 : 2-3 as
reported previously [19]. 89Zr-DFO-LEM2/15 was success-
fully synthesized at a radiochemical yield of >85%. After PD-
10 column purification, RQP was determined by ITLC to be
above 95% (Figure 1(a))..e specific activity of final product
was measured to be 9.675± 2.445MBq/nmol (n � 3).

.e stability of the radiolabelled antibody was assessed
with ITLC. Figure 1(b) illustrates that during the 7-day
incubation period at 37°C, the 89Zr-DFO-LEM2/15 in hu-
man serum and plasma decreased slightly from 94.9± 6.5%
and 97.1± 3.9% at the beginning, respectively, to values of
91.9± 8.8% and 85.0± 3.9%, respectively. Similarly, the
amount in human serum and plasma decreased from 98.7±
1.5% and 96.7± 4.0% at the beginning, respectively, to 95.4±
6.2% and 94.9± 8.2%, respectively, during the 7-day in-
cubation period at 4°C. .erefore, the data indicated that
probe displayed a high kinetic stability and was suitable for
further in vivo studies.

3.1.2. 68Ga-DOTA-AF7p. .e radiochemical yield of both
68Ga-labelled DOTA-peptides, DOTA-HWKHLHNTKTFL
(DOTA-AF7p-1) and HWK(DOTA)HLHNTKTFL
(DOTA-AF7p-2), was 30.1± 17.9% (n � 29) indicating
a high interexperiment variability in the radiolabelling
procedures. No statistically significant differences between
the two peptides were found..e radiochromatogram of the
reaction mixture prior to passing through the Sep-Pak Light
C18 cartridge showed two distinct peaks corresponding to
free 68Ga and 68Ga-DOTA-AF7p-1 with retention times of
2.5 and 8.7min, respectively. Figure 1(c) shows a represen-
tative chromatogram of peptide labelling with a low yield
aiming at demonstrating that even in those cases, a final
product can be successfully obtained. After purification, the
radiochromatogram showed just one single peak corre-
sponding to the radiolabelled probe (Figure 1(d)); RQP was
greater than 95%..e radiochromatogram corresponding to
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68Ga-DOTA-AF7p-2 is not presented because it was similar
to that of 68Ga-DOTA-AF7p-1. .e specific activity of the
final product once radiolabelling was completed was esti-
mated to be 8.4± 6.0MBq/nmol (n � 29).

3.2. 68Ga-DOTA-Peptides PET Imaging

3.2.1. CAPAN-2-Tumour-Bearing Mice. Most of the current
understanding of cancer and its hallmarks is based on the
establishment of long-term in vitro-cultured tumour cell
lines and their in vivo inoculation in mice. Ellenrieder et al.
[27] reported high levels of MT1-MMP expression in most
pancreatic cancer cell lines including CAPAN-2. To
evaluate if both radiolabelled peptides could image MT1-
MMP expression in vivo by PET, we administered 4 ±
3MBq (n � 25) of 68Ga-DOTA-AF7p-1 or 68Ga-DOTA-
AF7p-2 intravenously into mice bearing CAPAN-2 bi-
lateral flank xenografts (n � 9), and we performed PET/CT
imaging at distinct time points for a month. In vivo small-
animal PET imaging showed accumulation of radiolabelled
peptide in CAPAN-2 tumours, and we did not find dif-
ferences in the tumour uptake visualization between the
two radiolabelled peptides. Figure 2(a) shows a represen-
tative example.

.e tumour uptake of 68Ga-DOTA-AF7p-1 and 68Ga-
DOTA-AF7p-2 was found to be very similar, and there were
no statistically significant differences between the two

radiolabelled peptides, 0.171± 0.095 (n � 33) and 0.216±
0.095 (n � 17) %ID/g for 68Ga-DOTA-AF7p-1 and 68Ga-
DOTA-AF7p-2, respectively (Figure 2(c)). .is is in good
agreement with the results obtained by Kondo et al. [16],
who developed a radiolabelled peptide probe by adding
a Cys residue at the N-terminus of the peptide MT1-AF7p to
allow facile radiolabelling of the thiol moiety by N-(m-
[123/125I]iodophenyl) maleimide ([123/125I]IPM) for
SPECT/CT imaging in HT1080-tumour-bearing mice
(HT1080 is a human fibrosarcoma cell line known to highly
express MT1-MMP); the radiolabelled probe was therefore
similar to DOTA-AF7p but with IPM instead of DOTA.
Kondo et al. [16] determined that the tumour accumulation
at 60 and 120min after injection was of 0.19± 0.06 and 0.10±
0.01%ID/g, respectively. .ese findings, however, clash with
the results reported by Min et al. [17] which used HYNIC as
the bifunctional chelating agent (instead of DOTA or IPM)
and tricine/TPPTS as coligands to prepare [99mTc]-(HYNIC-
AF7p)(tricine)(TPPTS) for in vivo SPECT imaging of breast
cancer. .ey found a highly tumour uptake of the probe
(2.18± 0.11%ID/g at 2 h post-injection) in MDA-MB-231-
tumour-bearing mice. .ese differences in the uptake of the
AF7p tracer can be due to many parameters playing a role in
targeting such as the diverse density of MT1-MMP in the
tissues, the affinity of peptide after labelling, the rate of tracer
delivery, the vascular permeability of tumours, and the
interstitial pressure among others [28].
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Figure 1: (a) Purification of 89Zr-DFO-LEM2/15 in a PD-10 column; the antibody elutes between volume fractions 2.5 and 5.0ml. Inset:
ITLC image illustrating RQP of the 89Zr-DFO-LEM2/15 peak. 1 corresponds to the radioimmunoconjugate and 2 to the free radionuclide.
(b) Percentage of bound radioactivity to LEM2/15 after 7-day incubation of 89Zr-DFO-LEM2/15 with human serum at 37°C ( ) and
4°C ( ) and human plasma at 37°C ( ) and 4°C ( ); data expressed as mean± SD. (n � 4). Representative HPLC chro-
matogram of 68Ga-DOTA-AF7p-1 before (c) or after (d) to Sep-Pak Light C18 cartridge purification. 68Ga-DOTA-AF7p-1 is detected at
8.7min by UV absorbance at 280 nm ( ) and radioactivity detector ( ).
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As for the tumour-to-blood ratio, often used as a mea-
sure of image contrast, we did not observe any statistically
significant differences between 68Ga-DOTA-AF7p-1 and
68Ga-DOTA-AF7p-2 (0.48± 0.20 and 0.49± 0.15, resp.) at
90min after injection (Figure 2(d)). .is ratio was similar to
that found by Kondo et al. [16] and lower than that de-
termined by Min et al. [17].

All tumours contained tumour cells embedded in des-
moplastic tumour stroma, a typical feature of pancreatic
tissue. Immunohistochemical examination of tumour sec-
tions for MT1-MMP revealed expression of MT1-MMP in
tumour cells but not in stromal cells (Figure 2(b)).

3.2.2. Heterotopic Patient-Derived Xenograft Model.
Patient-derived xenografts (PDXs) are typically generated by
the subcutaneous implantation of fresh, surgically derived
human tumour material into immunodeficient mice. PDXs
retain stably molecular, genetic, and histopathological fea-
tures of their originating tumours and therefore are cur-
rently the only model system able to incorporate directly the
vast interpatient and intratumour heterogeneity inherent to
human cancer [29]. With the aim to determine the appli-
cability of PET imaging of PDAC tumours in a more

clinically relevant model with 68Ga-DOTA-AF7p, we per-
formed PET/CT imaging with this radiolabelled probe at
four-time points during two weeks in patient-derived
tumour-bearing mice (n � 5). As we did not find any sta-
tistically significant differences between the two radio-
labelled peptides tested in CAPAN-2-bearing tumour mice,
we decided to carry out our PET/CT studies after injecting
1.9± 1.8MBq (n � 17) of 68Ga-DOTA-AF7p-1. Figure 3(a)
shows a representative PET/CT image taken 90min after
injection. After performing in vivo imaging, we also assessed
the overexpression of MT1-MMP in patient-derived tu-
mours by means of immunohistochemistry making use of
the LEM2/15 antibody. Immunohistochemistry analyses
revealed that MT1-MMP localized to the membranes of
pancreatic ductal cells while no expression was detected in
the stromal cells (Figure 3(b)).

Each mouse carried two patient-derived tumours
implanted bilaterally subcutaneously. We used CT to evaluate
volume growth; Jensen et al. had demonstrated that microCT
was a more accurate than other methods (as external calliper)
for the in vivo volumetric measurements of subcutaneous
tumours in mice [30]. All mice developed subcutaneous
tumours in both flanks, with a mean tumour volume that
increased from 122± 89mm3 to 208± 137mm3 along the
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Figure 2: CAPAN-2-tumour-bearing mice injected with 68Ga-DOTA-AF7p probes. (a) PET/CT image of representative mouse with
subcutaneous CAPAN-2 xenograft (white arrows) that was injected with 68Ga-DOTA-AF7p-1. Image was acquired 90min after injection.
(b) Immunohistochemistry of tumour tissue from xenografted mice. MT1-MMP was detected using LEM2/15 antibody. Scale bar: 1000 µm.
Higher magnification of the boxed area is shown at the right corner. Scale bar: 50 µm. (c) Tumour uptake (expressed as %ID/g) of 68Ga-
DOTA-AF7p-1 and 68Ga-DOTA-AF7p-2 probes as quantified by PET imaging. (d) Tumour-to-blood ratio derived from PET images for
both radiolabelled probes.
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whole duration of the PET imaging study (Figure 3(c)).
Although a variable tumour volume between repeated scans
may per se cause variability in the tumour uptake of 68Ga-
DOTA-AF7p-1, our analysis revealed the absence of signif-
icant correlation between the tumour uptake and tumour size
(Figure 3(d)). At the start of the PET study, the tumour
displayed an uptake of 0.230± 0.085%ID/g (n � 8) and it
remained at this level throughout the time course: 0.227±
0.142 (n � 8), 0.260± 0.047 (n � 6), and 0.185± 0.082
(n � 10) %ID/g tumour at 5, 8, and 14 days, respectively

(Figure 3(e)). .e mean tumour uptake of 68Ga-DOTA-
AF7p-1 was of 0.221± 0.096%ID/g tumour (n � 32). .is is
in good agreement with the results reported by Kondo et al.
[16] in their study of CAPAN-2-bearing tumour xenograft
mice. .e mean value of the tumour-to-blood ratio at 90min
68Ga-DOTA-AF7p-1 after injection in PDX (1.36± 0.98,
n � 26) was higher than that measured in CAPAN-2-bearing
tumour mice (0.48± 0.20, n � 17), demonstrating that for the
PET visualization of the radiolabelled probe, the PDX model
is better one than the CAPAN-2-derived model.
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Figure 3: Heterotopic patient-derived xenograftedmice injected with 68Ga-DOTA-AF7p-1. (a) PET/CTimage of representative heterotopic
PDX mouse injected with 68Ga-DOTA-AF7p-1 acquired 90min after injection. Tumour locations are indicated by white arrows. (b)
Immunohistochemistry of tumour tissue from PDX mice. MT1-MMP was detected using LEM2/15 antibody. Scale bar: 1000 µm. Higher
magnification of the boxed area is shown at the right corner. Scale bar: 50 µm. (c) Tumour volume was measured by CTfour times after onset
of PET imaging study. Each tumour is represented by a different colour line on the graph. (d) Tumour uptake (quantified by PET imaging
and expressed as %ID/g) as a function of tumour volume for all scannedmice, showing that there is no relationship between tumour size and
68Ga-DOTA-AF7p-1 uptake. (e) Variation of tumour uptake of 68Ga-DOTA-AF7p-1 along the PET imaging study. (f ) Variation of kidneys
and liver uptakes of 68Ga-DOTA-AF7p-1 along the PET imaging study.
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It should be noted that in addition to the tumour, kidneys
and bladder also showed signals, indicating that the tracer
is mainly excreted through the renal route (Figure 3(f)).
.e mean accumulation of the probe was significantly lower
in liver than in kidneys (0.80± 0.60, n � 16 versus 4.03± 1.73,
n � 17 resp.).

