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Preface

What does “molecular imaging” mean? There are several definitions in the litera-
ture. The term “molecular imaging” was formed in the early twenty-first century as
a discipline at the intersection of molecular biology and in vivo imaging. It is
defined as the visualization, characterization, and quantification of biologic pro-
cesses at the cellular and molecular levels in living organisms. With the help of
molecular imaging, cellular and molecular pathways and mechanisms of disease
can be studied longitudinally in their own physiologically authentic environment in
order to elucidate their molecular abnormalities that form the basis of disease.

This is an innovative conception, which is in deep contrast to the classical form
of diagnostic imaging where documented findings show the end effects of molec-
ular alterations, which are typically verified by well-established methods of
pathology. We have to keep in mind, that the present era of precision medicine sees
“cancer” as a consequence of molecular derangements occurring at the com-
mencement of the disease process, with morphological changes happening much
later in the process of tumorigenesis [7].

The application of principles of engineering and physics has shaped molecular
imaging together with contributions to all aspects of cancer biology, from quanti-
tative understanding of tumour growth and progression to improved detection and
treatment of cancer [6]. Molecular imaging includes diagnostic methods along with
various different strategies to yield imaging signals. Radiolabeled molecules
(tracers) are preclinically and clinically established in molecular imaging to produce
signals. Alternative methods can lead to images via means of x-rays (CT), sound
(ultrasound), magnetism (MR), or light (OI, optical techniques of bioluminescence
and fluorescence). Furthermore, hybrid imaging modalities have been developed
enabling to assess different complementary information simultaneously and to bring
tissue morphology and function into context with its molecular regulation. In this
context, probe design is playing a crucial role in the development of molecular
imaging applications.

These molecular imaging procedures can be considered important enablers of
precision medicine in many fields including cancer, neurological and cardiovascular
diseases. This is particularly true if molecular imaging is integrated in radiomic
analyses, where multiple quantitative imaging features are extracted from the
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images and analyzed alone or in conjunction with other omics and clinical data
using machine learning [4].

Out of the increasing number of publications, comprising all fields of molecular
imaging, this handbook focuses on the increasing impact of molecular imaging in
the diagnostic and even the therapeutic field of oncology. The development of
molecular imaging in the twenty-first century will and has to go ahead to multi-
modality imaging. Therefore, hybrid devices, which can cover the whole spectrum
of preclinical and clinical imaging, will become more and more relevant. The
prospects and challenges of these innovative techniques will be presented in detail
in this handbook. In addition, optical tomographic hybrid approaches such as
fluorescence molecular tomography–X-ray computer tomography (FMT-XCT)
systems or multi-spectral optoacoustic tomography (MSOT) systems offer
unprecedented levels of performance [3] and are increasingly applied in
image-guided surgery [1].

The second edition of this book has further been expanded by chapters about
molecular ultrasound imaging [5], spectral and phase contrast x-ray computed
tomography, and radiomics [4] and covers emerging methods bridging between
ex vivo and in vivo imaging such as RAMAN spectroscopy [2] and advanced
microscopy.

Molecular imaging plays an important role in therapy decisions. Results of
molecular imaging may serve as biomarker for response and prognosis of cancer
patients. Moreover, molecular imaging plays a crucial role to visualize and define
the target volume in radiation oncology. Recent studies demonstrating the strength
of this approach are discussed in three new chapters of this book.

The development of all previously mentioned innovative multimodality imaging
approaches require the competence and accreditation of scientists from different
disciplines. Therefore, molecular imaging in oncology in the twenty-first century is
not possible without close interdisciplinary and interfaculty collaborations.

This handbook highlights the immense potential this reintegration of different
disciplines will offer in the future. It provides updated information about molecular
imaging in oncology for nuclear physicians as well as radiologists, oncologists,
chemists, mathematicians, computer scientists, and physicists. A careful selection
of experts in the different fields of molecular imaging was made to outline the major
trends and challenges in molecular imaging in oncology bridging the gap between
basic research and clinical applications in a unique way. With respect to the distinct
profiles of expertise, each chapter is self-contained.

In view of this background, the handbook was structured according to the single
steps in the development and implementation of molecular imaging applications,
i.e. from device and probe design to preclinical and then to clinical application.
Accordingly, the following sections were defined:

• Technology and Probe Design • Preclinical Studies • Clinical Applications and
• Future Challenges

We are grateful that the first edition of the handbook has been accepted by the
scientific community. This edition again assembles exceptionally comprehensive
and stimulating contributions from outstanding stakeholders in molecular imaging
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in oncology from America and Europe. Paradigmatically they cover the disciplines
radiology, nuclear medicine, and radiotherapy/radiooncology on one clinical
challenge and bring them together.

Münster, Germany Otmar Schober
Fabian Kiessling

Jürgen Debus
Aachen (Aix-la-Chapelle), Germany
Heidelberg, Germany
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Abbreviations

CT Computed Tomography
DECT Dual-Energy CT
DFC Dark-field Contrast
DLCT Dual-Layer CT
DPC Differential Phase-Contrast
DSCT Dual-Source CT
IMD Iodine Material Density
KVSCT Rapid kVp Switching CT
MRI Magnetic Resonance Imaging
SPCCT Spectral Photon-Counting CT
VME Virtual Mono-Energetic
VNC Virtual Non-Contrast

1.1 Introduction

Since their discovery by Wilhelm Conrad Röntgen in 1895, X-rays have become the
most widely available, typically fastest, and usually most cost-effective medical
imaging modality today. From the early radiographic approaches using X-ray films
as detectors, the portfolio of medical X-ray imaging devices developed into a large
range of dedicated instrumentation for various applications. Today, we have dedi-
cated devices for mammography screening, angiographic interventions, fluoroscopy,
general digital radiography, and 3D-computed tomography as major workhorses in
diagnostic imaging. In addition to technological developments towards better
detectors, X-ray generators, and more precise machinery in general, a wealth of
dedicated software solutions for image post-processing, automated diagnosis, visu-
alization, or quantitative extraction of biomarkers has been developed.

While X-ray imaging has come a long way, there are some physical properties of
X-rays, which have not yet been fully exploited, and which may offer quite some
room for further enhancements of current X-ray imaging equipment.

Firstly, X-ray imaging today is mainly black and white, despite the fact that
X-ray generators actually create a full spectrum of X-ray energies, and that the
interactions of X-rays that occur within the human body are not the same for all
energies and every material (see Fig. 1.1a). Exploiting these spectral dependencies
allows to not only obtain black and white CT images, but also to obtain more
molecularly specific information, which is relevant particularly in oncological
precision radiology. This first aspect is detailed more in section two of this chapter.

4 D. Pfeiffer et al.



The second aspect, a so far in radiology mainly neglected and unused property of
X-rays, is the physical fact that X-ray can also be interpreted in the wave picture,
and not only as presently been done in the particle picture. If interpreted as waves,
X-rays—just like visible light—experience a phase shift in matter, and this—if
exploited correctly—can produce a new class of X-ray images, which then depict
the wave interactions of X-rays with matter, rather then only the attenuating
properties, as done until now. In that case, one typically describes the interaction of
X-rays with the material by a refractive index n = 1 − d + ib. The decrement d is
related to the phase shift that X-rays undergo when traversing matter, and the
imaginary part b reflects the attenuation of the amplitude of the X-ray wave. As can
be seen in Fig. 1.1, the wave interaction, as described by d typically exceeds b by
up to four orders of magnitude, and one also observes that d only decreases with
1/E2 towards higher energies, whereas b decreases more rapidly, with around 1/E4.
This second aspect, which has an enormous potential for changing and enhancing
X-ray imaging with a new contrast modality, is described further in section three of
this chapter.

Fig. 1.1 X-ray attenuation and phase-shift characteristics as a function of energy (for water).
a Three interaction processes, namely the photoelectric absorption (rpho), Compton scattering
(rcom), and Rayleigh scattering (rray) contribute to the overall cross section for X-ray attenuation.
They all have different dependencies on energy. While the photo-effect dominates at lower
energies, and quickly drops off towards higher energies, the Compton effect remains the
dominating interaction at higher energies. Rayleigh scattering only has a weak contribution to the
attenuation effect. b When interpreting X-rays as waves, the interaction of the material is described
by a refractive index n = 1 − d + ib. The decrement d is related to the phase shift that X-rays
undergo when traversing matter, and the imaginary part b reflects the attenuation of the amplitude
of the X-ray wave. Note that d exceeds b by up to four orders of magnitude, and that d only
decreases with 1/E2 towards higher energies, whereas b decreases more rapidly, with around 1/E4.
Pfeiffer D./TUM
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1.2 Dual-Energy and Spectral CT

1.2.1 Basic Principles

Dual-Energy CT (DECT) is based on the fact that the interactions of X-rays that
occur within the human body are not the same for all energies and every material.
Exploiting these spectral dependencies allows to not only obtain a black and white
CT image, but also obtain more molecularly specific information, which is relevant
particularly in oncological precision radiology.

So far, mainly three different technological approaches have been developed for
obtaining dual-energy data (see Fig. 1.2). Dual-Source CT (DSCT) was the first
technology to be implemented in medical CT imaging [12, 15]. In DSCT, two
X-ray tubes as well as two detectors are integrated into one scanner. These two sets
of source and detector can then be independently operated at two different accel-
eration voltages. Rapid kVp Switching CT (KVSCT) [16] followed a little later, and
utilizes only one single set of X-ray generator and detector. It achieves to obtain

Fig. 1.2 The three presently most widely used Dual-Energy CT (DECT) system configurations.
a The most recently introduced concept uses a single X-ray generator and dual-layer scintillator
detector. This Dual-Layer CT (DLCT) concept achieves spectral separation at the detector by
detecting the lower energy photons predominantly in the thin upper layer, and the remaining
high-energy X-ray photons in the thick layer below. The main advantages of DLCT are a perfect
temporal and spatial registration, very low correlated noise in the two energy bins, and the fact that
dual-energy information is always available. b The Rapid kVp Switching CT (KVSCT) design
also utilizes only one single set of X-ray generator and detector, but achieves dual-energy
information by switching between two tube voltages in very short time intervals. The main
advantage of KVSCT is that it is technologically relatively straightforward to implement. The main
disadvantage is the large spectral overlap, and thus correspondingly large noise levels in the
separated material basis images. c Dual-source CT (DSCT) was the first technology to be
implemented in medical CT imaging. In DSCT, two X-ray tubes as well as two detectors are
integrated into one scanner. As the main advantage, the very good spectral separation is usually
named. The main disadvantages are a reduced field of view (as one of the two detectors is smaller
and does not cover the entire patient body) and the relatively high noise level due to cross
Compton scatter. Pfeiffer D./TUM
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dual-energy information by switching between two tube voltages in very short time
intervals. The most recently developed technique for DECT is a scanner equipped
with a spectral detector, which uses a Dual-Layer CT (DLCT) detector design [3].
DLCT provides spectral information by using a single X-ray tube and two prede-
fined detector layers that resolve the X-ray beam into low- and high-energy pho-
tons. Besides these mainly used concepts, other—less-efficient concepts—exist,
such as the twin-beam DECT where the X-ray beam is divided into a low- and
high-energy part along the scan axis by inserting different filter materials or a DECT
system, which uses two separate and sequential scans at different kVp settings.

For abdominal CT, especially for oncological applications, DECT has shown a
high value for diagnostic imaging and therapy planning. The benefits are based on a
variety of additional and complementary imaging information that becomes avail-
able with DECT. This is shown in Fig. 1.3, which displays the typical imaging
portfolio, as generated by present dual-energy spectral CT scanners (in this case:
Philips IQon spectral CT). Here, a scan for a contrast-enhanced (portal venous
phase) abdominal CT scan is shown. Instead of one conventional CT image only
(Fig. 1.3a), and additional Virtual Non-Contrast (VNC) CT image (Fig. 1.3b), and
an Iodine Material Density (IMD) image (Fig. 1.3c) is produced. These are

Fig. 1.3 Typical imaging portfolio, as generated by present dual-energy spectral CT scanners (in
this case: Philips IQon Spectral CT), here a contrast-enhanced (portal venous phase) abdominal CT
scan. a Conventional CT image. b Virtual Non-Contrast (VNC) CT image. c Iodine Material
Density (IMD) image. These are obtained by post-processing the dual-energy information into a
new set of basis material images (here VNC and IMD). d Virtual Mono-Energetic (VME) CT
image (here at 40 keV), obtained by interpolating and fusion of the previously separated
photo-effect and Compton-basis images at the desired energy. e Z-effective map, which displays
the average atomic number of the material, from red (low-Z) to blue (high-Z). Pfeiffer D./TUM

1 Advanced X-ray Imaging Technology 7



obtained by post-processing the dual-energy information into a new set of basis
material images (here VNC and IMD). Furthermore, so-called Virtual
Mono-Energy (VME) CT images (typically between 40 and 200 keV) can be
obtained by interpolating and fusion of the previously separated photo-effect and
Compton-basis images at the desired energy (Fig. 1.3d). Finally, a Z-effective CT
map (Fig. 1.3e) can be computed. It displays molecular imaging information, by
plotting the average atomic number of the material, typically in a colour map from
red (low-Z) to blue (high-Z).

1.2.2 State of the Art in Dual-Energy CT

In order to compare the different technological DECT concepts and evaluate their
performance for specific clinical applications, several studies have been performed in
the recent past. This includes studies focusing on renal [1], cardiac (Chandarana et al.
2011) or radiation therapy applications [2]. In the following, we review a more
recently published study [34], which is particularly relevant for oncological precision
radiology, as it discusses the precision quantification of iodine maps, and also the
noise levels in VME images. Both are considered to be of high clinical relevance for
oncological precision radiology and tumour therapy monitoring and follow-up.

1.2.3 Benchmarking Quantitative and Material-Specific CT
Imaging

To evaluate different DECT platforms, typically semi-anthropomorphic abdomen
phantoms (QRM-Abdomen-Phantom, QRM GmbH, Möhrendorf, Germany) with
different extension rings (Fig. 1.4) to mimic different patient sizes are used. Such
phantoms can be equipped with tissue-simulating inserts (Ø 2 cm), which include
surrogates for the following various tissue types, e.g. water, adipose, muscle, liver,
and bone-like material. Furthermore, a range of iodine concentrations (0.5, 0.75,
1.0, 2.0, 5.0, 10.0, and 15.0 mg/ml) can be used to asses specifically the quanti-
tative performance with respect to quantitative iodine CT imaging.

In the study by Sellerer et al. [34], the following DECT systems were evaluated:
DLCT (IQon Spectral CT, Philips Healthcare, Best, the Netherlands), first-
generation KVSCT (Discovery CT750 HD, GE Healthcare, Chicago, IL, USA), and
third- generation DSCT (SOMATOM Definition Force, Siemens Healthcare
GmbH, Erlangen, Germany). Care has to be taken in such studies where acquisition
parameters are similar for all systems, and therefore one typically uses the same
imaging protocols. Here, an abdominal imaging protocol was used in this case.
Furthermore, the radiation dose is typically fixed to specific values (CTDIvol: 10,
20, and 30 mGy).

As one example of the evaluated quantitative imaging performance, Fig. 1.5
shows measured and true VME-HU values of the used tissue-simulating inserts.
Except for the KVSCT system, which shows small deviations for VMEs lower than
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60 keV, all three scanners exhibit a high accuracy for soft tissue-like materials over
the complete energy range.

Figure 1.6 shows typical results for the quantitative VME CT image noise
performance as a function of the different keV levels at a radiation dose of 20 mGy,
and for three different patient sizes. For every system, the image noise is the
smallest for the highest possible VME value and exhibits a plateau above 100 keV.
The image noise rises for lower keV values and reaches its maximum at 40 keV for
all systems. Generally, the noise levels increase towards lower VMEs for all sys-
tems, but for KVSCT and DSCT it is more pronounced, while the increase in noise
is rather low in the case of DLCT. The better noise characteristics in the DLCT
system is mainly due to the fact that anti-correlated noise in the two layers of the
detector can be corrected more efficiently that uncorrelated noise (KVSCT and
DSCT) or cross-scatter (DSCT).

In Fig. 1.7, the performance with respect to quantitative iodine concentration
imaging is shown. As discussed before, this is of high relevance for oncological
imaging. Generally speaking, the measured (Fig. 1.7a, open circles) follow the true

Fig. 1.4 Abdominal CT phantom, with precision inserts for quantifying DECT imaging
performances relevant for oncology. a Abdomen phantom (semi-anthropomorphic) with extension
rings to mimic larger patient diameters. b Inserts with calibrated rods of specific materials (e.g.
different iodine concentrations, bone-, and adipose-tissue equivalent materials of varying density).
c Size of abdomen phantom, inserts, and extension rings (units in mm). Adapted from Sellerer
et al. [34]
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(Fig. 1.7a, line) iodine concentrations for all systems evaluated, i.e. the DLCT,
KVSCT, and DSCT system. However, when the absolute deviation from the real
values is considered, there are differences observed for the three systems. These are
shown in the Bland–Altman plots in Fig. 1.7b (here for a medium patient size and
20 mGy radiation dose). It can be seen that DLCT delivers the smallest absolute
errors of measured iodine concentration, followed by the KVSCT system. The
mean errors observed in DSCT are significantly larger. It can also be seen that the
absolute iodine quantification error increases with iodine concentration for all
scanner types. In this study, DLCT tends to slightly underestimate the iodine

Fig. 1.5 Quantitative Virtual Mono-Energetic (VME) CT imaging performance for a
medium-sized phantom at 20 mGy across different DECT platforms. a Dual-Layer CT (DLCT).
b Rapid kVp Switching CT (KVSCT). c Dual-Source CT (DSCT). Errors reflect the threefold
standard deviation between repeated scans. Adapted from Sellerer et al. [34]
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content, while DSCT overestimates the iodine content at the same patient size and
radiation dose.

1.2.4 Clinical Implications for Oncological Imaging

In summary, it can be noted that the presently available high-end DECT scanners
already allow quantitative image assessment in both the Virtual Mono-Energetic
(VME) and Iodine Material Density (IMD) CT images. All evaluated DECT

Fig. 1.6 Noise performance (standard deviation) in the quantitative Virtual Mono-Energetic
(VME) CT images for all DECT platforms and small, medium, and large patient size.
a Dual-Layer CT (DLCT). b Rapid kVp Switching CT (KVSCT). c Dual-Source CT (DSCT). The
noise values are given in Hounsfield units (standard deviation) at 20 mGy CTDIvol and for each
CT system. Adapted from Sellerer et al. [34]
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platforms can be used in clinical day-to-day routine, but noticeable differences in
imaging performance exist between the platforms. When considering in particalur
the image noise levels in the VME images and quantitative iodine concentration
accuracy, the most recently introduced system, namely the DLCT concept, pro-
duces the best performance.

1.3 Application Examples in Oncology

For oncological precision radiology, mainly the Virtual Non-Contrast (VNC),
Virtual Mono-Energetic (VME), and material-specific Iodine Material Density
(IMD) CT images are useful. Particularly, the IMD CT images enable the quanti-
tative differentiation of hypo-dense tumours from hypo- or hyper-attenuating cysts
and facilitate detection of iso-attenuating and hyper-dense lesions [1, 9, 27].

Fig. 1.7 Measured iodine concentrations and absolute errors. a Measured (open circles) and true
(line) iodine concentrations for the Dual-Layer CT (DLCT), Rapid kVp Switching CT (KVSCT),
and Dual-Source CT (DSCT) system. b Bland–Altmann plots of the mean signed deviation
between observed and true concentrations. All values are given for a medium-sized phantom and
20 mGy CTDIvol. Adapted from Sellerer et al. [34]
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1.3.1 Improved Lesion CNR in Iodine Material Density CT
Images

As one potential application of the beneficial use of quantitative IMD CT images
derived from DECT in oncology, the following example shall be given. It shows the
arterial phase hyper-enhancement and portal venous washout associated with HCC.
In this recent study by Pfeiffer D. et al. [27], the performance of IMD-based
imaging has been compared to mono-energetic 65 keV images and benchmarked to
the currently clinically established standard of magnetic resonance imaging (MRI).

