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Abstract: The translation of results from the preclinical to the clinical setting is often anything
other than straightforward. Indeed, ideas and even very intriguing results obtained at all levels of
preclinical research, i.e., in vitro, on animal models, or even in clinical trials, often require much
effort to validate, and sometimes, even useful data are lost or are demonstrated to be inapplicable
in the clinic. In vivo, small-animal, preclinical imaging uses almost the same technologies in terms
of hardware and software settings as for human patients, and hence, might result in a more rapid
translation. In this perspective, magnetic resonance imaging might be the most translatable technique,
since only in rare cases does it require the use of contrast agents, and when not, sequences developed
in the lab can be readily applied to patients, thanks to their non-invasiveness. The wide range of
sequences can give much useful information on the anatomy and pathophysiology of oncologic lesions
in different body districts. This review aims to underline the versatility of this imaging technique and
its various approaches, reporting the latest preclinical studies on thyroid, breast, and prostate cancers,
both on small laboratory animals and on human patients, according to our previous and ongoing
research lines.

Keywords: translational medicine; preclinical imaging; rodent models; oncology; magnetic
resonance imaging

1. Introduction

Translational medicine is an interdisciplinary branch of biomedicine, which aims to translate
results from preclinical (in vitro and in vivo) research to the clinical setting, the so-called “from bench
to bedside” path [1]. Its main objective is to improve prevention, diagnosis, and treatment strategies
for human diseases by filling the gap between the preclinical and the clinical setting. For fruitful
translational research, it is fundamental that the discovery process, and the relative experimental
design, is immediately aimed at its application in clinical practice [1,2].

In this context, the correct choice of the experimental model and the study design are a fundamental
part of the translational plan, and they must be made carefully. In oncology, the use of animal models
represents a still-irreplaceable step after in vitro studies. Indeed, they are an essential source of in vivo
information, which validates in vitro results and improves their translational value [3–5]. Rodents,
particularly mice, are the most used in vivo oncological models, thanks to their high genetic homology
with humans, their easy genetic manipulability, and their fast reproductive cycle. Hence, their use
allows for concluding studies in a relatively short time [3–7].

In vivo preclinical imaging makes possible noninvasive longitudinal studies; thus, achieving
a reduction in the biological variability and a substantial decrease in the number of animals while
maintaining the statistical power of the data [8–10]. Most imaging techniques for small animals
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are already the same used in clinical settings, i.e., computed tomography (CT), positron emission
tomography (PET), high-frequency ultrasonography (HFUS) and magnetic resonance imaging (MRI),
and hence, are readily translatable. In oncological research, these imaging modalities are useful in
studying drug biodistribution, monitoring treatment response, and identifying new molecular targets
and biomarkers for early tumor detection [3,11–15]. Preclinical scanners have to deal with smaller
“subjects” with higher metabolic and physiological rates. Hence, dedicated scanners are designed
to meet these needs in terms of higher spatial and temporal resolutions but still adopt the same
physical and technological principles of their clinical counterparts, which lead to more direct and faster
translatability of findings [15].

In this perspective, the MRI can be considered the least invasive and most comprehensive
technique, from an anatomo-functional point of view, in the clinical setting. The preclinical MR
scanners have to, as mentioned deal with a smaller field of view and higher spatial resolution, assured
by the use of higher magnetic fields; e.g., up to 11.4 T. Nonetheless, novel sequences able to show specific
pathophysiological features in oncologic disease might be directly translated to the clinic [9,16,17].

This work aimed to review the most recent scientific literature to highlight the translatability of
MRI from preclinical animal studies to clinical oncology. In particular, we focused on thyroid, breast,
and prostate cancer rodent models, according to our previous and ongoing research lines. Indeed, such
histotypes display a significant impact both on clinical oncology and in preclinical research. Moreover,
to underline the versatility of the MRI techniques, some preclinical studies on human patients have
been reported, as well.

2. Animal Models in Oncology

Four broad categories of oncological small animal models are used: xenografts, orthotopic,
patient-derived tumor xenografts (PDXs), and genetically engineered mouse models (GEMMs). As for
spontaneous human cancer, chemical and radiation-induced murine models have also been developed,
and they seem to behave more closely like human tumors [18,19]. Finally, specific considerations will
be made about metastatic models. For most animal models, general anesthesia is usually needed,
either to eliminate the stress and the pain linked to a surgical procedure, or to obtain immobility of the
mouse. The other procedures are usually executable with physical restraint by personnel well-trained
in handling animals [20].

2.1. Xenograft and Orthotopic Models

Subcutaneous and orthotopic xenograft models are based on cancer cell lines directly derived
from human tumors. Such cell lines belong from primary, lymph nodes, or metastatic tumors; they
are immortalized and usually well-defined from the genetic point of view [21,22]. Hence, they allow
extremely reproducible experiments for growth rate, metastatic potential, histopathologic homogeneity,
and biological behavior. For their growth in the host species, i.e., the mouse, the host itself has
to be immunocompromised [3,22]. Depending on the cell line, various degrees of immune system
“knock-out” might be necessary [23,24]. In general, these models summarize well, as mentioned,
the histopathological features present in the original tumoral tissue, but the use of immunodeficient
mice may hinder the study of the tumor–host immune interaction. Subcutaneous xenografts are
more easily reproducible compared to orthotopic implantation, which usually requires invasive
surgical procedures. However, xenografts are not representative of the original tumor in its native
environment [21,25]. On the other hand, the use of orthotopic models reestablishes the interactions
between the tumor and its origin organ and might recapitulate the metastatic behavior with sufficient
penetrance and reproducibility. Nonetheless, a limit of orthotopic models, besides the lack of interaction
with the host’s immune system, is that they do not allow modeling the pre-neoplastic process since the
cell line already has completely tumorous genetic and biological behavior [18,25,26]. Depending on
the murine strain selected, these models might be less expensive than GEMMs [25,26]. These animal
models, for their reproducibility, seem to be ideal for preclinical and translational studies concerning
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therapies for tumor growth and angiogenesis inhibition. Furthermore, they are useful for studying the
pathogenetic aspects of cancer vascular invasion and metastasis [26–28].

Both xenograft and orthotopic models are used to replicate thyroid cancer. In the xenograft models,
selected cell lines are injected into the subcutaneous tissue of immunodeficient mice. The selection of
the appropriate cell line is important not only to fulfill the experimental aims but also because it has been
demonstrated that among 40 thyroid cell lines, almost 40% are cross-contaminated or misidentified [29,30].
Hence, genetic evaluation of the chosen cell lines should always be performed [30,31]. The orthotopic
model is more complex and requires microsurgery to inject tumor cells directly into the murine thyroid
gland [25,26,32]. Recently, an HFUS-guided injection procedure has been presented and resulted in
less invasiveness compared to the standard surgical procedure [33]. Such a procedure was easily
reproducible for the orthotopic implantation of thyroid carcinoma cells and allowed for continuous
monitoring of the disease, for a more extended period and with less contamination of other neck
structures by the carcinomatous cells compared to the surgical approach [33]. In thyroid cancer research,
the orthotopic model allows the understanding of the molecular and cellular mechanisms of thyroid
cancer pathogenesis, improving the evaluation of new therapeutic compounds, and testing the effects
of therapeutic interventions on both the primary tumor and metastases [34,35].

The xenograft and orthotopic mice models are widely used for investigating breast cancer. These
are commonly produced by injecting subcutaneous tumor cells in the flank or orthotopically in the
mammary fat pad of immunocompromised mice. The xenograft models allow one to study, in vivo,
the tumor environment, and tumor growth, but the absence of an intact immune system profoundly
affects tumor development, in particular, its early stages, and the progression of the metastatic process.
Orthotopic models of breast cancer provide a more favorable microenvironment, but there are critical
differences between human and mouse mammary stroma [36]. Commonly, these models involve
athymic nude, severe combined immunodeficiency (SCID) and non-obese diabetic (NOD) SCID
mice, which show genetic and immunological differences that mainly influence the induction and
dissemination of metastases to organs. Indeed, natural killer (NK) cells and the remaining innate
immune cells in nude and SCID mice probably contribute to the reduction of tumor engraftment,
growth, and metastases in these models. On the other hand, NOD SCID and particularly NOD SCID
gamma (NSG) represent a better background to study breast cancer metastases due to the lack of NK
cells, and thus they could be considered ideal for the study of anti-metastatic treatments [37–39].

Prostatic cancer models are usually xenografts, in which tumor cells are inoculated subcutaneously,
and the cellular lines mostly used are either androgen-independent (PC-3 and DU-145) or androgen-
responsive (LNCaP) cells. Such a set of cell lines reproduces various features of the naturally occurring
disease [40,41]. Orthotopic prostate tumor models are relevant to study the growth and metastasis
of prostate cancer. Generally, tumor cells are injected into the prostates of immunodeficient mice;
however, there is a low incidence of tumor formation due to technical difficulties that can be overcome
by intratesticular inoculation [41–43].

The xenograft models of colon cancer are rarely used [44]. The orthotopic model represents an
accurate reproduction of the human pathology and can be generated by the implantation of tumor cells,
via a surgical celiotomy, under the cecal serosa. Alternatively, a model generated by trans-anal rectal
injection has been developed, and it may allow a more accurate investigation of the inflammatory and
immune responses, without the influence of previously-used abdominal surgery. The orthotopic colon
cancer model is useful in inducing local tumor growth but is limited by a low rate of lymph node and
hepatic metastases [45,46].

2.2. Patient-Derived Xenografts (PDX)

The PDX models are based on portions of primary tumors, are collected by biopsy or surgical
excisions, and are transferred from the patient in immunodeficient mice by subcutaneous or orthotopic
implantation. Since these models are derived directly from the patient’s tumor, they have a great
translational potential for the study and development of anticancer therapies in the perspective of
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personalized medicine. The main advantages of PDX are that they duplicate precisely, the original
clinical tumor compared to long-established cell lines, and hence, they preserve the molecular, genetic,
and histological heterogeneity of naturally occurring cancers [47–49]. These models have been shown
to have a predictive value in the clinical outcome and are useful for studying novel or alternative
drugs, in order to identify biomarkers for early predictive responses to the treatment, and thus,
to guide therapeutic approaches in clinical patients. Furthermore, when this model is generated by
an orthotopic implant, it often reproduces, as mentioned, the same metastatic process of the human
disease. All these features give to PDX models, the ability to study metastases and the genetic evolution
of a tumor [47–49]. There are some challenges concerning PDX models. Occasionally, to obtain a
reasonable growth rate, they are propagated between different hosts; i.e., the graft is removed from
one mouse and implanted in another one. During this passage, the stromal components of the mouse
may become dominant over the human one; hence, limiting the translatability of results of the tested
therapies. Moreover, the interaction of the tumor with the immunocompromised hosts does not
allow studying the interaction with the immune system during the anticancer treatment, eventually
hiding crucial therapeutic mechanisms [47,49,50]. Last but not least, the limitation of this model is
linked to long bureaucratic waiting periods when obtaining the necessary authorization for animal
experimentation. Only big governmental projects might be prepared from the perspective of a truly
personalized medicine approach [48].

Concerning thyroid cancer, PDX mouse models accurately reproduce the tumor microenvironment
and the biochemical interaction between tumor cells and stromal components, as previously
mentioned [47]. However, particularly for medullary thyroid carcinomas, there are serious difficulties
in generating a murine PDX model due to the slow tumor growth [51].

The PDX models of human breast cancer are gaining high relevance for preclinical evaluations of
experimental therapeutics. In general, cells derived from patients are transplanted into a mammary
fat pad of immunocompromised mice, particularly in NSG mice that are commonly used and better
suited for PDX generation for their high engraftment rates [52,53].

The PDX models are used to highlight various aspects of prostate cancer in preclinical research.
In particular, they are used to test individual responses to therapy, to clarify the angiogenetic pathways,
and to identify new antimetastatic treatments. The tumor/human stroma interaction can support tumor
growth and improve the onset of metastases resembling the naturally occurring disease. However,
there are several issues during the orthotopic implantation, related to the size of the fragment and the
choice of the implantation site, which have led to lower availability of PDX models of prostate cancer
compared to other histotypes [41,54].

The PDX of colon cancer is generally generated using cultured primary cells derived from a
patient’s colon tumor, which are injected orthotopically into the cecal serosa. The direct transplantation
of colon tumor tissue is being discarded, due to the bacterial contamination and the consequent septic
shock in the immunocompromised host. Moreover, a significant amount of tissue is required, which
can hardly be replaced in the event of engraftment failure. Nonetheless, PDX models of colon cancer
allow the monitoring of tumor growth, metastatic evolution, and the pharmacological responses of
individual patients [55,56].

2.3. Genetically Engineered Mouse Models (GEMMs)

The GEMMs play a significant role in cancer research, and they can be considered the most
advanced animal models recapitulating human pathology [21,57]. The GEMMs develop tumors in
situ, according to the gene(s) activated and/or deleted in immunocompetent, genetically manipulated,
mice; the tumor growth in such models can be either spontaneous or molecularly-induced. These
characteristics are extremely useful in studying the complex processes of carcinogenesis and also
allow evaluating the interactions between tumor cells and the immune system in a more “natural”
microenvironment [18,21]. These models better reflect human disease in terms of biological behavior,
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histology, and genetic accuracy, but they also show some disadvantages, such as variable penetrance,
heterogeneous growth, and tumor latency, and they are expensive [4,13,15,21,57].