We are aware of, at least, one limitation in our research,
that is the relatively low tumour accumulation level of both
radiolabelled peptides, which was also occurred in the study
of Kondo et al. [16]. A setup allowing for an increase of the
68Ga-DOTA-AF7p uptake in pancreatic tumours would be
required if we were to carry out further studies. A possible
strategy could be to increase the affinity of the radiolabelled
probe for MT1-MMP inserting a spacer linker that imposes
a separation between the bifunctional chelating agent
(DOTA) and the peptide, as it has already been suggested by
several other authors [16, 31]. Our study is nevertheless the
first report of the use of a radiolabelled peptide probe for the
PET imaging of MT1-MMP in PDAC cell- and patient-
derived xenograft mice.

3.3. 89Zr-DFO-LEM2/15 PET Imaging

3.3.1. CAPAN-2-Tumour-Bearing Mice. We had already
reported the quantitative assessment of MT1-MMP expres-
sion by means of immunoPET using a specific mAb (LEM
2/15), readily labelled with 89Zr and employed in the in vivo
preclinical imaging of glioblastoma MT1-MMP+ tumours
[19]. 89Zr-DFO-LEM 2/15 small-animal PET was conducted
on mice harbouring xenografted tumours at opposite flanks
with CAPAN-2 cells (n � 4) after injection of 0.55± 0.01MBq
(n � 4). Figure 4(a) presents some typical images of
a CAPAN-2-tumour-bearing nude mouse at 1 and 7 days
after injection, showing an excellent visualization of tumours.
Levels of radioactivity in tumours, tumour-to-blood, and
tumour-to-background ratios were estimated from PET im-
ages. In tumours, radioactivity did not vary significantly in
a time-dependent manner, with the uptake being 5.93± 0.98,
6.29± 0.64, 5.35± 1.70, and 5.09± 0.52%ID/g (n � 7) at 1, 3, 5,
and 7 days after injection, respectively, in CAPAN-2 tumours
(Figure 4(c)). .e mean value of tumour uptake for the 89Zr-
DFO-LEM 2/15 probe (5.67± 1.11%ID/g, n � 28) was 25–30
times higher than that for the 68Ga-DOTA-AF7p ones.
Sections of tumours immunostained for MT1-MMP con-
firmed the expression of this protein in the tumour cells but
not in the stromal cells (Figure 4(b)) as we have remarked
earlier on in this report (Figure 2(b)).

Tumour/blood ratios in CAPAN-2 tumours increased
lightly with time (0.67± 0.08, 0.93± 0.17, 1.13± 0.51, and
1.44± 0.43 at 1, 3, 5, and 7 d 89Zr-DFO-LEM 2/15 after
injection, resp.) (Figure 4(d)). .ese values also were higher
than those estimated for 68Ga-DOTA-AF7p probes (ap-
proximately tumour/blood ratio� 0.5 at 90min after in-
jection). .ese results indicate that the visualization and
quantification of the tumour uptake by noninvasive PET
imaging is better with 89Zr-DFO-LEM 2/15 than it is with
68Ga-DOTA-AF7p..e difference in signal between tumour
and normal tissue in the context of nuclear medicine

imaging depends upon the tumour-localizing agent.
Tumour-to-background ratios can be anything from 1 :1 to
>10 :1 when using radiolabelled antibodies [32]. .us,
tumour/background ratios in CAPAN-2 tumours exhibited
high values (5.85± 1.56, 6.37± 0.57, 5.14± 2.23, and 5.53±
2.06 at 1, 3, 5, and 7 days after injection, resp.) (Figure 4(d))
confirming previous findings.

In addition to the tumour uptake, visible signal was
observed in the liver due to the metabolization and the
nonspecific clearance of the radiolabelled antibody, which is
a characteristic feature of the distribution pattern of mono-
clonal antibodies (Figure 4(e)). Liver uptake of 89Zr-DFO-
LEM 2/15 at 1, 3, 5, and 7 days after injection was 8.84± 2.56,
9.83± 2.59, 9.46± 1.30, and 7.08± 3.30%ID/g, respectively.
Lastly, bone uptake was low and did not increase over time, in
support of the notion of the in vivo stability of the radio-
immunoconjugate (free Zr4+ salts can manifest tropism to-
wards the bone); the 89Zr-DFO-LEM 2/15 uptake was 2.75±
0.44, 2.78± 0.61, 2.77± 0.58, and 2.46± 0.19 at 1, 3, 5, and 7
days after injection, respectively (Figure 4(e)).

89Zr immunoPET continues to drive research and de-
velopment in the field of the application of mAbs in PET
molecular imaging [33] and has shown great potential in
cancer imaging [34]. Although 89Zr-immunoPET is a highly
attractive technique to measure tumour-associated antigens
as well as the in vivo distribution of mAbs, it has to be
mentioned that it is restrained by a few limitations. First of
all, the enhanced permeability and retention effect charac-
teristic of the leaky nature of tumour vasculature and re-
duced lymphatic drainage [35] may result in nonreceptor-
mediated uptake of radiolabelled antibodies producing, thus,
false-positive results. Second, a low target expression may
lead to false-negative results due to low imaging contrast
derived from the long circulatory half-life of monoclonal
antibodies [32]. Finally, as a longer-lived medical radio-
nuclide, one of the principal concerns regarding the use of
89Zr in the clinic is the substantial radiation dose that pa-
tients receive in comparison to shorter-lived nuclides.
However, as long as the radiotracer clears the healthy tissue
as expected, the prevailing viewpoint is that the increased
diagnostic value is worth the additional dose [36]. Along
these lines, the uptake in bones is a notable issue with 89Zr
PET imaging in preclinical mouse models. Biodistribution
analyses commonly show up to 10% injected dose per gram
activity in the bone [34], which is consistent with the results
we have obtained in our research. Localization of radioac-
tivity to the bone is disadvantageous since it implies that an
increased radioactivity dose is delivered to the bone marrow.
To overcome such limitations, our current work aims at
extending these initial findings using engineered and min-
iaturized derivatives of the LEM2/15 antibody. .e minia-
turized antibodies could improve the tumour penetration
ratio and therefore result in an improved tumour-targeted
imaging [37]. Moreover, labelling with PET isotopes char-
acterized by short or intermediate half-lives such as 68Ga
would optimize the pharmacokinetics and facilitate wide
access to this technology since 68Ga can be easily produced at
most facilities using a 68Ge/68Ga generator system, thus
avoiding the complexity of a cyclotron facility..ey facilitate
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the implementation of a same-day imaging approach, much
like the current practice for 18F-FDG-PET, and their em-
ployment leads to a lower radiation exposure versus
immunoPETwith intact antibodies, making them appealing
for routine use in the clinic [38]. .is approach is very
promising to assess target expression levels in individual
patients so to identify patients that will likely benefit from
targeted treatments.

3.3.2. Orthotopic Patient-Derived Xenograft Model. To
evaluate the ability of 89Zr-DFO-LEM2/15 to noninvasively

determine MT1-MMP protein levels in nude mice bearing
orthotopic PDX tumours (n � 5) as described above, the
radioimmunoconjugate was prepared and injected (1.8±
1.6MBq, n � 7) to the subject mice once the presence of
tumours was confirmed by ultrasonography, and serial PET
imaging was performed at 1, 2, 4, and 7 days. 89Zr-DFO-
LEM2/15 was also injected in mice free of tumours (n � 2)
used as a control group. .e PET images presented in
Figure 5(a) were taken at different time points after injection
and are compared to control mice; they show that the tu-
mours were clearly visualized in orthotopic PDX mice after
injection of 89Zr-labelled mAb LEM2/15. Tumour uptake
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Figure 4: CAPAN-2-tumour-bearing mice injected with 89Zr-DFO-LEM2/15. (a) Representative PET/CT images of a mouse with sub-
cutaneous CAPAN-2 xenograft injected with 89Zr-DFO-LEM2/15 acquired at 1 and 7 days after injection. Tumour locations are indicated by
white arrows. (b) Immunohistochemistry of tumour tissue from xenografted mice. MT1-MMP was detected using LEM2/15 antibody. Scale
bar: 100 µm. (c) Tumour uptake (expressed as %ID/g) of 89Zr-DFO-LEM2/15 as quantified by PET imaging. (d) Tumour-to-blood and
tumour-to-background ratios derived from PET images. (e) Liver and bone uptake of 89Zr-DFO-LEM2/15 as quantified by PET imaging at
different times after injection.
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increased over time, from 5.7± 1.4%ID/g at 1 d to 7.7± 2.5%
ID/g at 7 d in PDX mice, whereas the accumulation in
pancreas of control mice increased from 2.3± 0.3%ID/g at
1 d to 4.1± 0.1%ID/g at 7 d (Figure 5(c)); thus, 89Zr-DFO-
LEM2/15 uptake in tumours of PDX mice was about twice
higher than in the pancreas of control mice. .e tumour-to-
blood ratios were at all time points higher in PDX mice than
in control ones, 0.56± 0.10, 0.81± 0.28, 1.15± 0.32, and 1.95±
0.63 versus 0.28± 0.05, 0.31± 0.13, 0.51± 0.09, and 1.47± 0.05
at 1, 2, 4, and 7 days, respectively (Figure 5(d)). Tumour-to-
background ratios were also around 2–7 times higher in PDX

mice than in control mice (Figure 5(d)). .e mean values of
radioimmunoconjugate tumour uptake, tumour-to-blood,
and tumour-to-background ratios in PDX mice were simi-
lar to those found in CAPAN-2-tumour-bearing mice. As for
the liver and bone uptake of 89Zr-DFO-LEM2/15 in mice
bearing orthotopic PDX tumours (Figure 5(e)), the mean
values were also similar to those shown in Figure 4(e).

We also assessed by immunochemistry techniques the
expression of MT1-MMP in tumours of PDAC patient-
derived xenograft mice (Figure 5(b)). As expected, whereas
MT1-MMP was highly expressed in tumour cells but not in

1d 7d

Control

1d 7d

Orthotopic PDX0

10
%ID/g

(a)

C
on

tro
l

O
rt

ho
to

pi
c P

D
X

50 µm

50 µm

(b)

Time (d)

1 2 4 7 1 2 4 7

0

5

10

15

PDX Control

%
ID

/g

(c)

Time (d)

1 2 4 7 1 2 4 7 1 2 4 7 1 2 4 7

0

5

10

15

20

PDX PDX ControlControl
Tumour/blood Tumour/background

∗

Ra
tio

∗∗∗

∗∗∗

∗∗

∗∗

∗

∗

(d)

Time (d)

1 2 4 7 1 2 4 7 1 2 4 7 1 2 4 7

0

5

10

15

PDX PDX ControlControl
Liver Bone

%
ID

/g
 ti

ss
ue

(e)

Figure 5: Orthotopic patient-derived xenografted mice injected with 89Zr-DFO-LEM2/15. (a) Representative PET/CT images of orthotopic
PDX and control mice injected with 89Zr-DFO-LEM2/15 acquired at 1 and 7 days after injection. Tumour locations are indicated by white
arrows. (b) Immunohistochemistry studies of pancreas tissues derived from orthotopic PDX and control mice. MT1-MMP was detected
using LEM2/15 antibody. Scale bar: 50 µm. (c) Tumour uptake (expressed as %ID/g) of 89Zr-DFO-LEM2/15 as quantified by PET imaging.
(d) Tumour-to-blood and tumour-to-background ratios derived from PET images. (e) Liver and bone uptake of 89Zr-DFO-LEM2/15 as
quantified by PET imaging at different times after injection in PDX and control mice.
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stromal cells, verified by immunostaining using LEM2/15, no
immunostaining was observed in the pancreas of control
mice. .is is in good agreement with studies showing that
MT1-MMP is overexpressed in pancreatic tumours relative to
normal pancreas [39].