Figure 1.8 shows axial IMD CT and MR images of a 72-year-old male patient
with hepatocellular carcinoma (HCC) in segment VI. The CT scans were obtained
on a single-source dual-energy 64-channel CT scanner with fast kVp switching
(80/140 kVp, GE Discovery CT 750 HD scanner, GE Healthcare, Milwaukee, WI,
USA), and acquired in arterial and portal venous phase. Before the scan, contrast
agent was given intravenously (Isovue, 370 mg of iodine per mL; 1.2 mL per KG
body weight; Bracco Diagnostics, Princeton, NJ, USA) at an injection rate of
3 mL/s followed by a 40-mL saline chaser at the same rate. The arterial phase was
acquired 10–15 s after the attenuation threshold was reached at the supraceliac
abdominal aorta, and the portal venous phase images were obtained 70 s following
contrast injection.

Fig. 1.8 Axial DECT and MR images of a 72-year-old male patient with hepatocellular
carcinoma (HCC) in segment VI. a–c Arterial phase. d–f Portal venous phase. a, d Virtual
Mono-Energetic (VME) CT image (65 keV). b, e Quantitative Iodine Material Density (IMD) CT
image. c, f MR image of the same patient. In (b, e) one observes an increased contrast between
HCC and non-tumour liver. Adapted from Pfeiffer D. et al. [27]
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As can be seen in Fig. 1.8, the contrast between HCC and the background liver
is clearly increased in the IMD images (Fig. 1.8b, e) compared to the VME images
in Fig. 1.8a, d, and MRI (Fig. 1.8c, f), respectively. When evaluated quantitatively,
on the basis of a CNR analysis, one finds that the CNR is significantly higher in the
IMD images in both the arterial (81.87 ± 40.42) and the portal venous phase
images (33.31 ± 27.86), compared to the VME images (6.34 ± 4.23 and
1.89 ± 1.87) and MRI (30.48 ± 25.52 and 8.27 ± 8.36), respectively.

In summary, this specific example shows that IMD CT images, as derived from
DECT scans, can provide significantly improved detection of cancer lesions, as
shown here for a hepatocellular carcinoma (HCC).

1.3.2 Quantification of Iodine Material Density CT Imaging

Iodine Material Density CT images can not only be used to improve CNR for lesion
detection, as has been shown above, but they can also be used to draw more
information from the images. One such example is that it has been found that
quantitative IMD values can help to differentiate metastases depending on different
primary malignancies.

In a recent study, for example, by Deniffel et al. [10], pulmonary metastases of
130 patients (77 men and 53 women, mean age 63, range 22–87) were evaluated
with respect to their primary origin. These were primary bone (OS), breast, col-
orectal (CRC), head and neck, kidney (RCC), lung, pancreato-biliary (PBC),
prostate, soft tissue, skin, and urinary tract malignancies.

Figure 1.9 shows some exemplary results of the quantitative evaluation of the
IMD values found in the metastases as a function of the different origins. Significant
differences can be noted for pulmonary metastases from RCC (IC: 2.83 mg/ml)
versus breast cancer (IC: 1.47 mg/ml), CRC (IC: 1.23 mg/ml), HNC (IC:
1.54 mg/ml), OS (IC: 2.36 mg/ml), PBC (IC: 2.16 mg/ml), and urinary tract car-
cinoma (IC: 2.21 mg/ml). Based on these findings, one can conclude that quanti-
tative IMD assessment in DECT images can be used to differentiate pulmonary
metastases from OS, HNC, and RCC from other pulmonary metastases (area under
ROC curve, 0.69–0.79).

Figure 1.10 shows how well this discrimination performs by considering the
receiver operating characteristic (ROC) curves.

1.4 Future: Spectral Photon-Counting CT

Photon-Counting Spectral CT (PCCT) takes the concept of dual-energy spectral CT
one step further, and can perform real “colour” X-ray detection, in a way that it can
discriminate the energy of individual X-ray quanta. By sorting these X-ray photons
in three or more energy bins, it is possible to obtain more information about the
elemental composition of an object, than what is presently possible with
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dual-energy CT systems. Over the last years, the effort to translate Spectral
Photon-Counting Detector concepts into the clinical routine has accelerated with the
installation of several preclinical CT systems.

With respect to oncological imaging, Photon-Counting Spectral CT may provide
several new options for improving the present state of the art. One such example
could be the usage of PCCT for advancing screening for colorectal cancer, as
suggested by Muenzel et al. [24, 25]. This is described in the following.

Computed Tomographic (CT) colonography can be used as a screening method
for non-invasive evaluation of the colon [18]. Its diagnostic performance for the
detection of colon polyps is similar to that of conventional colonoscopy [8].
Unfortunately, both methods, conventional as well as CT-based colonography,
require a cathartic preparation of the bowel. And this procedure exhibits lower
acceptance by the patients, especially for elderly patients and those with multiple
morbidities.

Fig. 1.9 Quantitative Iodine Material Density (IMD) values for intrapulmonary metastases from
different primary tumours. Based on this quantitative evaluation, significant differences can be
noted for pulmonary metastases from RCC (IC: 2.83 mg/ml) versus breast cancer (IC:
1.47 mg/ml), CRC (IC: 1.23 mg/ml), HNC (IC: 1.54 mg/ml), OS (IC: 2.36 mg/ml), PBC (IC:
2.16 mg/ml), and urinary tract carcinoma (IC: 2.21 mg/ml). Adapted from [10]
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So-called laxative-free colonography uses barium or iodine for tagging of the
faeces, and can, in principle, be done without cathartic cleansing of the bowel. It is
typically performed in combination with oral ingestion of a water-soluble iodinated
contrast agent and enables contrast enhancement of the faecal material and residual
fluid in the bowel. After the CT scan, a software algorithm is used to virtually
remove the contrast-enhanced faecal material from the CT images (“electronic
cleansing”).

Although this novel CT colonographic method may increase patient acceptance
of the procedure, it has some limitations. From a clinical point of view, it would be
very important to not only find polyps, but also discriminate them according to their
behaviour in terms of, i.e. contrast agent uptake. This, however, is not possible in
conventional CT, as a contrast agent is already used for tagging the faeces.

Spectral Photon-Counting CT (SPCCT) may provide an alternative route, as it
could enable the radiologist to differentiate between two contrast agents in a single
CT acquisition. In the present case of colonography, for example, one contrast
agent could be injected intravenously for enhancement of polyps and a second
contrast agent could be given orally for tagging of the faecal material and residual
fluid in the bowel.

Figures 1.11 and 1.12 show a dedicated phantom and preclinical results obtained
in a recent study [24, 25] on a prototype SPCCT system, which demonstrates the
feasibility of the approach described further above.

Fig. 1.10 Receiver operating characteristic (ROC) curves for diagnostic performance of the
Iodine Material Density (IMD) CT values. The ROC curves discriminate pulmonary metastases
from a specific primary tumour versus metastases from other malignancies. Bold dashed lines
represent diagnostic tests that can distinguish between the two groups. Adapted from [10]
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Fig. 1.11 Colon phantom created by 3D printing. a Picture of the colon phantom. b 3D
iso-surface rendering (from CT data). Arrows indicate polyps added to phantom before production.
Adapted from Muenzel et al. [27, 28]

Fig. 1.12 Single Photon-Counting CT (SPCCT) scan of colon phantom. a Conventional CT
image. b Same (conventional CT image) with an overlay of iodine (green) and gadolinium
(red) material density image. c Iodine material density image. d Gadolinium material density
image. Both material density images are obtained from a decomposition algorithm and are visually
and quantitatively distinguishable. Therefore, SPCCT enables a separation between
gadolinium-enhanced polyp tissue and iodine-tagged fluids and faeces in colon. Adapted from
Muenzel et al. [27, 28]
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To mimic a realistic case, rapid-prototyping can be used to fabricate a colon
phantom (Fig. 1.11). Based on a digital model of a real patient, the colon was
modified by inserting non-enhancing polyps (filled with a polymer mixture similar
to the colon wall). Additionally, a gadolinium-filled capsule representing an
enhanced polyp was placed on the colon wall, and the interior was filled with
conventional iodine contrast agent as used in CT.

Figure 1.12 shows the results after SPCCT-based material separation. The dif-
ferent panels show the conventional CT image (Fig. 1.12a), the conventional CT
image with an overlay of iodine (green) and gadolinium (pink) (Fig. 1.12b), the
Iodine Material Density image (Fig. 1.12c), and the gadolinium material density
image (Fig. 1.12d). Both, the iodine and gadolinium maps are generated from the
post-processing algorithm and can clearly be differentiated. Thus the idea of using
Spectral Photon-Counting CT in combination with two contrast agents (one intra-
venously injected, and one upon oral ingestion) has the potential to improve
CT-based colonography, including a differential diagnosis for enhancing and
non-enhancing polyps.

More recently, several other preclinical SPCCT studies have been carried out,
which use two contrast agents also for simultaneous acquisition of multiphase CT
scans [7, 24, 25, 37] or use the natural occurring difference between the
energy-dependent attenuation behaviour of different materials [32].

1.5 Phase-Contrast and Dark-field X-ray Imaging

1.5.1 Basic Principles and Milestones

In conventional X-ray imaging, the image contrast is formed by X-ray attenuation,
and reflects the physical interactions of photoelectric absorption and Compton
scattering. Both of these interaction processes are modelled conveniently by
interpreting X-rays as photonic particles. If, in contrary, X-rays are described as
electromagnetic waves, other, wave-optical interaction effects occur, and result in
diffraction, refraction, phase shift, and small-angle scattering. Dark-field contrast in
this context means that particularly the small-angle scattering effect is used as an
imaging signal.

1.5.2 Early Years of Phase-Contrast Imaging

To exploit wave-optical interactions of X-rays with matter, several methods have
been investigated already in the last century. They can be classified into interfer-
ometric methods, techniques using an analyser, and free-space propagation meth-
ods. These methods differ in the nature of the signal recorded, the experimental
setup, and the requirements on the illuminating radiation. Because of the use of
crystal optics, crystal interferometric and analyser-based methods typically rely on a
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highly parallel and monochromatic X-ray beam. Propagation-based methods can
overcome the stringent requirements on the temporal coherence, but still require
typically microfocus X-ray sources (with correspondingly low power) or highly
brilliant synchrotrons. This is why these methods are not easily applicable to
medical X-ray tubes, which do not provide the required brilliance.

1.5.3 Milestones in Grating-Based Imaging

Grating-based imaging presents an alternative phase-contrast imaging method,
which can be used with standard medical imaging equipment and also provides the
dark-field signal. It was first reported at a synchrotron source by Momose et al. [20],
and the first tomographic grating-based phase-contrast results were then reported by
Weitkamp et al. [41] and Momose et al. [21]. The transition from highly brilliant
synchrotron sources to incoherent lab-based X-ray tubes was achieved by Pfeiffer F.
et al. in [28], followed shortly by the first quantitative phase-contrast CT imaging
performed at X-ray tubes in 2007 [29]. Dark-field or scattering imaging was dis-
covered by Pfeiffer F. et al. [30], and extended to quantitative dark-field scattering
CT by Bech et al. [5].

The more recent progress in grating-based X-ray imaging includes the devel-
opment of advanced phase-stepping or data analysis schemes (reported by Zhu et al.
[45], Qi et al. [31], Modregger et al. or Zanette et al. [19, 44]), the development of
fast phase-stepping and tomography procedures (reported by Momose et al. [22]).

With respect to biomedical applications, several preclinical investigations have
also been performed until now. These include a first preclinical CT scan of a human
hand (reported by Donath et al. [11]), a comprehensive study of the potential of
grating-based imaging for mammography (reported by Stampanoni et al. [35]), or
the application of grating-based imaging for enhanced cartilage visualization (re-
ported by Stutman et al. [36]).

1.6 Image Formation and Preclinical Results

Figure 1.13 shows the basic experimental arrangement for grating-based X-ray
imaging [Pfeiffer et al. 2016]. It consists of a source grating G0, a phase grating G1,
and an analyser grating G2. The source grating (G0), typically placed close to the
X-ray tube, is an aperture mask with transmitting slits. It creates an array of peri-
odically repeating line sources and effectively enables the use of relatively large,
that is, square-millimetre-sized X-ray sources, without compromising the coherence
requirements of the arrangement formed by G1 and G2. The image contrast itself is
formed via the combined effect of the two gratings G1 and G2. The second grating
(G1) acts as a phase mask, and imprints a periodic phase modulation onto the
incoming wave field.
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Through the Talbot effect, the phase modulation is transformed into an intensity
modulation in the plane of G2, forming a linear periodic fringe pattern perpen-
dicular to the optical axis and parallel to the lines of G1 (see Fig. 1.14a). The third
grating (G2), with absorbing lines and the same periodicity and orientation as the
fringes created by G1, is placed in the detection plane, in front of the detector.
When one of the gratings is scanned along the transverse direction, the intensity
signal in each pixel in the detector plane oscillates as a function of the grating
transverse position (Fig. 1.14b).

In order to retrieve the three different image signals (conventional attenuation,
phase-contrast, and dark-field contrast), a so-called phase-stepping scan is per-
formed with the interferometer, in which several exposures (typically 3 or 4) are
acquired while one grating is stepped sideways in the direction perpendicular to the
grating lines [Pfeiffer et al. 2016]. Subsequently, Fourier processing of the recorded
frames is used to extract the three image signals. A typical result of such a pro-
cedure is shown in Fig. 1.15 for a simple test sample [5].

Figure 1.16 shows some exemplary images from a small animal (mouse), in vivo
[6]. As can be seen, the information gained from each of the three contrast
mechanisms is of complementary nature. The conventional X-ray image
(Fig. 1.16a) shows very good contrast between bones and soft tissue, mainly due to
the increased X-ray attenuation of calcium compared to the lighter soft tissue. The
differential phase-contrast image (Fig. 1.16b) enhances details in the soft tissue. In
particular the interfaces of air-filled regions are clearly shown, such as the trachea
(marked by an arrow) or the lungs. Finally, the dark-field image (Fig. 1.16c)
enhances features containing sub-pixel-sized microstructures. Particularly the lungs
exhibit a strong signal, as their main morphological structures—the alveoli—have a
typical size of a few tens of micrometres.

Fig. 1.13 Basic setup for grating-based X-ray imaging. The arrangement for grating-based X-ray
imaging (a so-called Talbot-Lau interferometer) consists of a source grating G0, a phase grating
G1, and an analyser grating G2. The source grating (G0) is typically placed close to the X-ray tube,
whereas G1 and G2 are placed close to the detector, behind the sample. Pfeiffer F./TUM
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Fig. 1.14 Contrast generation and data processing in grating-based X-ray imaging. a In order to
detect the dark-field (small-angle scattering) signal created by an object, the periodic fringe pattern
created by G1 is analysed in the plane of G2. A sample with a significant scattering contribution
diffuses the beam and yields a locally reduced fringe visibility. b The signal is obtained by
analysing the intensity oscillations in every detector pixel as a function of the grating position G2.
Pfeiffer F./TUM

Fig. 1.15 Multi-contrast X-ray images of a test sample containing two plastic containers filled
with a liquid (water, left, A) and a powder (sugar, right, B). a Conventional X-ray transmission
image. b Differential phase-contrast image. c Dark-field image of the same sample. Adapted from
[6]
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1.6.1 From 2D to 3D: Multi-contrast X-ray CT

Grating-based phase- and dark-field imaging can not only be done in radiographic
mode, but is also fully compatible with quantitative CT reconstruction (Pfeiffer
et al. 2017).

Figure 1.17 shows the first preclinical prototype CT scanner, which was
developed in 2012 [39]. It consists of a standard rotating CT gantry with X-ray
source, specimen opening, and a flat-panel detector. It comprises additionally a
three-grating Talbot-Lau interferometer to extract multi-contrast X-ray projection
images. This allows the system to deliver conventional transmission images, dif-
ferential phase-contrast images, and dark-field images. In the first step of the
development, the compact gantry was built and operated stand-alone in rotating
sample mode. In its present configuration, the gantry is now implemented into a
typical preclinical CT scanner housing, featuring an animal bed, animal monitoring,
gas anaesthesia, and a flat-panel imaging detector.

As an exemplary application, Fig. 1.18 shows some in vivo X-ray dark-field CT
scans of mice. Here thoracic tomographic data were acquired of a healthy control
mouse, a mouse with pulmonary emphysema, and a mouse with pulmonary fibrosis.
The scope of this study [40] was to highlight the feasibility and to demonstrate the
potential diagnostic benefit of the novel contrast modality in 3D imaging.

Fig. 1.16 First in-vivo multi-contrast X-ray images of a mouse. Data processing of the raw
phase-stepping scans yields three separated and complementary X-ray images. a Conventional
X-ray attenuation image. b Differential phase-contrast image based on X-ray refraction.
c Dark-field image based on X-ray small-angle scattering. All three images are intrinsically
registered as they are extracted from the same data. Examples of regions of enhanced contrast
compared to the attenuation image are marked with arrows, showing the refraction of the trachea
(b) and the small-angle scattering of the lung (c). The total dose for these images was 3.5 mGy.
Adapted from [6]
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Comparing the conventional CT scan of the emphysematous mouse (Fig. 1.18b, e)
with the control (Fig. 1.18a, d), only subtle differences towards darker grey values in
peripheral lung tissue in the emphysematous case can be observed. The resolution of
the imaging system does not allow a direct depiction of the alveolar wall structure. In
the corresponding CT slices of the dark-field channel (Fig. 1.18g, j for control, h, k
for emphysema), the strong difference in signal allows for striking discernibility
between control and diseased case. The destruction of alveolar walls and resulting
enlargement of air spaces cause significantly reduced small-angle X-ray scattering.

In the case of lung fibrosis (Fig. 1.18c, f for attenuation, i, l for dark-field) the
replacement of the functional alveolar network by solid scar tissue is clearly
apparent in both modalities, since the presented case is at an advanced stage. The
dark-field image reveals areas with the remaining functional alveolar structure.

For a better three-dimensional visualization, Fig. 1.18s, t provide views of
volume renderings of the acquired datasets. Bones were segmented from the
attenuation signal, whereas lung tissue was extracted from the dark-field CTs and
represented by a semi-transparent hot colour map to enhance inter- and
intra-pulmonary structural variations. The 3D views confirm the earlier findings
from the 2D slices: The control lung exhibits a strong homogeneous scattering
pattern all over its volume, whereas the fibrotic lung lacks scattering areas in the
central, peribronchial regions.

Fig. 1.17 Small-animal phase- and dark-field CT scanner. a Photograph of the previously
developed rotating-gantry CT scanner. b Schematics of the scanner housing with rotating gantry
(gantry movement indicated by red arrows). The gantry is oriented horizontally in the displayed
view. The housing dimensions are approximately 95 cm in width, 100 cm in height, and 85 cm in
depth. c Grating interferometer implementation, which is contained within the gantry. Adapted
from Tapfer et al. [39]
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1.7 Application Examples in Oncology

Lung cancer is one of the leading causes of cancer-induced deaths worldwide, with
around 1.5 million deaths a year worldwide. It is mostly diagnosed at an advanced
stage with poor prognosis, and the average 5-year survival rate is very low, on the
order of 15%. Conventional chest X-rays are typically used as a starting point in
clinical diagnostic routine, but the sensitivity of detecting small nodules is very low
[13]. This is why conventional X-ray chest radiography is not as efficient as a
screening program for lung cancer.

Low-dose CT (LDCT) is presently discussed as a screening alternative, and is
actually recommended in the US for high-risk groups (heavy smokers). While the
sensitivity of detecting lung cancer in LDCT is indeed very high, the application to
population-wide screening is still not possible, because also LDCT (a few mSv)
presents a radiation dose about hundred times higher than a conventional chest
X-ray image (a few ten micro-Sv).

X-ray dark-field radiography can potentially overcome this shortcoming, and
provide a screening modality with high sensitivity than conventional chest X-rays,
but yet at a dose that is much lower than LDCT.

This has been evaluated in a recent study by Scherer et al. [33], which
demonstrated in an in vivo small-animal lung cancer model (Fig. 1.19) that X-ray
dark-field contrast is also highly suitable for the detection of small tumour nodules,
which could be overlooked at the corresponding conventional image. The improved
detection rates in dark-field imaging essentially result from the distortion of the

Fig. 1.19 Conceptual designs of dark-field imaging study on small-animal lung tumour mice
models and the effect of reduced dark-field imaging signal from lung tumours. a In-vivo dark-field
imaging was achieved using a preclinical phase-contrast small-animal scanner and K-rasLA2 mice.
b X-ray dark-field imaging is highly sensitive to changes in the natural lung micro-anatomy.
Cancerous tissue, with a smaller air:tissue ratio reduces the dark-field signal significantly
compared to healthy tissue, which exhibits a larger air:tissue ratio. c Histological sections of
typical tumour tissue (left) versus healthy tissue (right). Adapted from Scherer et al. [33]
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generally overall high signal that healthy lungs provide, and the lack of overlying
anatomical background (e.g. bones).