Transgenic thyroid cancer mouse models are widely used to study the numerous mutations
already systematically identified in human specimens [25,32]. The GEMMs models represent a way to
study carcinogenesis, tumor progression, and metastatization, and hence, responses to therapeutics.
The use of these models of animals with intact immune systems, as well as the ability to histologically
reproduce human tumors, allows the evaluation of different drugs at different stages of the disease
during tumoral development. However, these models are not useful for evaluating antimetastatic
therapies since they do not always reproduce the specific pathways of human disease [32,57]. They
are also useful for the study of unconventional therapies, such as micro-RNA, small interfering-RNA,
or immunotherapies, during the early events of tumor transformation and progression, and as a
promising approach to customizing anticancer therapy [58].

The GEMMs models of breast cancer display many features of the human pathology, although
they do not entirely recapitulate all its aspects, due to the complexity and heterogeneity of breast
cancers. However, these models are invaluable for investigating the biology and pathogenesis of breast
cancer, and they are especially helpful for elucidating the mechanisms that regulate the initiation and
progression of this disease, as well as for understanding the genes involved in these phases [36,59].
Transgenic mouse models of breast cancer are developed in immunocompetent hosts, and therefore,
they allow evaluating the cancer/host immune interaction. Some of these models spontaneously
metastasize to the lungs, whereas the incidence of bone metastases is very low. Furthermore, there
are some selective tissue promoters, such as the whey acidic protein and the mouse mammary tumor
virus, which may be directed to the oncogenic expression of the mammary gland [36,60].

In the study of prostate cancer, GEMMs reproduce, in depth, its different stages, and their use has
provided valuable information on tumor initiation and progression. These transgenic models have
been divided into different categories. The first generation of GEMMs utilized probasin to produce the
probasin-large T antigen transgenic mouse (LADY) and the transgenic adenocarcinoma of the mouse
prostate (TRAMP) models, which both show an aggressive phenotype, often with metastatic bone
involvement. On the other hand, the second generation GEMMs have integrated the single molecular
changes observed in human diseases, such as the loss of phosphatase and TENsin homolog (PTEN)
and Myc over-expression, but they seem to be unable to reproduce the different stages of prostate
cancer [54,61].

A variety of GEMMs have been generated as models for colon cancer to understand how common,
coexisting mutations cooperate in a natural environment. These transgenic models are useful for
studying pathogenesis and testing potential therapeutic agents, although they do not show phenotypes
similar to human diseases. Moreover, these models are not practical for studying colon cancer
metastases [44,62].

2.4. Chemical and Radiation-Induced Models

These animal models are valuable tools to study mechanisms underlying human carcinogenesis.
From that perspective, these murine models play an essential role in the interpretation of epidemiological
observations: to assess the natural history, mechanism, and modifying factors of cancer development.
Furthermore, these models allow evaluating the growth and histologic characteristics of the primary
tumor and metastases. Nonetheless, they show high variability in terms of the time of onset and
prevalence, as well as a long latency in metastatization; thus, influencing the number of animals
required for a study [18,19].

Chemical agents or physical agonists and radiation, as well as the administration of known
carcinogenic substances, have been used to induce thyroid cancer in mice. Mainly these are goitrogens
that decrease thyroid hormone levels, resulting in alterations that then induce thyroid tumorigenesis.
Furthermore, it is known that ionizing radiation is a determinant risk factor for thyroid cancer, but it is
difficult to obtain a systematic and rapid model [63,64].
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Radiation-induced mouse models and chemical carcinogenesis have been developed for the
study of breast cancer. Through these models, the natural development of breast cancer linked to
exposure to carcinogens has been evaluated. Radiation-induced models are relevant since radiation
exposure is one of the epidemiologically-proven etiological factors of human breast cancer [65].
Moreover, chemical-induced breast cancer can be induced in some strains of rats by administering
dimethylbenzanthracene and N-methyl-N-nitrosourea (MNU) [19,66].

Prostate cancer rodent models are rarely used. In particular, the most common is the
chemically-induced, following the administration of methyl nitrosourea and testosterone in rats; these
models infrequently recapitulate metastatization, and only will to the lymph nodes and lungs [66].

Chemically-induced colorectal cancer models were developed in mice following exposure
to carcinogens, such as dimethylhydrazine, N-methyl-N-nitro-N-nitrosoguanidine, and MNU.
The incidence depends on the dosage, duration, and frequency of administration; the route of
administration; i.e., oral, subcutaneous, or intrarectal; and the timing of administration. These models
are useful for studying the influence of diet on tumor development. However, the occurrence of cancer
is low, making the use of a large number of animals necessary, and the metastatic phase is prolonged
and infrequent [67].

2.5. Metastatic Models

The development of animal models of metastases is useful for the evaluation of new therapies
that can prevent the metastatic phase or arrest the growth of metastasis already formed, and to
identify new molecular targets. There are numerous approaches for the development of such models,
including experimental metastases, spontaneous metastases, and the GEMMs’ metastatic approach
models [60,68]. Experimental metastasis models are established by direct injection of the selected cell
line into the bloodstream through the tail vein or via intracardiac injection. Such an approach allows
the diffusion of metastases to various organs, including the lungs, bones, brain, liver, and lymph
nodes. The time-course is generally short, and the biology of metastases results is reproducible, but
the injection site influences the target organ, and above all, this approach bypasses the early phases
of the metastatic cascade [68]. The spontaneous metastasis model was derived from the orthotopic
model, and more closely resembles the human pathology, providing the cascade of metastatic processes
with adequate reproducibility [68,69]. The GEMMs’ metastasis models show different degrees of
penetrance and latency, and therefore, allow evaluating the metastatic process in a heterogeneous
genetic background. Indeed, the activation or the loss of a gene may not replicate completely natural
metastasis. Besides, the penetrance for the metastatic process is often low. Finally, long latency times
and difficult recognition of metastases have been reported [68].

In thyroid cancer research, all the models above of metastatization are used. The orthotopic
model is essential for evaluating the molecular mechanisms preceding metastatization. Often, the local
invasion of neck’s structures by the primary tumor, i.e., large vessels, the esophagus, and the trachea
with consequent respiratory insufficiency or inability to feed, do not allow enough time to study
metastases. On the other hand, most transgenic mouse models develop a limited number of spontaneous
lung metastases, which are only detected post-mortem at the end of the experiment. Tail vein and
intracardiac injections of thyroid cancer cell lines are used, as described in [32,70,71].

The orthotopic injection of cells into the mammary glands offers a comprehensive model of the
metastatic process. A robust breast cancer metastasis model is obtained using immunocompromised NSG
mice that facilitate understanding the mechanism underlying breast cancer metastatization [60,72,73].
Usually, this model causes a low incidence of bone metastasis, frequent in human beings. In any case,
metastatization in mice models of breast cancer is strictly linked to the cell line used. Some transgenic
models of breast cancer spontaneously metastasize to the lungs, but there is a very low incidence of
bone metastases, probably due to the rapid progression of primary tumors [60].

Human prostate cancer cell lines have been orthotopically implanted into mice to study the different
stages of cancer progression up to metastatization. This model also reproduces bone metastases, which,
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however, show a low incidence. Furthermore, the so-called mouse prostate reconstitution model is
considered a valid approach for the development of bone micro-metastases. This model combines
human neoplastic and non-neoplastic prostate cells with the murine urogenital sinus mesenchyme,
and thus, the cells are implanted under the renal capsule of an immunodeficient mouse. This method
allows for exploring the genetic pathogenesis of prostate cancer, but technical complexity often limits
its use [60]. Most transgenic models of prostate cancer do not develop metastases or show a very
low incidence, especially of bone metastases, often due to the rapid progressions of the primary
tumors [60,66].

The metastatic colon cancer model is developed by orthotopic microinjection of human colon
cancer cells directly in the subserosa of the cecum, via surgical celiotomy, or the injection into the portal
vein. These traditional methods reproduce metastatic colonization of the liver and lungs and facilitate
the study of the metastatic cascade that follows both qualitatively and quantitatively, the natural course.
A noninvasive trans-anal model has been developed, with a trans-anal rectal injection of colon cancer
cells after disruption of the mucosa with irritant agents administered via enema. This model allows
assessing essential aspects of the development of metastases, without the negative influence of the
surgical intervention. Transgenic metastasis models of colorectal cancer offer reproducible information
on tumor onset and in the early phases of the metastatic process but have a low metastatic rate and
limited dissemination to the target organs [74–78].

3. In Vivo Imaging

In clinical practice, CT, PET, ultrasonography, and MRI are essential for the diagnoses and
monitoring of neoplastic diseases. In preclinical experimental models, these modalities provide
functional and metabolic imaging and pathophysiological information beyond morphology, as well
as the ability to study molecular events. In both clinical and preclinical areas, imaging modalities
contribute to the oncology field by being reliable indicators for early tumoral responses to therapy,
and they can guide effective therapies, or stratify patients [79,80]. General anesthesia is usually needed,
in the case of imaging, to obtain immobility of the mouse, and to abolish the stress due to the loud
noise, especially that produced by MRI [20].

3.1. Computed Tomography (CT)

In the clinical field, CT imaging has extensive applications in inflammation, angiography, cancer
detection, and the evaluation of bone regeneration or toxicities. It provides useful anatomical details,
but exposure to high radiation often limits the number of scans performed in the same patient.
In preclinical research, this methodology, besides being particularly useful for the assessment of skeletal
and lung abnormalities and cardiac function, is considered a robust technique for the quantitative
evaluation of angiogenesis associated with solid tumors. The small animal CT has a high spatial
resolution (up to 10 µm, in vivo) and relatively short imaging times. However, the employment of
clinically-used contrast agents limits the repeated imaging in the same animal, in particular, due to the
iodinated contrast, which is rapidly cleared from the blood, and therefore, should be administered
repeatedly. Moreover, high dosages of this agent may result in nephrotoxicity, and its use may produce
an ionization effect, resulting in radiation damage through reactive oxygen species [8,17,81–84].

3.2. Positron Emission Tomography (PET)

The PET has become a powerful tool for clinical diagnosis and preclinical research, and it plays an
essential role in oncological research in monitoring metabolism, gene expression, cell proliferation,
angiogenesis, hypoxia, and apoptosis, as well as for drug development [85]. Indeed, this modality, in the
clinical setting, is used for tumor staging, to evaluate tumor response to therapies through the use of an
radiolabeled imaging agent, such as [18F]-2-fluoro-2-deoxy-glucose [18F]-FDG) for glucose metabolism
or [18F]-fluoro-3’-deoxy-3’-L-fluorothymidine [18F]-FLT) for cell proliferation [86]. The PET also has a
wide range of applications in preclinical research; for example, it allows investigating physiological
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and molecular mechanisms of human diseases, and evaluating novel radiolabeled imaging agents,
and the biodistribution and the efficacy of new drugs in suitable animal models [87]. As for clinical
scanning, preclinical PET devices provide excellent sensitivity (from 2% to 7%, depending on the
energy window) and spatial resolution (1.2 mm, on average), but the main disadvantages are the
lack of an anatomical parameter, usually overcome by associating a CT scan or MR scans. Moreover,
the short half-life of most radioisotopes requires strict coordination between radiotracer production,
delivery, and use in small animal models [83,84].

3.3. Single-Photon Emission Computed Tomography (SPECT)

Single-photon emission computed tomography (SPECT) is a functional, nuclear medicine technique
based on the detection of gamma photons emitted by a radionuclide during its decay. SPECT employs
a gamma camera, composed of detector crystals and a lead or tungsten collimator with multiple
elongated holes—pinholes, which rotates around the subject and acquires multiple cross-sectional
images. This technique is similar to PET, and it is widely employed in clinical routines, but it is
less sensitive than PET. Indeed, the spatial resolution of clinical SPECT (8–10 mm) is lower than
that of clinical PET (4–6 mm) [17,83]. The main advantage is the availability of several radiotracers
(99mTc, 67Ga, 111In, and 123I), which have relatively long half-lives compared to most PET radiotracers.
In oncological research, SPECT tracers targeting angiogenesis, hypoxia, acidosis, and metabolic activity
have been developed and applied [82]. In preclinical investigations, micro-SPECT has a higher spatial
resolution (0.35–0.7 mm), compared to micro-PET, and as mentioned, the longer half-life of SPECT
tracers is advantageous in terms of production and transport. On the other hand, in longitudinal
studies, researchers have to wait for complete decay accordingly. The SPECT’s main application is
the study of the biodistribution and kinetics of novel radiopharmaceuticals. Indeed, preclinical PET
scanners and radiopharmaceuticals showed a stronger ability to study tracers’ kinetics compared to
SPECT counterparts [82,83].