Our preclinical studies with MT1-MMP overexpressing
CAPAN-2 cells and PDAC patient-derived tumours dem-
onstrate that 89Zr-DFO-LEM2/15 constitutes a promising
radiotracer for noninvasive immunoPET measurements of
MT1-MMP expression in vivo. Given the crucial role that
MT1-MMP plays in both physiologic and pathologic con-
ditions, MT1-MMP overexpression is seen in a number of
different tumours, including PDACs as shown herein and in
earlier reports [39–41]. Pancreatic ductal adenocarcinoma is
the most common form of pancreatic cancer and accounts
for ∼90% of all pancreatic tumours [42]. It is associated with
an overall 5-year survival rate of <8%, exhibiting the poorest
prognosis of all solid tumours [43]. One of the reasons for
this poor prognosis is the high resistance of PDAC to
conventional chemotherapy treatments [44]. Following the
initial success of gemcitabine in the treatment of advanced
PDAC, combination therapies with gemcitabine were ad-
ministered with limited success to tackle locally advanced
and metastatic disease. .is failure is attributable to many
factors, including extrinsic or intrinsic resistance to gem-
citabine [45]. Notably, PDAC is a tumour characterized by
the development of extensive fibrosis termed desmoplasia.
Interestingly, MT1-MMP overexpression was particularly
prominent in areas of the tumour with intense fibrotic re-
action, suggesting that type I collagen-enriched desmoplasic
reactionmay also contribute toMT1-MMP expression in the
in vivo setting [40]. Dangi-Garimella et al. [6] showed that
MT1-MMP expression associates to an increased HMGA2
expression (a nonhistone DNA-binding nuclear protein
involved in chromatin remodelling and gene transcription)
in human PDAC tumours, suggesting that the marked fi-
brotic reaction may contribute to gemcitabine resistance
through increased MT1-MMP-HMGA2 signalling. .ere-
fore, owing to the central role that MT1-MMP plays in
collagen-induced gemcitabine resistance [45], this metal-
loproteinase emerges as a good predictive biomarker of the
response to gemcitabine in patients with pancreatic cancer;
thus, PET imaging probes such as 68Ga-DOTA-AF7p or
89Zr-DFO-LEM2/15, with the modifications that our re-
search has highlighted so as to increase the affinity of 68Ga-
DOTA-AF7p and/or obtain miniaturized derivatives of the
LEM2/15mAb, could be used for the early prediction of
resistance to gemcitabine in PDAC patients. Targeting MT1-
MMP with these probes could furthermore also be a novel
approach to sensitizing pancreatic tumours to gemcitabine.

4. Conclusions

We have in this report radiolabelled two molecules, an anti-
MT1-MMP monoclonal antibody (LEM2/15) and a MT1-
MMP-specific binding peptide (MT1-AF7p) with 89Zr and
68Ga, respectively. We assessed and compared their in vivo
properties for use as new MT1-MMP-targeted PET imaging
probes in several models of pancreatic cancer. Both tracers

highly accumulated in MT1-MMP-expressing tumours and
were able to visualise clearly subcutaneously and ortho-
topically implanted xenografts, although the 89Zr-DFO-
LEM2/15 probe exhibited much greater specific uptake
compared to the 68Ga-labelled peptide. .e results of our
study highlight the relevance of MT1-MMP as a suitable
biomarker for noninvasive PET imaging of pancreatic
cancer. Also, our results suggest that the 89Zr-DFO-
LEM2/15 probe may have potential application in PDAC
detection and follow-up and can be a lead for further tracer
optimization. In fact, miniaturization of LEM2/15 and
radiolabelling with 68Ga to enhance its radio-
pharmacological properties are in progress and may facili-
tate translation in the clinical setting for the improvement of
the clinical management of PDAC patients.
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Background. High-fat diet (HFD) induces systemic insulin resistance leading to myocardial dysfunction. We aim to characterize
the early adaptations of myocardial glucose utility to HFD-induced insulin resistance. Methods. Male Sprague–Dawley rats were
assigned into two groups, fed a regular chow diet or HFD ad libitum for 10 weeks. We used in vivo imaging of cardiac magnetic
resonance (CMR), 18F-FDG PET, and ex vivo nuclear magnetic resonance (NMR)metabolomic analysis for the carbon-13-labeled
glucose ([U-13C]Glc) perfused myocardium. Results. As compared with controls, HFD rats had a higher ejection fraction and
a smaller left ventricular end-systolic volume (P< 0.05), with SUVmax of myocardium on 18F-FDG PETsignificantly increased in 4
weeks (P< 0.005). 0e [U-13C]Glc probed the increased glucose uptake being metabolized into pyruvate and acetyl-CoA,
undergoing oxidative phosphorylation via the tricarboxylic acid (TCA) cycle, and then synthesized into glutamic acid and
glutamine, associated with overexpressed LC3B (P< 0.05). Conclusions. HFD-induced IR associated with increased glucose utility
undergoing oxidative phosphorylation via the TCA cycle in the myocardium is supported by overexpression of glucose
transporter, acetyl-CoA synthase. Noninvasive imaging biomarker has potentials in detecting the metabolic perturbations prior to
the decline of the left ventricular function.

1. Introduction

Diabetes mellitus (DM) is a pandemic metabolic problem
characterized by hyperglycemia due to defects in secretion or
action of insulin, namely, type 1 or type 2 diabetes mellitus

(T2DM), respectively. In 2015, 415 million people had DM
in the world, and the number will grow to 522 million in
2030 with the conservative estimation [1, 2]. High-fat diet
(HFD) is one leading cause of T2DM [3, 4], causing re-
sistance to insulin in multiple organs [5]. 0e relatively
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subtle metabolic changes, such as moderate hyperglycemia
and increased plasma triglyceride (TG) levels, can gradually
lead to structural changes and heart failure [6, 7]. Some
previous reports have shown that the myocardium of
humans and animals with T2DM might switch energy
production from glucose utilization to fatty acid oxidation
[8–10], which may play a critical role in the pathogenesis of
T2DM. 0e presence of hyperinsulinemia, obesity, and
impaired glucose tolerance in the rats with HFD has been
characterized as the prediabetic T2DM rat model in the
literature [11]. 0e Randle cycle (glucose fatty-acid cycle),
a metabolic process involving the switch between glucose
and fatty acids for substrates [12], is theorized to play a role
in explaining T2DM and IR [13, 14]. Although the energy
balance from differing macronutrient composition is equal,
the glucose and fat balances that contribute to the overall
energy balance are supposed to change reciprocally with
dietary composition [15]. Monitoring the metabolic switch
in myocardium would help in early detection and treatment
of the myocardial changes in T2DM.

Cardiac magnetic resonance (CMR) imaging is a non-
invasive assessment of both ischemic and nonischemic heart
disease and heart failure [16]. CMR has become the gold
standard for evaluating the left ventricular (LV) function,
providing objective structural and detailed functional readouts
[17–19]. However, the measurement of myocardial meta-
bolism remains a challenge for CMR. 18F-fluorodeoxyglucose
(18F-FDG) is a glucose analog which has been extensively used
in positron emission tomography (PET) in clinical onco-
logical diagnosis and assessment of the treatment response
[20]. 18FDG is taken up by cells and trapped in the cytoplasm
as 18F-FDG-6-phosphate by hexokinase once it enters into
cells through glucose transporters (Glut) [21]. Normal myo-
cardium also actively uptakes 18F-FDG due to high expression
of hexokinase 2 [22, 23], providing the opportunity of using
18F-FDG to probe the first command step of myocardium
glucose utilization by the in vivo noninvasive micro-PETstudy.
0e Langendorff system perfused with carbon-13-labeled
glucose ([U-13C]Glc) can potentially probe the downstream
metabolic activities further to 18F-FDG-6-phosphate in the
myocardium [5]. High-resolution nuclear magnetic resonance
(NMR) technology can identify the following metabolic prod-
ucts of [U-13C]Glc to precisely characterize the myocardial
glucose utilization in the HFD-induced insulin resistance (IR).
However, noninvasive detection of early myocardial changes of
the prediabetic T2DM rat model has not been investigated yet.

We aim to characterize the metabolic changes associated
with myocardial glucose utilization in a rat model of HFD-
induced IR as an early diabetic onset model using the
noninvasive imaging of cardiac MRI, 18F-FDG micro-PET,
and [U-13C]Glc NMR corroboration.

2. Methods

2.1. Animal Model and Experiment Design. We purchased
male Sprague–Dawley (SD) rats (age 6weeks) fromBioLASCO
TaiwanCo., Ltd. (Taipei, Taiwan).0e SD rats weremaintained
in a climate-controlled facility on a 12h light/12 h dark cycle
with access to water and food ad libitum. All experimental

procedures were conducted according to the Guide for the
Care and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee of Chang
Gung University and Chang Gung Memorial Hospital, Tai-
wan (IACUC: CGU13-051). After two weeks of acclimation,
the SD rats were randomly assigned to 2 groups, fed a regular
chow diet (control, C; n � 9) or high-fat diet (HFD; n � 9) ad
libitum for 10 weeks. As our previous research, the regular
chow diet consisted of 23.5% protein, 5.1% fat, and 50.3%
carbohydrates (g %, LabDiet® 5001, St. Louis, MO); the HFD
consisted of 24% protein, 24% fat, and 41% carbohydrates (g
%, Research Diets D12451I, New Brunswick, NJ) [24]. We
recorded their body weight and food intake weekly. In the SD
rats (C, n � 9 ; HFD, n � 9), blood from the tail vein was
withdrawn under fasting status for insulin-resistant testing.
0e insulin level was determined manually through Ultra-
sensitive Mouse Insulin ELISA Kit (Crystal Chem Inc., IL,
USA). Briefly, a 5 μl aliquot of plasma was applied in the
ELISA kit. 0en, the OD excitation wavelength
450 nm/emission wavelength 630 nm was used in detection.
0e sensitivity of Ultrasensitive Mouse Insulin ELISA Kit is
0.05 ng/mL. 0e glucose level in whole blood was measured
byONETOUCH®ULTRA® (Johnson& Johnson) with a drop
test in a test strip. 0e biochemistry indexes, such as tri-
acylglycerol (TG), total cholesterol (T-CHO), and high-
density lipoprotein (HDL-C), were detected by Fujifilm
NX500i (Japan) with 10 μl of plasma following the ELISA kit
protocol. 0e measurement ranges of glucose, TG, T-CHO,
and HDL-C are 19.62–600mg/dL, 10–500mg/dL, 50–
450mg/dL, and 10–110mg/dL, respectively. Homeostasis
model assessment-insulin resistance (HOMA-IR) was cal-
culated using HOMA2 calculator [25] and has been reported
as a useful tool for diagnosing insulin resistance [26]. We
carried out cardiac MRI weekly for 10 weeks (Control, n � 9;
HFD, n � 9) and 18F-FDG PETon week 1, week 4, and week 7
(Control, n � 3; HFD, n � 3) after HFD feeding. We further
analyzed the heart by using the [U-13C]Glc Langendorff
perfusion study, NMR, and western blotting at 18 weeks of
age (Control, n � 2; HFD, n � 3). In comparison to the early
phase of pre-DM status, we analyzed the hearts with and
without Langendorff perfusion by NMR and western blotting
at 32 weeks of age (Control, n � 3; HFD, n � 3), as detailed
below. 0e flow chart of the performing animal and tissue
experiments was summarized in Figure 1.

2.2. CMR. CMR was performed with ECG and respiratory
gating on the ClinScan 7T MRI (Bruker BioSpin, Germany).
Short-axis CINE with the bright-blood technique was
chosen to capture myocardial wall motion and thickness
between end-systole and end-diastole phases. Specific pa-
rameters of CINE using FLASH sequence are TR/TE
12/1.67ms, slice thickness 1mm, three averages, flip angle
15°, the field of view 45× 45mm2, and 144×192 matrix,
which gives rise to in-plane resolution 0.312× 0.234mm2.
Such CINE scans were acquired sequentially and evenly
from the base to the apex, yet the slice numbers to cover the
whole heart and the corresponding acquisition time per
incidence slightly varied among different animals and ECG
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stability. All CINE frames were quantitatively analyzed using
QMass (Medis, the Netherlands), withmanual delineation of
the myocardium for left ventricular volume, ejection frac-
tion, wall motion, and wall thickness.