Figure 1.20 shows qualitative radiographic investigation assessment of the
detection of lung cancer using X-ray dark-field radiography, compared to con-
ventional attenuation imaging. Here, a transgenic animal model with spontaneous
K-ras oncogene-driven growth of lung tumours, which closely resembles human
lung tumour development, was used. Due to overlaying structures, e.g. ribcage,
heart shadow, and the diaphragm, it is difficult to detect lung lesions on the
transmission radiograms. Additionally, small tumour lesions only lead to minor
variations to the overall optical density with respect to the surrounding healthy
tissue, and therefore detection of small nodules is extremely challenging. In com-
parison, the impact of overlaying structures in dark-field images is much less
present, since signal arising from the lung—more precisely the alveoli—is domi-
nant in the thoracic region. This advantage enhances the assessment of lung lesions,
since distortions in the homogeneous (strongly scattering) lung pattern are more
easily perceived by the radiologist.

Compared to the conventional chest X-rays, significantly more lung lesions
(especially small nodules) are visible as (poorly scattering) black voids in the
dark-field projections (as indicated by red arrows). Furthermore, the size and

Fig. 1.20 Conventional and dark-field X-ray images and histologies of the investigated mice.
Small cancer nodules are much easier to detect within the dark-field image (red arrows) than in the
attenuation channel. This is mainly due to less anatomical overlay (e.g. of the ribs or other soft
tissue) and the generally very string and dominant dark-field signal of the lung within the thorax.
The scale bars correspond to 5 mm and 2.5 mm on the radiograms and histological sections,
respectively. Adapted from Scherer et al. [33]
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location of the tumours can be more clearly identified and were found to be in
agreement with the histopathological workup (Fig. 1.20c).

Figure 1.21 displays the results of a subsequent quantitative reader study with
three experienced radiologists. The radiologists were blinded and both transmission
and dark-field radiograms were presented separately, with the option of scaling data
sets freely. In this study a total of 16 murine lungs were considered. The number of
detected tumours (true-positives) on conventional and dark-field images demon-
strates that dark-field imaging significantly outperforms transmission imaging with
respect to the assessment of lung nodules. This was verified by histology as a
method of reference. In comparison to the transmission radiographs, an increase in
tumour detection rates ranging from at least 92% up to a maximum of 267%, was
found, when the dark-field images are used. Furthermore, this study also yielded
that dark-field-based diagnostics increases the diagnostic specificity of lung tumour
assessment, by reducing the number of false-positives within the control group of
healthy mice from an overall of 6 to 4 incidences.

Fig. 1.21 Results of a reader study, aiming at the detection of lesions in dark-field versus
conventional attenuation X-ray images. A significant improvement in the detection rate
(true-positives) was observed, when using dark-field images. This improvement ranged from an
average increase of 92% up to a maximum increase of 267%. Moreover, dark-field radiography
additionally enhances diagnostic specificity, by reducing the number of false-positives from an
overall of 6 to 4 incidences. Adapted from Scherer et al. [33]

1 Advanced X-ray Imaging Technology 27



1.8 Present Stage of Clinical Translation

Meanwhile, dark-field imaging has been taken up by more than two dozen research
groups worldwide. So far, the method has been implemented in several prototypical
preclinical demonstrator systems focusing on mammography [26, 42]; Garret et al.
2014; [4, 17], musculoskeletal applications [23, 38], and chest X-rays [14, 43].

It is expected that in the next 2–3 years these efforts will lead to the first patient
studies, which will verify the high potential of phase- and dark-field-contrast
imaging in routine medical imaging applications.
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2.1 Imaging Targets in Cancer

2.1.1 Introduction

Classically, imaging is used in clinical response assessment of anticancer therapies
through measurements of tumor size from cross-sectional anatomical images
obtained by CT or MRI [84, 298, 346]. While these measurements can be readily
and widely performed, they suffer from a number of limitations. Quantification is
fairly crude and not suitable for diffuse and/or multiple tumor lesions and changes
in tumor size do not always accurately reflect the response to treatment [329].
Therefore, significant effort is put into the development and validation of new
imaging techniques and imaging biomarkers [29, 230]. These include techniques
aimed at the quantitative visualization of metabolic processes and of cellular and
molecular interactions. Such approaches are not only valuable for monitoring
treatment responses, but also offer opportunities in studies regarding elucidation of
mechanisms involved in cancer pathophysiology, identification of (new) targets for
treatment, in drug development, for selection of patients likely to respond to the
treatment at hand, and for monitoring of drug delivery efficacy.

In this respect, it is important to consider that the view on tumor formation and
tumor progression has changed considerably over the past two decades. Until the
realization that the microenvironment of tumors plays a crucial role in a variety of
oncogenic processes [123], cancer was considered to be a disease mainly arising
from transformed cells that, through successive oncogenic mutations, acquire
autonomous resistance to cell death and enhanced proliferative and invasive
capacities [261]. Instead of this cancer cell-focused view, it is now recognized that
the tumor stroma plays a crucial role in oncogenesis. Tumor stroma consists of a
variety of nonmalignant cells and extracellular matrix (Fig. 2.1). The various cell
types within the tumor stroma comprise fibroblasts, immune cells, and endothelial
cells; they are in principle nonmalignant but they do have an altered phenotype and
function when compared to normal tissue. Through cell–cell interactions and the
production of cytokines these tumor stroma cells actively contribute to tumor for-
mation, progression, and metastasis and resistance to treatment [167, 267, 290].
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This paradigm shift has led to the realization that for successful control of cancer,
treatment strategies should not only be directed at the tumor cells but also targeted
at the tumor microenvironment, for which an understanding of the complex
molecular and cellular interactions in cancer tissue is paramount. Therefore,
imaging techniques are becoming increasingly important in the development,
design, and monitoring of cancer drugs and treatment strategies.

Fig. 2.1 Schematic representation of the complex composition of a tumor. Various cellular and
stromal components can function as targets for therapy and imaging
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2.1.2 Physiological Imaging Targets

Tumors are known to have an aberrant vascular network and microcirculation.
Tumor vasculature is typically highly disorganized with many structural and
functional irregularities such as: incomplete endothelial lining, endothelial fenes-
trations, arteriovenous shunts, absence of flow regulation, increased vascular per-
meability, aberrant flow conditions, and inadequate lymphatic drainage. In addition,
interstitial fibrosis is often also a hallmark of tumors. These irregularities are
responsible for various pathophysiological conditions within tumors such as
interstitial hypertension, hypoxia, and acidosis that contribute to the malignant
phenotype and resistance to various treatments [318–326]. Plasma flow aberrations
and high interstitial fluid pressure in tumors can severely hamper drug delivery
efficiency through inadequate perfusion and convection within the tumor; hypoxic
conditions negatively affect the radiation and cytostatic drug efficacy through
reduced production of free radicals and altered cell cycle kinetics. Tumor blood
volume, tumor perfusion, tumor oxygenation levels, interstitial acidosis, and
fibrosis are, therefore, valuable imaging biomarkers in oncology. They can be used
as either prognostic/predictive indicators or as treatment response parameters [58,
66, 75, 171, 318–326, 362]. Within this pathophysiological environment, tumor
cells also display altered energy metabolism as reflected in increased glucose uptake
and shifted balances in metabolic products. Metabolic fingerprinting of tumors by
imaging techniques is, therefore, also a widely pursued approach in cancer man-
agement [11, 28, 27, 42, 122, 243].

Another aspect of tumor physiology considered to be of value as a quantifiable
imaging target is tissue cellularity. Depending on the type of tissue, tissue cellu-
larity can be higher or lower in malignant tumors compared to normal tissue. For
instance, in edematous tumors, cellularity is typically lower compared to normal
tissue. In contrast, in breast tumors cellularity is often higher compared to normal
tissue that typically has a high-fat content [3, 343]. Cellularity can be determined by
imaging based on water diffusion kinetics and in pretreatment situations used for
staging and as a prognostic indicator. Cellularity measurements can also be used as
an early marker in treatment response assessment [226].

2.1.3 Molecular Targets

Imaging of molecular targets commonly comprises the assessment of the presence
and/or activity of a specific molecule. Various strategies can be employed,
including the use of: imaging probes functionalized by a specific ligand, imaging
probes that contain a substrate specific for the molecular function of the target
molecule, or reporter gene technology. Imaging probes functionalized by conju-
gation to a ligand (e.g., antibody, peptide, aptamer, amino acid, or lectine) are
generally aimed at molecules expressed on the cell surface such as somatostatin
receptors [189], HER-2 [287], VEGF-receptors [37] and integrins [344]. These
surface molecules can be involved in tumor cell proliferation, migration, drug
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resistance and can thus be used as an imaging biomarker in diagnostics, prognos-
tics, and treatment response assessment.

Imaging probes that contain a substrate specific for the molecular function of the
target molecule are often referred to as “smart probes”, “activatable probes”, or
“responsive probes”. Characteristic for these probes is that they are largely unde-
tectable in their native state, but following interaction with their target undergo a
physiochemical change creating a detectable signal. Typical targets for these
imaging probes are enzymes such as MMPs [336], Cathepsins [227], lipases [133],
and peroxidases [309]. However, responsive probes are more and more also being
designed to interrogate physicochemical conditions such as pH, temperature,
oxygen pressure, and redox potential in the tumor microenvironment in vivo [6,
103, 163, 253].

Reporter gene imaging is based on the introduction of a specific gene construct
into the cells of interest whereby the reporter gene encodes for a receptor, a
transporter, or an enzyme resulting in the binding, accumulation, or physico-
chemical modulation of an injectable probe or a naturally occurring substrate with
inherent signal properties such as iron. Reporter gene technology can be used to
interrogate the activity of specific signaling pathways, for monitoring of gene
therapy, and to track migration and fate of specific cells in vivo (see also below)
[155, 278].

2.1.4 Cellular Targets

Cellular imaging has applications in diagnosis, prognosis and treatment monitoring
in oncology. Main goals in such approaches are directed at the assessment of the
presence, distribution or fate of a specific cell population. Generally, this involves
the incorporation of an imaging probe by the cells of interest, either by labeling the
cells with exogenous probes or by reporter gene technology. Examples of cellular
imaging applications that can serve diagnostic, prognostic as well as response
monitoring purposes can be found in liver and lymph node imaging with
intravascularly injected imaging probes. In these applications, the selective uptake
characteristics of imaging probes by liver parenchymal cells or cells of the retic-
uloendothelial system are exploited by which presence of tumor (metastatic) lesions
can be monitored [177, 186, 348]. A cellular imaging application that has elicited a
wide interest in the past decade is in the field of cell-based therapies. Cell-based
therapies are considered to offer unique benefits in cancer treatment. Cells as drug
or drug carriers offer potentially favorable targeting and biocompatibility properties,
e.g., crossing of the blood–brain barrier, compared to many synthetic drugs (car-
riers). In vivo cell tracking techniques by which the fate and function of trans-
planted cells can be monitored are of major importance in developing and
improving such treatment strategies [29, 30, 132, 135, 161, 245, 295, 306]. Cellular
imaging techniques are also widely used for cancer cell imaging to follow tumor
development, tumor cell migration, and metastatic activity in vivo m[223, 281, 306,
368].
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2.1.5 Image-Guided Drug Delivery

The many developments in imaging techniques have also created exciting possi-
bilities for image-guided drug delivery. In pharmaceutical research, drug devel-
opment is a slow, high risk, and costly process. Despite that the specifics and
duration of each step depend on the drug class and target indication, overall the
introduction of a new drug into clinical development generally takes 10 years
[342].

Molecular imaging guidance plays an increasing role in many aspects of phar-
maceutical research, providing important advantages over conventional readouts.
High spatial and temporal resolution of imaging approaches allows for quantitative,
uniform, and potentially high-throughput studies on the same living subject at
different time points, increasing the statistical power and reducing the number of
animals and relative costs. Especially in the early stages of drug research and
development imaging allows for rapid, noninvasive longitudinal assessment of a
drug’s pharmacokinetics and pharmacodynamics [69] aiding the selection of lead
successful candidates and excluding or deprioritizing others. Therefore,
image-guided approaches have the potential to expedite the research and clinical
approval of novel imaging and therapeutics probes [143].

By far, the oncology field benefited most of the recent advancements in
molecular imaging. Several targeting moieties (antibodies, peptides, aptamers)
specifically directed to molecular targets on malignant cells are currently available.
These allow the design of specific probes suitable for the early detection of
molecular events that precede the macroscopic development of a disease. Similarly,
probes can be designed to perform a therapeutic effect (chemotherapy or radio-
therapy) or to be activated in the specific site of interest (ph, thermal, enzymatic
activation).

2.2 Recent Technological Developments in X-Ray
Computed Tomography of Cancer

2.2.1 Basics of Multi-slice Spiral Computed Tomography

2.2.1.1 Brief History
The history of multi-slice spiral computed tomography (CT) starts in Germany in
1895 when Wilhelm Conrad Röntgen (1845–1923) discovered a new type of
radiation, which he called X-rays. This type of electromagnetic radiation, which has
a shorter wavelength than visible light and the ability to penetrate matter, was
immediately used to image the inner human body. The images thus obtained
showed a two-dimensional (2D) projection of the inner structures. The contrast in
the images was based on the differences in X-ray attenuation coefficients and in the
thickness of the various tissues. For decades, the principle of observing the inner
human body by looking at projection images in the form of photographs (“X-rays”)
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or fluoroscopic images did not really change. In these images, the depth information
was lost and details were obscured by overprojection of other structures. Several
attempts were made to image only a certain plane of the inner human body, a
technique that became known as tomography.

After initial work by Allan M. Cormack (1924–1998), the principle of recon-
structing cross sections was introduced into the medical world by the British
engineer Godfrey Newbold Hounsfield (1919–2004). In 1972, he presented the first
full-scale CT scanner (EMI Mark I, EMI Ltd., London, United Kingdom) and the
first picture of a patient’s head [13, 136]. This image represented a cross section
with a thickness of 13 mm and consisted of a matrix of 80 by 80 pixels, which
showed the anatomical structure of the brain. Compared to a plain X-ray image, the
CT image showed a remarkable contrast between tissues with small differences in
the X-ray attenuation coefficient. A survey of American physicians showed that the
invention of CT, together with magnetic resonance imaging (MRI), is seen as the
most important medical innovation in the past three decades of the twentieth cen-
tury [99].

After the introduction in 1972, CT scanners and reconstruction algorithms were
improved greatly. The time to obtain the information for reconstructing a cross
section was reduced to the order of one second, and the spatial resolution was
improved substantially. Most CT scanners utilized the fan-beam geometry, in which
the X-ray tube rotates around the patient and attenuation measurements are obtained
with an array of detectors, which also rotates. After data are acquired for one
rotation of the X-ray tube, the scanner table is moved and the next slice is scanned.
For nearly two decades this scanning technique, which is called the sequential
technique, basically remained the same.

Based on new ideas and technical improvements, the German physicist Willi A.
Kalender (1949) developed the spiral CT technique and reported the first clinical
examinations with spiral CT at the 1998 annual meeting of the Radiological Society
of North America. With spiral CT, the patient is moved through the CT scanner,
with simultaneous acquisition of projection data of the continuously rotating X-ray
source and detector array.

The performance of the spiral CT scanner was further improved by the intro-
duction of scanners which measured multiple fans simultaneously. With multi-slice
spiral CT, multiple fan measurements are made and an arbitrary number of slices
can be reconstructed. In literature, a number of alternative terms can be found, like
multisection, multichannel, and volumetric CT. In 1998 most CT manufacturers
introduced a CT system that was able to acquire four fans simultaneously. This
innovation reduced the time that was needed for a CT scan, without necessarily
decreasing the spatial resolution. Since then, the technical developments in
multi-slice spiral CT were primarily focused on increasing the number of fans.
Currently, CT scanners are available which acquire up to 320 fans simultaneously.

The overview given above of the history of multi-slice spiral CT is of course far
from complete. For a more extensive overview, the reader is referred to a book on
CT by Kalender [154].
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2.2.1.2 Data Acquisition
A CT scanner basically consists of a patient table and a gantry. The patient, who
lies on the table, can be moved through the gantry. The table moves in a direction
parallel to the z-axis. The gantry accommodates an X-ray tube and a detector array,
which rotates around the patient (Fig. 2.2).

The width of the detectors in the axial plane influences the spatial resolution in
the x, y-direction. This width, which generally cannot be chosen by the user, is in
the order of 0.25–0.7 mm when scaled to the center of the field-of-view, depending
on the CT scanner used. The width of the detector array in the z-direction influences
the z-resolution or effective slice thickness. The width of the detector array gen-
erally can be varied between 0.5 and 10 mm, scaled to the center of the gantry.

For one complete rotation, the projection data are acquired for approximately
1000 X-ray tube angles. At sequential CT, the data are acquired while the patient
table does not move. These data can be used to reconstruct cross-sectional images
in the region covered by the X-ray (cone) beam. After data acquisition, the patient
can be translated in the z-direction for the next region to be covered. State-of-the-art
multi-slice CT scanners with 256 or more detector arrays can cover the complete
region of interest within a single rotation without movement of the patient at all.

At spiral CT, the projection data are acquired while the patient is moved through
the scanner gantry. The ratio of the table translation or table feed per 360° rotation
of the X-ray tube and the total width of the detector arrays, is called the pitch value
of a spiral scan. The quality of the sampling varies with the pitch. Low pitch spiral
scans provide better image quality at the cost of longer scan time.

Motion of the patient during data acquisition, other than the enforced translation
in the z-direction, may lead to inconsistencies in the projection data and to artifacts
in the reconstructed images. Therefore, the patient is instructed to lie still and
normally to hold his or her breath during data acquisition. This limits the scan time

Fig. 2.2 Schematic drawing of a clinical fan-beam CT scanner. The gantry accommodates an
X-ray source, beam collimator, and detector array, which rotate around the patient. The patient lies
on a table which can be moved through the gantry during data acquisition
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to approximately 30 s. Other motions, for example, due to heartbeat and vessel
pulsation, cannot be suppressed. The influence of these motions can be reduced by
using only projection measurements that are made during a particular part of the
cardiac cycle in which the motion is minimal [150]. For this purpose, the electro-
cardiogram (ECG) can be recorded during data acquisition. The temporal resolution
of a CT scanner can be defined by the width of the part of the cardiac cycle used for
reconstruction. This width is—at the iso-center of the axial plane—equal to half the
rotation time. Nowadays, scanners are available with two X-ray tubes instead of
one. Each tube acquires half of the data needed for image reconstruction. This way,
the temporal resolution is improved by a factor of two for these dual-source CT
scanners [93].

Normally, there is virtually no difference in attenuation coefficient between
blood and surrounding tissue. Consequently, blood vessels are not visible on CT
images. When the vessels have to be visualized, a contrast agent, which increases
the attenuation coefficient of blood, is administered intravenously. Most contrast
agents contain iodine which has a relatively high atomic number compared to soft
tissue and blood.

2.2.1.3 Image Reconstruction
In CT, the attenuation coefficient l is reconstructed with the aid of the measured
intensity of the attenuated X-rays along lines through the human body.
Cross-sectional images are primarily reconstructed analytically with the filtered
backprojection technique [152]. Reconstructions are made at a large number of
(equidistant) z-positions to obtain a volumetric data set. With the introduction of
multi-slice CT, the scanning geometry is transformed from fan-beam geometries to
cone-beam geometries. The reconstruction algorithms used in fan-beam geometries
were not suited for cone-beam geometries. In nonclinical CT, the cone-beam
geometry was already more common (Fig. 2.3) and accompanying reconstruction
techniques were developed as well [238]. These techniques appeared to be useful in
preclinical CT (see below) and later on in multi-slice cone-beam CT as well.

The spatial resolution is primarily determined by the size of the focal spot of the
X-ray tube, the dimensions of the detectors, the sampling distance, and the
reconstruction kernel used in the filtered backprojection. The choice of this kernel
determines the trade-off between the in-plane spatial resolution and the noise level.
The relatively sharp filters are mostly used for special purposes, for instance when
the detail in bony structures is required. They enhance, however, the noise level and
may emphasize reconstruction artifacts.