3.4. High-Frequency Ultrasonography (HFUS)

Compared to other molecular imaging modalities, HFUS represents a noninvasive, more
cost-effective modality, with excellent temporal and spatial resolutions (up to 30 µm axial resolution
and 70 µm lateral resolution). It shows the ability to obtain real-time anatomo-functional data rapidly.
Moreover, this modality can be implemented by using microbubbles as a molecular-target contrast
agent to enhance image quality and specificity. Ultrasound imaging is clinically used for routine
screening examinations on breast, abdomen, neck, and other body districts, as well as for therapy
monitoring. In this setting, over the last few years, the sensitivities and specificities of ultrasound
devices to detect microbubbles have progressively improved. Indeed, beyond the frequent use of color
or power dopplers, non-targeted microbubbles are used as intravascular contrast agents improving
the detection and characterization of cancerous lesions, inflammatory processes, and cardiovascular
pathologies [83,84,88]. In preclinical investigations, HFUS can be applied to monitor tumor growth and
vasculature development, and in combination with contrast-enhanced microbubbles agents (CEMAs),
is used to assess tumor angiogenesis, inflammation, and therapeutic effects. For example, the vascular
endothelial growth factor receptor 2 (VEGFR2), which is a molecular marker of angiogenesis and is
overexpressed on tumor vascular endothelial cells, is widely used in preclinical cancer research as a
marker of therapy responsiveness [88–92]. Therefore, this modality could help enhance the translation
of antiangiogenic agents and contribute positively to human patients’ treatments [93].

3.5. Magnetic Resonance Imaging (MRI)

The MRI is a noninvasive imaging modality without ionizing radiation, which provides morphological
images with excellent soft-tissue contrast and high spatial resolution. The MRI is one technique with
multiple possible outcomes; indeed, depending on the sequences, it allows studying, other than the
merely displaying the anatomy, of various aspects of the same lesion. In particular, diffusion of water
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molecules can be studied with diffusion-weighted sequences (DWI); spectroscopy allows detecting
and quantifying small amounts of known molecules; angiographic sequences (like time-of-flight or
phase contrast angiography) allow evaluating large blood vessels, even without the need of contrast
agents, and so on [17,82–84]. The MRI has also proven to be useful in preclinical research, allowing the
evaluation of biological processes at the molecular level in in vivo rodent models of diseases. The MRI
needs complete immobility of the subject since even the respiratory and cardiac motions can induce
substantial artifacts, reducing the quality and the information available from images; hence, requiring
the use of respiratory gating to minimize the former effect [93].

The use of anesthesia may minimize animal motion, but some anesthetic agents may alter
animal physiology, and thereby, potentially affect the biological processes under investigation [94].
Pre-anesthesia fasting times, the anesthetics, and their dose, may all impact biological processes.
Pre-anesthetic fasting in mice is generally considered unnecessary, and prolonged fasting can cause
hypoglycemia. However, in imaging studies, a full stomach may interfere with adjacent structures.
From the metabolic point of view, fasting may display profound effects on glucose metabolism,
and hence, for example, it may significantly influence the results of FDG-PET studies. Body temperature
should be monitored and kept within thermoneutrality, since anesthesia induces more or less marked
hypothermia, which can also negatively affect the quality of some molecular imaging procedures.
The choice of the anesthetic protocol is paramount for particular MRI sequences as well. Indeed,
anesthetics may display a significant impact on vascular tone and hemodynamics, masking or altering
critical experimentally-related results. Nowadays, great drug selection is available, and the choice,
as mentioned, should be in accordance to the specific experimental aims. Nonetheless, an ideal
anesthetic agent should be easy to administer, produce a rapid and adequate immobilization, have
limited side effects, and be reversible and safe for the animals [20,94].

On the other hand, significant technical challenges exist in the transfer of preclinical MRI sequences
to the clinic, due to the higher strength of the magnetic fields used in preclinical settings. However,
preclinical systems often lack the wide selection of coils available for medical use, and hence, they
require the development of specific coils. Therefore, preclinical MRI is essential for the development
and validation of novel techniques, but these technical and biological challenges can partly hinder
translation [93,95].

3.6. Multimodality Imaging

The combination of different imaging methods, the so-called multimodal imaging approach,
offers the opportunity to correlate the most advantageous capabilities of each method and provide
complementary information while compensating for their limitations. In preclinical research, all possible
combinations of molecular imaging techniques are usually employed. In human medicine, the first
example is the PET/CT combination, which offers highly specific functional information, with an
excellent anatomic co-registration. Such a system is used in preclinical imaging as well. Another
fascinating combination is the PET/MRI, which has been used in the last few years, in both clinical
and preclinical settings, even if with some critical technical drawbacks. In any case, the multimodal
approach should offer an excellent anatomical resolution with functional information, allowing for a
multiparametric evaluation within a single study [8,9,83,96–100].

4. Magnetic Resonance Imaging Sequences in the Translational Context

The MRI is one of the primary preclinical and clinical imaging modalities, ideal for non-invasive
longitudinal studies and useful for monitoring multiple parameters. In the oncological field, MRI is
suitable for the definition of lesions with a high spatial resolution and anatomical detail, allowing the
identification of primary tumors and metastatic disease. Moreover, it is also useful for the evaluation
of quantitative characteristics that provide physiological, biochemical, and molecular details able to
predict the biological behavior of cancer [9,32,101]. Various MRI sequences have been successfully
developed by preclinical research and translated into clinical applications, as described below. Indeed,
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the preclinical MRI scanners can be easily considered a translational platform, since both preclinical
and clinical scanners work with the same hardware settings and with almost identical sequences [9,102].
However, it is always necessary to establish the reproducibility of the technique chosen before being
introduced in the clinic.

As mentioned, the MRI offers the ability to evaluate numerous tumors’ biological properties, such
as angiogenesis, perfusion, pH, hypoxia, metabolism, and macromolecular content. Such biological
features are used as indicators in preclinical research to monitor a cancer’s response to therapy [93,95].
Moreover, the complementary nature of the information accessible, applying different MRI sequences
in the same subject, can undoubtedly help cancer research; clinical management as well [101].

4.1. T1 and T2 Weighted Sequences

Image contrast in MRI acquisition is determined by tissue properties, sequence type, and sequence
parameters. Several relaxation constants are used to describe the decay and recovery of the MR signal;
in particular, the two most commonly used parameters are the T1 and T2, the so-called spin-lattice
relaxation time (T1) and spin-spin relaxation time (T2), which are both weighted. Based on the T1 and
T2 weighting, many sequences have been developed [103–105]. In clinical applications, the T1 and
T2-weighted sequences are the standard for anatomical imaging, and they are useful in the oncology
field, for the detection and evaluation of macroscopic changes in the lesion, and staging. In addition,
exogenous contrast agents, such as gadolinium, manganese and iron-based contrast agents, can be
applied to enhance the contrast between tissues or organs [104,106]. In preclinical studies, T1 and
T2-weighted sequences are used for anatomical acquisition, with the employment of contrast agents as
well [107].

4.1.1. Thyroid

In thyroid cancer, MRI texture analysis derived from conventional sequences reflects different
histopathologic features and represents a possible association that can be used as a prognostic biomarker.
Thirteen patients with histopathologically-confirmed thyroid carcinoma were enrolled and subjected
to MRI acquisitions. The T1-precontrast and T2-weighted images were analyzed; overall, 279 texture
features for each sequence were examined and correlated to the histopathological parameters Ki67
and p53, which are considered prognostic biomarkers. Several significant correlations were identified;
indeed, sum square average features derived from T1-weighted images and entropy-based features
derived from T2-weighted images are associated with p53 count in thyroid cancer. Similarly, different
texture features derived from T1- and T2-weighted images showed associations with the Ki67 index.
Hence, this relatively simple MRI technique, combined with texture analysis, does not replace
histopathological examinations, but may be a novel, noninvasive modality for further characterizing
thyroid cancer in clinical oncology [108].

The effects of the tyrosine kinase inhibitor gefitinib on MRI parameters, and the ability of such
parameters to help schedule chemotherapy, were tested in a murine model of breast cancer. In this
study, a xenograft model with BT474 cells (ductal carcinoma) was induced, and mice were treated
with gefitinib either daily for ten days or “pulsed” for two consecutive days (higher dose for two
administrations). The MRI acquisitions were performed at 2-day intervals over two weeks, and T1
and T2 weighted sequences were used to follow-up tumor volume. Moreover, diffusion and DCE
MRI were performed, and relative results were reported in the respective paragraphs. Treatment with
gefitinib resulted in significant tumor growth inhibition, both with pulsed and daily treatment. Hence,
T1 and T2 proved to help evaluate growth inhibition but did not give any further information on which
therapeutic protocol gave the best results [109].

4.1.2. Breast

In a preliminary study on breast cancer, the MRI texture analysis was used to analyze the
correlation between textural features and tumor volume, and to distinguish the underlying molecular
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subtypes luminal A and B. Patients with histopathologically-proven, invasive, ductal breast cancer were
selected. The first frame of T1 and T2-weighted sequences pre-contrast was acquired and followed by
the administration of a gadolinium-based contrast agent. The data analyzed mainly in the pre-contrast
images showed that luminal A and B types had different textural features. Luminal B types of cancer
have, in fact, a more heterogeneous appearance in MR images compared to luminal A types. These
subtypes also showed a difference in tumor volume, with luminal B types showing a larger volume
than luminal A types. The MRI texture analysis, combining information from both T1 and T2-weighted
images, may provide further information on the biological aggressiveness of breast tumors that may
improve therapeutic efficacy and management [110].

4.1.3. Prostate

Anatomical MRI sequences may improve the accuracy of evaluating prostate volume, especially
in subjects under hormonal treatment. The T2-weighted MRI was performed to evaluate the normal
prostate volume in male C57/BL6 mice. The mice underwent castration, and they were repeatedly
imaged to follow the castration-induced regression of the prostate. In addition to the T2-weighted
sequence, a chemical shift-selective sequence (CHESS) was performed to suppress abdominal fat signal,
and hence, to improve prostate distinction. Forty days after castration, each mouse was treated daily
with the androgen dihydrotestosterone (DHT) subcutaneously (s.c.) to induced prostate re-growth.
These sequences, in particular, the CHESS, allowed good discrimination of both the prostate margins
and the ventral lobe from the dorsal and lateral lobes. Hence, this approach may improve the ability to
differentiate the prostate from surrounding tissues and to better visualize the boundaries of the organ,
even in human patients [111].

4.2. Dynamic Contrast-Enhanced

The most common MRI methods available to quantify perfusion, hemodynamic, and vascular
properties of a tissue, are the dynamic contrast-enhanced (DCE) MRI and the arterial spin labeling (ASL)
methods [93]. The DCE MRI represents an indirect measure of angiogenesis that evaluates the dynamic
passage of a contrast agent through the tumor vessels to derive pharmacokinetic properties, measuring
the contrast agent extravasation rate (Ktrans) and volume fraction (ve) of the extracellular extravascular
space (EES), as thoroughly described elsewhere [93,112–114]. Such methods have been used to
monitor perfusion, as a marker of responsiveness to antiangiogenic treatments, both in preclinical
and clinical trials, in terms of either efficacy or early identification of treatment failure [14,99,115–120].
Therefore, the clinical ability of this method is remarkable not only for the functional information
on the tumor vascularization pattern but also for the chemotherapy planning, monitoring response,
and implementing a new line of therapies [121].

4.2.1. Breast

In the preclinical model of ductal breast cancer with BT474 cells previously described (see 4.1 T1
and T2 Weighted Sequences, [109]), the DCE was also performed at 2-day intervals over two weeks.
Transendothelial permeability (Kps), and fractional plasma volume (fPV) were measured. Tumor
Kps decreased with pulsed treatment but then rebounded and increased with daily treatment.
Tumor fPV increased in both treated groups, subsequently decreasing with pulsed treatment.
Therefore, such quantitative MRI parameters may provide a sensitive measure to distinguish treatment
regimens, and they might be useful for determining correct treatment scheduling, and hence, enhance
chemotherapeutic efficacy [109].

In a preliminary study of breast cancer in human patients, the predictive ability of MRI was
demonstrated using the DCE or DWI methods to predict tumor response following neoadjuvant
therapy (NAT). This model integrated the heterogeneity of MRI-derived parameters (i.e., efflux rate
constant—Kep, and ADC, as further described in the respective paragraph) with the hormone receptor
status (i.e., estrogen receptor—ER, progesterone receptor—PR, and human epidermal growth factor
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receptor 2—HER2) and clinical data which were obtained before and after the first cycle of NAT.
Thirty-three breast cancer patients underwent neoadjuvant chemotherapy, and therefore, were scanned
for DW and DCE-MRI in the following three time-points: before NAT, after the first cycle of NAT,
and after all NAT cycles. The median number of treatment cycles was 14 cycles. After completion of
NAT, the pathological complete response (pCR) and nonresponse (non-pCR) were determined at the
time of surgery. Twelve patients exhibited a pCR, and twenty-one patients were non-pCR. For patients
with pCRs, the mean Kep had decreased between the pre and post-first NAT cycles, while for a non-pCR
patient, Kep increased. Measurements after all NAT cycles were not obtainable in pCR patients since
there was no residual tumor identifiable in the MRI scan. The immunohistochemical evaluation of
hormone receptor status has defined the molecular subtypes of breast cancer for all patients; indeed,
among the thirty-three patients, nine, six, eight, and ten patients are classified into luminal A, B, HER2,
and basal subtypes, respectively. The MRI approach in question seems to accurately predict a treatment
response right after a single cycle of therapy. Moreover, this method may improve the accuracy of
evaluating a tumor’s response to NAT, showing a higher predictive power than models based on
tumor size changes, and it may be used as a short-term surrogate marker of outcome in breast cancer
patients [122].