2.3.Micro-PET. 0e SD rats were imaged using an InveonTM
system (Siemens Medical Solutions Inc., Malvern, PA, USA) at
Chang Gung Memorial Hospital, Taiwan. All rats were fasted
for 12 hours beforemicro-PET but allowed ad libitum to access
water. Although the blood glucose level of each rat was not
measured before the micro-PETstudy, in the previous reports,
there is no significant difference in glucose levels of the control
and HFD rats with 12-hour fasting [27]. 0e rats under-
went a 30min image acquisition in the prone position 90min
after receiving 22.49± 0.17 (standard deviation, SD) MBq of
18F-FDG via tail vein injection. 0e rats were anesthetized
with 3% isoflurane, and the heart of the rat was positioned
near the center of the field of view where the spatial resolution
is approximately 1.2mm.0e regions of interest (ROIs) of the
myocardium were analyzed in the PET images manually.
0e 18F-FDG uptakes of the myocardium were expressed as
the maximum standardized uptake value (SUVmax) [28]. All
image analyses were conducted by using PMOD version 3.2
image analysis software (PMOD Technologies Ltd., Zurich,
Switzerland).

2.4. Isolated Heart Perfusion. Rats were anesthetized with
sodium pentobarbitone (50mg/kg, intraperitoneal injection,
IP) and given heparin (300 units/kg, IP), following a cervical
dislocation. Immediately, hearts were isolated in ice-cold
Krebs–Henseleit buffer [21], cannulated via the aorta, and
perfused in Langendorff mode at a constant perfusion
pressure of 100mmHg at 37°C [29]. Hearts were perfused
with KH buffer (137.0mM NaCl, 5.4mM KCl, 1.22mM

MgSO4, 1.8mM CaCl2, 1.2mM KH2PO4, 11.0mM dextrose,
and 6.0mM HEPES, pH 7.4), gassed with 95% O2 and 5%
CO2 in steady perfusion for 10min. 0en, the dextrose in
KH buffer was replaced with [U-13C]Glc, following 2min
perfusion. 0e hearts were removed from the Langendorff
perfusion system after completing the perfusion, and each
compartment of the heart was separated at the saline cooling
bath. Each compartment of the hearts was wrapped in an
aluminum foil and stored in liquid nitrogen for further usage.

2.5. NMR Metabolomic Study and Data Analysis. NMR
spectra were acquired using a Bruker Avance III HD 600MHz
spectrometer operating at 600.13MHz and equipped with
a TXI CryoProbe at 300K. Two types of 1HNMR spectra were
acquired: NOESY and Carr–Purcell–Meiboom–Gill (CPMG)
pulse sequence. 0e analyzed aqueous metabolites were glu-
cose, lactate, acetate, glutamine, and glutamate; the analyzed
lipophilic metabolite was a long-chain lipid component (CH2)
n. Using the Bruker TopSpin 3.2 software and Chenomx
Profiler 8.0, we integrated the NMR spectra for the HFD and
control groups. 0e ratio of the metabolic concentrations of
HFD and control groups at 18 and 32 weeks was determined,
respectively. 0e metabolic levels of the NMR spectra were
computed by the internal reference of sodium 3-trimethylsilyl-
2,2,3,3-tetradeuteropropionate (TSP) in the aqueous phase
and of tetramethylsilane (TMS) in the lipophilic phase. 0e
sum of 13C resonances at the 4th and 5th positions of glu-
tamate was compared with the sum of 13C resonances at the
1st, 2nd, and 3rd positions (Glu45/Glu123 ratio).

2.6. Western Blotting. Myocardium lysates were analyzed by
western blotting, as described previously [30]. 0e myocar-
dium lysate protein was transferred onto Immun-Blot PVDF
membranes (Bio-Rad, USA). PVDF membranes were

Weekly: cardiac MRI
Monthly: PET, blood draw8–18 weeks

U-[13C]glucose Langendorff perfusion
(1) Control, n = 2
(2) HFD, n = 3

U-[13C]glucose Langendorff perfusion
(1) Control, n = 3
(2) HFD, n = 3

Western blotting
NMR

19–32 weeks
Weekly: cardiac MRI
Monthly: blood draw

(1) Control, n = 3
(2) HFD, n = 3

Fresh hearts 

Western blotting
NMR

1 control dead

18 SD rats (male, 8 weeks):
(1) Chow diet (control, n = 9)
(2) High-fat diet (45% lipid; HFD, n = 9)

Figure 1: Flow chart of animal experiments. 0e age and number of animals used in each experiment are displayed. Rats were divided into
two groups by the high-fat diet and regular chow diet, following the biochemical assessment, in vivo imaging study, Langendorff perfusion
NMR, and western blotting.
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incubated with Glut4 (1F8) Mouse mAb, AceCS1 (D19C6)
antibody (Cell Signaling, MA, USA), caspase-3 antibody (Cell
Signaling, MA, USA), PARP antibody (Cell Signaling, MA,
USA), LC3B antibody (Cell Signaling, MA, USA), and β-actin
(as a loading control; Sigma-Aldrich, Israel). 0e mem-
branes were then incubated with the anti-rabbit or anti-mouse
secondary antibody (Sigma-Aldrich, Israel). Specific binding
antibody-target protein interactions were rinsed with ECL
(BioRad, USA) and detected under the chemiluminescence
system (BioSpectrum UVP, CA, USA). Each blotting band
was normalized with its loading control and quantitated
utilizing ImageJ 1.49t.

2.7. Relative Gene Expression Analysis for Slc2a4 (Glut4) and
Acss2 (AceCS1). First, total RNA of each sample was
extracted using AurumTM Total RNA Fatty and Fibrous
Tissue Kit (Bio-Rad, USA) and was quantified by NanoDrop
1000 Spectrophotometer (0ermo Scientific, USA). Reverse
transcription was then demonstrated via iSciptTM cDNA

Synthesis Kit (Bio-Rad, USA) by adding 1 μg of total RNA on
CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad,
USA). Real-time PCR was performed by means of SsoFast™
EvaGreen® Supermixes (Bio-Rad, USA) on CFX96 Touch™
Real-Time PCR Detection System (Bio-Rad, USA) through
adding an equal volume (2 μl) of cDNA products of each
sample. 0e target genes were Slc2a4 (for Glut4; Bio-Rad,
qRnoCID0001996, USA) and Acss2 (for AceCS1; Bio-Rad,
qRnoCID0005949, USA), β-actin was selected as an internal
control (forward primer sequence: 5′-CGGTCAGGTCAT-
CACTATC-3′; reverse primer sequence: 5′-TGCCA-
CAGGATTCCATAC-3′). Further ΔCq of the target gene
expression was calculated and normalized with β-actin by
the equation ΔCq� Cq(target) – Cq(β-actin).

2.8. Statistical Analysis. Values are expressed as means± SD
(standard deviation). Statistical analyses were performed
using Prism Software (version 6; GraphPad). Data were not
normally distributed based on the Kolmogorov–Smirnov test.
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Figure 2: Characterization of HFD-induced obesity model. Rats fed high-fat diet became significantly obese in the time course of body
weight (a). Slightly increased glucose concentration in plasma in the HFD group after 10 weeks of high-fat diet feeding (b). Significantly
increased insulin (c), HOMA-IR (d), triglyceride (e), and total cholesterol (f ) concentration in the HFD group after 10 weeks of high-fat diet
feeding. Slightly decreased HDL-C in the HFD group after 10 weeks of high-fat diet feeding (g). Taken together, the HFD rats developed
insulin resistance in 10 weeks after high-fat diet feeding. ∗P< 0.05; ∗∗P< 0.01; ∗∗∗P< 0.001 versus control.
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0erefore, the cardiac uptakes in the control and HFD groups
were compared using Kruskal–Wallis analysis followed by the
nonparametric Tukey test. In other experimental data, the
comparison of control and HFD groups was done by Stu-
dent’s t-test with nonparametric Mann–Whitney test. A P

value of 0.05 or less was considered statistically significant.

3. Results

3.1. Physiological and Hemodynamics Remodeling in HFD-
Induced IR Hearts. After diet alteration for 10 weeks, rats
fed HFD developed a phenotype of IR syndrome, which
is characterized by hyperlipidemia and hyperinsulinemia
and impaired fasting glucose and homeostasis model
assessment-insulin resistance (HOMA-IR), as shown in
Figure 2. 0e values of HOMA-IR were obtained by means
of the HOMA2 calculator. 0e body weight, blood insulin
concentration, HOMA-IR, triglyceride, and total cholesterol
significantly increased in the HFD group (P< 0.05), as
compared with the control group.

3.2.Morphological Effect ofHFDonCMR. 0e representative
short axis of CMR images in end-systolic and end-diastolic
phases in the control and the HFD rats at 16 weeks of age is
demonstrated in Figure 3. In vivo cardiac function of control
and HFD groups was summarized by CMR with QMass
analysis and pool analysis comparison in Table 1. Rats with
HFD have a higher ejection fraction, smaller left ventricular
end-systolic volume (LVESV), and thicker end-systolic wall
thickness than the control group (P< 0.05).

3.3.Metabolic Effect ofHFDon 18F-FDGPET. HFD rats have
altered in vivo myocardial 18F-FDG uptakes. 0e SUVmax of
the left ventricular myocardium was significantly increased
in the HFD group than that in the control group over time
periods. (SUVmax, 1.71± 0.36 versus 1.22± 0.16 at week 1;
2.18± 0.39 versus 0.92± 0.05 at week 4, P � 0.0049; 2.00±
0.93 versus 1.10± 0.08 at week 7), as shown in Figure 4. 18F-
FDG can be taken up by glycolytic cells and phosphorylated
by hexokinase but was trapped in the cells in its phos-
phorylated form, due to lacks of a 2′ hydroxyl group needed
for subsequent metabolism [31]. 0erefore, we used [U-13C]
Glc NMR to further study the downstream metabolism of
myocardium glucose utilization.

3.4. High-Resolution NMR Analysis of [U-13C]Glc Perfused
Myocardium. 0ere is a list of the steady-state aqueous
metabolites associated with the glucose metabolic pathway
of the HFD and control rat hearts by 1H NMR spectrum
analyses in Supplementary Material 1. 0e majority of
myocardial metabolites maintained stable as compared with
controls, except levels of acetate, butyrate, glutamine,
O-acetylcarnitine, propionate, taurine, and uridine signifi-
cantly decreased in the HFD groups compared to the control
group (P< 0.05). 0ose altered levels of metabolites such as
acetate, butyrate, and glutamine were associated with the
pathways of glucose metabolism. Other altered levels of

metabolites, O-acetylcarnitine, propionate, taurine, and uri-
dine were related to the pathway of fatty acid metabolism. To
further interrogate the increased glucose uptake demonstrated
on 18F-FDG PET, glucose tracers labeled at each carbon
position [U-13C]Glc was infused into the Langendorff per-
fusion system, to analyze the glucose utility of the HFD.
Figure 5 reveals the glucose metabolic network identified by
the [U-13C]Glc NMR system. In myocardium glucose utili-
zation, the 13C-carbon of glucose was metabolized to glycine
(Gly), lactate, and pyruvate as well as acetyl-CoA. 0e 13C-
carbon from acetyl-CoA was contained in citrate, isocitrate,
and α-ketoglutarate (αKG), which synthesizes glutamic acid
and glutamine (Gln). 0e 13C-carbon at the 4th and 5th
positions of glutamine indicates the utility of [U-13C]Glc
undergoing oxidative phosphorylation via the TCA cycle. 0e
Glu45/Glu123 ratio of labeled 13C-carbon in glucosemetabolic
substances of HFD groups is significantly higher than that of
control groups (18 weeks of age: 0.38± 0.03 versus 0.33± 0.01;
32 weeks of age: 1.06± 0.28 versus 0.39± 0.07, P � 0.017).