The analytical filtered backprojection technique has the advantage that it can be
implemented robustly at a low computational cost. It has the disadvantage that
sparse data and irregular sampling of X-ray tube positions are difficult to take into
account. More importantly, the well-known photon-counting statistics and the
physics of image acquisition are virtually ignored when solving the reconstruction
problem analytically. Model-based, iterative reconstruction techniques are more
suitable methods for this purpose albeit at a much higher computational cost.
Thanks to the exponentially grown computational capacities easily available
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nowadays, the use of iterative techniques in daily practice has become feasible. All
modern CT scanners have now implemented these techniques in one way or the
other, claiming better image quality, i.e., lower noise levels, less artifacts, or higher
spatial resolution at lower radiation dose levels [25].

The linear attenuation coefficient l is not used directly in CT imaging. A value,
which represents the attenuation coefficient relative to the attenuation coefficient of
water, is used instead. In honor of the inventor of CT this value is specified in
Hounsfield units (HU). By definition the CT value of water is 0 HU, and that of air
virtually—1000 HU. The maximum CT value on a scanner can be in the order of a
few thousand HU. A transfer function is used to convert these CT values to different
shades of gray on a screen. The human observer can only discern a limited number
of gray levels. Therefore, usually a reduced range of CT values is displayed, which
depicts only a part of the complete information available in the image. CT values
below and above this range are represented by black and white, respectively. The
user-defined range is specified by the CT values of the level (center of the range)
and window (width of the range).

2.2.1.4 Radiation Dose
Ionizing radiation, including X-rays, is potentially harmful to the human body. To
reduce the risk of a CT examination the radiation dose should, therefore, be “as low
as reasonably achievable” (ALARA principle). The possible damage of radiation to
the human tissue is in the first place related to the absorbed dose in that tissue. The
absorbed dose, in Gray (Gy), is by definition the absorbed energy in Joule (J) per
unit of mass (kg). Above a certain threshold for the absorbed dose, ionizing

Fig. 2.3 Schematic drawing of a preclinical cone-beam CT scanner. The gantry accommodates an
X-ray source, beam collimator, and detector array, which rotate around the small animal. The
cone-beam geometry allows for imaging a relatively large volume without moving the animal
during data acquisition
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radiation may induce so-called deterministic effects, for example, induction of
erythema or cataract. In general, the absorbed dose due to clinical CT examinations
is far below this threshold.

Besides deterministic effects, the exposure to X-rays may induce stochastic
effects, i.e., the induction of cancer, or genetic damage when the reproductive
organs are exposed. It is generally assumed that—for a CT examination of a certain
part of the human body—the danger of X-rays is proportional to the total amount of
energy absorbed in that part of the body. This absorbed dose is not the same for all
organs and tissues when a CT scan is made. Organ dose levels depend on which
part of the human body is scanned, on the design of the CT scanner, and on the
scanning parameters. Moreover, the risk for a given absorbed dose is not equal for
all organs and tissues. Therefore an additional quantity, the effective dose, in
Sievert (Sv), has been introduced to take these aspects into account. This quantity is
a measure of the total damage due to radiation for an average member of a reference
population.

The effective dose of an examination can be translated to an estimated risk to
induce cancer. This risk depends on the age of the individual and the part of the
human body that is scanned. It is assumed that the absorption of even a small
amount of radiation will increase the risk of inducing cancer and genetic defects. It
is estimated that an effective dose of 1 mSv corresponds to a risk of the induction of
fatal cancer for an average patient of 1:20,000. Generally, the advantages of the
information obtained with a CT scan are much greater than the estimated risks,
especially for elderly patients.

2.2.2 Multi-energy Computed Tomography

CT provides information on the attenuation coefficient l of a tissue or material via
the CT number in Hounsfield Units. Tissue characterization and differentiation are
based on differences in the attenuation coefficient. Unfortunately, some tissues have
virtually the same attenuation coefficient and cannot be easily discerned. This is, for
example, the case for iodinated blood vessels and bone tissue. The attenuation
coefficient depends on the tissue type, tissue density but also on the energy of the
X-rays.

In multi-energy CT, the energy dependence of the attenuation coefficient is used
to discriminate between different tissue types. For this purpose, the X-ray attenu-
ation measurements are performed at different X-ray energies. The measurements
should be obtained preferably simultaneously in order to avoid discrepancies
between the measurements due to patient or animal movement. Several measure-
ment setups are currently available in clinical practice for multi-energy CT [209].
These setups include CT scanners with two X-ray sources operating at different
tube voltages [145], CT scanners with an X-ray tube capable of rapidly switching
the tube voltage during data acquisition [153], and CT scanners with energy dis-
criminating sandwich detectors [45].
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In the literature, several (potential) clinical applications of dual-source,
dual-energy CT are described. These include the differentiation between iodine and
bone in CT angiography [335], virtual CT colonoscopy approaches [156] and for
differential diagnosis of adrenal nodules [121]. In a preclinical setting, Anderson
and colleagues have produced images of mice with the aid of energy discriminating,
photon-counting detectors that allowed distinguishing between calcium, iodine, and
barium [15]. They make use of the fact that these materials show a well-defined, up
to 10-fold, sharp increase of the attenuation coefficient. This sharp edge in the
attenuation profile is called the K-edge and K-edge imaging or K-edge subtraction
is one of the advantages of multi-energy imaging.

The possibility of multi-energy CT to better quantify the density of given
materials, contrast agents, and possibly tracers is a valuable contribution to the
conventional single-energy CT systems. For example, several studies showed
promising results for lung tumor characterization with multi-energy CT-based
iodine mapping [272, 363]. It may also enable assessment of changes in the per-
fusion or radiation toxicity, in patients treated for lung cancer [316]. Since it is a
single-shot technique lacking dynamic information, there are many practical factors
that influence the outcome measure based on the observed iodine density only,
including scan delay, total amount of contrast agent, injection rate. Therefore,
multi-energy CT is unable to grasp the full characteristics of blood perfusion in lung
tissue.

2.2.3 Preclinical Computed Tomography

After the introduction of clinical CT in the 70s, dedicated imaging of small spec-
imen and animals with CT was introduced in the 80s [262, 268]. The principle of
preclinical CT is the same as clinical CT (Fig. 2.3). The most important difference
is the higher spatial resolution required for preclinical CT. Therefore, preclinical CT
is often also referred to as micro-CT or lCT. The required high resolution has
consequences for several components of the scanner. First of all, the X-ray focal
spot and the detector elements need to be smaller than that of a clinical CT scanner
and the scanner geometry has to be adjusted accordingly. The focal spot size of an
X-ray tube in preclinical CT is 1–100 lm, while the focal spot size in clinical CT is
typically 300 lm or more. A smaller focal spot size means a better spatial reso-
lution, but it limits the X-ray power that can be applied. With a limited X-ray
power, the scanning times can increase considerably to obtain the required image
quality, i.e. image noise level. In state-of-the-art clinical CT, the volume of interest
can be scanned within a fraction of a second, while in preclinical CT the scanning
time can be reduced to the fraction of a minute, but is, in general, several minutes
long. Preclinical CT scanners with two X-ray tubes are available, which improve
the temporal resolution and scan speed by a factor of two like in clinical cardiac CT
systems.

The use of ionizing radiation is of concern in preclinical CT as well. In clinical
CT, the main focus is on lowering the dose to avoid the long term, stochastic
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effects. In preclinical CT, the radiation dose is higher. Doses of an imaging series
can be in the order of the lethal dose of the animal. Particularly, when one animal is
scanned multiple times before being killed, it is important to reduce the dose and
assure that the ionizing radiation does not affect the biological processes under
investigation [220].

Because the size of the animals is much smaller than the patients in clinical CT,
the attenuation of the X-rays is much lower. This allows the use of relatively low
energies in preclinical CT which has the advantage of a better image contrast when
using contrast agents with a high atomic number.

Contrast agents used in clinical CT are less suitable for preclinical CT because in
small laboratory animals the contrast agent is largely removed from the blood by
the kidneys before the data acquisition can be finished. Therefore, new contrast
agents have been developed which act as a blood pool agent with a higher blood
pool half-life and allow for longer acquisition times. Iodinated liposomes proved to
be suitable for this purpose. Liposomes are spherical vesicles with a diameter of
100–400 nm (see also further below and Fig. 2.15). This size limits the passage of
the liposomes across the vascular walls. The aqueous core of the liposome can be
filled with iodine. Montet et al., for example, have shown that iodinated liposomes
are a suitable contrast agent for improved visualization of vessels and hepatic
tumors in micro-CT [220].

2.2.4 Dedicated Imaging Systems and New Developments

High-resolution or micro-CT imaging systems are mainly used in preclinical
research. Although in clinical applications this high resolution is desired as well, it
is not generally available because the radiation dose needed for diagnostic image
quality at high spatial resolutions would be too high. Moreover, practical consid-
erations like scan time limitations and larger focal spot sizes needed to penetrate the
patient play a role. Nevertheless, dedicated high-resolution systems are being
developed for specific imaging purposes. A good example is the development of a
dedicated breast CT scanner. For a breast CT examination, the patients are laid
prone with the breast pendant through the table aperture. Each breast is scanned
individually and without compression during a breath hold. The X-ray source and
the flat-panel detector rotate in the horizontal plane 360° around the patient’s breast.
High-resolution breast CT imaging is expected to improve the sensitivity and
specificity of breast cancer screening and diagnosis because it provides the radi-
ologist with 3D cross-sectional images whereas conventional 2D mammograms of
the breast suffer from overprojecting tissue, especially in dense breasts [194]. In
radionuclide imaging, improved breast cancer-specific probes are being actively
developed. Therefore, this field is likely to expand with selective targeting probes
that are overexpressed in particular types of breast cancer cells. Since
high-resolution breast CT is now available, the development of micro-CT probes
that target specific molecular changes associated with breast cancer formation is an
opportunity for clinical success as well.
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As an alternative for multi-energy CT, dynamic contrast-enhanced CT is
emerging as a valuable tool to quantitatively measure vascular parameters such as
perfusion, vascular permeability, blood volume, and mean transit time in tumors
and normal tissue. Dynamic imaging may have prognostic and predictive value for
the response of certain cancers to chemo and radiation therapy. To our knowledge,
it has not been qualified as an endpoint for radiation therapy assessment or for
treatment modification in any prospective phase III clinical trial for any tumor site.
It was observed that in particular technical validation steps are needed to further
enhance such advanced CT perfusion techniques [54].

As an alternative for the energy-integrating X-ray detectors, which are currently
used in the vast majority of CT imaging systems, are photon-counting detectors.
Photon-counting CT is an emerging technology with the potential to dramatically
change clinical CT, including the feasibility of molecular imaging [341]. This
technology uses new energy-resolving X-ray detectors, with mechanisms that differ
substantially from those of conventional detectors. It results in better image quality.
In particular, image noise due to electronic detector noise can be avoided; paving
the way for improved spatial resolution. Moreover, energy discrimination is much
better than with the techniques described above for the application of multi-energy
CT. Photon-counting CT combined with advanced iterative reconstruction tech-
niques creates opportunities for high resolution, quantitative imaging. Clinical
photon-counting CT scanners are not yet commercially available, however, the first
clinical results with scanner prototypes are published [341].

Apart from the K-edge subtraction technique mentioned above, other
contrast-enhancing mechanisms are currently investigated that might result in the
development of new molecular imaging techniques using ionizing radiation. These
mechanisms include X-ray phase delay, X-ray scatter, X-ray diffraction, and X-ray
fluorescence [262]. One should realize that imaging techniques based on these
mechanisms have been investigated yet in very controlled experimental situations
only and that much technological development is needed to make these techniques
available for preclinical and clinical CT.

2.2.5 Multimodality Imaging with CT

X-ray CT by itself is not yet used as a molecular imaging technique in routine
clinical practice. It is, however, routinely combined with molecular imaging tech-
niques like single-photon emission computed tomography (SPECT) and positron
emission tomography (PET), which are covered in detail in subsequent chapters.
The integration of an X-ray CT scanner with a SPECT or PET scanner allows for a
virtually simultaneous acquisition of detailed anatomical and functional information
[305]. Moreover, the 3D distribution of the attenuation coefficient l obtained with
CT can be used in the reconstruction of the SPECT and PET images for the
correction of the attenuation of the gamma rays originating from the radioactive
tracer inside the patient or animal. Still, in experimental or developmental stages,
the use of hybrid systems combining optical imaging techniques with CT are also
being explored [352].
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2.3 Recent Technological Developments in Magnetic
Resonance Imaging of Cancer

2.3.1 Magnetic Resonance Imaging: Introduction

The ability to view deep within the body without actually cutting it open is a tool of
immense importance in medical and biological research. Techniques such as con-
focal and multi-photon fluorescent microscopy, which allow the researcher to locate
fluorescent molecules up to several millimeters deep, have greatly increased our
knowledge in a multitude of scientific fields. Yet these techniques only enable the
researcher to see labels, not the surrounding structures.

Nuclear Magnetic Resonance, abbreviated NMR, was observed and character-
ized independently by the groups led by the two Nobel Prize recipients Bloch and
Purcell in 1946 [38, 249]. Since then, NMR has been used extensively as an
analytical tool in Physics and Chemistry for spectral analysis (magnetic resonance
spectroscopy, MRS) and the characterization of chemical compounds. NMR
techniques have also been exploited to monitor metabolic reactions and have been
widely used to elucidate the complex structure of organic molecules.

NMR was introduced in the medical field in the late 1970s, under the name
Magnetic Resonance Imaging (MRI). Since then, MRI has provided one of the most
exciting imaging techniques and research tools for studying the anatomy and
physiology of living tissue.

MRI is based on the imaging of hydrogen atoms. Given the natural abundance of
water in the body (approximately 70% of total body weight), it is possible to obtain
morphological images with high spatial resolution and with exquisite contrast
difference using the diverse magnetization properties of the imaged tissues (intrinsic
or modified by the use of contrast agents). On the other hand, MRI can look at more
than just the water signal: all nuclei that have an odd number of protons in its core
have the properties of magnetic resonance. Therefore, MRI can be tuned to obtain
the distribution of other nuclei that are relevant for molecular imaging cancer
research such as sodium (23Na) and phosphorus (31P) [112].

In the past decade, MRI has grown exponentially in the clinical field with a large
installation base worldwide. The present generation of MRI systems, while
allowing noninvasive, non-harmful examinations, offers the combination of
near-cellular (5–40 µm) resolutions and whole-body imaging capabilities to obtain
information regarding tissue anatomy and relevant functional information (e.g.,
perfusion, diffusion, tracer uptake/clearance, and neuronal activation). Some of the
basic principles and technological innovations of MRI are highlighted in the fol-
lowing sections.
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2.3.2 MRI Signal Formation and Contrast

The strength of the NMR signal (the magnetization, Mo) is dependent on the
polarizing main magnetic field Bo (Fig. 2.4). Under the influence of a magnetic
field, the nuclear moments of atomic nuclei align themselves along the magnetic
field. To generate an NMR signal from the polarized nuclei it is necessary to
irradiate or provide energy in the form of a radio-frequency excitation (RF) tuned at
the precise frequency of the atomic nucleus of interest. This frequency xo, the
resonance frequency, bears a linear relation with the magnetic field applied
(Bo) and the gyromagnetic ratio (c) of the imaged nuclei (Table 2.1). The resonance
frequency, better known as the Larmor frequency, is given by the relation xo = c
Bo.

After cessation of RF excitation, the disturbed magnetization of the excited
nuclei returns to its equilibrium condition (Fig. 2.5). Interactions between the
protons and the surrounding media (lattice) and between protons themselves (spins)
cause the absorbed energy to be dissipated in the lattice.

Fig. 2.4 Diagram of an MRI scanner. The magnet at a field strength Bo provides the spin
polarization Mo (or Mz) of protons in the sample. The computer, storing all the MR sequence
pulse programs instructs the spectrometer to command the radio-frequency excitation (RF) and the
imaging gradients for signal selection and image encoding, respectively. A whole-body coil
(surrounding the sample) is used for RF excitation (or signal reception, in some cases) to produce
the transverse magnetization signal (Mxy) that will be encoded by the same coil or by a local
(single or multichannel coil). The imaging gradient coils (Gx, Gy, Gz), surrounding the sample,
provides the magnetic field gradients necessary to provide the spatial encoding of the signal. The
computer reconstructs and displays the images after the MR pulse sequence finalizes the
measurement

46 M. R. Bernsen et al.



The rate at which energy is dissipated in the lattice is characterized by the T1 or
spin–lattice relaxation time while T2, or spin–spin relaxation time, governs the
disappearance of the transverse magnetization. This emitted energy is the signal that
is received by the MRI equipment using a signal receive coil tuned at the Larmor
frequency.

Table 2.1 Larmor frequency
at different magnetic field
strengths for hydrogen nuclei

Resonance frequency at various magnetic field strengths for
hydrogen nuclei

Magnet strength Bo (Tesla, T) Resonance frequency
(MHz)

xo = c Bo

c = 42.58 MHz/T

1.5 63.87

3.0 127.74

7.0 298.06

9.4 383.22

Fig. 2.5 A transmit coil produces an RF excitation that tilts the magnetization Mo from its
equilibrium condition. Part of this magnetization, Mxy, the one that can be picked up by a receiver
coil is the signal that encodes the final image. After the RF excitation, the signal Mxy decays
according to the T2 relaxation constant. In the meanwhile, the magnetization Mz recovers to its
equilibrium condition Mo with a time constant T1
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The contrast capabilities of MRI are mainly defined by the proton density and
two relaxation times T1 and T2, of the imaged tissues (Figs. 2.6 and 2.7).
Through MRI pulse sequences contrast characteristics, based on these parameters,
can be controlled by changing the timing between the RF irradiation and the time
the NMR signal is read during an MRI experiment. Many other mechanisms can
provide contrast in biological tissues such as water diffusion, flow or motion,
magnetic field inhomogeneities, and magnetization transfer contrast to better dif-
ferentiate various tissue types. When magnetic field inhomogeneities are present the
decay of the NMR signal is modified, shortening the T2 relaxation time. In these
cases, an effective relaxation T2* then dominates the image contrast. This mech-
anism has been exploited intensively in MRI for molecular imaging applications to
provide hypointense signals for cells and tissues.

In the ambit of molecular imaging, in order to fully use the capabilities of MRI,
it is necessary to have molecular probes and imaging reporter genes that use
paramagnetic and superparamagnetic agents (Gd or iron oxide-based constructs)
that can dramatically change the T1 and T2 relaxation times of the NMR signal
when activated selectively or in response to specific biological events. These types

Fig. 2.6 Contrast capabilities of MRI. Using mainly the proton density and the T1 and T2

relaxation times of tissues, it is possible to define an optimal contrast for tissue differentiation. This
figure illustrates the volumetric capabilities of MRI and some of the contrast possibilities in the
brain of patients with degenerative brain diseases (e.g., dementia, white matter disease). The three
panels demonstrate a proton density weighted (PDW), a T1-weighted and a fluid-attenuated T2-
weighted acquisition. On the right side, it is possible to appreciate the different contrasts achieved
for white matter (WM) lesion differentiation from healthy WM). FSE refers to fast spin echo and
GRE to gradient recalled echo MR pulse sequences used for the acquisition
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of probes are currently being developed and are becoming commercially available
in an ever-increasing variety (see further in this chapter).

2.3.3 Magnetic Field Strength and Signal Sensitivity

Nuclei polarize under any magnetic field strength to provide an effective magne-
tization in the direction of the applied magnetic field. However, the spatial reso-
lution that can be achieved in a specific measurement time for MRI or MRS
depends on the strength of the magnetization achieved. Usually, it is assumed that
the strength of the signal received has a linear dependence on the magnetic field
strength applied. Table 2.2 illustrates a comparison of how spatial resolution or
imaging times are influenced by the choice of the magnetic field strength, given that
the same reception hardware is utilized.

Fig. 2.7 For cancer research, it is useful to count on a combination of MR pulse sequences and
imaging parameters to study different compartments in tumors. The panels show different
acquisitions performed on a tumor implanted in a rat limb: a proton density weighted (PDW) fast
spin echo (FSE), a more T2-weighted (T2W) version, a T1-weighted (T1W) gradient recalled
acquisition (GRE). To enhance the magnetic susceptibility effects of blood components, it is
possible to use a GRE scan with variations in the echo time (TE) to provide more or less weighting
(darker structures visualized). The brighter spots in the T1W GRE scan are correlated with
methemoglobin (hemorrhage, blood denaturalization)

Table 2.2 Comparison of the output of MRI systems of various magnetic field strengths

A comparison of the output of MRI systems of various magnetic field strengths

Magnet strength (T,
Tesla)

Resolution at a fixed scan time Scan time at a fixed resolution

1.5 100 lm � 100 lm 3 h

3.0 70 lm � 70 lm 45 min

9.4 40 lm � 40 lm 5 min
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For MRS, not only the spatial resolution but also the spectral resolution of MRS
increases with the strength of the magnet. At present, the sensitivity of MRI at
molecular levels is less than that of techniques based on radioactive tracers and
optical luminescence. Nonetheless, its versatility, the numerous contrast mecha-
nisms, and the possibilities for future signal amplification strategies are enormous in
comparison, making it possible to build an integrated spectrum of information
regarding a particular disease process.