4.2.2. Prostate

Male BALB/c nude mice were implanted subcutaneously with the human-derived,
androgen-sensitive CWR22 cell line, to evaluate the predictive capacity of DCE in a prostate cancer
xenograft mouse model. These mice received combinations of androgen-deprivation therapy, obtained
by surgical castration and/or radiotherapy. The MRI sequences applied were DCE and DWI, which
will be discussed in the dedicated paragraph, and they were performed pre-radiation, and on day one
and nine; the ADC value, the Ktrans, tumor volume, and PSA were used to measure the therapeutic
response. The Ktrans and PSA showed a high level of correlation with treatment response, and thus, this
parameter might be included in the evaluation of treatment responses in prostate cancer patients [123].

4.3. Arterial Spin Labeling

As mentioned, the ASL is a noninvasive and quantitative technique that allows perfusion
measurement without requiring the administration of a contrast agent. This technique uses arterial
blood water as an endogenous diffusible tracer by “labeling” it; i.e., by inverting the magnetization
of the blood with radiofrequency pulses. As a result, studies can be repeated in the same subject
over time [93,101,124–127]. Measurement of tumor blood flow with this technique is strongly helpful
for tumor grading and evaluation of anticancer treatment [124,126]. The ASL is widely used in the
preclinical and clinical fields, but in the latter case, it is still an emerging technique and has not yet
replaced more invasive procedures, such as contrast-enhanced MRI, probably due to the complexity of
the method and the relatively high sensitivity to motion artifacts [124].

Breast

ASL might gain a significant impact on the diagnosis and therapy management of breast cancer,
thanks to its ability to quantify perfusion without the use of contrast agents, as examined in a pilot study.
Quantification of perfusion of normal fibroglandular tissue and breast cancer using a flow-sensitive,
alternating-inversion, recovery-balanced, steady-state free precession (FAIR TrueFISP) ASL sequence
was performed in twenty-two individuals, including eighteen patients with suspected breast tumors
and four healthy controls, in addition to the routine clinical imaging protocol. The definitive diagnosis
was obtained by histology after biopsy or surgery. The results showed that ASL perfusion was
successfully acquired in thirteen of eighteen tumor patients and all healthy controls. The mean ASL
perfusion of invasive ductal carcinoma tissue was significantly higher than the perfusion of the normal
breast parenchyma and invasive lobular carcinoma. No significant difference was found between
the mean ASL perfusion of the normal breast parenchyma and invasive lobular carcinoma tissue.
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Hence, these results indicate that ASL perfusion can differentiate malignant lesions from normal breast
parenchyma as well as breast tumor types. This MRI modality may be useful to detect early changes in
response to neoadjuvant chemotherapy, and the signal changes proportional to the blood flow may
represent a property that allows identifying potential biological markers, and consequently, developing
targeted therapies. Furthermore, image acquisition can be repeated without the concern of cumulative
doses of paramagnetic contrast agent, and in patients with renal insufficiency, who may not be safely
injected with contrast agents [128].

4.4. Blood Oxygen Level-Dependent Functional Magnetic Resonance Imaging

The blood oxygen level-dependent (BOLD) functional MRI (fMRI) provides information on
changes in oxygenation in tissue to measure the hemodynamic response. The BOLD “contrast” reflects
a variation in the transverse relaxation rate of tissue, and the paramagnetic effects influence it by the
concentration of deoxyhemoglobin [93,129]. Generally speaking, this technique is heavily used to
study cerebral activity, but it has the potential to evaluate metabolism, angiogenesis, and variations
of oxygenation in tumors, as well. Indeed, in preclinical models and human tumors, it has been
applied as a noninvasive method to monitor antiangiogenic therapies [129,130]. However, BOLD
provides an indirect estimate of oxygen delivery and has a variable and scarce relationship with
tumor tissue hypoxia, which is a significant negative prognostic factor. The ability to “map” hypoxia
might help therapy planning and predicts treatment failure; thus, driving early changes of therapeutic
strategy [131–133]. Furthermore, BOLD measurements are influenced by variations in vessel caliber,
by the presence of hemorrhage and movement artifacts, which hinders its implementation as a clinical
biomarker of hypoxia and its readiness to translate into clinical use [131,132].

Breast

The BOLD MRI method has been employed as a simple, noninvasive method to assess tumor
oxygenation during a preliminary observational study. Eleven patients with locally advanced
breast cancer were enrolled for preoperative neoadjuvant chemotherapy with doxorubicin and
cyclophosphamide for four cycles. Of these, seven patients completed all chemotherapy treatments
and underwent MRI before, during, and after chemotherapy. Breast tumor response was divided into
complete response, partial, and stable response based on clinical palpation. The BOLD study applied
a 6-min oxygen-breathing challenge; BOLD contrast enhancement was observed in all tumors, but
patients with complete responses showed a significantly higher BOLD before the start of chemotherapy
compared with both partial or stable response; furthermore, there was no significant difference between
latter groups. The correlation between high BOLD response and better treatment outcome suggests
that this may be an excellent, noninvasive prognostic tool for cancer management, providing early
predictive information on the response to chemotherapy [134].

4.5. Oxygen-enhanced Magnetic Resonance Imaging

Oxygen-enhanced (OE) MRI is an alternative in vivo technique to quantify and map changes,
distributions, and the extent of oxygen concentrations in tumors. In OE-MRI, the longitudinal relaxation
rate is used to evaluate changes in the level of molecular oxygen dissolved in blood plasma or interstitial
tissue. Therefore, the measured variations are proportional to the variation of oxygen concentration
in the tissue. This method allows the noninvasive identification, quantification, and mapping of
tumor hypoxia with MRI in vivo, making the technique suitable for rapid clinical translation [131,133].
Indeed, tumor hypoxia and oxygen dynamics have been correlated to aggressiveness and therapeutic
resistance in many tumors [135].

Prostate

In a preclinical study for prostate cancer, this technique was used as a potential predictive
biomarker of radiation-therapy response. Dunning R3327-AT1 prostate tumors were surgically
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implanted subcutaneously in the flank of adult male syngeneic Copenhagen rats; nineteen days after
implantation, OE-MRI was performed before each irradiation (2Fx15 Gy). The tumors were irradiated
approximately 24 h after OE-MRI experiments. Before and during radiotherapy, the anesthetized
animals inhaled either air or oxygen for at least 15 min. The OE-MRI and irradiation were repeated a
week later, and the tumor growth delay was determined by the time required to achieve double-time
volume (VDT) and quadruple time volume (VQT). Moreover, during hypofractionated radiotherapy,
the BOLD and tissue oxygen-level dependent (TOLD) contrast, and the quantitative responses of
relaxation rates (R1 and R2) were applied. The semi-quantitative parameters showed a significant
correlation between the average TOLD and BOLD responses for single tumors before and after the
irradiation. For the R1 and R2 rates, there were no significant differences before irradiation, but
there was a significant difference between air and oxygen breathing. Tumors in oxygen-breathing
animals expressed a more significant growth delay than tumors in the air group during irradiation.
Therefore, the inhalation of oxygen during hypofractionated radiotherapy significantly improved
radiation-therapy response, and OE-MRI may be added to routine clinical MRI for patient stratification
and the personalization of radiotherapy treatment planning [135].

4.6. Diffusion-Weighted Imaging

Diffusion-weighted imaging (DWI) is an MRI approach used to evaluate the diffusion rate of water
molecules within tissues without the use of exogenous contrast agents [14]. The diffusion of water
molecules and the degree of mobility are expressed quantitatively by the apparent diffusion coefficient
(ADC), which can estimate the changes in cellularity and the integrity of cell membranes [99,136,137].
In particular, DWI is suited for the characterization of the tumor and for monitoring treatment
response. Indeed, the variations in the ADC can demonstrate changes in the physiology of the tumors
following therapeutic interventions, and therefore, ADC may be a potential biomarker of treatment
efficacy [99,118,137–139]. The DWI has shown its value in tumor monitoring in both preclinical cancer
models and clinical patients [101,138,140,141].

Preclinical assessments of early responses to therapy have been evaluated in breast and prostate
cancer models, and in lymph node sites as a potential alternative method for detecting metastatic
lesions. Primary applications of DWI are tumor detection and differentiation from non-tumor
tissues, differentiation of malignant from benign lesions, and monitoring and prediction of treatment
responses [137]. Hence, this technique may also be a noninvasive imaging biomarker of tumor
aggressiveness for better stratification of patients with poor prognosis [138,139]. Indeed, this technique
is being considered the standard of care for prostate and liver cancer, in which the different ADC
measurements can predict tumor aggressiveness [14,93,139,142]. Additionally, in breast and thyroid
cancers, ADC is considered an imaging biomarker able to differentiate malignant and benign lesions,
and it has also been shown to predict the response to neoadjuvant chemotherapy in the former
histotype [101,143]. Furthermore, DWI has been evaluated as a possible alternative to PET/CT for the
detection of metastatic lesions [14,93,139,142].

4.6.1. Thyroid

It has been shown that DWI and ADC maps, have the potential to distinguish malignant and
benign nodules in the thyroid, since this technique can assess the different cellular architectures of
tumors [144]. Differences in ADC were evaluated between benign and malignant nodules, correlating
ADC to cytological results by fine-needle aspiration. The study included 36 patients with thyroid gland
nodules and 24 healthy patients, all of whom were examined with DWI sequences. In the nodular
patient group, there were 27 cases of benign nodules and nine cases diagnosed as thyroid gland
malignancy; in total, 52 benign nodules and 16 malignant nodules were examined. The ADC values
were significantly different between benign and malignant nodules, and from healthy thyroid tissues
in the controls. In the benign group, the ADC value of thyroid nodules was increased while in the
malignant group, it was reduced; in the healthy thyroid tissue, the ADC value was within the normal
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range. The reduction in the ADC observed in most malignant lesions was linked to the decrease in
extracellular/extravascular space due to cellular proliferation, as confirmed by cytology. These results
showed that DWI provides useful and promising results on the nature of a thyroid nodule, and it may
have a role in the selection of nodules that should undergo needle aspiration cytology [143].

Similarly, DWI ADC mapping was performed on 14 patients with malignant thyroid nodules
diagnosed by ultrasound and verified by biopsy. In these patients, 13 nodules were malignant, as shown
with biopsy evidence, and five nodules were benign. Malignant nodules had significantly lower ADC
values than the benign ones, confirming previous results [145].

In a preliminary study, the employment of DWI was investigated using a readout-segmented multishot
EPI (RESOLVE) sequence to differentiate between well-differentiated and undifferentiated subgroups of
thyroid carcinomas. Moreover, the correlations between this technique and histopathologic data, such as the
Ki-67 index and p53 expression, were evaluated. Indeed, Ki-67 represents a histopathologic parameter
associated with cell proliferation, whereas p53 is considered a marker of tumor aggressiveness.
Fourteen patients received preoperative MRI scans, including DWI-RESOLVE, and T1 and T2
conventional sequences before and after contrast-medium administration (gadopentetate dimeglumine).
Four patients showed follicular thyroid carcinoma; four patients, papillary thyroid carcinoma; and six
patients, undifferentiated thyroid carcinomas. The results showed that the mean ADC values were
significantly lower in undifferentiated carcinomas compared with follicular and papillary carcinomas.
A decrease in ADC mean values inversely correlated with an increase in Ki-67, while the increase
in p53 expression was correlated to an increased in ADC mean values. Therefore, DWI seems able
to distinguish between differentiated and undifferentiated thyroid carcinomas. This approach, once
further validated, might help to preselect optimal therapeutic strategies in the presurgical phase [144].

4.6.2. Breast

The DWI and magnetic resonance spectroscopy (MRS) were able to detect early tumor responses
in triple-negative breast cancer (TNBC) mouse xenografts after combination therapy with TRA-8,
a monoclonal antibody targeted to the apoptosis receptor, and carboplatin, a standard chemotherapeutic
agent. The therapeutic efficacy was assessed by monitoring tumor volume, first ADC changes, and lipid
concentration through the fat–water ratio (FWR) MRS. Two different TNBC xenograft models, implanted
either with 2LMP or SUM159 cell lines, were treated intraperitoneally with either carboplatin, TRA-8,
or their combination. The MRI acquisitions with DWI and MRS were performed before, during,
and at the end of the therapeutic protocol. Combination therapy with TRA-8 and carboplatin showed
significantly reduced tumor growth in both 2LMP and SUM159 TNBC models compared to both
single-drug treatments, and the therapeutic efficacy was verified histologically, as witnessed by a
significant increase of apoptotic cell density. Substantial changes in ADC were detected only three
days after the initiation of TRA-8 or combination therapy, while significant changes in FWR required
seven days for detection. Both ADC and FWR changes were confirmed as useful imaging biomarkers
to evaluate the therapeutic efficacy, but ADC changes may be used as an earlier predictor. This imaging
protocol might be translated into clinical trials testing these or similar drugs, since early assessment is
useful for preventing unnecessary/ineffective treatments and, hence, to improve outcomes [146].