3.5. Myocardial Overexpression of Glut4, PARP, and LC3B in
HFD-Induced IR. Interestingly, we found the protein ex-
pression of Glut4 increased in accordance with the change
on the 18F-FDG PET (P< 0.05). 0e mRNA levels for Glut4
(Slc2a4 gene) were also altered (P< 0.05). 0e different
trends in mRNA and protein expression might indicate
a complex feedback mechanism and warrant further study.
0e AceCS1 protein and ACSS2mRNA expression were not
significantly changed during both the early and late HFD
feeding. However, in 18 weeks of age rat myocardium, the
PARP expression was significantly increased as compared
with the control (P< 0.05), following to 32 weeks of age, the
PARP expression was decreased (early versus late, P< 0.05).

Ctrl

HFD

End-systolic

5 mm

5 mm

End-diastolic

Figure 3: 0e representative short axis of CMR images in end-
systolic and end-diastolic phases. 0e myocardium CMR images of
control and HFD rats in end-systolic and end-diastolic phases are
shown. 0e ejection fraction of the HFD rats significantly increased,
and the left ventricle volume of the HFD rats significantly decreased,
as compared with control rats based on the QMass analysis.

Contrast Media & Molecular Imaging 5



Notably, the expression of LC3B, an autophagy activation
protein, was higher in the 32 weeks of age HFD group
compared with the control (P< 0.05) (Figure 6).

4. Discussion

In the present study, we found theHFD rats in 10weeks high-fat
diet feeding results in mild hyperglycemia, hypercholesterol-
emia, hyperinsulinemia, and homeostasis model assessment-IR
(HOMA-IR), as determined by the biochemical and physio-
logical analysis, with a significant increase in body weight. 0e
significantly increased EF and decreased LVEDVwas measured
in the HFD rats, indicating that the ten-week HFD fed rats

might develop the myocardial hypertrophy, observed as
the thicker myocardium wall by CMR. Corresponding to
18F-FDG PET study, the myocardium walls of the HFD rats
show significant 18F-FDG uptake among seven weeks, im-
plying that the HFD rats need amounts of glucose to acquire
the energy to support the hypertrophic myocardium activities
under glucose utilization in the early stage. Also, with in-
creased glucose metabolite, for example, glutamine and
glutamate, and Glut4 expression in late stage, the highly in-
creased myocardium glucose utilization in HFD rats should
fully be demonstrated as taking the results together.

We noticed that blood glucose levels between control
and high-fat diet groups did not different significantly,

Table 1: Comparison of the cardiac function of control and HFD rats.

Cardiac function Control (n � 9) HFD (n � 9) P value
Ejection fraction (%) 73.32± 0.8229 79.50± 1.799 0.0096∗
Stoke volume (μl) 322.2± 24.22 317.7± 23.52 0.8953
LV volume of ED (μl) 439.9± 32.71 399.0± 26.79 0.3415
LV volume of ES (μl) 117.7± 9.545 81.33± 7.833 0.0081∗∗
Cardiac output (μl/min) 133.7± 10.06 131.9± 9.765 0.8987
ED segmented wall thickness (mm) 3.061± 0.068 3.391± 0.098 0.0168∗

Values are expressed as mean± SD. 0e cardiac function of the control and HFD rats was measured from CMR images and QMass Software; ∗P< 0.05 and
∗∗P< 0.01 versus control; LV� left ventricle; ED� end-diastolic volume; ES� end-systolic volume.
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Figure 4: 18F-FDG PET/CT imaging. (a) Representative midventricular transversal images in a time course. 0e right image is a corre-
sponding coronal plane 18F-FDG PET/CT. (b) Quantitative myocardial glucose uptake bymicro-PETafter intravenous injection of 18F-FDG
in the control (n � 3) and HFD (n � 3) rats. Significantly increased myocardial 18F-FDG uptake in 4 weeks after HFD feeding is noted.
∗P< 0.05 versus control. Ctrl� control.
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which might be attributed to our fasting procedure that is
not strict. Even though we removed their food from cages,
rats still could eat the bedding materials, fests, and food
debris remaining in the cages. Our observations were in line
with reports showing no significant difference in glucose
levels between control and high-fat diet feeding rats for 9
weeks [32] and 16 weeks [33].

Our results detailed how the Randel cycle replenishes the
intermediates of the citric acid cycle. 0e hemodynamic stress
of HFD-inducedmyocardium overrides fatty acid inhibition of
glucose metabolism, which is presumably associated with
activation of AMP-activated protein kinase (AMPK), an
immediate metabolic adaption and protects the heart from
ischemic stress [34]. Interestingly, some previous studies
reported that myocardial IR induced by HFD feeding

preserves the cardiac contractile function in mild to moderate
heart failure rats [35]. Histopathological analysis of the cross-
sectional area of myocardium showed significantly increased
thickness in HFD rats [24]. We showed that the myocardial
hypertrophy induced by HFD needs to consume more energy
to support its activity and function by glycose utilization. In
line with our results, the increase in myocardial glucose
utilization rate compensates the poor fatty acid uptake in the
rats with spontaneously hypertension or myocardial in-
farction [36, 37]. Due to the disturbance in cardiac meta-
bolism, the HFD results in the hyperinsulinemia and
hemodynamics remodeling in the pre-T2DM rat model. On
the contrary, the cardiomyocytes cross-sectional area increased
in the long-termHFD feedingmice [38]. In anothermice study
with a prolonged HFD for 20 weeks, there was a 40% increase
in fatty acid oxidation in the myocardium, whereas glucose
oxidationwas decreased to 30% of the control [39]. Contrary to
our pre-T2DM ratmodel, the diabetic mousemodel appears to
be a different metabolic phenotype of cardiopathology.

Some previous reports have demonstrated the alteration
of myocardial metabolism in the various diabetic rat models
[11]. Shoghi et al. found the decreased myocardial glucose
uptake rate in PET images and lower expression of glucose
transporters (Glut1 and Glut4) in 20-week-old Zucker Di-
abetic Fatty (ZDF) rats (fa/fa) but did not show significant
difference in morphological changes in the echocardiogra-
phy measurements [40]. Feeding Wistar rats with high-fat
and high-fructose diet for 16 weeks with a small dose of
streptozotocin, Menard et al. reported altered myocardium
energy metabolism as well as increased myocardial non-
esterified fatty acid uptake in the 14 (R, S)-18F-fluoro-6-thia-
heptadecanoic acid (18F-FTHA) micro-PET images [41]. 0e
above evidence supports the metabolic alterations in the
myocardium during the development of T2DM.

18F-FDG PET demonstrated an early alternation of
myocardium glucose utilization in 4-week HFD, whereas the
myocardium dysfunction of HFD rats was detected by CMR
after 18-week HFD. It seems to be reasonable that the per-
turbation of myocardium metabolism is followed by
the myocardium dysfunction over the progression of the
insulin-induced cardiopathological diseases. We have shown
the myocardium glucose utilization by in vivo glucose analogs
PET tracer and ex vivo labeling [U-13C]Glc NMR. More
recent reports suggested the glutamine as a vital biomarker of
metabolic syndromes and insulin-resistant phenotypes
[42, 43]. 0e mice fed oral supplementation of glutamine
leading to reduced glucose concentration, indicating gluta-
mine, may play a critical role in the metabolic disease path-
ways. In our study, we showed that the ratio of labeled C4-5 to
C1-3 in glutamine in HFD mice hearts increases, implying
either increased Glu45 or decreased Glu123. Glu45 is from
[U-13C]Glc; Glu123 can be fromglutamine uptake, which did not
occur in our study. 0e increased glutamine concentration in
HFD mice myocardium could be a positive feedback mecha-
nism as the myocardium suffers from the metabolic problem.
0e further mechanism of glutamine feedback warrants vali-
dations in the future. Furthermore, themyocardium fatty acid is
considered to predominate the metabolism in the diabetic heart
diseases prevailing, which has not been discussed in our study.
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Figure 5: [U-13C]-labeled downstream glucose metabolism. (a)
0e measurement of downstream glucose metabolism by [U-13C]-
labeled glucose and NMR technique. 0e carbon atoms of gluta-
mine (Glu45) are from the upstream of glucose metabolism. (b)0e
13C NMR full spectrum of the myocardium in the HFD rats is
demonstrated. After the citric acid cycle, the 4th labeled carbon
position in glutamate showed a higher signal than that of the other
positions.
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Even so, several published literature have investigated the
myocardium energy utilization by PET radiopharmaceuticals
such as carbohydrate metabolism (18F-FDG, 11C-acetate, and
11C-glucose) and fatty acid metabolism (11C-palmitate and
fatty acid analogs) [44]. 0e multiple metabolic substrates
PET tracers could be our further study direction to investigate
the myocardium energy utilization and metabolism.

Cardiac health relies on the heart’s ability to utilize dif-
ferent substrates to support overall oxidative metabolism to
generate ATP. We demonstrated overexpressed Glut4 and
associated changes in mRNA levels in the HFD group, which
linked to an increased autophagy activity protein that might
intent to generate the additional ATP to support the excessed
myocardium activities from the cardiac hypertrophy of HFD
rats. 0e switch from glucose to fatty acid oxidation leads to
a less-efficient oxidative phosphorylation because more
electrons transported to complex 2 rather than complex 1 in
the mitochondrial respiratory chain, hence increasing the
production of ROS. Our study represented the earlymetabolic
adaptation of myocardium induced by HFD. 0e identifi-
cation of the metabolic phenotypes of chronic diseases in-
cluding diabetics and heart failure in an early period facilitates
the improvement of therapeutic impact [34]. 0e presence of
pre-DM IR associated with a higher reliance on myocardial
glucose metabolism. 0e perturbations in myocardial meta-
bolism may precede an eventual decline of the left ventric-
ular function. Future research should explore the influence of
pre-DM status on clinical cardiac 18F-FDG PET imaging to
better stratify patients for suitable therapeutic intervention.

5. Limitations

0ere are limitations to this study. First, the obese and
T2DM heart is less adaptable to myocardial substrate
metabolism under anesthesia, known as anesthesia-induced
cardioprotection [45]. Anesthesia is unavoidable during in

vivo imaging study, and the impact to experimental results still
under debate [45, 46]. 0erefore, a minimum dose of anes-
thesia was considered as a concession in our study. Instead of
using a continuous dynamic scan, our micro-PET study was
acquired 30min as a static scan, not only keeping conscious
during the uptake period but also less time-consuming to adapt
clinical situation. For this purpose, we had decided to omit the
metabolic rate of glucose with 18F-FDG derived from dynamic
PET scan and Patlak analysis. Nevertheless, we used a clinical
standard quantitative SUV of themyocardium to reflect analog
glucose uptake in the regional organs [28].

0e glucose utilization is increased in the early HFD-
induced myocardial adaptation in the pre-T2DM model, in
contrast to the glucose metabolism transit to fatty acid
metabolism for energy utility in the myocardium in the late
T2DM. Although the preliminary report demonstrated the
potential to quantify the myocardial triglyceride content using
CMR spectroscopy [47], CMR spectroscopy suffered from the
limited sensitivity to detect the glycolysis pathway and was not
chosen in this study. 18F-FDG, although being transported into
themyocardium and phosphorylated by hexokinase as the first
step toward glycolysis, is trapped intracellularly as 18F-FDG-6-
phosphate, thus cannot track down the downstream glycolytic
pathway. 0erefore, we applied a combination approach of
18F-FDG and [U-13C]Glc NMR metabolomic analysis trying
to understand the whole metabolic landscape. Nevertheless, it
is the first time that the downstream metabolic products of
pyruvate can be monitored by imaging the augmented form of
CMR-hyperpolarized [1-13C] pyruvate in real time, and
hopefully, these promising results found in this study will have
clinical applications in the near future [48].