2.3.4 Imaging Gradients, Signal Encoding, and Signal
Reception Chain

The linearity of the Larmor equation has been used extensively to enable spatial
encoding of the NMR signal. Spatial encoding is performed by using changing
magnetic field gradients (known as imaging gradients) that are superimposed over
the main magnetic field Bo in order to produce a frequency dispersion that trans-
lates into a different resonance frequency at each location in an object, through
which the origin of a received signal can be identified (Fig. 2.4). The larger the
frequency dispersion created, the higher the spatial resolution that can be achieved.
These imaging gradients are used in what is known as the MRI pulse sequence and
are executed in a specific order during the RF excitation and during the readout to
encode the spatial distribution of protons in the imaging volume.

Developments in MRI hardware, specifically the performance of the imaging
gradients and receiver hardware, have made it possible to dramatically improve the
quality of two-dimensional (2D) and three-dimensional (3D) MRI for molecular
imaging protocols. The enhancement in the strength and speed of the imaging
gradients provides faster encoding with improved spatial resolution. By today’s
standards, the imaging gradient subsystem can be regarded as the most influential
component of an MRI scanner to produce images with high spatial resolution and
large volume coverage. Contemporary clinical MRI units have been equipped with
imaging gradients with stronger peak gradient amplitudes (>30 mT/m) and faster
rise times (100–200 mT/m/ms) that enable high-quality images. More so, for
translational research where molecular imaging protocols in conjunction with MR
sensitive probes are developed in animals, newer imaging gradients (e.g., 300
mT/m with rise times >1000 mT/m/ms) can provide resolutions that are adequate
for near-cellular resolution and beyond. Accordingly, the higher resolution is
accompanied by large numbers of reception channels to provide higher SNR and
decreased acquisition speed. On the signal reception hardware side, the incorpo-
ration of increasing numbers of signal reception channels (coils combined in a
phased-array configuration) has provided a several-fold improvement in
signal-to-noise ratio (SNR) with large field-of-view (FOV) capabilities [129]. Both
features combined make it possible to reduce imaging time dramatically for highly
resolved morphological imaging.

The long-standing standard for volume acquisitions in MRI experiments has
been a volume coil resonator to provide homogeneous signal reception in the
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volume of interest. Therefore, at high spatial resolution, the only remedy in the past
to provide good image quality was to use a stronger main magnetic field Bo (a
costly solution) or to make use of multiple excitations (averaging), translating into
longer imaging times and more data corruption from physiologic effects. Mul-
tichannel receiver coils have provided a valuable alternative, promoting the use of
many MRI sequences to produce different contrasts and encouraging the use of T1,
T2, and T2* parametric mapping to produce more quantitative data in more rea-
sonable scanning times.

Parallel imaging can shorten the acquisition speeds by encoding the signal with
less RF excitations and using the spatial distribution of the coils in the phased-array
configuration to reconstruct the missing data; however generally at the cost of SNR
[36, 72, 130, 180]. This has been used extensively in clinical MRI in the past few
years but its incorporation into animal MRI scanners has been more recent pro-
viding increased benefits for new imaging scenarios for molecular imaging and
translational research. In the same way, imaging speed can be improved dramati-
cally by sampling less data necessary to encode images with virtually no loss in
image resolution using a newer technology referred to as Compressed Sensing
(CS) [1, 107]. Compressed sensing (CS) comprises several methodologies for
accelerated MR data acquisition that uses a pseudo-random, incomplete sampling of
the base raw data (referred to as k-space). Images are then reconstructed using
specially designed iterative optimization processes depending on the type of data
scanned and using a priori knowledge of the imaging process (anatomical and
physiologic information) creating intermediate images that do not use the typical
Fourier transformation prior to producing the final results. Despite being in the early
development stages, CS methodology has proved promising in the realms of fast
magnetic resonance angiography (MRA), including both 3D time-of-flight
(TOF) variants and time and multi-axis velocity encoded phase contrast MRI
(4Dflow), dynamic contrast-enhanced (DCE) studies for even faster temporal res-
olution with high-resolution isotropic voxels, diffusion-weighted imaging (includ-
ing tensor and multi-shell) and cardiac MR imaging applications [24, 170, 182].
More so, considerable improvements in SNR may be possible and the possibilities
of even faster scanning with lower MRI field strengths (such as in newer combined
SPECT/MRI and PET/MRI systems using magnetic field strengths of 1.0 T or less
[100, 115, 178, 224] using special filtering algorithms and the possible image
quality improvements possible nascent deep learning (DL) and artificial intelligence
(AI) technologies [63, 206, 205, 366]. This would enable the use of contrast agents
for cancer research that have been designed specifically for human applications with
higher relaxivity at clinical field strengths precisely at lower magnetic field
strengths. DL and AI can provide even higher gains in the realm of faster MR image
acquisitions by providing greater image fidelity with virtually higher reductions of
raw data collection (with an ever smarter data undersampling schemes). Addi-
tionally DL and AI altogether may produce cleaner images despite any remnant
artifacts or data corruption that may be induced by possible MR scanner hardware
instabilities, subject and sample induced motion, and reconstruction inconsistencies
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and increased imaging noise with parallel imaging or compress sensing higher
speeding acceleration factors.

2.3.5 MRI Pulse Sequences, Parametric Mapping

A receiver coil acquires the MR signal (transverse magnetization) after the protons
in tissue are perturbed by an RF excitation. This transverse magnetization can be
read either in the form of a spin echo (SE) or a gradient-echo (GE). For a simple SE
readout, a 90° RF excitation converts all the available magnetization aligned along
the main magnetic field (the longitudinal magnetization) to transverse magnetiza-
tion and is immediately followed by a 180° RF refocusing pulse to produce a spin
echo that is read by a signal reception coil (Fig. 2.8a). A gradient-echo readout can
collect the MR signal after the application of the 90° RF excitation but it requires
that a bipolar readout imaging gradient be applied to dephase and consequently
rephase the transverse magnetization to form an echo (Fig. 2.8b). SE or GE read-
outs provide the basis for all the different MRI pulse sequences available. The
choice for a particular readout depends on the required contrast and the sensitivity
to magnetic field inhomogeneities (e.g., using T2*-weighted with GE scans).

In conventional SE imaging, proton density, T1- and T2-weighted images are
acquired by setting a specific repetition time (TR) and echo time (TE).
Proton-density weighting may be acquired by using long TR and short TE. T2
weighting is adjusted by lengthening TE. Intermediate values of TR with short TE
produce T1-weighted images. Imaging techniques using GE readouts can modify
the RF excitation or flip angle (� 90°, partial flip angle imaging) to produce
optimal signal strength for a specific tissue at a fixed TR value. The flexibility of
GE techniques to use partial flip angles provides the possibility to acquire proton
density-, T1-, T2-, T2*-, and T1/T2-weighted images with short TR settings for
faster acquisitions. SE readout variants, referred to as fast SE, make them com-
petitive to GE scans for faster scanning yet with excellent SNR and devoid of
magnetic susceptibility weighting. Fast SE techniques make use of multiple refo-
cusing 180° RF pulses after the initial 90° RF excitation to read the signal, making
the acquisition more compact and efficient.

New scanning strategies to produce even more robust scanning scenarios for
high-resolution small animal imaging in regions that contain tumors and plagued by
constant physiologic motion (from respiratory, cardiac, or bowel movements) have
been devised using GE or SE techniques or a clever combination of both. MR data
acquisition is usually triggered by synchronizing the MR signal detection with the
motion that is taking place. Nonetheless, this can cause an extensive lengthening of
the data collection time that may not be compatible with the anatomical and
physiologic signature that is to be addressed and with the experimental setup. The
use of the dynamic passage of a contrast agents injection for tumor detection,
angiography, and angiogenesis or even perfusion may not be at all possible at high
resolution despite the higher imaging gradients that are present in a high-end MRI
animal scanner and especially with 3D imaging protocols and despite the use of
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parallel imaging (PI), compressed sensing (CS), and deep learning/artificial intel-
ligence (DL/AI) (as addressed in the previous section). The correct scanning sce-
nario may not be at all possible without motion artifacts and with the desired
imaging speed. Clever MR raw data sampling scenarios and data sharing techniques
have been devised using a form of radial sampling similar to what is commonplace
in computed tomography. Radial sampling (both in the form of spokes or blades)
have increased the utility and image quality in clinical MRI and have been suc-
cessfully applied in small animal imaging [34, 235, 296, 327]. Using this enhanced
acquisition methodology, the tracking and correct timing of the passage of an
injected contrast agent can be devised while monitoring inherently physiologic

Fig. 2.8 Proton-density, T1-, and T2- (and T2*-) weighted images are acquired by setting a
specific repetition time (TR), echo time (TE), RF flip angle a, and the imaging encoding technique:
spin echo (SE) or gradient recalled echo (GRE) readouts. For an SE readout, a 90° RF excitation
tips the magnetization Mz to transverse magnetization Mxy and is immediately followed by a 180°
RF refocusing pulse to produce a spin echo. A positive dephaser gradient (Gd) is applied prior to a
180° RF refocusing pulse and subsequently, a positive rephaser (Gr) is used to spatially encode the
signal received. GRE readouts can modify the RF excitation or flip angle (� 90°, partial flip angle
imaging a and no refocusing 180° RF pulse) to produce optimal signal strength for a specific tissue
at a fixed TR value. The signal is produced with opposite polarities of Gd and Gr and no refocusing
180° RF pulse. The flexibility of GRE techniques to use partial flip angles provides the possibility
to acquire proton density-, T1-, T2-, T2* -, and T1/T2-weighted images with short TR settings for
faster acquisitions. SE readout variants, referred to as fast SE (FSE), make them competitive to
GRE scans for faster scanning yet devoid of magnetic susceptibility weighting. Fast SE techniques
make use of multiple refocusing 180° RF pulses after the initial 90° RF excitation to read the
signal, making the acquisition more compact and efficient
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motion thus producing adequate and non-artifacted high-resolution angiographic
and perfusion maps for many small animal research scenarios in this problematic
motion prone regions. Likewise, silent 3D MRI technology has been devised using
a similar radial acquisition pattern with fast RF switching and acquisition during
constant imaging gradient readouts that reduce to a whisper the high noise typically
produced by the strong imaging gradients with standard MRI pulse sequences [9,
181]. These 3D silent acquisitions also benefit from similar motion robustness—
nearly artifact-free imaging. Silent 3D MRI makes it also possible to use minimal
sedation for scanning animals thus reducing the detrimental effects that sedatives
may have during animal monitoring and disturb minimally the animal physiology.

Molecular imaging can benefit immensely from using parametric mapping by
providing a more quantitative evaluation of tissue properties, e.g., in the relaxation
times, especially for longitudinal studies [23, 308, 353]. Parametric mapping can
provide better accuracy in the evaluation of changes as a result of treatment or
quantify density parameters of imaging labels that have been incorporated in tissues
or cells (e.g., tracking cell density of iron-oxide labeled cells through T2 and T2*
effects). Parametric mapping can eliminate the need for coil sensitivity corrections
and also the a priori knowledge of the relaxivity effect that contrast material will
induce on tissues. Once tissue properties are determined accurately, it is possible to
reconstruct synthetically an image with the best contrast possibilities to permit
greater tissue differentiation [70, 71, 333, 334]. In the simplest form of mapping,
proton density, T1, and T2 information can be computed directly by acquiring
several imaging experiments with changes in TR and TE using SE cans. For T2*
mapping, TE is changed using GE techniques.

In cancer research, the combination of more functional parameters besides
mapping the inherent T1 and T2 relaxation times, such as maps derived from MRS
imaging, diffusion-weighted imaging (DWI), and contrast-enhanced MRI (CE
MRI), especially at higher field strengths, can provide a more precise assessment of
the tumor environment and [173].

2.3.6 Compressed Sensing

Compressed Sensing (CS) recently became available in the field of clinical MR
Imaging. The area of its application is constantly growing. The technique made its
entry into a research MRI in 2008. Imaging technique products (sequences) using
CS received FDA approval in 2017.

CS is a remarkable breakthrough in image acquisition. The original concept was
proposed in 2004 by Candes et al. [53]. Its application in MR Imaging was pro-
posed in 2006 [201]. The concept behind the technique is not specific to MR image
acquisition. It is applicable also for data compression and transmission. Its current
application can be found in data compression such as MPEG for sound and JPEG
2000 for images. The core of the concept exploits the properties of the data. Image
and sound data are compressible without compromising important details, meaning
the data can be represented by far less parameters than thought before. Classically,
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the Nyquist criterion set the lower bound for data sampling in data acquisition that
allows the reproduction of the signal without distortion (aliasing). Intuitively
though one can propose that not all voice (or image) recordings have the same
amount of information content even if they have the same length and frequency
bandwidth. The energy of the information content may be comprised in a very
limited set of parameters; the data appears to be sparse. If the parameter space is
well chosen such sparsity becomes obvious and the relevant part (highest in energy)
can be selected and the rest discarded, yet sufficient details can be preserved. For
example for a single-frequency sound, it is wasteful to store several minutes with
high bandwidth, it is more efficient to store only one single parameter (the fre-
quency). The parameter space transformation in this example would be
time-to-frequency (Fourier transform). In CS applications this transform is playing
an important role, it is the sparsity transformation. Its goal is to compress the energy
of the data to a few parameters. Since the best transformation is not necessarily
known, an acceptable invertible transformation is usually chosen (such as the
Fourier, discrete cosine, or wavelet transform). The number of parameters is not
reduced yet at this point. In order to reduce the data size, a subsampling follows as
the next logical step. One can naturally propose to follow a truncation in energy and
keep the high-value components (similar as in Principal Component Analysis or
Singular Value Decomposition methods). Candes et al. showed that incoherent
sampling would suffice to maintain most of the features of the data set. Surprisingly
the incoherent subsampling breaks the limit set by the Nyquist criterion, previously
considered as a hard limit. This allows a very high rate of compression. It is natural
to suggest that only limited data should be collected and stored.

In MR Imaging, the data collection happens in k-space (Fourier transform of
spatial representation of images). The data collection is performed in a sequential
manner where only a certain part of the k-space is acquired. The sparsity trans-
formation is naturally provided. Compressed sensing in MR Imaging targets
shortening the total acquisition time by acquiring a sufficient subset of data as
described above. In MR Imaging, the incoherent data sampling is not following a
rigorously random distribution in k-space due to hardware limitations. Also, it
usually follows the distribution of the signal energy in k-space that is not uniform.

The main application area of CS in MR Imaging is in the acceleration of
acquisition. The time gained by CS can be traded for higher Signal-to-Noise Ratio
(noise can be truncated as incoherent and low energy signal), higher resolution
(more samples in k-space) or removing artifacts (CS in combination with Parallel
Imaging). In dynamic MR (e.g., dynamic contrast enhancement) or high temporal
resolution application as functional MR Imaging (fMRI) gain in acquisition time is
the direct goal. These applications may use different subsampling strategies, but the
concept is mostly the same.

CS is often found in applications combined with other techniques. A combina-
tion with acceleration with Parallel Imaging is applied in multi-coil acquisitions
yielding an acceleration factor of 8–10. In dynamic MR Imaging, CS is used for
taking advantage of spatial similarities along the temporal evolution (k-t CS).
Spatial similarities of images along the temporal evolution due to periodic motions
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are exploited by CS in cardiac and 4D flow MR Imaging. Deep Learning in
combination with CS has been recently demonstrated as a novel image recon-
struction strategy with the potential to remove noise and artifacts [366].

The literature and the online resources of CS-related applications in MR Imaging
is growing steadily. The authors encourage the reader to consult the original papers
for the concept and mathematical details of Compressed Sensing [21, 53], and on
the broader mathematical framework [80]. For additional references on the appli-
cability of CS to MR Imaging, we refer to papers by Lustig et al. [201, 202], and
reviews by Rani et al. and Sandilya et al. [257, 266].

2.3.7 Contrast-Enhanced MRI

In addition to the contrast mechanisms described in the previous sections, tissue
contrast can be further manipulated through the use of MRI contrast agents. Based
on their contrast effects, MRI contrast agents can be subdivided into so-called T1
and T2 contrast agents. T1 contrast agents are agents that predominantly shorten T1
and T2 contrast agents predominantly shorten T2. With most pulse sequences
shortening of T1 results in increases in signal intensity, while shortening of T2
results in reduction of signal intensity, therefore T1 and T2 contrast agents are often
also referred to as positive contrast agents and negative contrast agents, respec-
tively. The most prominent examples of T1-agents are paramagnetic gadolinium
and manganese-based contrast agents and superparamagnetic iron oxide particles
are the most prominent examples of T2 contrast agents. Some more detailed
descriptions of MRI contrast agents and recent developments in the use of MRI
contrast agents can be found further in this chapter.

2.3.8 Multimodality Imaging with MRI

2.3.8.1 PET/MRI
Combined PET and MRI (PET-MRI) scanners can acquire PET and MR images
simultaneously. Small animal PET-MRI has been available since 1995. The first
clinical integrated scanners were launched in 2011. As of today in 2019, there are
two healthcare manufacturers producing clinical whole-body integrated PET-MRI
scanners. Overcoming the major technical hurdles in producing clinically available
scanners took about 15 years. For these details, we refer the readers to the review
paper of Stefaan Vandenberghe and Paul K. Marsden [323]. The major break-
through was made possible by the small size MR compatible PET detectors. The
hardware of the clinical scanners is based on 3.0 T wide-bore clinical MR scanners
with a PET detector insert.

The evolution of the integrated systems was driven by technological advance-
ment rather than urgent clinical demand, despite the obvious advantages of an
integrated system. The value of multimodal imaging is obvious, PET and MR
Imaging is based on an entirely different source of signal. PET relies on
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extraneously administered positron-emitting agents while MR relies on naturally
abundant water in tissues. The algorithms of image formation from the detected
signals are also completely different; PET builds on detection of the position of
positron annihilation events while MR is based on radiofrequency excitation
response with Fourier or backprojection methods. The temporal and spatial reso-
lution of these modalities are set apart. In PET-MRI scanners, the two image
acquisitions are performed independently. PET image reconstruction may rely on
MRI data in attenuation correction and motion correction (similarly to CT images in
integrated PET-CT scanners). With an integrated PET and MR scanner, there is no
need for separate scan sessions (two appointments for patients, transfer for ani-
mals). The simultaneous scanning largely reduces the need for co-registration of
images from the two modalities.

The current technical development and challenges in PET-MRI can be under-
stood by the comparison with the competing multimodal PET-CT imaging and by
the demands of the current clinical applications. The advantage of PET-MRI to
PET-CT are: improved sensitivity of soft tissue lesions due to rich contrast capa-
bilities of MR, no excess radiation exposure by MR, motion correction by MR
images for PET image reconstruction without increased radiation exposure. There
are also disadvantages. MR Imaging is problematic in low signal areas like bone
and lung parenchyma. The differentiation of signal void due to short relaxation time
in bone and signal void due to a low abundance of water (e.g., lung parenchyma) is
quite problematic. The development of ultrashort echo time MR scans (Zero TE,
UTE) is addressing this issue [367]. Another challenge––specific to MR––is image
distortion due to susceptibility artifacts at air–tissue interfaces (cavities in the head
and neck region or around bowels in the pelvic region) or around bones in mus-
culoskeletal imaging (tissue heterogeneities in shoulder and hip). A more funda-
mental issue that is strongly related to oncological imaging is the lack of a direct
relationship between MR signal and electron density. CT provides direct infor-
mation about the Hounsfield units that are used in radiation treatment planning.
Current developments in pseudo-CT (MR images producing CT like information)
are aimed to answer the latter two challenges [83, 147]. The field of view of MR
imaging is smaller than that of PET or CT, due to magnetic field inhomogeneity and
gradient field accuracy. In case of need for whole-body imaging (e.g., lymph node
scanning) this poses a technical challenge. With the recent development of
advanced image reconstruction technique and better gradients, this problem can be
mitigated.