In the preclinical model of ductal breast cancer with BT474 cells previously described (see 4.1 T1
and T2 Weighted Sequences, [109]), ADC was also tested as a predictor of gefitinib efficacy. Tumor
ADC increased in all treated groups. Therefore, as mentioned, the parameters included in the study,
specifically Kps and fPV from DCE and ADC from DWI, may all provide, in combination, a more
sensitive approach to determining the right treatment plan [109].

A mouse model of a breast cancer brain metastasis was developed to optimize a longitudinal MRI
and MRS method for analyzing the pathogenic aspects of brain metastasis, since cerebral metastasis
showed a high incidence in breast carcinoma patients. Brain metastases were generated by the
intra-carotid injection of human mammary carcinoma cells 435-Br1, a brain metastasis variant of the
parental cell line MDA-MB-435. Different MRI approaches were used to characterize the morphological
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and metabolic development patterns of brain metastases, including T2 and contrast enhanced-T1
weighted images, DWI, and MRS imaging. The acquired data were then combined with the histological
analyses of the dissected brains. As a result, nine out of thirteen mice developed MR-detectable
abnormal masses (single or multiple) in the brain parenchyma within 20 to 62 days after injection.
Two additional animals had brain metastases detected only by histological analysis. The ADC maps
correctly differentiated the edema and disorders of cerebrospinal fluid circulation areas from metastases,
in addition to the MRS results that have been discussed in the dedicated paragraph. This imaging
approach might be considered helpful in early detection and differentiation of brain metastases from
other cerebral abnormalities [147].

In the preliminary study of breast cancer in human patients already described (see 4.2 Dynamic
Contrast-Enhanced [122]), the DWI method was used to predict tumors’ responses following
neoadjuvant therapy (NAT), in conjunction with DCE. After completion of NAT, the pathologic
complete response (pCR) and nonresponse (non-pCR) were determined at the time of surgery.
The mean ADC was increased between the first two time points for the same pCR, while no noticeable
change in mean ADC was observed for the non-pCR patient. The MRI approach described may
improve the accuracy of evaluating the tumor response to NAT, showing a higher predictive power
than models based on tumor size changes, and it may be used as an early marker of outcome in breast
cancer patients [122].

4.6.3. Prostate

In a prostate cancer xenograft mice model, DWI was tested as a predictor of the efficacy of docetaxel,
a cytostatic and cytotoxic antineoplastic drug. The LnCaP cell line, derived from the lymph node
metastasis of a human prostatic adenocarcinoma was used, since it secretes the prostate-specific antigen
(PSA). Serum PSA levels and tumor volumes were used to measure tumor response noninvasively.
Results showed a good response of the xenograft to docetaxel, and serum PSA was confirmed as a useful
biomarker of therapy response, but changes in ADC represented an earlier indicator of therapeutic
response. This approach should be validated in the clinic to correctly manage the therapeutic regimen,
especially for second-line therapies that show reduced response rates and higher toxicity [148].

In the study described before (see 4.2 Dynamic Contrast-Enhanced [123]), mice bearing prostate
cancer xenografts underwent, as mentioned, DWI acquisitions pre-radiation, and on day one and
nine after. The ADC values, volumes, and PSA levels revealed significant correlations with treatment
response. The combination of all parameters, including the Ktrans obtained with the DCE, successfully
predicted treatment response with a high correlation coefficient. Therefore, the combination of such
parameters with standard clinical parameters may improve the predictive power for the therapeutic
outcome in prostate cancer patients, and it might be applied for the personalization of therapeutic
approaches [123].

A multiparametric analysis to evaluate in vivo vascularization, metabolism, and physiological
characteristics that are permissive for the occurrence of metastases has been tested in a prostate
cancer xenograft models using noninvasive MRI and MRS. A human prostate cancer xenograft
model implanted s.c. or orthotopically in the prostate was used. The tumors were derived from
PC-3 human prostate cells inoculated s.c. in the right flank of SCID mice; the intact tumor tissue
obtained from subcutaneous tumors was harvested and re-implanted s.c. in the flank or orthotopically
with a microsurgical method of SCID mice. These mouse models underwent MRI acquisitions,
including T1-weighted with the administration of albumin-Gd-DTPA, multislice DWI for evaluation
of vasculature, and MRS for metabolic maps of total choline and lactate/lipid and extracellular pH
(pHe). As the results showed, the tumors in the orthotopic site were identifiable by the hyperintense
signal detected in DWI compared to the s.c., and they showed higher vascular volume and higher
permeability, as well. In the metastases’ characterizations, several lung nodules were observed in mice
with orthotopically-implanted tumors, and only a few small clusters of cells were observed in the lungs
of mice with xenografts. Therefore, the higher metastatization rate of orthotopic tumors might be linked
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to the higher vascular volume and permeability. These data confirm the profound influence of the tumor
microenvironment on the metastatization process and the feasibility of identifying noninvasive clinically
translatable parameters that may contribute to determining risk factors for metastases formation in
patients. Future translational studies are necessary to validate these observations further [149].

4.7. Diffusion Kurtosis Imaging

Diffusion kurtosis imaging (DKI) has been applied to many body-districts, showing a higher
capability in differentiating between benign and malignant tumors, and in predicting treatment
responses compared to conventional DWI. From the DKI model, the diffusion coefficient (D) and the
diffusional kurtosis (K) are derived, which provide more information on the tissue structure than
DWI. Indeed, the parameter D evaluates the tissue diffusion and seems to be more accurate than ADC;
the K parameter seems to be more sensitive to irregular and heterogeneous cellular environments, but
less sensitive to cell density.

Thyroid

In a preliminary study, the usefulness of DKI compared to DWI was investigated in thyroid
lesions, also assessing the correlation of such MRI parameters with histopathologic features. Fifty-eight
patients with thyroid nodules detected by ultrasound underwent MRI examination, including T1 and
T2-weighted imaging, conventional DWI, and DKI. Histopathological analysis was performed with the
evaluation of Ki-67 and vascular endothelial growth factor (VEGF), since Ki-67 is a cell proliferation
protein and is considered a neoplastic marker, as mentioned above, and the VEGF is a cytokine that
induces angiogenesis and is related to angiogenesis in tumors. Fifty-eight thyroid lesions were found,
including twenty-four papillary thyroid cancers, twenty-one adenomas, seven nodular goiters, and six
cases of Hashimoto’s thyroiditis. Malignant lesions showed significantly higher mean ADC and D
values and lower K values compare to benign lesions. The number of positively-stained VEGF and
Ki-67 cells was significantly higher in the malignant group. The DKI-derived D parameter showed the
strongest correlation with both Ki-67 and VEGF. Therefore, DKI should be considered advantageous
over the conventional DWI for the diagnosis of thyroid lesions with better diagnostic accuracy [150].

4.8. Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS) allows the identification of different atomic nuclei, such
as hydrogen, carbon, phosphorus, and fluorine, in specific regions of interest; thus, providing functional
and biochemical information on a wide range of biological processes. For example, among the cellular
metabolites measured with MRS, there is choline contained in cell membranes, creatine and glucose
involved in energy production, and alanine and lactate that are typically increased in some tumors [83].
In clinical applications, it is a noninvasive method for the assessment of tumor biochemistry and
physiology to identify the early changes in response to therapy, as well as for grading and staging of
cancer [93,151,152]. In many preclinical studies, e.g., in breast or colon cancer, this method is used to
track intra-tumor changes during therapy, and the levels of the metabolites measured may represent a
potential noninvasive marker to check tumor response [153–155].

4.8.1. Thyroid

Proton (H) MRS and DWI-ADC mapping (see 4.6 Diffusion-Weighted Imaging, [145]) were
performed on 14 patients with malignant thyroid nodules diagnosed by ultrasonography and verified
by biopsy. In these patients, 13 nodules were malignant with biopsy evidence, and five nodules were
benign. Intra-nodular choline (Cho) peak, Cho/creatine (Cr) ratio, and ADC values of malignant
nodules were evaluated and compared to those of benign nodules. Malignant nodules had significantly
higher Cho peak amplitudes and a higher Cho/Cr ratio than benign ones. Hence, the use of H-MRS
may be added to other imaging approaches in the evaluation of thyroid nodules and the determination
of their nature. It might help to establish adequate treatments at an early stage, reducing the morbidity
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and mortality of the disease, and, at the same time, avoiding unnecessary surgical interventions in
patients with benign lesions. Nonetheless, there are technical difficulties in performing MRS on thyroid
glands, or other neck structures, concerning tumor movement due to swallowing and breathing,
substantial differences in magnetic susceptibility between the neck and the air in the trachea, and the
contamination of spectra by adjacent fat [145].

4.8.2. Breast

In the TNBC xenograft mouse models previously described (see 4.6 Diffusion-Weighted
Imaging, [146]), MRS was associated with DWI to detect early tumor response after combination
therapy with TRA-8 and carboplatin. The therapeutic efficacy was assessed by monitoring tumor
volume, ADC changes, and lipid concentration through the fat–water ratio (FWR) MRS. The MRI
acquisitions with DWI and MRS were performed before, during, and at the end of the therapeutic
protocol. Significant changes in FWR required seven days for detection. Both ADC and FWR changes
were confirmed as useful imaging biomarkers to evaluate the therapeutic efficacy, but ADC changes
were detected earlier than FWR. This imaging protocol should be translated into clinical trials to
improve outcomes by stopping ineffective therapies [146].

In the brain metastasis model previously described (see 4.6 Diffusion-Weighted Imaging, [147]),
MRS was again added to DWI. A single-voxel MRS was used to analyze the metabolic patterns of
the lesions in ten subjects. Only eight out of ten mice had brain metastases, and just two of them
showed a field homogeneity good enough and a correct voxel position inside the lesion. However,
when the lesions increased in size and infiltrated the brain parenchyma, the spectral changes indicated
the replacement of the healthy tissue pattern with the tumor tissue pattern. The data proved a decrease
in N-acetyl aspartate (NAA) as the earliest sign of metastasis growth, followed by a decrease in Cho
and Cr levels. Those results suggest that this approach, in addition to DWI, may help in discriminating
brain metastasis growth and the classification of distinct progression stages, and it might open the way
to its use in the diagnosis and therapy monitoring [147].

Phosphorus (31P) MRS was used to quantify the levels of phosphorylated metabolites in breast cancer
tissue. In particular, phosphocholine (PCho), glycerophosphocholine (GPC), phosphoethanolamine (PEtn),
and glycerophosphoethanolamine (GPE) may be considered valuable biomarkers for the diagnosis
and noninvasive monitoring of therapies both in preclinical studies and in the clinical phase. To this
end, the metabolic response to the oral treatment with phosphatidylinositol-3-kinase/mammalian
target of the rapamycin (PI3K/mTOR) inhibitor BEZ235 was evaluated in basal-like (MAS98.12) and
luminal-like (MAS98.06) breast xenograft models. These models were established by direct implantation
of primary human breast cancer tissues in the mammary fat pad of immunodeficient mice, and then
serially transplanted in BalbC nu/nu mice. As a result, a significant increase in GPC and PCho was
found in basal-like xenografts, whereas PEtn decreased. No significant changes were observed in
phosphorylated metabolites in luminal-like xenografts, which did not respond to treatment with
BEZ235. These data demonstrate the usefulness of 31P MRS in the metabolic profiling of breast cancer
subtypes and the evaluation of the metabolic response to targeted anticancer drugs [156].

In a pilot study, the use of MRS was tested for monitoring breast cancer therapy. Indeed, such
neoplastic tissue contains high levels of choline-containing compounds (tCho). The changes in tCho
concentration were determined to predict the early clinical response to neoadjuvant chemotherapy in
the first 24 h after initial treatment in patients with locally advanced breast cancer. Sixteen women,
aged 18 to 80 years, with biopsy-confirmed, locally advanced breast cancer, were enrolled. Thirteen
patients received combined doxorubicin hydrochloride and cyclophosphamide treatment that was
administered on day one, with additional doses at 21-day intervals for a total of 64 days. Patients
underwent MRS before treatment, within 24 h after the first dose, and then after the fourth dose.
As a result, eight out of thirteen patients showed a significant correlation between changes in tCho
concentration and lesion-size reduction. These patients had a lower tCho level within 24 h after the first
dose compared to baseline and a further decrease in the tCho concentration after the fourth dose of the
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combined therapy. The other five patients out of the thirteen showed no changes and had a baseline
tCho concentration less than or equal to that measured within 24 h after the first dose. Therefore, MRS
may be used to assess early response to neoadjuvant chemotherapy and to customize an effective
regimen for individual patients [157].

4.8.3. Prostate

In the prostate cancer model described (see 4.6 Diffusion-Weighted Imaging, [148]), MRS was
applied to obtain metabolic maps of total choline and lactate/lipid ratio, and extracellular pH (pHe).
Total choline and lactate/lipid levels were significantly higher in orthotopic compared with xenograft
tumors, whereas the pHe maps showed a significantly lower pH in orthotopic tumors compared
with subcutaneous tumors. As already stated, such an imaging approach may prove to be extremely
helpful in studying the tumor microenvironment, demonstrating changes that might be linked the
metastatization process, like in this case, total choline and a more acidic extracellular pH. Once validated,
these techniques may also support the development of novel strategies to reduce metastatization [148].