6. Conclusions

In conclusion, HFD-induced IR induces cardiac morpho-
logical changes, with a higher ejection fraction, smaller
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Figure 6: Western blotting and mRNA analysis of myocardium: AceCS1, Glut4, PARP, and LC3B protein expression and Slc2a4 and Acss2
gene expression in the perfusion hearts in HFD and control rats in 18 weeks and 36 weeks after high-fat diet feeding. AceCS1 protein expression
and Acss2 gene expression did not show a significant difference between control and HFD in early and late stages. However, mRNA levels
change in Glut4, albeit different in trend. Nonetheless, the protein expression of Glut4 increases in accordance with the 18F-FDG PET/CT.
Decreased cleaved/prototype PARP and increased LC3B-autophagy activation in the myocardium of the HFD rats are noted.
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LVESV, and thicker end-systolic wall thickness than the
control group.0e prediabetic myocardium increased glucose
utility undergoing oxidative phosphorylation via the TCA
cycle, supported by overexpression of glucose tranporters and
acetyl-CoA synthase. Noninvasive imaging biomarker has
potentials in detecting the metabolic perturbations prior to
the decline of the left ventricular function.
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Intraplaque inflammation plays an important role in the progression of atherosclerosis. )e 18 kDa translocator protein (TSPO)
expression is upregulated in activated macrophages, representing a potential target to identify inflamed atherosclerotic plaques. We
preclinically evaluated 18F-GE-180, a novel third-generation TSPO radioligand, in a mouse model of atherosclerosis. Methods. Nine
hypercholesterolemic mice deficient in low density lipoprotein receptor and apolipoprotein B48 (LDLR−/−ApoB100/100) and six healthy
C57BL/6Nmice were injected with 10MBq of 18F-GE-180. Specificity of binding was demonstrated in three LDLR−/−ApoB100/100 mice
by injection of nonradioactive reference compound of 18F-GE-180 before 18F-GE-180. Dynamic 30-minute PET was performed
followed by contrast-enhanced CT, and themice were sacrificed at 60minutes after injection. Tissue samples were obtained for ex vivo
biodistribution measurements, and aortas were cut into serial cryosections for digital autoradiography. )e presence of macrophages
and TSPO was studied by immunohistochemistry. )e 18F-GE-180 retention in plaque areas with different macrophage densities and
lesion-free vessel wall were compared. Results. )e LDLR−/−ApoB100/100 mice showed large, inflamed plaques in the aorta. Auto-
radiography revealed significantly higher 18F-GE-180 retention in macrophage-rich plaque areas than in noninflamed areas (count
densities 150± 45PSL/mm2 versus 51± 12PSL/mm2, p< 0.001). Prominent retention in the vessel wall without plaque was also
observed (220± 41PSL/mm2). Blocking with nonradioactive GE-180 diminished the difference in count densities between
macrophage-rich and noninflamed areas in atherosclerotic plaques and lowered the count density in vessel wall without plaque.
Conclusion. 18F-GE-180 shows specific uptake in macrophage-rich areas of atherosclerotic plaques in mice. However, retention in
atherosclerotic lesions does not exceed that in lesion-free vessel wall.)e third-generation TSPO radioligand 18F-GE-180 did not show
improved characteristics for imaging atherosclerotic plaque inflammation compared to previously studied TSPO-targeting tracers.

1. Introduction

Atherosclerosis is a disease of the vessel wall involving both
systemic and local inflammatory processes. Macrophages

have a central role in the development of atherosclerosis,
from initiation of the inflammatory process to plaque
progression and even plaque rupture [1, 2]. Detection of the
level of inflammation in atherosclerosis would have high
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value in assessing disease activity. An imaging method for
that purpose would also advance the development of anti-
inflammatory drugs for atherosclerosis, since it would allow
following up the treatment efficacy.

Positron emission tomography/computed tomography
(PET/CT) imaging is a sensitive and quantitative method for
detecting biological processes. Glucose analogue 2-deoxy-2-
[18F]-fluoro-D-glucose (18F-FDG) PET/CT is a sensitive
method for detecting inflammatory activity in vascular wall
based on uptake in inflammatory cells [3, 4]. 18F-FDG,
however, is not specific for inflammation, and therefore,
new imaging tracers for a more specific inflammation de-
tection and therapy evaluation are needed. )e 18 kDa
translocator protein (TSPO), previously known as periph-
eral benzodiazepine receptor, is an evolutionarily conserved
and ubiquitously expressed protein mainly localized in the
outer mitochondrial membrane. It is involved in steroid
biosynthesis as well as in mitochondrial cholesterol trans-
port. It has been studied both as a potential therapeutic
target and as a target for imaging purposes [5–8]. Imaging of
TSPO has been studied mainly in neuroinflammatory dis-
eases, since TSPO is highly expressed in activated microglial
cells. )e prototypic TSPO PET tracer 11C-(R)-PK11195 and
many new-generation tracers have been evaluated for that
purpose [9]. Since TSPO is expressed in active macrophages,
there has also been attempts to image atherosclerotic in-
flammation with TSPO-targeting tracers, both in preclinical
[10–12] and clinical [13, 14] settings. Imaging with 11C-(R)-
PK11195 is limited by a low target-to-background ratio, and
for many second-generation TSPO radioligands, a genetic
polymorphism affects their binding [15]. )erefore, novel
tracers would be desirable to overcome these limitations.

S-N,N-diethyl-9-[2-18F-fluoroethyl]-5-methoxy-2,3,4,9-
tetrahydro-1H-carbazole-4-carboxamide (Flutriciclamide,
18F-GE-180) is a novel, third-generation TSPO radioligand
with high affinity and specific binding [16–18]. We aimed at
evaluating 18F-GE-180 in the imaging of atherosclerotic
plaque inflammation in a LDLR−/−ApoB100/100 mouse
model. We studied the tissue distribution and retention of
the radiotracer by in vivo PET/CT imaging and ex vivo
biodistribution. Ex vivo autoradiography was performed to
assess the tracer retention in plaque areas with different
macrophage densities. )e specificity of the 18F-GE-180
binding was studied in mice with preinjection of excess of
nonradioactive reference compound of 18F-GE-180 (non-
radioactive GE-180). )e presence of TSPO and macro-
phages in aorta was studied by immunohistochemistry.

2. Materials and Methods

2.1. Animals. All mice were housed in animal facilities of
University of Turku Central Animal Laboratory under
standard conditions with lights on from 6.00 am to 6.00 pm.
)e mice had ad libitum access to water and food throughout
the study. All studies were conducted with approval from the
Lab-Animal Care & Use Committee of the State Provincial
Office of Southern Finland (Reference number ESAVI/1583/
04.10.03/2012) and in compliance with the European Union
directives relating to the conduct of animal experimentation.

Hypercholesterolemic mouse model deficient in the LDL
receptor and apoB48 (LDLR−/−ApoB100/100) was utilized.
)e lipid profile of these mice resembles human familial
hypercholesterolemia, and they develop large, inflamed
plaques in the aortas. Nine male LDLR−/−ApoB100/100 mice
were fed with Western-type diet (TD.88137, Harlan Teklad,
consisting of 42% of calories from fat and 0.2% from cho-
lesterol, no sodium cholate, Harlan Laboratories, Madison,
WI, USA) for 4-5 months, starting at the age of two months.
Six male 6-7-month-old C57BL/6N mice fed with regular
chow diet were utilized as healthy controls. )e details of
studied mice are presented in Table 1.

2.2. Radiosynthesis of 18F-GE-180. 18F-GE-180 was synthe-
sized according to the previously described protocol [19].
)e molar activity was 1800± 740GBq/µmol at the end of
synthesis, and the radiochemical purity was >97% in each
tracer batch. )e nondecay-corrected radiochemical yield
was 53%± 3%.

2.3. In Vivo Imaging. )e mice were anaesthetized with
2–2.5% isoflurane inhalation and kept on a heating pad.
)ey were first imaged with CT for attenuation correction
(InveonMultimodality PET/CT, SiemensMedical Solutions,
Knoxville, TN, USA). After CT, approximately 10MBq of
18F-GE-180 was administered as an intravenous bolus in-
jection via a tail vein cannula, and a 30-minute dynamic PET
was started at the same time with the injection. After PET,
100 µl of intravenous contrast agent (eXIA160XL, Binitio
Biomedical Inc., Ottawa, ON, Canada) was injected, and
a high-resolution CT was performed as described in [20].
)e PET images were reconstructed with 2D ordered-subset
expectation maximization (OSEM2D) algorithm with two
iterations into 2× 30 s, 4× 60 s, and 5× 300 s time frames,
and CT images were reconstructed with a Feldkamp-based

Table 1: Characteristics of studied animals.

LDLR–/–ApoB100/100 C57BL/6N LDLR–/–ApoB100/100, block
Number of mice 6 6 3
Weight (g) 39.5± 6.2 34.6± 3.6 30.9± 6.3
Age (months) 6.8± 0.3 5.7± 0.5 7.0± 0.2
High-fat diet (months) 4.6± 0.1 — 5.0± 0.2
Injected radioactivity (MBq) 10.0± 0.2 10.1± 0.5 10.3± 0.2
)e data are given in mean ± standard deviation. Block: excess amount of nonradioactive GE-180 given intravenously 5 minutes before administration of
18F-GE-180.
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algorithm. )e radioactivity concentration in tissues was
analysed by defining regions of interest (ROIs) with Carimas
2.9 program (Turku PET Centre, Turku, Finland). )e ROI
for blood was placed in the left jugular vein. )e results were
extracted as mean standardized uptake values (SUV) and
were plotted as time-activity curves. Mean SUVs at 20–
30min after injection were utilized in numerical
calculations.

2.4. Blocking Study. For three LDLR−/−ApoB100/100, an in
vivo blocking study was performed to demonstrate the
specificity of 18F-GE-180. )ese mice were injected with
excess amount (3mg/kg) of nonradioactive GE-180 (GE
Healthcare Ltd., Amersham, United Kingdom) 5 minutes
before the injection of radioactive 18F-GE-180. Nonradioactive
GE-180 was dissolved in 20% ethanol, 20% dimethyl sulfoxide
(DMSO), and 60% sterile water, and the injection volume was
2ml/kg. After that, we followed the same protocol as in the
other mice in the study.

2.5. Tissue Sampling and Ex Vivo Biodistribution. At 60min
after injection of 18F-GE-180, the mice were sacrificed. Under
deep isoflurane anesthesia, the blood was collected by cardiac
puncture into heparinized tubes and mice were euthanized
with cervical dislocation. Samples of blood and various tissues
were collected and weighed, and the radioactivity was mea-
sured using a gamma counter (Triathler 3″, Hidex, Turku,
Finland) cross-calibrated with a dose calibrator (VDC-202,
Veenstra Instruments, Joure, Netherlands). Radioactive decay
was corrected to the time of injection, and the dose remaining
in the injection site was subtracted. )e radioactive con-
centration measured in the tissue samples was expressed as
SUV. For the radioactivity measurements, the aorta from
ascending aorta to the level of diaphragm was dissected and
blood was removed with saline. )e aortic roots of mice were
preserved in formalin and embedded in paraffin for histo-
logical analyses.

2.6.AutoradiographyofAorticCryosections. )e distribution
of radioactivity in aorta was studied with digital autoradi-
ography in LDLR−/−ApoB100/100 mice. )e saline-rinsed
aorta was frozen, and sequential longitudinal sections of 8
and 20 μm were cut with a cryomicrotome at −15°C and
thaw-mounted onto microscope slides. )e sections were
air-dried and opposed to an imaging plate (Fuji Imaging
Plate BAS-TR2025, Fuji Photo Film Co., Ltd., Tokyo, Japan).
After an exposure time of 16 h, the imaging plates were
scanned with a Fuji Analyser BAS-5000 (Fuji Photo Film
Co., Ltd., Tokyo, Japan; internal resolution 25 μm).

2.7. Histology and Immunohistochemistry. )e 20 μm aortic
sections were stained with hematoxylin and eosin for
morphology. )e 8 µm aortic sections were stained with
anti-Mac-3 antibody (Clone M3/84, 1:5000, BD Pharmin-
gen, Franklin Lakes, NJ, USA) to detect the macrophages in
plaques. For the aortic roots, serial paraffin sections from
the level of the aortic sinus were cut and stained with either

anti-Mac-3 or anti-TSPO antibody (NBP1-95674, 1 :10,000,
Novus Biologicals, Littleton, CO, USA) or with Movat’s
pentachrome stain. )e detailed methods for immunohis-
tochemistry have been described previously [11]. )e plaque
burden was quantitated from the Movat’s pentachrome
stained aortic root sections as intima-to-media ratio (IMR).
)e quantitation was performed with ImageJ (NIH,
Bethesda, MD, USA).