Despite these challenges, current studies indicate that PET-MRI is technically
and clinically a viable alternative to PET-CT and exceeds it in certain oncological
imaging areas. In oncological imaging PET-MRI is used in the following regions:
intracranial, head and neck, thorax, pelvic (liver and prostate) and musculoskeletal
[264]. Where oncological PET-MRI excels (as of the time of this writing) is
prostate cancer imaging (T2 and diffusion-weighted MR images in combination
with PSMA specific PET tracers). The clinical indication for PET-MRI is for
high-risk prostate cancer and biochemical recurrence (increased PSMA after
treatment) [242]. It also proved to be superior in search for the primary tumor in the
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head and neck region [294]. In general, the increased sensitivity of MRI in soft
tissues provides the advantage.

A field yet in the clinical research stage promises a bright future. Quantitative
techniques in MR in combination with quantitative PET techniques provide multi-
parametric multi-modal data [106]. MR can produce physiological data with tech-
niques such as dynamic contrast enhancement (intravenously administered contrast
agent), diffusion (Apparent Diffusion Coefficient), flow, micro-vascularization,
oxygenation (BOLD imaging). Further quantitative, MR specific parameters that are
in relation to cellularity and tissue types are T1, T2, and T2* relaxation times. PET
produces quantitative parameters related to biochemical processes, and also kinetic
parameters in dynamic PET [77, 254], or direct measurement of oxygenation.
PET-MRI has the potential to provide a vast amount of information facilitating to
establish the links between these biomarkers and pathologies. It can provide a
quantitative asset for treatment planning, treatment efficiency monitoring, pheno-
typing, monitoring progression. Artificial Intelligence and Deep Learning have been
proposed to establish these links [106, 196]. The main role of PET-MRI in the
immediate near future might very well be in clinical research aimed at establishing a
stronger andmore accurate connection between parameters derived from imaging and
development of pathologies.

The technical challenges are very different in the different anatomies and
pathologies: field of view (in whole-body scanning), temporal and spatial resolution
(dynamic scans), image distortion (MR), signal void (artifacts in MR or misregis-
tration in PET), attenuation correction (MR based), motion correction (small nodes
in PET). The interplay of the modalities will continue in bringing different research
areas together from basic sciences to imaging technologies, from technical to
clinical sciences.

2.3.8.2 SPECT/MRI
SPECT imaging remains a powerful tool in the diagnostic and prognostic evalua-
tion in many pathologies, as will be detailed in later chapters in this book. MRI has
the capability of supplying both accurate anatomical reference and add comple-
mentary (functional) information on the disease status as is highlighted in the
current chapter. Preclinical studies have already shown to benefit from acquiring
complementary imaging information using both SPECT and MRI separately [35,
43].

The design of current SPECT cameras uses the principle of detectors on a
rotating gantry. Simply adding an MRI to the existing SPECT hardware is sub-
optimal due to the magnetic field influence on the detectors and SPECT electronics,
in addition to the SPECT hardware influencing the magnetic field of the MRI.
Preclinically a commercial system was achieved through a combination of a per-
manent 1T MRI and a multi-detector gantry SPECT camera in the NanoScan
system (Mediso, Budapest, Hungary). The 1T permanent magnet setup enables
sufficient RF shielding from the surrounding SPECT equipment, and the magnetic
field distortions on the SPECT hardware are compensated for through local
shielding and software correction. Clinically, fully integrated solutions are
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exclusively explored as sequential imaging is considered too time consuming for
patient applications and with simultaneous imaging motion-related artifacts can be
avoided. SPECT inserts have been designed for preclinical systems and are under
construction for clinical applications [113, 315]. An insert limits the bore size and
thus requires specific configurations for specific applications. The brain is currently
an organ of interest due to the imaging possibilities using a SPECT insert. The first
prototypes are in the testing phase [139].

Various hardware and software challenges are in the process of being addressed
for SPECT/MRI imaging. Several safety and compatibility issues are identical to
the PET/MRI systems and are discussed in that section. These issues are being
addressed and the current developments in the PET/MRI field are beneficial to the
introduction of SPECT/MR in clinical use [323]. Regarding the use of an insert, the
paper of Hutton et al. describes the solutions to the problems regarding magnet
inhomogeneity and gradient interference in great lengths.

2.4 Imaging Biomarkers in Cancer

2.4.1 Imaging Biomarkers: X-Ray Computed Tomography

The main application of X-ray CT is the detailed depiction of anatomical structures
in 3D. In cancer diagnostics, location, size, and specific attenuation values of a
lesion before and after contrast are used as diagnostic and prognostic indicators [76,
95, 188]. Apart from these structural biomarkers, functional biomarkers are avail-
able. The enhancement of a lesion after administration of a contrast agent as a
function of time is such a functional biomarker. The corresponding perfusion
parameters such as relative blood volume provide physiological correlates for the
microscopic changes that occur with tumor angiogenesis [214]. The measurements
can be used to assess the tumor response to drug therapy or to discriminate benign
and malignant lesions [215].

The biomarkers mentioned above, do not depict processes on a molecular or
cellular level. The iodinated contrast agent used in clinical CT contains molecules
that are nonspecifically targeted since they cannot be conjugated to most biological
components or cancer markers. Moreover, they allow only very short imaging times
due to rapid clearance by the kidneys. In preclinical CT, this problem has been
solved by the introduction of contrast agents with a higher blood-pool half-life.

First results of molecular imaging biomarkers are presented in the literature for
preclinical CT. Wyss et al. showed that the use of a specific molecular contrast
agent is able to detect specific molecular markers on activated vessel walls in vivo
[349]. The contrast agent used consisted of liposomes filled with iodine. Into the
membrane of the liposomes, a specific targeting moiety was inserted to detect
activated endothelial cells with micro-CT. It has been demonstrated in an in vitro
study that targeted gold nanoparticles enable molecular CT imaging of head and
neck cancer cells [246]. As gold has a higher atomic number and electron density
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than iodine, the attenuation coefficient of gold-labeled tracers can be higher than
that of iodine-labeled tracers. A higher attenuation coefficient of the label will
improve its detectability for a given concentration of the imaging probe.

The major challenge of molecular imaging with CT is to make it more sensitive
to small differences in image probe concentrations. This might be achieved by the
development of new, highly attenuating imaging probes or by the development of
new X-ray imaging techniques that are not based on the differences in linear
attenuation coefficient for the generation of image contrast.

In the future, improved sensitivity of X-ray CT and the development of new
imaging tracers might result in a more pronounced and independent role of CT in
molecular imaging in oncology.

2.4.2 Imaging Biomarkers: Magnetic Resonance Imaging

Given the wide spectra of questions that may be tackled with MRI, many answers
can be found that provide a more complete understanding of the biological pro-
cesses of interest. In the scope of oncological studies, noninvasive imaging using
MRI can promote a greater understanding and provide a unique opportunity to
explore a wide variety of scientific questions from macro to molecular levels. To
study the tumor microenvironment (TME) and its response to therapy, it is possible
to use several biomarkers that can be measured effectively using MRI. These
include the following:

• Angiogenesis and vascular distribution (high-resolution MR angiography, MRA,
and vessel architecture MRI).

• Perfusion and vascular permeability (dynamic contrast enhancement studies,
DCE MRI, dynamic susceptibility contrast imaging, DSC, and arterial spin
labeling, ASL).

• Oxygen-level dependent and hypoxia imaging (susceptibility-weighted imaging,
SWI, blood-oxygen-level dependent, BOLD, imaging, asymmetric spin echo,
ASE).

• Diffusion imaging (restriction of movement of water molecules in the extra-
cellular matrix; diffusion-weighted imaging, DWI, and intravoxel incoherent
motion, IVIM, imaging).

• Extracellular pH.
• Intracellular pH and protein content (chemical exchange saturation transfer,

CEST, imaging).
• Sodium (intracellular and extracellular concentrations).
• Metabolite concentration (using MRS, e.g., quantifying ratios between choline

and citrate concentrations in tumors).
• Multiparametric MRI, in which several MRI biomarkers are combined to mea-

sure tissue structure and physiology.
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Likewise, tumor monitoring (progression and treatment) can be performed by
noninvasively tracking the movement of stromal cells (fibroblasts, immune cells,
stem cells or endothelial progenitor cells in tumors) that have been adequately
labeled with an MRI-sensitive contrast agent.

2.4.2.1 Angiogenesis and Vessel Architecture
Studies on vascular development and its stimulation or inhibition have become a
major field of research in the diagnosis and treatment of cancer. Manipulation of the
pathophysiology of a tumor (its vasculature), the inhibition of new vessel formation
and the destruction of the tumor-associated vasculature can be studied effectively
with high-resolution vascular MRI (magnetic resonance angiography, MRA) [321].
To provide consistent image quality, contrast agents can be injected to produce a
contrast-enhanced MRA (CE MRA; Figs. 2.9 and 2.10). The contrast typically used
is Gd-based to provide shortening of T1-relaxation times and generate high positive
contrast between blood vessels and surrounding tissues, and therefore T1-weighted
MR sequences are used for acquiring the data. With the rise of ultra-high field MRI
(7 T) more detailed images of tumor vasculature can be made and research about
quantification of tumor vascular morphology based on MRA is advancing [252].
Vessel architecture measurements can also be done with dynamic susceptibility

Fig. 2.9 Magnetic resonance angiography (MRA). A folded skin window model with a BN
tumor implanted on a rat was imaged at 8 days post tumor implantation using fluorescence
confocal microscopy and MRI. To visualize in vivo the tumor vascular network using MRI, an
intravascular contrast agent was used. The MRI panels show thin slice maximum intensity
projections (MIP) at four different positions to illustrate the three dimensionality of the acquisition
and the spatial resolution that can be achieved (voxel size of 50 µm � 50 µm � 100 µm) that
makes it suitable for comparison to the microscopy image. Acquisition performed at 3.0 T using a
3D T1-weighted GRE technique and a 10 mm surface receiver loop
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contrast (DSC) imaging, in which the circulation of a bolus of Gd-based contrast
agent is followed as it moves through the tumor’s vasculature. In this case, DSC
needs to be done with simultaneous gradient and spin echo image acquisitions such
that T2- and T2*-weighted images are acquired. The MR signal pertubations caused
by the passage of Gd-based contrast agent can be modeled such that quantitative
parameters such as vessel size and microvascular density can be calculated [162].
Recent histological validation of these measurements in human tissue is moving
these measurements toward widespread application [157].

2.4.2.2 Perfusion and Vascular Permeability
Several MRI techniques exist that allow for the measurement of perfusion and/or
perfusion-related biomarkers of tissues. Notably, there are techniques that use
intravenously injected contrast agent (mostly Gd-based): DSC and dynamic
contrast-enhanced (DCE) MRI. However, in light of the recent finding of Gd
deposits in the brain, the completely noninvasive technique for measurement of
perfusion of Arterial Spin Labelling (ASL), which is done without CA injection, is
finding its way to clinical application.

Firstly, DCE is an imaging technique in which sequential T1-weighted imaging
is done, while a Gd-contrast agent is injected and it is mainly the leakage of this CA
through the permeable tumor vasculature that is assessed. More detailed and
quantitative approaches to dynamic contrast-enhanced (DCE) MRI have been
increasingly used to examine tumor perfusion and capillary permeability as an
indicator of tumor angiogenesis (Fig. 2.11). DCE MRI is based on changes in
signal intensity in the tumor due to leakage of contrast material through leaky vessel
walls. Functional parameters, such as vessel permeability (Ktrans) and the volume
fraction of contrast material per tissue compartment (Ve) are the main biomarkers
calculated in DCE MRI. Since antiangiogenic and antivascular agents affect tumor

Fig. 2.10 Another folded skin window model example showing the noninvasive, in vitro
longitudinal tracking possibilities with MRI/MRA. The BN tumor vascular network evolution was
visualized for several days after tumor implantation. The panels show a MIP from acquisitions
performed at days 3, 9, and 12 (voxel size of 80 µm � 80 µm � 100 µm). Acquisition performed
at 3.0 T using an intravascular contrast agent and a 3D T1-weighted GRE technique and a 20 mm
surface receiver loop
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blood vessels, DCE MRI has been employed in numerous trials to monitor the
efficacy of these agents [231]. DCE MRI has also been used for the therapeutic
evaluation of radiotherapy [360] as tumor perfusion and oxygenation status influ-
ence the efficacy of radiotherapy. DCE MRI-derived parameters are also being
studied for their ability to predict the delivery of anticancer agents in the intersti-
tium of the tumor [18, 318]. On a voxel-based level, a significant correlation
between the presence of MRI contrast agent and drug delivery was found [18].
Correlation with histopathology showed the ability of DCE MRI parameters to
monitor treatment response by identifying areas of residual viable tumor tissue in,
for example, osteosarcoma [82] and soft tissue sarcoma [319].

Different methods are used to quantify DCE MRI scans. Per region of interest,
the enhancement of the MR signal over time is quantified. The curves can be
described by empirical semiquantitative parameters, such as the maximal
enhancement or the amount of time required for maximal enhancement, or the
initial area under the curve. It has been shown that these empirical parameters to
some extent correlate with malignancy [86, 151, 195]. These parameters are rela-
tively simple to calculate. Their clinical value, however, may be limited by the lack
of calibration procedures. The value of these parameters depends on the MRI
sequence and the scanner used [232]. Therefore, results obtained with different
scanners or scanning protocols cannot be compared unless a reliable calibration
procedure is used. A further disadvantage of such heuristic parameters is that their
correlation with underlying tumor physiology and contrast agent kinetics is not
clear.

To overcome these problems, pharmacokinetic models have been introduced in
order to quantify the underlying (patho-) physiologic parameters. Different models
are described, but generally a two-compartment model, consisting of a vascular and
an extracellular/extravascular compartment, is used. The transfer rates of contrast

Fig. 2.11 Contrast-enhanced (CE) MRI. Tissue perfusion can be performed using repeatedly a
3D fat-suppressed T1-weighted GRE technique after the injection of Gd-DTPA as the
enhancement medium. The panels demonstrate both the original axial and the reformatted sagittal
views from the MRI perfusion study (phase 1, pre-contrast, phase 2–6 post-contrast) of a patient
that had an intrahepatic cholangiocarcinoma (arrows) successfully removed with an RF ablation
procedure. Acquisition performed at 1.5 T with breath-hold acquisitions of 15 s over a 2 min
period and an 8-channel torso coil
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agent between the two compartments, Ktrans, and the volumes of the compart-
ments, Ve, are the key parameters of these models [49, 232, 302].

Due to the more rapid T2- or T2*-weighted imaging with which DSC imaging is
performed the first (and often second) pass of the contrast agent through the tumor
vasculature is assessed, from which relative blood volume and perfusion can be
calculated. DSC imaging can be done with gradient echo (T2*-weighted) or spin
echo (T2-weighted) imaging. (When gradient and spin echo acquisitions are
combined quantitative vessel size imaging can be done, see the previous section).
Gradient echo DSC MRI has a higher CNR and SNR to detect rCBV than spin echo
DSC, which is due to the greater changes in T2* than in T2 due to the Gd-based
contrast agent [291]. However, gradient echo DSC is also more susceptible to
magnetic field inhomogeneities, causing signal drop-out in regions close to
air/tissue interfaces in the body. Tumors located near such interfaces may be better
visualized with spin echo DSC imaging.

The key parameter calculated with DSC imaging is relative blood volume
(relative cerebral blood volume, rCBV, when applied to the brain), which is cal-
culated via measurement of the area under the curve of the first passage of the bolus
of contrast agent, compared to the first pass in a control region with a large vessel
(arterial input function). In brain tumors, rCBV can be used to do grading [288], as
well as differentiation of tumor progression and radiation necrosis after treatment
[48]. Although traditionally mostly applied in brain tumors, novel applications of
DSC imaging are emerging in the literature suggesting DSC MRI can be used to
differentiate rectal cancers with and without lymph node metastases [118] or to
differentiate malignant from benign parotid tumors [2].

ASL MRI is finding widespread clinical application to assess cerebral blood flow
(CBF) or perfusion in brain tumors. In ASL, water protons in arterial blood are
magnetically labeled and used as an intrinsic kinetic tracer omitting the need for an
injection of an external contrast agent. In general, water protons will be labeled as
they flow through the major brain feeding arteries (i.e., internal carotid and verte-
bral arteries). Imaging of the brain is done after a 1–2 s delay after labeling when
the labeled protons will have perfused the brain tissue, since water is a freely
diffusible tracer. Because the labeling decays with the T1 relaxation time of water,
the SNR of ASL increases with increasing magnetic field strength.

Several variations of ASL exist in which the magnetic labeling of arterial blood
is done in different manners. These different techniques initially hampered the
translation of ASL to clinical settings, as specialized staff was necessary to carry out
ASL procedures. However, since the international consensus paper on the use of
ASL [12] a recommended imaging and CBF quantification protocol now exists and
is also implemented on scanners of all major MRI vendors.

Moderate to high correlations are found between ASL-CBF and DSC MRI
cerebrovascular markers [160] indicating the use of CBF for grading tumors [251],
as well as follow-up of tumors throughout the disease course [52]. For the mea-
surement of tumor perfusion in regions of the body other than the brain technical
developments are emerging that either allow for magnetic labeling of blood in other
major feeding arteries, such as the liver [146], or techniques in which blood is
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labeled based on its velocity (velocity selective ASL; [120]) which omits the need
for a major artery being present and opens up the possibility of perfusion imaging
of tumors in other regions of the body.

2.4.2.3 Oxygenation and Hypoxia Imaging
Aggressive tumors tend to have rapidly growing, which often results in irregular
and leaky vessels. As a consequence, perfusion of tumor tissue is insufficient which
leads to the presence of hypoxia (decreased oxygen tension) and microhemor-
rhages. MRI techniques exist that are sensitive to oxygenation, in which the primary
source of contrast is endogenous, paramagnetic deoxyhemoglobin which decreases
the MR transverse relaxation time (T2*) of water in the blood and surrounding
tissues. However, it is also possible to use MRI techniques to assess the changes in
T1 relaxation times caused by changes in oxygen tension.

Susceptibility-weighted imaging (SWI) is a technique in which T2*-weighted
imaging is done that sensitizes contrast to blood products and allows for the
detection of hemorrhage independent of contrast agents. It is a technique with
which phase, rather than magnitude, information from the image acquisition is used
to measure magnetic field pertubations caused by deoxygenated blood and blood
products. It can detect changes in tissue properties due to the vasculature before
vessels become leaky, which means that with SWI techniques occult tumors can be
detected that do not show on a T1-weighted Gd-DTPA post-contrast scan [219]. An
additional property of SWI is that it is sensitive to calcium deposits, and can,
therefore, also be used to detect calcifications in the brain tumors and prostate
cancer [4].

Blood-oxygenation-level-dependent MRI is sensitive to oxygen partial pressure
(pO2) in tissues adjacent to perfused vessels, due to T2* shortening caused by the
presence of paramagnetic deoxyhemoglobin. BOLD imaging is done by using the
magnitude information of T2*-weighted, gradient echo imaging, which allows for
rapid image acquisition. It has been used in revascularization studies in the heart,
kidney, and brain, and in tumor hypoxia studies of resistance to treatment [233,
234]. More recently, measurement of R2* (the inverse of T2*) is used to detect
hypoxia in tumors in the breast [292, 332] and prostate [203]. Additionally, steps
are being made to validate the use of BOLD MRI for hypoxia imaging in brain
tumors via comparison of BOLD MRI with PET measurements of hypoxia [247].

To measure the oxygen partial pressure pO2 it is also feasible to use exogenous
sensing molecules that exhibit sensitivity to oxygen concentration levels. Probes
that cause a change in T1 relaxation times have been developed for in vivo mea-
surement of pO2 for both

1H and 19F MRI and MRS [165, 364]. In the case of 19F, it
has been shown that local oxygen tension can be performed using
hexafluorobenzene as a reporter molecule [364].

2.4.2.4 Diffusion-Weighted Imaging
In order to develop and optimize a treatment strategy for cancer therapy, quanti-
tative, reproducible, and noninvasive functional parameter determination for the
modes of action of specific therapy scenarios are required. New technological
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developments in Molecular Imaging, such as the characterization of diffusion in
tissues allow for the assessment of the microenvironment of a tumor. These tech-
niques are based on an assessment of the motility or diffusion of water molecules in
intra- and extracellular spaces through the use of diffusion-weighted imaging
(DWI). DWI has long been identified as a potential and completely noninvasive and
fast MRI methodology for the detection and staging of tumors and the evaluation of
therapy. Additionally, Intravoxel Incoherent Motion (IVIM) is emerging as a
DWI-based technique that can assess the cellular as well as the microvascular
environment of tumors.