4.9. Chemical Exchange Saturation Transfer

Chemical exchange saturation transfer (CEST) is an MRI method to detect low concentrations of
metabolites for probing specific molecular and physiological events. The sensitivity of this approach is
enhanced by the use of a set of new specific contrast agents, and endogenous as well as exogenous
molecules can be used. Indeed, a variety of molecules have been demonstrated as potential contrast
agents in this technique, including small diamagnetic molecules, paramagnetic ions complexes,
liposomes, nanoparticles, and hyperpolarized gases [158–160]. The CEST applications in the clinic aim
to monitor different metabolites, such as glycogen concentration (glycoCEST), glycosaminoglycans
levels (gagCEST), or glutamate (gluCEST). Moreover, this is a valid imaging modality for detecting and
monitoring the progression of tumors and assessing their responses to therapy by avoiding exposing
the patient to radiation [159,161,162]. In preclinical studies, CEST has been used to measure the rate of
metabolites’ uptakes, such as glycogen and glucose, which are hallmarks of the tumor microenvironment.
The evaluation of extracellular pH (acidoCEST), which is linked to the increase in lactic acid production
after an increase in glycolysis, may be used for assessing tumor aggressiveness and early responses
to treatments that inhibit glycolytic metabolism [161,163,164]. The CEST measurement of glucose
metabolism (glucoCEST) in tumor mouse models allows studying the tumor microenvironment, and it
may represent a potential replacement of the PET approach [159,164].

4.9.1. Breast

The CEST has been proposed as a new molecular imaging approach to detect glucose or its
analogs in the diagnosis of tumors. D-glucose and deoxy-D-glucose (2DG) were commonly employed
to that end, but their toxicity at high concentrations precludes their clinical use and limits preclinical
applications. A preliminary experiment was conducted to examine the validity of 3-O-methyl-D-glucose
(3OMG) as a nontoxic alternative, which has been demonstrated to be able to detect tumors in several
models of murine and human breast cancer. Moreover, this method was compared with glucoCEST
and [18F]-FDG PET on the same animals. Orthotropic tumors were induced in mice by injecting human
MDA-MB-231 or MCF7 cells. The CEST MRI sequences were performed on mice before and after the
administration (intravenous, intraperitoneal, or oral) of 3OM. The same animals were then injected
with [18F]-FDG for PET imaging, and D-glucose for glucoCEST after a specific time. The results
showed that the CEST MRI following the administration of 3OMG produced patterns that reflected
the metabolic activity of tumors and clearly distinguished them from other body districts. A marked
3OMG-CEST MRI contrast was obtained, and the most aggressive breast cancer models produced the
highest CEST contrast. The contrast reached its maximum at 20 min post administration and lasted
for more than one hour, without any difference in effect levels or timing between the three routes of
administration. The 3OMG CEST method compared to the glucoCEST showed a higher CEST contrast
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than D-glucose. Moreover, a good correlation was found between 3OMG CEST contrast and FDG
uptake, providing clear validation of this technique. Therefore, the validation of the 3OMG-CEST MRI
method in the clinic would offer significant advantages for evaluation, detection, and monitoring of
tumors’ progressions, and assessing their responses to therapy, avoiding radiation exposure [161].

4.9.2. Prostate

The CEST approach, using amide proton transfer (APT) MR imaging, was used in a preliminary
study to localize prostate cancer better and to detect the difference in cancer aggressiveness,
discriminating between cancerous and non-cancerous tissues. The APT MRI does not require the
injection of a contrast agent since it uses endogenous amide protons in tissue, which allows detecting
micromolar concentrations of mobile proteins with high sensitivity. Therefore, the applicability
of this imaging modality to the detection of prostate cancer was based on the high rate of tumor
cell proliferation and on the cellular density of this tumor, which leads to high levels of mobile
proteins. In this study, twelve patients with biopsy-proven prostate cancer scheduled for prostatectomy
were enrolled and underwent T2 and APT MRI acquisitions. The APT ratio in the tumor zone was
significantly higher than that in the benign regions of the peripheral zone; hence, distinguishing them.
Such results were confirmed by both the T2-weighted imaging and histopathological findings. The CEST
APT imaging technique may, thus, represent a potential approach to detecting and discriminating
between low and high-grade prostate cancer, and it might be more specific compared with DCE or
DWI sequences [164].

4.10. Short Tau Inversion Recovery

The short tau inversion recovery (STIR), is an inversion recovery sequence, which is a spin-echo
sequence with a 180◦ preparation pulse to flip the longitudinal magnetization into the opposite
direction. In this case, to generate an MR signal, the longitudinal magnetization is then converted to
transverse magnetization through the application of a 90◦ pulse. The time between the change from
180◦ to 90◦, or inversion time in such sequences, is kept short, between 130 and 150 ms.

Breast

In a preliminary clinical experience, the usefulness of whole-body turbo STIR sequence was
assessed to detect liver, brain, and bone metastases as a single examination in breast cancer patients,
in alternative to conventional techniques. Seventeen patients with biopsy-proven breast cancer and
suspected metastatic disease were included in this study and underwent both whole-body STIR-MRI
and conventional imaging, such as MR brain imaging with spin-echo; T1 and T2-weighted CT and
ultrasound scanning; and bone scintigraphy. Three patients were found to be free of metastases
in both conventional and STIR imaging. In eleven out of seventeen patients, appendicular or axial
skeletal metastases were identified, with a good correlation between findings in whole-body STIR and
scintigraphy. Hepatic metastases were found in five patients using whole-body STIR, of which only
three patients’ finding correlated with CT and ultrasound findings. Metastases and brain abnormalities
were found in four patients via both whole-body STIR and dedicated brain MRI. Therefore, this pilot
evaluation, even if performed on a small cohort of patients, showed that STIR acquisition might
represent an accurate, convenient, and cost-effective staging method during the long-term follow-up
of breast cancer patients [165].

5. Conclusions

Translational research must be supported by a real interdisciplinary, synergistic collaboration
to avoid the inconveniences and ineffectiveness of the methods, in order to emphasize the benefits
of patients in a robust translational application. In order for an experimental imaging methodology
to be successfully translated into clinical practice, it must have a substantial and immediate impact
on application to the patient, and therefore, be easily accessible. The development and use of
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animal models of cancer and its integration with molecular imaging tools may enhance the clinical
translatability of preclinical studies focused on the clinical implementation of MRI methodologies in
the management of tumor diseases from the diagnoses to therapeutics’ evaluations and follow-up
monitoring. From that perspective, it should be borne in mind that there is not a single ideal mouse
model that recapitulates all features of the human pathology. Hence, the development and choice
of the appropriate model must comply with the experimental, or from a translational perspective,
with the direct clinical needs. Thus, it is fundamental to evaluating which the characteristics that may
influence clinical efficacy are; i.e., histopathologic features, immune system interaction, carcinogenesis,
angiogenesis, tumor progression, and metastatic potential. Indeed, as described, each model has its
peculiarities, and all might be considered complementary to each other. Finally, the best combination
of the appropriate experimental model and the careful choice of imaging modalities with clinical
homologs might accelerate the reduction in the gap between preclinical and clinical studies. The high
translational ability of MRI, among the other imaging techniques, due to the high similarity in terms of
hardware and software between experimental and clinical scanners, should strengthen the efforts in
evaluating how far this technique can go for the diagnosis and management of cancer patients.
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64. Rusinek, D.; Krajewska, J.; Jarząb, M. Mouse models of papillary thyroid carcinoma—Short review. Endokrynol. Pol.
2016, 67, 212–223. [CrossRef] [PubMed]

65. Rivina, L.; Davoren, M.J.; Schiestl, R.H. Mouse models for radiation-induced cancers. Mutagenesis 2016, 31,
491–509. [CrossRef] [PubMed]

66. Rosol, T.J.; Tannehill-Gregg, S.H.; LeRoy, B.E.; Mandl, S.; Contag, C.H. Animal models of bone metastasis.
Cancer Treat. Res. 2004, 118, 47–81.

67. Heijstek, M.W.; Kranenburg, O.; Borel Rinkes, I.H.M. Mouse models of colorectal cancer and liver metastases.
Dig. Surg. 2005, 22, 16–25. [CrossRef]

68. Khanna, C.; Hunter, K. Modeling metastasis in vivo. Carcinogenesis 2005, 26, 513–523. [CrossRef]
69. Hoffman, R.M. Orthotopic metastatic mouse models for anticancer drug discovery and evaluation: A bridge

to the clinic. Investig. New Drug 1999, 17, 343–359. [CrossRef]
70. Zhang, L.; Gaskins, K.; Yu, Z.; Xiong, Y.; Merino, M.J.; Kebebew, E. An in vivo mouse model of metastatic

human thyroid cancer. Thyroid 2014, 24, 695–704. [CrossRef]
71. Morrison, J.A.; Pike, L.A.; Lund, G.; Zhou, Q.; Kessler, B.E.; Bauerle, K.T.; Sams, S.B.; Haugen, B.R.;

Schweppe, R.E. Characterization of thyroid cancer cell lines in murine orthotopic and intracardiac metastasis
models. Horm. Cancer 2015, 6, 87–99. [CrossRef] [PubMed]

72. Iorns, E.; Drews-Elger, K.; Ward, T.M.; Dean, S.; Clarke, J.; Berry, D.; El Ashry, D.; Lippman, M. A new mouse
model for the study of human breast cancer metastasis. PLoS ONE 2012, 7, e47995. [CrossRef] [PubMed]

73. Camorani, S.; Hill, B.S.; Fontanella, R.; Greco, A.; Gramanzini, M.; Auletta, L.; Gargiulo, S.; Albanese, S.;
Lucarelli, E.; Cerchia, L.; et al. Inhibition of bone marrow-derived mesenchymal stem cells homing towards
triple-negative breast cancer microenvironment using an anti-PDGFRβ aptamer. Theranostics 2017, 7,
3595–3607. [CrossRef] [PubMed]

74. Cui, J.H.; Krueger, U.; Henne-Bruns, D.; Kremer, B.; Kalthoff, H. Orthotopic transplantation model of human
gastrointestinal cancer and detection of micrometastases. World J. Gastroenterol. 2001, 7, 381–386. [CrossRef]

75. Cespedes, M.V.; Espina, C.; Garcia-Cabezas, M.A.; Trias, M.; Boluda, A.; Gomez del Pulgar, M.T.; Sancho, F.J.;
Nistal, M.; Lacal, J.C.; Mangues, R. Orthotopic microinjection of human colon cancer cells in nude mice
induces tumor foci in all clinically relevant metastatic sites. Am. J. Pathol. 2007, 3, 1077–1085. [CrossRef]

76. Donigan, M.; Loh, B.D.; Norcross, L.S.; Li, S.; Williamson, P.R.; DeJesus, S. A metastatic colon cancer model
using nonoperative transanal rectal injection. Surg. Endosc. 2010, 24, 642–647. [CrossRef]

77. Rajput, A.; Agarwal, E.; Leiphrakpam, P.; Brattain, M.G.; Chowdhury, S. Establishment and validation of an
orthotopic metastatic mouse model of colorectal cancer. ISRN Hepatol. 2013, 2013, 206875. [CrossRef]

http://dx.doi.org/10.1158/1078-0432.CCR-12-1740
http://dx.doi.org/10.1016/j.canlet.2013.11.010
http://dx.doi.org/10.1016/j.drudis.2012.02.003
http://dx.doi.org/10.1016/j.ccr.2014.03.006
http://dx.doi.org/10.1186/bcr645
http://dx.doi.org/10.1177/0300985815586223
http://dx.doi.org/10.1007/s10555-013-9487-8
http://dx.doi.org/10.1053/j.gastro.2008.12.049
http://www.ncbi.nlm.nih.gov/pubmed/19263594
http://dx.doi.org/10.1210/endo.143.7.8914
http://dx.doi.org/10.5603/EP.a2016.0042
http://www.ncbi.nlm.nih.gov/pubmed/27082155
http://dx.doi.org/10.1093/mutage/gew019
http://www.ncbi.nlm.nih.gov/pubmed/27209205
http://dx.doi.org/10.1159/000085342
http://dx.doi.org/10.1093/carcin/bgh261
http://dx.doi.org/10.1023/A:1006326203858
http://dx.doi.org/10.1089/thy.2013.0149
http://dx.doi.org/10.1007/s12672-015-0219-0
http://www.ncbi.nlm.nih.gov/pubmed/25800363
http://dx.doi.org/10.1371/journal.pone.0047995
http://www.ncbi.nlm.nih.gov/pubmed/23118918
http://dx.doi.org/10.7150/thno.18974
http://www.ncbi.nlm.nih.gov/pubmed/28912898
http://dx.doi.org/10.3748/wjg.v7.i3.381
http://dx.doi.org/10.2353/ajpath.2007.060773
http://dx.doi.org/10.1007/s00464-009-0650-9
http://dx.doi.org/10.1155/2013/206875


J. Clin. Med. 2019, 8, 1883 25 of 29

78. Young Oh, B.; Kyung Hong, H.; Lee, W.Y.; Cho, Y.B. Animal models of colorectal cancer with liver metastasis.
Cancer Lett. 2017, 387, 114–120.