2.8.AutoradiographyAnalyses. )e autoradiographs of 8 µm
sections were analysed for count densities (photo-stimulated
luminescence per unit area, PSL/mm2) with Tina 2.1 soft-
ware (Raytest Isotopenmessgeräte GmbH, Straubenhardt,
Germany).)e ROIs were defined to plaques and lesion-free
vessel wall according to the histology. )e ROIs in plaques
were divided to three groups (low, intermediate, and high
macrophage infiltration) based on the percentage of Mac-3
positive staining in the plaque area measured by ImageJ
(NIH, Bethesda, MD, USA). )e radioactivity retention in
plaque areas with different macrophage densities and lesion-
free vessel wall were compared.)e background counts were
subtracted, and the retention was normalized to the injected
radioactivity dose per gram of mouse weight as well as the
proportion of tracer decayed during the exposure time [11].

2.9. Statistical Analyses. )e results are expressed as mean±
SD. Statistical analyses were conducted with IBM SPSS
Statistics 23 (IBMCorp., Armonk, NY, USA). p values of less
than 0.05 were considered statistically significant. )e
sample size was evaluated by performing power calculation
based on the previous study evaluating aortic PET tracer
uptake in LDLR−/−ApoB100/100 and C57BL/6N mice [20].
According to the power calculation, assuming the average
tracer uptake (SUV) to be 1.5± 0.11, 5 mice per group would
be needed to detect 15% difference in the uptake at 90%
probability with the alpha value being 0.05. To compare the
tissue radioactivity concentrations of LDLR−/−ApoB100/100
mice to those of C57BL/6N and blocked LDLR−/−ApoB100/100
mice in the in vivo PETand ex vivo biodistribution analyses,
ANOVA with Dunnett’s post hoc correction was per-
formed. In autoradiography, the count densities in areas
with different macrophage percentages and lesion-free vessel
wall were analysed by ANOVA and Tukey’s correction. Com-
parisons between LDLR−/−ApoB100/100 mice and blocked
LDLR−/−ApoB100/100 mice in autoradiography were performed
by Student’s t-test.

3. Results

3.1. Histology and Immunohistochemistry. Histological and
immunohistochemical stainings of the aortic root in
LDLR−/−ApoB100/100 mice and C57BL/6Nmice are shown in
Figure 1. All LDLR−/−ApoB100/100 mice showed extensive
atherosclerosis in the aorta, whereas C57BL/6N mice had
lesion-free arteries. )e IMR in the aortic root was 2.0± 0.6
for LDLR−/−ApoB100/100 mice reflecting significant plaque
burden. )e atherosclerotic plaques in LDLR−/−ApoB100/100
mice contained various amounts of macrophages (Mac-3
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Figure 1: Visualisation of the vascular morphology and the presence of macrophages and TSPO in LDLR–/–ApoB100/100 and C57BL/6N
mice. (a) Movat’s pentachrome stained section of LDLR–/–ApoB100/100 aortic root shows large and cell-rich plaque with necrotic core (N)
and fibrous cap (F). W� vessel wall (vascular smooth muscle cells) and M�myocardium. (b) Macrophage immunostaining (Mac-3) of the
same plaque. Positive staining (brown colour) is present in the fibrous cap area. (c) TSPO immunostaining. Positive staining (brown colour)
is present in the same areas as Mac-3 positive staining and additionally in vascular smooth muscle cells (arrow), endothelial cells (ar-
rowhead), and in the myocardium. (d) Movat’s pentachrome stained aortic root section of C57BL/6N mouse shows lesion-free vessel wall
lined by endothelium. (e) Mac-3 staining is negative. (f) Positive TSPO staining is seen in both smooth muscle cells (arrows) and endothelial
cells (arrowhead).

C5
7B

L/
6N L

Liver

ML

RV
S LV

I

(a)

0

2

4

6

10
15
20
25

Ra
di

oa
ct

iv
ity

 co
nc

en
tr

at
io

n 
in

 ti
ss

ue
 (S

U
V

)

0 10 20 30
Time (min)

Adrenal gland
Aorta
Blood
Brain

Intestine and 
contents
Kidney
Liver

Lung
Myocardium
Urine

(b)

Figure 2: Continued.
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positive staining ranging from 3.7% to 53% of the plaque
area). A colocalisation of TSPO staining and Mac-3 staining
was detected in the plaque intima (Figures 1(b) and 1(c)).
However, TSPO staining was also seen in some Mac-3
negative cells. )e medial layer of vessel wall was gener-
ally devoid of Mac-3 staining in both LDLR−/−ApoB100/100
and C57BL/6N mice (Figures 1(b) and 1(e)), whereas TSPO

staining in the vessel wall was intense in both strains
(Figures 1(c) and 1(f)).

3.2. In Vivo PET/CT Imaging. In vivo PET/CT imaging
showed rapid clearance of 18F-GE-180 from the blood cir-
culation and high, transient retention in the lungs. )e
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Figure 2: Representative in vivo PET/CT images. (a) Coronal PET/CT image shows the sum of 18F-GE-180 radioactivity within 0–30
minutes after injection in a healthy C57BL/6Nmouse. High radioactivity concentration is seen in the lungs (L), myocardium (M), and in the
intestine and its contents (I). Close-up of the thoracic area is shown, with an arrow pointing to the aortic arch. Left and right ventricles as
well as septum (LV, RV, and S) are annotated in the CT image. (b) Mean time-activity curves derived from six C57BL/6N mice show rapid
peaking in the lung radioactivity concentration. (c) PET/CT in LDLR–/–ApoB100/100 mice. In the thoracic close-up, the arrow points to
a plaque in the aortic arch. (d) Mean time-activity curves derived from six LDLR–/–ApoB100/100 mice. (e) )e effect of preinjection with
nonradioactive GE-180 to the 18F-GE-180 distribution. Radioactivity concentration is increased in the gallbladder (G), intestine and its
contents, and brown adipose tissue (BAT) and decreased in the lungs and myocardium. Close-up of the thoracic area is shown, with an
arrow pointing to plaque in the aortic arch. (d) Mean time-activity curves derived from three LDLR–/–ApoB100/100 mice preinjected with
nonradioactive GE-180. Highest radioactivity concentration is observed in the intestine and its contents.
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highest retention was observed at 1-minute time point (SUV
13± 2.6), which lowered to SUV 2.8± 0.45 at 30 minutes.
High retention of radioactivity was seen in the kidneys,
adrenal glands, intestine and its contents, and myocardium
(Figure 2(a)). Radioactivity concentration in the aorta was
similar in LDLR−/−ApoB100/100 mice and C57BL/6N mice
(SUV 0.87± 0.18 versus 1.0± 0.12). At 20–30 minutes after
injection, LDLR−/−ApoB100/100 mice had significantly lower
radioactivity concentration in the brain compared to the
C57BL/6N mice (SUV 0.57± 0.10 versus 0.71± 0.08,
p � 0.028) and higher retention in the kidneys (6.23± 0.85
versus 5.01± 0.84,p � 0.038). In the other analysed tissues, no
differences between the strains were observed (Table 2).
Preinjection of excess nonradioactive GE-180 had no effect on

the radioactivity concentration measured in the aorta in
LDLR−/−ApoB100/100 mice (SUV 0.90± 0.13). However, it
resulted in reduced radioactivity concentration in the adrenal
glands, brain, kidneys, lungs, myocardium, and spleen and
increased radioactivity concentration in brown and white
adipose tissue, blood, intestine and its contents, and urine
(Figure 2(b), Table 2).

3.3. Ex Vivo Biodistribution. )e ex vivo biodistribution of
18F-GE-180 at 60 minutes after injection was in line with the
results obtained from the PET/CT imaging with few ex-
ceptions (Table 3). )e radioactivity concentration in the aorta
was similar between the LDLR−/−ApoB100/100 and theC57BL/6N
mice (SUV 2.0±0.45 versus 2.5±0.40). Preinjection of

Table 2: 18F-GE-180 in vivo PET/CT imaging results at 20–30 minutes after injection.

LDLR–/–ApoB100/100 (n � 6) C57BL/6N (n � 6) p value LDLR–/–ApoB100/100, block (n � 3) p value
Adrenal gland 3.95± 0.71 4.58± 0.58 2.21± 0.44 0.003
Aorta 0.87± 0.18 1.02± 0.12 0.90± 0.13
BAT 0.37± 0.12 0.37± 0.12 1.37± 0.29 <0.001
Blood 0.48± 0.10 0.56± 0.10 0.81± 0.16 0.003
Bone 0.56± 0.15 0.45± 0.11 0.51± 0.24
Brain 0.57± 0.10 0.71± 0.08 0.028 0.32± 0.02 0.002
Intestine and its contents 3.36± 0.88 2.96± 0.22 23.21± 10.85 <0.001
Kidney 6.23± 0.85 5.01± 0.84 0.038 2.40± 0.47 <0.001
Liver 2.19± 0.68 2.53± 0.32 2.52± 0.44
Lung 2.95± 0.54 3.30± 0.72 0.91± 0.37 0.001
Muscle 0.27± 0.13 0.34± 0.07 0.41± 0.06
Myocardium 2.58± 0.51 3.10± 0.46 0.75± 0.09 <0.001
Pancreas 1.86± 0.48 1.87± 0.24 1.90± 0.45
Spleen 3.65± 0.65 3.69± 0.86 1.44± 0.35 0.002
)ymus 1.02± 0.28 1.29± 0.14 1.02± 0.08
Urine 0.15± 0.03 0.19± 0.17 1.18± 0.47 <0.001
WAT 0.12± 0.02 0.15± 0.05 0.48± 0.41 0.022
)e results are expressed as mean standardized uptake values± standard deviation extracted from the PET/CT images. p values are derived from ANOVA
with Dunnett’s correction, LDLR–/–ApoB100/100 mice as the control group. Blank cell in column indicates insignificant p value (>0.05). Block: excess amount
of nonradioactive GE-180 given intravenously 5 minutes before administration of 18F-GE-180.

TABLE 3: 18F-GE-180 ex vivo biodistribution at 60 minutes after injection.

LDLR–/–ApoB100/100 (n � 6) C57BL/6N (n � 6) p value LDLR–/–ApoB100/100, block (n � 3) p value
Adrenal gland 20.79± 5.08 33.87± 5.24 0.001 4.12± 2.12 0.001
Aorta 2.03± 0.45 2.52± 0.40 1.37± 0.20
BAT 0.84± 0.25 0.56± 0.18 3.37± 0.49 <0.001
Blood 0.23± 0.05 0.16± 0.02 0.046 0.38± 0.08 0.001
Bone 0.99± 0.26 0.88± 0.18 0.75± 0.19
Brain 0.48± 0.05 0.51± 0.07 0.31± 0.05 0.004
Intestine 6.13± 1.44 5.76± 1.21 3.14± 1.50 0.017
Kidney 15.71± 10.27 9.97± 3.32 2.53± 0.29 0.037
Liver 3.20± 0.71 5.14± 1.07 0.005 2.50± 0.68
Lung 13.93± 9.21 9.85± 3.14 2.55± 0.74 0.046
Muscle 0.35± 0.09 0.38± 0.05 0.32± 0.02
Myocardium 2.54± 0.47 2.31± 0.34 0.71± 0.13 <0.001
Pancreas 3.07± 0.69 2.46± 0.44 0.80± 0.11 <0.001
Spleen 6.85± 3.44 6.48± 2.11 1.94± 0.53 0.039
)ymus 1.36± 0.39 2.03± 0.37 0.011 1.42± 0.13
Urine 0.14± 0.06 0.20± 0.14 3.61± 2.60 0.001
WAT 0.22± 0.19 0.14± 0.09 0.36± 0.09
)e results are expressed as standardized uptake values± standard deviation. p values are derived from ANOVA with Dunnett’s correction,
LDLR–/–ApoB100/100 mice as the control group. Blank cell in column indicates insignificant p value (>0.05). Block: excess amount of nonradioactive GE-180
given intravenously 5 minutes before administration of 18F-GE-180.
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nonradioactive GE-180 in LDLR−/−ApoB100/100 mice had no
significant effect (SUV 1.4±0.20). )e radioactivity concen-
tration in the intestine was not increased by preinjection of
nonradioactive GE-180 in the ex vivo measurements. On the
contrary, it caused reduction in the radioactivity concentration
in the pancreas in the ex vivomeasurements, whichwas not seen
in the PET/CT results.