Water mobility is dependent on both the relative volume of intra- and extra-
cellular spaces and cellular membrane integrity and permeability [185]. In tumors,
quantitative diffusion values are strongly affected by tissue cellularity and extra-
cellular volume (Fig. 2.12). Recently, DWI has been used as an early response
parameter in cancer treatment: Treatment-induced loss of tumor cell integrity will
result in a local increase in water diffusion, which can be quantified by DWI. Such
effects probably occur before macroscopic changes in mass, size, or morphology as
removal of cellular debris occurs relatively slowly. Indeed, in preclinical studies,
treatment responses could be qualitatively assessed with DWI as early as 2 days
post-therapy [102, 128, 159]. In competition with nuclear medicine (PET and
SPECT imaging), a recent concept has received a lot of attention in the medical
community: whole-body diffusion imaging for diagnosis and therapy follow-up.
Without the need for radioactive tracers and with better spatial resolution and
coregistration with high-resolution morphological imaging, it is possible to provide
a high degree of detection sensitivity for tumors and metastatic processes [91, 193].

Fig. 2.12 Diffusion-weighted (DWI) MRI. The same patient as in Fig. 2.11 with an RF-ablated
intrahepatic cholangiocarcinoma was imaged with a diffusion-weighted b-factor of 600 mm2/s.
The left panel shows a respiratory-gated 2D T2-weighted fat-suppressed FSE acquisition. The right
panels demonstrate a respiratory-gated T2-weighted echo-planar imaging (EPI) acquisition
(b = 0 mm2/s) and corresponding isotropic b = 600 mm2/s measurement. The panels below
illustrate both the apparent diffusion coefficient (ADC) and the fractional anisotropy (FA) maps.
The diffusion values in the ablated tumor show successful elimination of tumorous tissue.
Acquisition performed at 1.5 T using an 8-channel torso coil
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IVIM as a technique was introduced by Le Bihan et al. [184], and is based on the
varying sensitivity of diffusion-weighted signal to protons diffusing at different
velocities; with DWI with low b-values being sensitive to rapidly moving protons in
the microvasculature while at high b-values DWI is sensitive to slowly moving
protons with which cellularity can be probed (as described above). Therefore, by
applying a range of b-values (typically from 0 to 2000 mm2/s), a diffusion model is
fitted to the DWI data that accounts for the varying compartments within a voxel
that contains moving protons. This model includes quantification of the diffusion
coefficient (D), the pseudo-diffusion or diffusion-weighted perfusion coefficient
(D*), and the microvascular volume fraction within the voxel (f).

Research studies are emerging that show good correlation with IVIM-based
perfusion measurements and those assessed with either DSC or ASL [280, 345]. As
a consequence, IVIM is a promising technique that allows for novel biomarkers for
identification and follow-up of tumors, in particular in regions where DSC or ASL
is not (yet) feasible or difficult. Examples of emerging applications are tumors in the
head and neck region [131], in the prostate [33], and liver [190].

2.4.2.5 Intracellular and Extracellular Sodium Concentrations
Cancer cells have unusually high sodium content. Similarly to mapping 1H diffu-
sion values in tumors, sodium concentration mapping determined by 23Na MRI, can
provide dynamic and spatial changes after therapeutic intervention in tumors and
could be considered a complementary technique, potentially even more sensitive to
subtle changes in tumors [270]. For some time, it was difficult to differentiate
intracellular from extracellular sodium unless specific shift reagents were used that
remained exclusively extracellular but nonetheless toxic. The Triple Quantum
Filtered (TQF) 23Na MRI technique has been proposed as a potential way to
monitor the alteration of intracellular sodium without the use of shift reagents [271].

23Na has much lower spatial resolution than 1H DWI imaging mainly related to
the difference in abundance between sodium and proton ions in the body.
Nonetheless, clinical systems with higher field strengths (� 3 T) are providing
encouraging results with shorter acquisition times and good spatial resolution [39,
250] (Fig. 2.13). 23Na measurements are quantitatively more robust in the presence
of motion thus giving better access to monitoring therapy in regions affected by
cardiac and/or respiratory motion, regions where DWI usually fails. Improved
sequences and processing techniques have been developed with better SNR that
could provide potentially better resolution with reduced scanning times [50, 92,
269, 301].

2.4.2.6 Cancer Metabolism and Metabolite Concentration Using
MRS

Magnetic Resonance Spectroscopy (MRS), a technique that has progressed in the
domain of cancer research for decades allows analysis of functional and metabolic
parameters of cells located deep within the living body, again, without resorting to
invasive techniques. MRS can categorize specific chemical signatures and measures
the regional concentrations of biochemical species. The addition of MRS to obtain
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metabolic images (spectra) based on the relative concentrations of cellular bio-
chemicals can help to determine more subtle differences in tissue constitution that
leads to better diagnostics of cancer [175, 174, 236]. Differences in the behavior of
metabolites such as choline, creatine, and citrate between healthy tissues and tumor
can provide a measure of cancer aggressiveness [176]. Studies monitoring the
changes in local metabolites after therapy, have indicated that MRS could be
effective as an early indicator of cancer response [28, 27, 211, 255].

MRS has a significantly lower spatial resolution in comparison to MRI. The use
of higher magnetic field strengths and MRS pulse sequence developments have
promoted 3D measurements of metabolite concentrations with an acceptable voxel
resolution of 1 cm or less [44]. One of MRS imaging’s main limitations, the low

Fig. 2.13 Sodium (23Na) MRI. 23Na MRI can provide similar dynamic and spatial changes after
therapeutic intervention in tumors. Here, a patient with a tumor on the left side of the brain was
imaged with a T2-weighted FSE and pre- and post-contrast acquisition of a T1-weighted SE scan
(enhancement only happens in regions where there is a disruption of the brain–blood barrier, thus
showing more clearly the tumor). The triple quantum filtered (TQF) 23Na acquisition permits to
monitor the intracellular Na concentration but at much lower resolution (larger voxels) as
compared to a 23Na image (which looks similar to a T2-weighted scan). Acquisition performed at
3.0 T using a double-tuned proton-sodium head coil. Image courtesy of Dr. Fernando Boada
(University of Pittsburg, USA)
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sensitivity of the technique, has more recently been addressed by the use of
hyperpolarized probes. Most commonly, 13C-labeled biomolecules are used to
interrogate glucose metabolism in tumors [79, 172] (Fig. 2.14), however, other
nuclei with the ability to absorb and emit radio-frequency energy such as
129Xe, 15N, and 31P can be used [101, 172]. The use of hyperpolarized 13C nuclei
has allowed for increase in the signal-to-noise ratio and detection sensitivity with up
to 10,000-fold enhancement compared to conventional MRI. The potential and
current challenges in developing MRI with hyperpolarized probes into a technique
suitable for routine clinical practice have recently been discussed in a white paper
by Kurhanewicz et al. [172].

2.4.2.7 Extracellular pH
In order for cells, healthy or cancerous, to live and reproduce it is required that a pH
range in the surrounding environment stays between 6.5 and 7.5. While healthy
cells maintain a pH around 7.35, cancer cells are more acidic in nature. The

Fig. 2.14 Hyperpolarized (HP) 13C pyruvate MRI showing differences in lactate production and
compartmentalization of orthotopic renal cell carcinoma tumors. a 13C pyruvate and 13C lactate
ADC maps from diffusion-weighted HP 13C MRI overlaid on the T2-weighted anatomic images.
b The 13C pyruvate, 13C lactate, and monocarboxylate transporter 4 (MCT4). The levels of lactate
appear to correspond to the different levels of MCT4 which mediates lactate export out of tumor
cells. Reprinted with permission under the Creative Commons Attribution License from Sriram
et al., Non-Invasive Assessment of Lactate Production and Compartmentalization in Renal Cell
Carcinomas Using Hyperpolarized 13C Pyruvate MRI, Cancers 10(9), pp 13 (2018)
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extracellular pH is lower in tumors as compared to healthy tissues, degrading the
nearby extracellular matrix and facilitating tumor development and invasiveness
[105]. It has been shown that pH values influence dramatically tumor progression
and the efficiency of treatment and can be used as an effective biomarker for MRI
and MRS in order to understand better tumor dynamics [237]. Nonetheless, this is
only possible with the use of specific probes. The introduction of exogenous probes
that remain in the extracellular environment, such as imidazol-1-yl-3-
ethyoxycarbonylpropionic acid, produce chemical shifts which are pH sensitive
and can be seen on 1H spectra and mapped with spectroscopic imaging [237]. 31P
and fluorine 19F have also been developed that are sensitive to pH. 19F provides a
strong NMR signal with minimal background interference and has extreme sensi-
tivity to changes in the tumor microenvironment that can be exploited with varied
reporter molecules [358].

To measure effectively the oxygen partial pressure pO2, it is necessary to use
sensing molecules that exhibit sensitivity to oxygen concentration levels. Probes
that cause a change in T1 relaxation times have been developed for in vivo mea-
surement of pO2 for both

1H and 19F MRI and MRS [165, 364]. In the case of 19F, it
has been shown that local oxygen tension can be performed using
hexafluorobenzene as a reporter molecule [364].

CEST contrast agents are being applied in several different disease models, some
of which could be useful in oncological applications. Amide proton chemical
exchange saturation transfer (acidoCEST) is a measure of extracellular pH. Using
the clinically approved iodinated CT contrast agent iopromide, containing two
amide protons for CEST saturation, in a mammary carcinoma model, it was pos-
sible to monitor the change in pH after bicarbonate alkalinization treatment [59] and
a decrease in pH following metformin treatment in a xenograft model of human
pancreatic adenocarcinoma after iopamidol injection using acidoCEST (Goldenberg
et al. Mol Imaging Biol, 2018).

2.4.2.8 Intracellular Protein Content and pH (CEST MRI)
Chemical Exchange Saturation Transfer (CEST) imaging is a novel MRI technique
with great potential for measuring molecular biomarkers within tumors. In com-
parison to 1H MRS, CEST MRI shows increased SNR, which allows for images to
be acquired at higher resolution and with greater coverage. This technique allows
for interrogating tissues where exchangeable protons on molecules in the solute
pool exchange with the free-water pool. These include protons in amide and amine
side-groups in mobile metabolites, proteins, and enzymes that have specific
off-resonance frequencies different from the on-resonance frequency of protons in
the free-water pool. Recent preclinical studies have highlighted that CEST can be
used to inform on physiological processes within tumors including cell prolifera-
tion [265] and glutamate metabolism [125], which make this technique an excel-
lent candidate for early detection of physiological changes that herald tumor
growth.

CEST MRI is based on the indirect saturation of the free-water pool via satu-
ration of exchangeable protons bound to mobile proteins within tissue [322]. The
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contrast that can be generated, therefore, not only depends on the amount of protons
available (which is proportional to the amount of metabolites, proteins, and
enzymes present), but also on the exchange rate of these protons. This exchange
rate is highly dependent on the local pH, which means that in turn CEST contrasts
are also sensitive to local pH levels. Note that it is assumed that most of the CEST
contrast is generated intracellularly, due to the abundance of mobile proteins within
the cells compared to outside the cells.

Although the first steps for CEST to be applied in clinical practice have recently
been made [365], there are still several issues that need to be overcome before this
technique is ready for clinical use. The main issue is that most CEST MRI is done at
high (>3 T) field strength, and the sensitivity of CEST MRI at 3 or 1.5 T is low. In
addition, the validation of the origin of CEST signal, i.e., either mobile protein
build-up or changes in pH in human tumors is still under investigation [351].
Despite these shortcomings, CEST MRI is a promising technique for tumor grading
and follow-up. Additionally, CEST MRI with exogenous contrast agents can be
used that probe specific molecular processes and that therefore may be used as
novel targets of or markers to follow new therapies [124].

2.4.2.9 Multiparametric MRI
With the plethora of MRI biomarkers of physiology of tumors as described above, it
may not come as a surprise that recent advances in MRI imaging of tumors have led
to multiparametric MRI models. In such models, several of structural, vascular,
perfusion, diffusion, and CEST imaging parameters are measured and in
post-processing techniques combined to characterize the different types of tissues
present within tumors. As examples, these techniques are emerging to characterize
heterogeneity within a tumor [89] and can even be linked to cellularity [57], but
also to improve grading and differentiation of different pathophysiology in treat-
ment [19, 78]. However, because of the endless possibilities that exist with the
combination of all these MRI techniques consensus of how to do multiparametric
MRI is still far from being reached, despite the building evidence that multipara-
metric MRI improves tissue characterization.

2.5 Magnetic Resonance Imaging Probes in Cancer

2.5.1 Introduction

Probes for MR application can be divided according to their biodistribution and
consequent applications of contrast-enhanced MRI that they allow. Nonspecific
probes are those that do not interact with any specific type of cells, and include low
molecular weight (MW) agents that equilibrate rapidly between the intravascular
and interstitial space and undergo a fast kidney clearance and high-molecular
weight agents, that stay within the intravascular space and are slowly excreted by
kidneys and/or the liver. Specific probes are considered those that are passively
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directed to a particular cell type or those that are actively directed with a targeting
moiety to a specific target molecule on the cell. There are also responsive, smart, or
activatable agents, whose contrast is modulated upon activation in the presence of
specific targets in the tissue of interest.

2.5.2 Non-Targeted Probes

Although the ultimate goal of molecular imaging is providing tools for the visu-
alization and measurement of specific molecular targets in the living organism, the
pathophysiological characteristics of tumor microenvironment allow the design of
macromolecules or nanoparticles capable to accumulate within the tumor com-
partment without any specific targeting agent. In the process of tumor formation,
when tumor cells multiply and form aggregates of 2–3 mm, upon the release of
pro-angiogenetic factors the development of a tumoral blood supply commences
[94]. Malignant neovasculature differs greatly from that in normal tissue. Newly
formed vessels are abnormal in form and architecture, lack a smooth muscle layer
and have no effective lymphatic drainage. Endothelial cells are poorly aligned, with
wide fenestrations (in most peripheral human tumors ranges from 200 to 600 nm in
diameter) [359]. All these factors lead to abnormal molecular and fluid transport
dynamics, resulting in extensive leakage of circulating macromolecules into the
tumor tissue. Furthermore, a defective venous and lymphatic system ensures a
longer retention of extravasated components within the tumor interstitium. This
effect, defined EPR (Enhanced Permeability Effect) known for almost two decades,
represents the physiological basis for tumor accumulation of macromolecular drugs
within solid tumors [204]. It accounts for the accumulation of untargeted macro-
molecules and nanoparticles 10–50-fold higher concentrations than in normal tissue
within 1–2 days [141]. Importantly, the EPR does apply only to high molecular size
(larger than 40 kDa, above kidney clearance threshold) macromolecules, since low
molecular weight substances (described below for the sake of completeness)
undergo a faster clearance through a renal route. While large size is a prerequisite
for the EPR effect to occur, it is not the only determining factor. Biocompatibility
and surface charge of the biomolecules are also of major influence. Chemical
modification of large molecules such as a2-microglobulin and albumin can cause
blood clearance of these molecules within minutes [204].

2.5.2.1 Low-Molecular Weight Agents
Low-molecular weight agents pioneered the improvement of MR contrast. These
comprise largely Gd3+ chelates of linear or macrocyclic polyaminocarboxylate
ligands and are the most important class of MR contrast agents commercially
available, e.g., Magnevist®, Dotarem®, Omniscan®, and Prohance®. After being
intravenously injected, these agents clear rapidly from the intravascular space
through capillaries into the interstitial space with a distribution half-life of about
5 min. Noteworthy, they do not cross the intact blood–brain barrier, and are
eliminated through the renal route (half-life: 1.5 h) with no detectable
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biotransformation, decomposition, or serum protein binding [26]. They can be used
for MR angiography (MRA) and provide increased enhancement and visualization
of malignant lesions, due to altered permeability. Due to the extravasation to the
interstitial space and the rapid elimination from the circulation, the timing for
studies is restricted. Due to recent concerns regarding the toxicity of Ga-based
contrast agents and prolonged accumulation of Gd in tissue after repeated admin-
istration [256], studies using low molecular weight iron chelates as alternative
contrast agents for T1-weighted contrast-enhanced MRI [40].

2.5.2.2 High Molecular Weight Agents
Macromolecular metal-chelate complexes, known also as blood pool agents are
larger compounds with MW higher than 40 kDa. Their size prevents extravasation
through healthy vascular endothelium, prolongs intravascular half-life and favors
the EPR effect in leaky malignant vasculature. Furthermore, because of increased
steric hindrance, they have higher relaxivity than low molecular weight agents such
as Dotarem or Magnevist. Slower molecular tumbling increases rotational corre-
lation time, sr, resulting in more enhancement per unit dose of paramagnetic ion
[328]. Moreover, the possibility to append multiple paramagnetic moieties into a
macromolecular platform, increases the enhancement and reduces the dose of agent
administered. These agents can be divided into: (a) protein-based MR agents,
(b) systems based on liposomes (c) system based on polymers, and (d) systems
based on superparamagnetic agents.

2.5.2.3 Protein-Based MR Agents
In order to increase circulation time and signal enhancement, the approach of using
albumin, the most abundant protein in plasma, as a carrier of paramagnetic agents
received a lot of attention in the past few years. Albumin-Gd3+-DTPA was first
synthesized in 1987 by Ogan et al. In a typical synthesis of paramagnetically
labeled albumin 25–35 molecules of Gd3+-DTPA are covalently bound to each
albumin molecule, resulting in a molecular weight of 92 kDa with a diameter of
6 nm [22]. Prolonged accumulation within neoplastic tissues (>2 h) was shown to
reflect abnormal capillary permeability for macromolecules, associated with neo-
vascularity [340]. Moreover, quantitative assays of tumor microvascular charac-
teristics based on albumin-Gd3+-DTPA dynamic MR imaging was shown to
correlate with the histopathologic grade in mammary [65] and prostate [116]
tumors, and with radiation-induced changes in tumor capillary permeability [276].
Despite some successes also several drawbacks were recognized. With plasma
half-life of several hours, clearance from the body is slow and incomplete with
retention for more than a week. The potential immunogenicity of albumin consti-
tutes another limitation to the clinical translation of albumin-based contrast agents
[22].

To overcome these limitations, Gd-complexes that can reversely bind to serum
albumin have been generated. The supramolecular complexes that are formed in
this way have beneficial effects on blood circulation time and enhancement of T1
relaxation [183, 199]. It contains a lipophilic chemical group (diphenylcyclohexyl)
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that mediates binding to serum albumin. A few preclinical studies have been per-
formed on cancer imaging. In rats bearing chemically induced breast cancer, no
significant correlation was found between MS-325-enhanced microvascular assays
with either tumor grade or with microvascular density (MVD as opposed to
albumin-GD3+-DTPA [304–312]. This was probably due to the use of a rodent
model. In primates and rabbits, the elimination of MS-325 is relatively long (2–
3 h), whereas in rats it is shorter (25 min) and the volume of distribution is twofold
higher compared to humans [304–312]. New formulations with more preferable
pharmacokinetics in rodents may be more useful for studying tumor vessel char-
acteristics in rodent tumor models [199].

2.5.2.4 Lipid-Based Nanoparticles
A wide variety of lipid-based nanoparticles has been proposed and used as can-
didates for MR contrast agents since the 1980s [56]. Lipids are naturally occurring
amphiphilic molecules that contain a hydrophilic head and a hydrophobic tail. Due
to the hydrophobic associative interactions of the tails and the repulsive interactions
between the hydrophilic head groups they aggregate and self-assemble in water into
well-defined structures such as micelles, liposomes, and microemulsions. Possible
structures are illustrated in Fig. 2.15. Micelles can be formed from lipids with a
relatively large head group, such as lipids with a single fatty acyl chain that con-
stitute the core with their hydrophobic part and the corona with their hydrophilic
component. Liposomes are nanosized vesicles used extensively in the biomedical
field for many years, both as model system for studying the properties of biological
membranes and as drug carriers. They are created from bilayer forming lipids,
which are usually comprised of a polar head group and two fatty acyl chains,
entrapping an aqueous core. Molecules can be captured in the aqueous core, inte-
grated into the lipid shell or covalently linked to the surface.