79. Wong, F.C.; Kim, E.E. A review of molecular imaging studies reaching the clinical stage. Eur. J. Radiol. 2009,
70, 205–211. [CrossRef]

80. Fruhwirth, G.O.; Kneilling, M.; de Vries, I.J.M.; Weigelin, B.; Srinivas, M.; Aarntzen, E.H.J.G. The potential of
in vivo imaging for optimization of molecular and cellular anti-cancer immunotherapies. Mol. Imaging Biol.
2018, 20, 696–704. [CrossRef]

81. Badea, C.T.; Drangova, M.; Holdsworth, D.W.; Johnson, G.A. In vivo small animal imaging using micro-CT
and digital subtraction angiography. Phys. Med. Biol. 2008, 53, R319–R350. [CrossRef] [PubMed]

82. Kagadis, G.C.; Loudos, G.; Katsanos, K.; Langer, S.G.; Nikiforidis, G.C. In vivo small animal imaging: Current
status and future prospects. Med. Phys. 2010, 37, 6421–6442. [CrossRef] [PubMed]

83. Chen, Z.Y.; Wang, Y.X.; Lin, Y.; Zhang, J.S.; Yang, F.; Zhou, Q.L.; Liao, Y.Y. Advance of molecular imaging
technology and targeted imaging agent in imaging and therapy. BioMed Res. Int. 2014, 2014, 819324.
[CrossRef]

84. Gabrielson, K.; Maronpot, R.; Monette, S.; Mlynarczyk, C.; Ramot, Y.; Nyska, A.; Sysa-Shah, P. In vivo
imaging with confirmation by histopathology for increased rigor and reproducibility in translational research:
A review of examples, options, and resources. ILAR J. 2018, 59, 80–98. [CrossRef] [PubMed]

85. Lauber, D.T.; Fulop, A.; Kovacs, T.; Szigeti, K.; Mathe, D.; Szijarto’, A. State of the art in vivo imaging
techniques for laboratory animals. Lab. Anim. 2017, 51, 465–478. [CrossRef] [PubMed]

86. Van Es, S.C.; Venema, C.M.; Glaudemans, A.W.J.M.; Lub-de Hooge, M.N.; Elias, S.G.; Boellaard, R.;
Hospers, G.A.P.; Schröder, C.P.; de Vries, E.G.E. Translation of new molecular imaging approaches to the
clinical setting: Bridging the gap to implementation. J. Nucl. Med. 2016, 57, 96S–104S. [CrossRef] [PubMed]

87. Rowland, D.J.; Lewis, J.S.; Welch, M.J. Molecular Imaging: The application of small animal positron emission
tomography. J. Cell. Biochem. 2002, 39 (Suppl. 39), 110–115. [CrossRef]

88. Kiessling, F.; Fokong, S.; Koczera, P.; Lederle, W.; Lammers, T. Ultrasound microbubbles for molecular
diagnosis, therapy, and theranostics. J. Nucl. Med. 2012, 53, 345–348. [CrossRef]

89. Loveless, M.E.; Li, X.; Huamani, J.; Lyshchik, A.; Dawant, B.; Hallahan, D.; Gore, J.C.; Yankeelov, T.E. A Method
for Assessing the Microvasculature in a Murine Tumor Model Using Contrast-Enhanced Ultrasonography.
J. Ultrasound Med. 2008, 27, 1699–1709. [CrossRef]

90. Palmowski, M.; Huppert, J.; Hauff, P.; Reinhardt, M.; Schreiner, K.; Socher, M.A.; Hallscheidt, P.;
Kauffmann, G.W.; Semmler, W.; Kiessling, F. Vessel fractions in tumor xenografts depicted by flow- or
contrast-sensitive three-dimensional high-frequency doppler ultrasound respond differently to antiangiogenic
treatment. Cancer Res. 2008, 68, 7042–7049. [CrossRef]

91. Willmann, J.K.; Paulmurugan, R.; Chen, K.; Gheysens, O.; Rodriguez-Porcel, M.; Lutz, A.M.; Chen, I.Y.;
Chen, X.; Gambhir, S.S. US imaging of tumor angiogenesis with microbubbles targeted to vascular endothelial
growth factor receptor type 2 in mice. Radiology 2008, 246, 508–518. [CrossRef] [PubMed]

92. Zhao, L.; Zhan, Y.; Rutkowski, J.L.; Feuerstein, G.Z.; Wang, X. Correlation between 2- and 3-dimensional
assessment of tumor volume and vascular density by ultrasonography in a transgenic mouse model of
mammary carcinoma. J. Ultrasound Med. 2010, 29, 587–595. [CrossRef] [PubMed]

93. Hormuth, D.A.; Sorace, A.G.; Virostko, J.; Abramson, R.G.; Bhujwalla, Z.M.; Enriquez-Navas, P.; Gillies, R.;
Hazle, J.D.; Mason, R.P.; Quarles, C.C.; et al. Translating preclinical MRI methods to clinical oncology.
J. Magn. Reson. Imaging 2019. [CrossRef] [PubMed]

94. Hildebrandt, I.J.; Su, H.; Weber, W.A. Anesthesia and other considerations for in vivo imaging of small
animals. ILAR J. 2008, 49, 17–26. [CrossRef]

95. Brockmann, M.A.; Kemmling, A.; Groden, C. Current issues and perspectives in small rodent magnetic
resonance imaging using clinical MRI scanners. Methods 2007, 43, 79–87. [CrossRef]

96. Pichler, B.J.; Wehrl, H.F.; Kolb, A.; Judenhofer, M.S. PET/MRI: The next generation of multi-modality imaging?
Semin. Nucl. Med. 2008, 38, 199–208. [CrossRef]

97. Pichler, B.J.; Kolb, A.; Nagele, T.; Schlemmer, H.P. PET/MRI: Paving the way for the next generation of clinical
multimodality imaging applications. J. Nucl. Med. 2010, 51, 333–336. [CrossRef]

98. Judenhofer, M.S.; Cherry, S.R. Applications for Preclinical PET/MRI. Semin. Nucl. Med. 2013, 43, 19–29.
[CrossRef]

http://dx.doi.org/10.1016/j.ejrad.2009.01.049
http://dx.doi.org/10.1007/s11307-018-1254-3
http://dx.doi.org/10.1088/0031-9155/53/19/R01
http://www.ncbi.nlm.nih.gov/pubmed/18758005
http://dx.doi.org/10.1118/1.3515456
http://www.ncbi.nlm.nih.gov/pubmed/21302799
http://dx.doi.org/10.1155/2014/819324
http://dx.doi.org/10.1093/ilar/ily010
http://www.ncbi.nlm.nih.gov/pubmed/30541081
http://dx.doi.org/10.1177/0023677217695852
http://www.ncbi.nlm.nih.gov/pubmed/28948893
http://dx.doi.org/10.2967/jnumed.115.157974
http://www.ncbi.nlm.nih.gov/pubmed/26834109
http://dx.doi.org/10.1002/jcb.10417
http://dx.doi.org/10.2967/jnumed.111.099754
http://dx.doi.org/10.7863/jum.2008.27.12.1699
http://dx.doi.org/10.1158/0008-5472.CAN-08-0285
http://dx.doi.org/10.1148/radiol.2462070536
http://www.ncbi.nlm.nih.gov/pubmed/18180339
http://dx.doi.org/10.7863/jum.2010.29.4.587
http://www.ncbi.nlm.nih.gov/pubmed/20375377
http://dx.doi.org/10.1002/jmri.26731
http://www.ncbi.nlm.nih.gov/pubmed/30925001
http://dx.doi.org/10.1093/ilar.49.1.17
http://dx.doi.org/10.1016/j.ymeth.2007.07.001
http://dx.doi.org/10.1053/j.semnuclmed.2008.02.001
http://dx.doi.org/10.2967/jnumed.109.061853
http://dx.doi.org/10.1053/j.semnuclmed.2012.08.004


J. Clin. Med. 2019, 8, 1883 26 of 29

99. De Souza, R.; Spence, T.; Huang, H.; Allen, C. Preclinical imaging and translational animal models of cancer
for accelerated clinical implementation of nanotechnologies and macromolecular agents. J. Control. Release
2015, 219, 313–330. [CrossRef]

100. Auletta, L.; Gramanzini, M.; Gargiulo, S.; Albanese, S.; Salvatore, M.; Greco, A. Advances in multimodal
molecular imaging. Q. J. Nucl. Med. Mol. Imaging 2017, 61, 19–32.

101. Kauppinen, R.A.; Peet, A.C. Using magnetic resonance imaging and spectroscopy in cancer diagnostics and
monitoring. Preclinical and clinical approaches. Cancer Biol. Ther. 2011, 12, 665–679. [CrossRef] [PubMed]

102. Felder, J.; Celik, A.A.; Choi, C.H.; Schwan, S.; Shah, N.J. 9.4 T small animal MRI using clinical components
for direct translational studies. Transl. Med. 2017, 15, 264. [CrossRef] [PubMed]

103. Scherzinger, A.L.; Hendee, W.R. Basic principles of magnetic resonance imaging an update. West J. Med.
1985, 143, 782–792. [PubMed]

104. Moser, E.; Stadlbauer, A.; Windischberger, C.; Quick, H.H.; Ladd, M.E. Magnetic resonance imaging
methodology. Eur. J. Nucl. Med. Mol. Imaging 2009, 36, S30–S41. [CrossRef]

105. Mills, A.F.; Sakai, O.; Anderson, S.W.; Jara, H. Principles of quantitative MR imaging with illustrated review
of applicable modular pulse diagrams. RadioGraphics 2017, 37, 2083–2105. [CrossRef]

106. Chavhan, G.B.; Babyn, P.S.; Thomas, B.; Shroff, M.M.; Haacke, E.M. Principles, techniques, and applications
of T2*- based MR imaging and its special applications. RadioGraphics 2009, 29, 1433–1449. [CrossRef]

107. Pautler, R.G. Mouse MRI: Concepts and applications in physiology. Physiology 2004, 19, 168–175. [CrossRef]
108. Meyer, H.J.; Schob, S.; Hohn, A.K.; Surov, A. MRI texture analysis reflects histopathology parameters in

thyroid cancer—A first preliminary study. Transl. Oncol. 2017, 10, 911–916. [CrossRef]
109. Aliu, S.O.; Wilmes, L.J.; Moasser, M.M.; Hann, B.C.; Li, K.L.; Wang, D.; Hylton, N.M. MRI methods for

evaluating the effects of tyrosine kinase inhibitor administration used to enhance chemotherapy efficiency in
a breast tumor xenograft model. J. Magn. Res. Imaging 2009, 29, 1071–1079. [CrossRef]

110. Holli-Helenius, K.; Salminen, A.; Rinta-Kiikka, I.; Koskivuo, I.; Brück, N.; Boström, P.; Parkkola, R. MRI
texture analysis in differentiating luminal A and luminal B breast cancer molecular subtypes—A feasibility
study. BMC Med. Imaging 2017, 17, 69. [CrossRef]

111. Nastiuk, K.L.; Liu, H.; Hamamura, M.; Muftuler, L.T.; Nalcioglu, O.; Krolewski, J.J. In vivo MRI volumetric
measurement of prostate regression and growth in mice. BMC Urol. 2007, 7, 12. [CrossRef]

112. Ullrich, R.T.; Jikeli, J.F.; Diedenhofen, M.; Böhm-Sturm, P.; Unruh, M.; Vollmar, S.; Hoehn, M. In-vivo
visualization of tumor microvessel density and response to anti-angiogenic treatment by high resolution
MRI in mice. PLoS ONE 2011, 6, e19592. [CrossRef]

113. Khalifa, F.; Soliman, A.; El-Baz, A.; El-Ghar, M.A.; El-Diasty, T.; Gimel’farb, G.; Ouseph, R.; Dwyer, A.C.
Models and methods for analyzing DCE-MRI: A review. Med. Phys. 2014, 41, 124301. [CrossRef]

114. Fiordelisi, M.F.; Auletta, L.; Meomartino, L.; Basso, L.; Fatone, G.; Salvatore, M.; Mancini, M.; Greco, A.
preclinical molecular imaging for precision medicine in breast cancer mouse models. Contrast Media Mol.
Imaging 2019, 2019, 8946729. [CrossRef]

115. Pickles, M.D.; Lowry, M.; Manton, D.J.; Gibbs, P.; Turnbull, L.W. Role of dynamic contrast enhanced MRI in
monitoring early response of locally advanced breast cancer to neoadjuvant chemotherapy. Breast Cancer Res.
Treat. 2005, 91, 1–10. [CrossRef]

116. Ah-See, M.L.W.; Makris, A.; Taylor, N.J.; Harrison, M.; Richman, P.I.; Burcombe, R.J.; Stirling, J.J.; d’Arcy, J.A.;
Collins, D.J.; Pittam, M.R.; et al. Early changes in functional dynamic magnetic resonance imaging predict
for pathologic response to neoadjuvant chemotherapy in primary breast cancer. Clin. Cancer Res. 2008, 14,
6580–6589. [CrossRef]