3.4. Autoradiography. In autoradiography images, 18F-GE-
180 retention in aortic atherosclerotic plaques was assessed in
the areas with low, intermediate, and high macrophage
densities as well as in lesion-free vessel wall. In the plaques, the
count density was most prominent in the areas with high and
intermediate macrophage density (150± 38PSL/mm2 and
150± 45PSL/mm2, resp.) (Figure 3). )e percentages of
macrophage staining were 33%± 8.1% and 24%± 6.0% in
those areas.)e count density in the areas of low macrophage
infiltration (8.9%± 3.3% macrophages) was significantly
lower to both intermediate and high macrophage density
areas (51± 12PSL/mm2, p< 0.001). However, the retention in
the vessel wall without lesion formation was even more
prominent (220± 41 PSL/mm2, p< 0.001, p � 0.013, and p �

0.017 to areas of low, intermediate, and high macrophage
density, resp.). Preinjection with nonradioactive GE-180
significantly increased the count density in the areas with
lowestmacrophage density (81± 2.5 PSL/mm2,p � 0.002) and
decreased the count density in the lesion-free vessel wall (100±
18PSL/mm2, p � 0.002). Preinjection of nonradioactive GE-
180 tended to decrease the count density in the plaque areas
with highest and intermediate macrophage densities (110±
0.93PSL/mm2, p � 0.091 and 100± 12PSL/mm2, p � 0.11,
resp.). In the mice preinjected with nonradioactive GE-180,
the percentages of macrophage staining were 43%± 8.8%,
26%± 8.8%, and 9.3%± 4.7% in plaque areas with high, in-
termediate, and low macrophage infiltration, respectively.
)us, no significant difference in the macrophage percentages
between preinjected and the other LDLR–/–ApoB100/100 mice
was observed.

4. Discussion

Several different targets for PET imaging of inflammation in
atherosclerosis have been studied [21]. As an imaging target
for atherosclerosis, TSPO is attractive since it is highly
expressed in macrophages [14]. In the PET imaging of
vascular inflammation with TSPO-targeting tracers, 11C-
(R)-PK11195 has shown great potential especially in imaging
vasculitis [8, 22]. In imaging atherosclerosis, where the
inflammatory process is not as prominent, 11C-(R)-PK11195
has shown lower target-to-background ratio [13]. Novel
TSPO-targeting tracers have been studied in preclinical settings
to overcome this problem. For example, 18F-FEDAA1106 has
been evaluated in the imaging of the carotid artery cuff model
in mice [23] and 11C-PBR28 in a rat model of aortic aneurysm
[24]. Both of these studies showed noticeable tracer uptake in
lesion areas. However, the models represent an induced, in-
tense local inflammation in the vessel wall, which might not
translate to the clinical situation in atherosclerotic patients.
)e model used in the current study might mimic the clinical

atherosclerotic disease better, since there is variable in-
flammatory activity in the plaques. In previous studies with
the same model, both 11C-(R)-PK11195 [10] and a novel
TSPO tracer 18F-FEMPA [11] have shown uptake in
macrophage-rich plaques, but high tracer retention has been
observed in the lesion-free vessel wall.

)e third-generation TSPO radioligand 18F-GE-180
evaluated in the current study showed similar binding
characteristics. It showed uptake in macrophage-rich areas
within atherosclerotic lesions as well as in lesion-free vessel
wall. Tracer retention was most prominent in tissues with
high TSPO expression, such as the lungs and adrenal glands
[25]. Preinjection with nonradioactive GE-180 tended to
reduce the count density in macrophage-rich plaque areas.
In addition, it reduced the retention in tissues with high
expression of TSPO, such as the lungs and myocardium, and
increased the proportion of tracer remaining in the circu-
lation and taken up in adipose tissue. )e kinetics of the
tracer were favorable for in vivo imaging, since the blood
clearance was rapid. However, no differences in aortic ra-
dioactivity concentration were observed between athero-
sclerotic and healthy mice, and the prominent retention in
lesion-free vessel wall as well as in the lungs and myocar-
dium might cause limitations.

In addition to high retention in macrophage-rich
plaque areas, the 18F-GE-180 retention in the vessel wall
without lesion formation was prominent. )erefore, the
aortic radioactivity concentration, measured both in vivo
and ex vivo, showed no difference between
LDLR–/–ApoB100/100 and C57BL/6N mice. As shown by
immunohistochemistry, macrophages as well as smooth
muscle cells and endothelial cells in the aortic wall were
positive for TSPO in both mouse strains. High TSPO
radioligand uptake to vessel wall has been observed in the
same model as in the current study [10, 11] and in a rat
model of aortic aneurysm [26]. However, similar vessel wall
uptake of TSPO radioligands was not reported in another
rat or mouse models [23, 24], nor in the previous studies
with 11C-(R)-PK11195 in patients [13, 22]. )e reason for
this might be differences in the TSPO expression or dif-
ferences between the studied radioligands. TSPO is
expressed in various cell types of the circulatory system,
such as vascular smooth muscle cells and endothelial cells,
and its expression shows variation depending on the
physiological state [27]. For example, the expression of
TSPO in vascular endothelial cells is suggested to be re-
active to proinflammatory stimuli [28]. )e expression of
TSPO in vascular smooth muscle cells also shows variation
between species [29, 30]. Despite TSPO is expressed in
various cells of vessel wall, its expression in macrophages is
significantly higher than in the other cell types present in
the vascular wall in humans [14]. )erefore, the observed
high retention in lesion-free vessel wall in mice might not
preclude the use of 18F-GE-180 in vascular imaging in
patients. )e observed high uptake of TSPO-targeting
tracers in the lesion-free vessel wall seen in the current
study and previous studies in the same mouse model
[10, 11], however, suggest that other animal models should
be chosen for future studies with TSPO-targeting tracers.
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)e aortic 18F-GE-180 radioactivity concentration in
LDLR–/–ApoB100/100 mice was not significantly affected by
blocking with nonradioactive GE-180; however, the pattern
of uptake in the vessel components altered significantly.

Without the preinjection, the 18F-GE-180 count density was
very focused on plaque areas with intermediate or high
macrophage infiltration, and the count density was very low
in the areas with low number of macrophages. )is reflects
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Figure 3: Ex vivo autoradiography of aortic sections in LDLR–/–ApoB100/100 mice. Longitudinally cut aortic arch stained with hematoxylin-
eosin (a, d) shows large atherosclerotic plaques in the inner curvature of the arch and its all branches. Scale bar is 1mm. AA� aortic arch,
B� brachiocephalic trunk, LC� left common carotid artery, LS� left subclavian artery, L� lumen, and W� lesion-free vessel wall.
Macrophage immunostainings (b, e) show areas of high (arrowhead) and low (black arrow) macrophage infiltration in the plaques. Lesion-
free vessel wall is indicated with a red arrow. (c) Autoradiography shows high 18F-GE-180 count density (red colour) in themacrophage-rich
areas in plaques as well as in the lesion-free vessel wall. Plaque areas with low macrophage infiltration show low count density (blue to
green). (f) Autoradiography in mice preinjected with nonradioactive GE-180 shows similar level of count density in lesion-free vessel wall
and all plaque areas. (g) Quantitative results of the autoradiography. ANOVA with Tukey’s correction were used in assessing differences
between analysed areas within each mouse group. Asterisk indicates statistically significant difference to nonblocked LDLR−/−ApoB100/100

mice in Student’s t-test.
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well the previously observed high 18F-GE-180 uptake in
microglial cells and low retention in the noninflamed brain
areas [31, 32]. Count density in lesion-free vessel wall was
also prominent. Preinjection with GE-180 tended to de-
crease the count density in plaque areas with intermediate
and high macrophage infiltration, whereas it actually in-
creased the count density in areas with low macrophage
infiltration. )is supports the specificity of 18F-GE-180
uptake to macrophages in the plaques, since preinjection
with nonradioactive GE-180 increased the nonspecific re-
tention in lipid-rich, acellular areas of the plaques. )is may
be caused by increased availability of circulating tracer, since
the 18F-GE-180 SUV in blood was higher in the preinjected
mice. )e retention of 18F-GE-180 in lesion-free vessel wall
was also significantly lowered by the preinjection, which was
expected due to prominent TSPO staining seen in the
histology.

)e nonradioactive GE-180 was administered in vehicle
containing 20% DMSO and 20% ethanol due to limited
solubility of the compound. DMSO is known to have anti-
inflammatory properties [33]. )erefore, it is possible that
the effects of preinjection with nonradioactive GE-180might
also be mediated by the vehicle. )e prominent decrease of
18F-GE-180 radioactivity concentration in highly TSPO-
expressing tissues, such as the adrenal glands, however,
suggests occupation of TSPO by nonradioactive GE-180.
Additionally, no difference in the amounts of Mac-3 positive
macrophages was seen between preinjected and the other
mice. Due to the limitation of having Mac-3 as an only
marker of inflammatory cells, the potential acute effect of
DMSO to the inflammatory phenotype cannot be ruled out.
)e lack of more detailed analysis of macrophages and other
inflammatory cells is acknowledged as a limitation in this
study. Notably, the mouse plaque burden was measured
from the aortic root, while the radioactivity measurements
and autoradiography were performed from thoracic aorta.
)is limits the available information on the severity of
atherosclerosis in the aortic areas studied for radioactivity.

)e high and specific lung uptake of TSPO radioligands
has been considered as a potential limiting factor in using
TSPO as an imaging target in vascular imaging [34]. )e
lung uptake is most likely caused by resident inflammatory
cells with high TSPO expression [25]. In the current study,
we observed a high radioactivity concentration in lungs
peaking rapidly and decreasing during the 30-minute dy-
namic in vivo PET/CT imaging. )e optimal imaging time
frame for 18F-GE-180 in neuroinflammatory disease imag-
ing was shown to be 90 minutes or more in previous first-in-
man-studies [17, 18]. At later time points, the lung uptake
may have decreased to such a level that it does not preclude
imaging blood vessels in close proximity. In contrast to the
tracer retention in the lungs, the myocardial radioactivity
concentration did not show clearance during the 30-minute
dynamic imaging. )is may cause limitations for imaging of
the coronary arteries.

)e in vivo imaging of small targets, especially in rodents,
has certain limitations. Analysing small targets, such as the
aortic arch or adrenal glands, is subject to partial volume
effects, which lead to lower SUVs in vivo than ex vivo.

Generally, the SUVs measured from the in vivo PET/CT
images at 20–30 minutes after injection and the ex vivo
SUVs measured at 60 minutes after injection were in line.)e
observed discrepancy in the intestinal radioactivity concen-
tration between in vivo and ex vivo SUVs is probably caused
by technical reasons, since analysed intestinal uptake in vivo
contains both the intestinal tissue and its contents, but for the
ex vivo measurement, the contents were removed. )e pre-
injection with nonradioactive GE-180 decreased pancreatic
radioactivity concentration in the ex vivo measurements but
that was not seen in the in vivo results.)is could be explained
by spillover from surrounding intestinal radioactivity in the in
vivo images, which was high in the GE-180 preinjected mice.

5. Conclusion
18F-GE-180 showed specific uptake in macrophages not only
in atherosclerotic plaques but also in the lesion free vessel
wall in mice. Overall, retention in atherosclerotic lesions did
not exceed that in lesion-free vessel wall in this model of
atherosclerosis. )e third-generation TSPO radioligand 18F-
GE-180 did not show improved characteristics for imaging
atherosclerotic plaque inflammation compared to the pre-
viously studied TSPO-targeting tracers.
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