117. Howe, F.A.; Mcphail, L.D.; Griffiths, J.R.; Mcintyre, D.J.O.; Robinson, S.P. Vessel size index magnetic resonance
imaging to monitor the effect of antivascular treatment in a rodent tumor model. Int. J. Radiat. Oncol. Biol.
Phys. 2008, 71, 1470–1476. [CrossRef]

118. Xu, J.; Li, K.; Smith, R.A.; Waterton, J.C.; Zhao, P.; Ding, Z.; Does, M.D.; Manning, H.C.; Gore, J.C. A
comparative assessment of preclinical chemotherapeutic response of tumors using quantitative non-Gaussian
diffusion MRI. Magn. Reson. Imaging 2017, 37, 195–202. [CrossRef]

119. Dassler, K.; Scholle, F.D.; Schütz, G. Dynamic Gadobutrol-Enhanced MRI predicts early response to
antivascular but not to antiproliferation therapy in a mouse xenograft model. Magn. Reson. Med. 2014, 71,
826–1833. [CrossRef]

http://dx.doi.org/10.1016/j.jconrel.2015.09.041
http://dx.doi.org/10.4161/cbt.12.8.18137
http://www.ncbi.nlm.nih.gov/pubmed/22004946
http://dx.doi.org/10.1186/s12967-017-1373-7
http://www.ncbi.nlm.nih.gov/pubmed/29282070
http://www.ncbi.nlm.nih.gov/pubmed/3911591
http://dx.doi.org/10.1007/s00259-008-0938-3
http://dx.doi.org/10.1148/rg.2017160099
http://dx.doi.org/10.1148/rg.295095034
http://dx.doi.org/10.1152/physiol.00016.2004
http://dx.doi.org/10.1016/j.tranon.2017.09.003
http://dx.doi.org/10.1002/jmri.21737
http://dx.doi.org/10.1186/s12880-017-0239-z
http://dx.doi.org/10.1186/1471-2490-7-12
http://dx.doi.org/10.1371/journal.pone.0019592
http://dx.doi.org/10.1118/1.4898202
http://dx.doi.org/10.1155/2019/8946729
http://dx.doi.org/10.1007/s10549-004-5819-2
http://dx.doi.org/10.1158/1078-0432.CCR-07-4310
http://dx.doi.org/10.1016/j.ijrobp.2008.04.027
http://dx.doi.org/10.1016/j.mri.2016.12.002
http://dx.doi.org/10.1002/mrm.24815


J. Clin. Med. 2019, 8, 1883 27 of 29

120. Rajendran, R.; Huang, W.; Tang, A.M.Y.; Liang, J.M.; Choo, S.; Reese, T.; Hentze, H.; van Boxtel, S.; Cliffe, A.;
Rogers, K.; et al. Early detection of antiangiogenic treatment responses in a mouse xenograft tumor model
using quantitative perfusion MRI. Cancer Med. 2014, 3, 47–60. [CrossRef]

121. Cho, H.J.; Ackerstaff, E.; Carlin, S.; Lupu, M.E.; Wang, Y.; Rizwan, A.; O’Donoghue, J.; Ling, C.C.; Humm, J.L.;
Zanzonico, P.B.; et al. Noninvasive multimodality imaging of the tumor microenvironment: Registered
dynamic magnetic resonance imaging and positron emission tomography studies of a preclinical tumor
model of tumor hypoxia. Neoplasia 2009, 11, 247–259. [CrossRef]

122. Kang, H.; Hainline, A.; Arlinghaus, L.R.; Elderidge, S.; Li, X.; Abramson, V.G.; Chakravarthy, A.B.;
Abramson, R.G.; Bingham, B.; Fakhoury, K.; et al. Combining multiparametric MRI with receptor information
to optimize prediction of pathologic response to neoadjuvant therapy in breast cancer: Preliminary results.
J. Med. Imaging 2018, 5, 011015. [CrossRef]

123. Røe, K.; Kakar, M.; Seierstad, T.; Ree, A.H.; Olsen, D.R. Early prediction of response to radiotherapy
and androgen-deprivation therapy in prostate cancer by repeated functional MRI: A preclinical study.
Radiat. Oncol. 2011, 6, 65. [CrossRef]

124. Golay, X.; Hendrikse, J.; Lim, T.C.C. Perfusion imaging using arterial spin labeling. Top. Magn. Reson.
Imaging 2004, 15, 10–27. [CrossRef]

125. Rajendran, R.; Lewa, S.K.; Yonga, C.X.; Tana, J.; Wangb, D.J.J.; Chuanga, K.H. Quantitative mouse renal
perfusion using arterial spin labeling. NMR Biomed 2013, 26, 1225–1232. [CrossRef]

126. Alsop, D.V.; Detre, J.A.; Golay, X.; Günther, M.; Hendrikse, J.; Hernandez-Garcia, L.; Lu, H.; MacIntosh, B.J.;
Parkes, L.M.; Smits, M.; et al. Recommended implementation of arterial spin-labeled perfusion mri for
clinical applications: A consensus of the ISMRM perfusion study group and the european consortium for
ASL in dementia. Magn. Reson. Med. 2015, 73, 102–116. [CrossRef]

127. Johnson, S.P.; Ramasawmy, R.; Campbell-Washburn, A.E.; Wells, J.A.; Robson, M.; Rajkumar, V.; Lythgoe, M.F.;
Pedley, R.B.; Walker-Samuel, S. Acute changes in liver tumour perfusion measured non-invasively with
arterial spin labelling. Br. J. Cancer 2016, 114, 897–904. [CrossRef]

128. Buchbender, S.; Obenauer, S.; Mohrmann, S.; Martirosian, P.; Buchbender, C.; Miese, F.R.; Wittsack, H.J.;
Miekley, M.; Antoch, G.; Lanzman, R.S. Arterial spin labelling perfusion MRI of breast cancer using FAIR
TrueFISP: Initial results. Clin. Radiol. 2013, 68, e123–e127. [CrossRef]

129. Rakow-Penner, R.; Daniel, B.; Glover, G.H. Detecting blood oxygen level-dependent (bold) contrast in the
breast. J. Magn. Res. Imaging 2010, 32, 120–129. [CrossRef]

130. Al-Hallaq, H.A.; Fan, X.; Zamora, M.; River, J.N.; Moulder, J.E.; Karczmar, G.S. Spectrally inhomogeneous
BOLD contrast changes detected in rodent tumors with high spectral and spatial resolution MRI. NMR Biomed.
2002, 15, 28–36. [CrossRef]

131. O’Connor, J.P.B.; Naish, J.H.; Parker, G.J.M.; Waterton, J.C.; Watson, Y.; Jayson, G.C.; Buonaccorsi, G.A.;
Cheung, S.; Buckley, D.L.; Mcgrath, D.M.; et al. Preliminary study of oxygen-enhanced longitudinal
relaxation in MRI: A potential novel biomarker of oxygenation changes in solid tumors. Int. J. Radiat. Oncol.
Biol. Phys. 2009, 75, 1209–1215. [CrossRef]

132. Linnik, I.V.; Scott, M.L.J.; Holliday, K.F.; Woodhouse, N.; Waterton, J.C.; O’Connor, J.P.B.; Barjat, H.; Liess, C.;
Ulloa, J.; Young, H.; et al. Noninvasive tumor hypoxia measurement using magnetic resonance imaging
in murine U87 glioma xenografts and in patients with glioblastoma. Magn. Res. Med. 2014, 71, 1854–1862.
[CrossRef]

133. O’Connor, J.P.B.; Boult, J.K.R.; Jamin, Y.; Babur, M.; Finegan, K.G.; Williams, K.J.; Little, R.A.; Jackson, A.;
Parker, G.J.M.; Reynolds, A.R.; et al. Oxygen-enhanced mri accurately identifies, quantifies, and maps tumor
hypoxia in preclinical cancer models. Cancer Res. 2016, 76, 787–795. [CrossRef]

134. Jiang, L.; Weatherall, P.T.; McColl, R.W.; Tripathy, D.; Mason, R.P. Blood Oxygenation Level-Dependent
(BOLD) contrast magnetic resonance imaging (MRI) for prediction of breast cancer chemotherapy response:
A pilot study. J. Magn. Res. Imaging 2013, 37, 1083–1092. [CrossRef]

135. White, D.A.; Zhang, Z.; Li, L.; Gerberich, J.; Stojadinovic, S.; Peschke, P.; Mason, R.P. Developing
Oxygen-Enhanced Magnetic Resonance Imaging as a Prognostic Biomarker of Radiation Response. Cancer Lett.
2016, 380, 69–77. [CrossRef]

136. Zhao, M.; Pipe, J.G.; Bonnett, J.; Evelhoch, J.L. Early detection of treatment response by diffusion weighted
H-NMR spectroscopy in a murine tumour in vivo. Br. J. Cancer 1996, 73, 61–64. [CrossRef]

http://dx.doi.org/10.1002/cam4.177
http://dx.doi.org/10.1593/neo.81360
http://dx.doi.org/10.1117/1.JMI.5.1.011015
http://dx.doi.org/10.1186/1748-717X-6-65
http://dx.doi.org/10.1097/00002142-200402000-00003
http://dx.doi.org/10.1002/nbm.2939
http://dx.doi.org/10.1002/mrm.25197
http://dx.doi.org/10.1038/bjc.2016.51
http://dx.doi.org/10.1016/j.crad.2012.10.011
http://dx.doi.org/10.1002/jmri.22227
http://dx.doi.org/10.1002/nbm.728
http://dx.doi.org/10.1016/j.ijrobp.2008.12.040
http://dx.doi.org/10.1002/mrm.24826
http://dx.doi.org/10.1158/0008-5472.CAN-15-2062
http://dx.doi.org/10.1002/jmri.23891
http://dx.doi.org/10.1016/j.canlet.2016.06.003
http://dx.doi.org/10.1038/bjc.1996.11


J. Clin. Med. 2019, 8, 1883 28 of 29

137. Koh, D.M.; Collins, D.J. Diffusion-Weighted MRI in the Body: Applications and Challenges in Oncology.
Am. J. Roentgenol. 2007, 188, 1622–1635. [CrossRef]

138. Ross, B.D.; Moffat, B.A.; Lawrence, T.S.; Mukherji, S.K.; Gebarski, S.S.; Quint, D.J.; Johnson, T.D.; Junck, L.;
Robertson, P.L.; Muraszko, K.M.; et al. Evaluation of cancer therapy using diffusion magnetic resonance
imaging. Mol. Cancer Ther. 2003, 2, 581–587.

139. Curvo-Semedo, L.; Lambregts, D.M.J.; Maas, M.; Beets, G.L.; Caseiro-Alves, F.; Beets-Tan, R.G.H.
Diffusion-Weighted MRI in rectal cancer: Apparent diffusion coefficient as a potential noninvasive marker of
tumor aggressiveness. J. Magn. Res. Imaging 2012, 35, 1365–1371. [CrossRef]

140. Moffat, B.A.; Hall, D.E.; Stojanovska, J.; McConville, P.J.; Moody, J.B.; Chenevert, T.L.; Rehemtulla, A.;
Ross, B.D. Diffusion imaging for evaluation of tumor therapies in preclinical animal models. Magn. Reson.
Mater. Phys. Biol. Med. 2004, 17, 249–259. [CrossRef]

141. Padhani, A.R.; Liu, G.; Mu-Koh, D.; Chenevert, T.L.; Thoeny, H.C.; Takahara, T.; Dzik-Jurasz, A.; Ross, B.D.;
Van Cauteren, M.; Collins, D.; et al. Diffusion-weighted magnetic resonance imaging as a cancer biomarker:
Consensus and recommendations. Neoplasia 2009, 11, 102–125. [CrossRef]

142. Li, X.; Abramson, R.G.; Arlinghaus, L.R.; Kang, H.; Chakravarthy, A.B.; Abramson, V.G.; Farley, J.; Mayer, I.A.;
Kelley, M.C.; Meszoely, I.M.; et al. Combined DCE-MRI and DW-MRI for Predicting Breast Cancer
Pathological Response After the First Cycle of Neoadjuvant Chemotherapy. Investig. Radiol. 2015, 50, 195–204.
[CrossRef]

143. Erdem, G.; Erdem, T.; Karakas, H.M.; Mutlu, D.; Fırat, A.K.; Sahin, I.; Alkan, A. Diffusion-Weighted Images
differentiate benign from malignant thyroid nodules. J. Magn. Res. Imaging 2010, 31, 94–100. [CrossRef]

144. Schob, S.; Voigt, P.; Bure, L.; Meyer, H.J.; Wickenhauser, C.; Behrmann, C.; Höhn, A.; Kachel, P.; Dralle, H.;
Hoffmann, K.T.; et al. Diffusion-Weighted Imaging Using a Readout-Segmented, Multishot EPI Sequence
at 3 T Distinguishes between Morphologically Differentiated and Undifferentiated Subtypes of Thyroid
Carcinoma—A Preliminary Study. Transl. Oncol. 2016, 9, 403–410. [CrossRef]

145. Aydın, H.; Kızılgöz, V.; Tatar, I.; Damar, C.; Güzel, H.; Hekimoğlu, B.; Delibaşı, T. The role of proton
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