The ability of liposomes to generate MR signal enhancement depends and the
structure and composition of the lipidic bilayer and also on the specific location of
the paramagnetic agent (either in the aqueous lumen or in the lipid bilayer). The first
type of liposomes described were liposomes entrapping paramagnetic agents.
Agents, such as MnCl2, Gd-DTPA, Mn-DTPA, Gd-DTPA-BMA, and
Gd-HP-DO3A in the aqueous core [56, 74, 96, 166]. Early studies demonstrated the
feasibility of the use of these molecules in mouse models of liver cancer [313] and
metastasis [314]. However, the main limitation of the loading of paramagnetic
agents within the aqueous lumen is the reduced relaxivity, due to the limited
exchange of bulk water with the paramagnetic agent. The major role in this
exchange is played by liposome permeability, which depends on the lipidic com-
position and can be altered by incorporating cholesterol [114]. Unfortunately, there
is a balance between permeability and liposome stability, resulting in more per-
meable liposomes to be less stable compared to those with a more rigid bilayer.
This property has been used to design activatable liposomes to monitor
drug/imaging agent release depending on temperature [97] or pH [198]. In another
class of liposomal contrast agents, by using liphophilic chelate such as
DTPA-stearate [275], DTPA-phosphatidylethanolamine [307] or DTPA attached to
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alkyl chains via amide linkers [32, 149], the paramagnetic component can be
integrated into the lipidic bilayer (Fig. 2.16). Higher exchange rate between the
contrast agent and the bulk water is obtained with this approach, therefore improved
ionic relaxivity of the metal. Liposomes were initially developed for selective
imaging of liver and spleen due to their preferential uptake within the Kupffer cells
and the reticuloendothelial system (RES), respectively. By coating liposomes with
polyethylene glycol (PEG), the RES uptake is greatly reduced, blood circulation
and passive tumor targeting are improved (“stealth” liposome).

More recently a new approach of liposome-based imaging has been reported,
taking advantage of the chemical exchange saturation transfer (CEST), a method of
generating MR contrast that relies on the saturation transfer that occurs between the
bulk water protons and exchangeable protons on mobile proteins. By selectively
applying a saturation RF pulse at a specific proton frequency (associated with a
particular molecule or CEST agent) that is in exchange with surrounding water
molecules, the MR signal from the surrounding bulk water molecules is also
attenuated. Images obtained with and without the RF saturating pulse reveal the
location of the CEST agent. Aime et al. reported the first example of LipoCEST
comprised of a Tm3+ complex encapsulated within a liposome [7]. The detection of
two different water resonances was reported: intense signal corresponding to the
bulk solvent and a less intense peak corresponding to the intraliposomal water in
slow exchange with the bulk water through the liposomal bilayer.

Fig. 2.15 Illustration of various structures of liposome-based contrast agents
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A further development of this approach has been reported by using liposomes
entrapping the compound Gd3+-HPDO3A. After osmotic induction of liposome
shrinking from spheres to oblate vesicles increased relaxivity and shift of the
intraliposomal water from the bulk by 7 ppm was reported [5].
Temperature-sensitive liposome has been used as a lipoCEST agent. By entrapping
both Tm3+ chelate, as CEST reporter, and NH4PF6, as 19F MRS probe Langereis
et al. monitored the “activation” (melting) of the liposome. Below the melting
temperature the liposome structure is intact and the CEST, effect due to Tm3+ , is
observed. Above the melting temperature, the liposome content leaks out thus
switching off the CEST effect and turning on the 19F resonance [179] (Fig. 2.17).

To overcome some limitations in the use of lipoCest agents, more recent studies
have introduced adaptations in lipoCest formulations including: alterations in shape
of the lipid vesicles, variations in liposome size, composition of lipid membrane,
and use of amphiphilic shift reagents [114]. Further developments in lipoCest
reagents are focused on their use as theranostic agents using targeting vectors and
physiology responsive elements [90, 207].

2.5.2.5 Dendrimers
Dendrimers (dendron in greek, meaning tree) are highly branched synthetically
produced polymers, used for the first time as MR contrast agent in 1994 [339]. They
have a globular architecture comprising a central core, an interior, and a surface.

Fig. 2.16 T1-weighted images of a mouse a before and b 20 h after the injection of
PEG-stabilized paramagnetic liposomes containing Gd-DMPE-DTPA (Reprinted with permission
from John Wiley and Sons: [32])
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Dendrimers are synthesized in steps similar to solid-phase peptide synthesis using
building blocks like polyamidoamine (PAMAM) and poly(propylene imine) (PPI),
poly-L-lysine (PLL), 2,2-bis-methylolpropionic acid (bis-MPA), phenoxymethyl
(methylhydrazone) (PMMH).

Two types of commercially available dendrimers have been studied extensively:
polyamidoamine (PAMAM) and poly(propylene imine) (PPI), the former having an

Fig. 2.17 A temperature-sensitive liposomal 1H CEST and 19F contrast agent. a DSC
thermogram showing the melting temperature of the lipid membrane. b The 1H CEST effect
and the 19F NMR signal intensity of liposomes containing [Tm(HPDO3A)(H2O)] and NH4PF6 as a
function of temperature. c MRI images of the liposomal agent. The CEST signal (color scale in
percent) vanished at T � 311 K while the fluorine signal appeared at 315 K (overlay with the 1H
image for colocalization and clarity) (Reprinted with permission from American Chemical Society:
[179])

2 Computed Tomography and Magnetic Resonance Imaging 77



amide functional group core component and the latter a pure aliphatic polyamine
core. The synthetic chemistry used permits the production of monodisperse prod-
ucts of a specific physical size with high consistency and reproducibility. Different
“generation” molecules can be synthesized according to their size and molecular
weight. Lower generation (second and third generation) rapidly leak from the
vasculature into surrounding tissues. Medium-sized dendrimers (fifth and sixth
generation) with a diameter less than 8 mm are able to selectively extravasate
through hyperpermeable tumor vessels. Dendrimers with a diameter higher than
9 nm (6th generation and above) demonstrate good vascular enhancement, but only
minimal leakage from the circulation even in the tumors. While dendrimers smaller
than 7 nm (fifth generation and below) are excreted via the renal route, ninth and
tenth generation are generally excreted through the liver, as they are trapped by
RES. Linkage to other groups, such as PEG, dramatically alters the biodistribution
and pharmacokinetic profiles of these constructs. Dendrimer-enhanced MRI has
been used to image tumors in mouse models. It has been shown that
eigth-generation PAMAM-Gd enhanced tumor vasculature, whereas the analogous
smaller sixth-generation (10 nm) agent provided better delineation of tumor tissue
[356]. PAMAM generation 8 has also been used to evaluate malignant permeability
after selective irradiation [164] (Fig. 2.18).

Fig. 2.18 Representative pre- and postenhanced magnetic resonance images. Magnetic resonance
images of the SCCVII tumor are shown at selected time points pre- and postirradiation (15 Gy).
Corresponding micrographs of the H&E staining are presented for histologic comparison of the
effects on the xenografts (Reprinted by permission from American Association for Cancer
Research, Inc: [164])
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Gadomers, developed by Schering, are a class of polylysine dendrimers. Their
internal structure comprises aromatic rings, and are simpler and smaller in size
compared to PAMAM or PII. Clearance through glomerular filtration and no
long-term accumulation or retention of the nonmetabolized agent in tissues make
them promising as blood pool agents. Gadomer-17 (Bayer Schering Pharma, Berlin,
Germany) approximates the size of third-generation dendrimers and are being
successfully used for MR lymphography [216] and myocardial perfusion imaging
[109]. Despite extensive characterization in preclinical studies, gadomers are not
clinically available. More recent developments in dendrimer chemistry have
explored their use as a backbone for other paramagnetic and superparamagnetic
contrast agents or CEST imaging as recently reviewed by McMahon et al. [210].
A major line of research currently focuses on using the versatility of dendrimers as
theranostic agents and multimodality probes [87, 138, 259].

2.5.2.6 Linear Polymers (Polylysine, PEG and Polysaccharide
Complexes)

The wide commercial availability and easy synthesis of monomers and resulting
polymers allowed their evaluation as a potential contrast agent in MRI. Poly-L-
lysine is available in a broad range of molecular weights and is the most studied and
used linear polymer. The conjugation to DTPA takes place on the e-amino group of
the lysine. For the macromolecular compound Gd-DTPA-polylysine, relaxivity was
three times higher than that of Gd-DTPAGd3+ [274] independently of the polymer
chain length [289]. Pharmacokinetic studies showed good tolerance in vivo and
complete elimination mainly through the renal route within 1 day in rat and rabbit.
Gd-DTPA-polylysine resulted in higher and sustained enhancement of tumor tissue
in rat models of breast and liver cancer compared to Gd-DTPA [117, 229]. Poly-
ethylene glycol (PEG) is a nontoxic, biocompatible hydrophilic polymer and it has
been the most likely candidate for use as a macromolecular MR contrast agent. The
advantage of using such polymers resides in the ability to manipulate the size and
its virtual non-immunogenicity. GD-DTPA-PEG constructs with MW higher than
20 kDa have been shown to provide good blood pool enhancement dynamic and
efficient and sustained tumor enhancement in rabbits [73]. In an attempt to reduce
the immunogenicity and improve the solubility of polylysine a new class of
PEG-polylysine MR macromolecular agent has been designed and tested, by
introducing two diverging polylysine cascade amplifiers at each end of a poly-
ethylene glycol (PEG) backbone, followed by substitution of terminal lysine amino
groups with Gd-DTPA chelates. These constructs exhibited high water solubility,
narrow size polydispersity, and relaxivities threefold higher than Gd-DTPA [98].
MRI assays of vascular endothelial leakiness after injection of these agents
demonstrated the ability to visualize and differentiate normal and malignant
microvessels in a breast cancer model [64]. Polysaccharides, such as dextran, have
been used as a plasma expander for more than 50 years. The well-known phar-
macokinetic and pharmacodynamic profiles, together with their low immunogenic
effect and their degradation into small subunits cleared through glomerular filtration
raised the interest to use them as a platform for MR contrast agents.
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Gd-DTPA-dextran compounds have been synthesized and higher (>twofold)
relaxivities compared to the monomeric chelate have been reported. Their use as
blood pool agents for vascular and tumor imaging in rabbits, demonstrated
improved vascular residence time than a conventional Gd-chelate and increased
tumor rim enhancement.

2.5.2.7 Iron Oxides
Superparamagnetic iron oxide (SPIO) nanoparticles are a class of contrast agents
having a large magnetic moment. They function by acting as magnetic inhomo-
geneities, locally disturbing the magnetic field. This leads to enhanced dephasing of
protons, resulting in decreased signal intensity on T2-weighted and T2*-weighted
images. These nanoparticles often consist of a core of iron oxide (magnetite and/or
maghemite) or mixed ferrites with a polymeric or polysaccharide coating such as
dextran and PEG. They are considered to be biocompatible, have a limited effect on
cell function and can be synthesized to be biodegradable [299, 331].

According to their size, these particles can be classified as monocrystalline iron
oxide particles (MION, also called USPIO, ultrasmall superparamagnetic particles
10–30 nm), superparamagnetic iron oxide (SPIO; 60–150 nm), and micron-sized
iron oxide particles (MPIO, 0.7–1.6 lm). The pharmacokinetics and biodistribution
of SPIO depends on the size and the physicochemical composition of the coating;
however, they are mainly cleared through liver, spleen, and lymph nodes and
subsequent incorporation into the body’s iron pool.

Ferucarbotran (Resovist) and ferumoxides (Endorem and Feridex) are iron oxide
nanoparticles approved by FDA for contrast-enhanced MRI imaging of liver tumors
[277] and metastatic involvement of lymph nodes. In a normal lymph node with
preserved architecture and function, macrophages take up a substantial amount of
iron oxides, shortening T2 and T2* relaxation times, therefore, resulting in a
decreased signal. Conversely, in malignant lymph nodes, macrophages are replaced
by malignant cells, and therefore the high signal intensity is retained and a
heterogeneous signal is displayed [126].

USPIO has been used in dynamic contrast enhancement studies to demonstrate
angiogenesis in a murine model of breast cancer; a significant correlation has been
reported between the dynamic contrast enhancement and microvascular density
[304–312]. Similarly, USPIO uptake has been correlated to tumor grade [304–312].

In molecular imaging, SPIOs are a prevalent means of labeling cells and to
perform cell tracking by MRI. Cell uptake is mediated through the size and elec-
trostatic charge conditions of the SPIO [300]. Further, loading can be augmented
through the addition of cell-penetrating peptides, electroporation, or transfection
agents [31, 208]. Conventionally, the nanoparticles are believed to have little effect
on cell functionality and differentiation [88, 137]. The ability of stem cells to
specifically home to tumors has suggested their use as delivery for cancer imaging
and therapy. The mechanism underlying this process is not completely understood,
although it is thought to involve the release of chemokines and other inflammatory
chemoattractants in the tumor pathophysiological environment. Anderson et al.
demonstrated the ability to monitor angiogenesis in a glioma model using labeled
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stem cells injected intravenously. Bone marrow-derived stem cells (Sca+) with
phenotypic characteristics of both hematopoietic and endothelial progenitors, were
shown to migrate toward the tumor and incorporate in the tumor vasculature,
attracted by angiogenic stimuli [16]. In another study, SPIO labeled mesenchymal
stem cells have been demonstrated to specifically home to lung metastasis as
monitored in vivo by MRI and confirmed by histology [197]. A major issue
regarding the use of SPIO for cell labeling involves the contrast specificity to the
presence of cells. Namely, the hypointense indication is maintained at a site
regardless of transplanted cell survival. At longer time points, SPIO were found
present not necessarily within implanted stem cells, but rather in phagocytosing
monocytes following cell death [14]. These disadvantages of using SPIO as cell
label are mitigated by a novel imaging technique called magnetic particle imaging.
In MPI, there is no background signal in tissue, only in areas where SPIO are
present a signal can be generated by magnetic gradient field changes [51]. With the
increasing appreciation of the crucial role of macrophages in tumor biology, and the
fact that nanoparticles preferentially accumulate in macrophages following intra-
venous administration, the use of SPIO and other nanoparticles for imaging of
tumor-associated macrophages (TAM) has been explored [279]. In a study by
Daldrup-Link et al., it was shown that the presence of TAM in breast cancer tumor
models could be visualized following the systemic administration of SPIO. Shin
et al. used Fluorine-19 containing nanoparticles to study the relationship between
the presence of TAMs and tumor aggressiveness as assessed by 18F-FDG PET
[282]. They found that 19F-MRI signal intensities were inversely correlated with
18F-FDG uptake while being positively correlated with tumor growth. In addition to
these findings, recent studies have also indicated that the functional state of TAM
may be altered following nanoparticle uptake [260]. The functional change3
depends on both the original state of the TAM and the type of nanoparticle used.
Further studies are needed to fully understand these effects and for potential use in
cancer treatment strategies.

2.5.2.8 Gadofullerenes and Gadonanotubes
Fullerenes are molecules composed entirely of carbon with their atoms arranged in
the form of a closed, endohedral cage, also called buckyballs or in a cylindrical
form called carbon nanotubes. Endohedral gadofullerenes were initially attractive as
a potential contrast agent for two reasons: the fullerene acts as a perfect chelate,
preventing Gd3+ leakage in vivo and they demonstrate enhanced relaxivity com-
pared to traditional MR contrast agent (20 times higher than Gd3+-DTPA at 1T) [46,
213]. The anionic Gd@C60[COOH] has been used for labeling mammalian cells
close to 100% efficiency. Gadofullerene-labeled cells have been reported to show a
250% increase of the T1 signal intensity of labeled cells versus unlabeled cells,
suggesting its potential as a probe for in vivo tracking of cells by MRI [285].
However, low yields and difficult purification steps during synthesis together with
high costs of synthesis reduced the practical applicability of gadofullerenes.
Another class of carbon structures, defined gadonanotubes outperformed endohe-
dral gadofullerenes and have been suggested as a new platform for molecular
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imaging [218, 286]. Gd-3+-nanotubes are ultrashort carbon structures with an
average length of 40 nm, obtained from fluorination and pyrolysis of full-length
single-wall carbon nanotubes. These gadonanotubes have been found to have
relaxivities nearly 40 times higher than those of current contrast agents measured at
clinical field strength (20–60 MHz) [286]. Moreover, their relaxivity has been
found to be pH dependent, exhibiting a dramatic increase when the pH changes
from 7.4 to 7.0 suggesting their use as a probe to detect the lower pH environment
of malignancies [127]. While these properties are beneficial for increasing detection
sensitivity, broad application and clinical of these structures has been hampered by
the issues regarding purification and standardization.

2.5.3 Targeted Probes

In targeted imaging, various strategies can be employed which can be subdivided
into passive targeting strategies and active targeting strategies. Passive targeting
strategies include the use of the enhanced permeability and retention (EPR) effect,
already described in the previous section, and the selective uptake of nanoparticles
by phagocytic cells, such as macrophages and Kupffer cells. Active targeting
involves the use of a specific targeting ligand conjugated to the signaling probe. The
targeting ligands can consist of antibodies [228], antibody fragments [347], proteins
[55], peptides [187], peptidomimetics [47], aptamers [140], sugars [317], and small
molecules [10] and may offer specific advantages or limitations regarding speci-
ficity, affinity, availability, immunogenicity, and stability. Various strategies have
been used to target surface molecules on tumor cells as well as stromal cells.
Examples of successful targeted imaging of such targets by MRI in vivo are listed
in Table 2.3 and may offer specific advantages or limitations regarding specificity,
affinity, availability, immunogenicity, and stability.

The most direct way to create a targeted imaging probe is by direct conjugation
of the ligand to the signaling moiety. For monovalent complexes, several limita-
tions are encountered for targeted MRI probes, i.e., limited sensitivity, rapid
clearance from the circulation, and low avidity. Strategies to circumvent these
limitations involve the use of macromolecular contrast agents and nanoparticles
(see also previous sections). Through these approaches higher payloads of the
signaling part [222], longer circulation times [320] and improved target-binding
capabilities [273] can be achieved. Recent technological advances in nanotech-
nology have even further widened the versatility of targeted imaging probes. The
use of nanoparticle platforms do not only offer the earlier mentioned advantages but
are now also being developed for the combination of signaling components suitable
for imaging with different modalities [60] and/or the capability to simultaneously
function as a carrier for therapeutics, thus combining targeted imaging with targeted
drug delivery; an approach referred to as theranostics (or theragnostics) [283] as
already referred to in previous sections and addressed in other chapters of this book.
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While the various strategies in targeted imaging show great promise in improving
cancer diagnostics, prognostics, and treatment, significant hurdles in the application
and clinical translation are still faced. Especially regarding issues on sensitivity,
reproducibility, and regulatory requirements.

Table 2.3 Examples of targeted imaging applications in oncology

Target Ligand/probe References

Breast cancer: HER2/neu Anti-HER2 antibody (Herceptin®)/
Iron oxide nanoparticle

[59]

Somatostatin receptor Somatostatin peptidomimetic
(Octreotide)/Iron oxide nanoparticle

Li et al. [191]

Gastrin-releasing peptide
receptors

DSPION-BBN/dextran-coated spin
conjugated with bombesin

[142]

Carcinoma: folate
receptor

Folate/Gd-dendrimer Swanson et al. (2008)

Prostate cancer:
Gastrin-releasing peptide
receptor

Bombesin peptide/Iron oxide
containing nanoparticle

[187]

Prostate-specific
membrane antigen

ProCA32.PSMA/protein Gd(3+)
contrast agent

[248]

Gliosarcoma: transferrin
receptor

Transferrin protein/Iron oxide
nanoparticle

Högemann-Savellano
et al. [134]

Pancreatic cancer:
epidermal growth factor
receptor

Anti-EGFR antibody fragment/Iron
oxide nanoparticle

[352]

Glioma: Anti-iNOS antibody Towner et al. [304]

Inducible nitric oxide
synthase

Albumin-Gd-DTPA

Lung cancer/endothelial
cells:

Arginine–glycine–aspartic acid
(RGD) peptide

Jiang et al. [144]

Alphavbeta3 integrin Iron oxide nanoparticle [350]

Folate receptor (FR) FR-targeted perfluorocarbon
nanoparticles

Tumor-associated
macrophages

Poly-L-glutamic acid/Gd-DTPA
conjugated nanoparticle

Melancon et al. [212]

Endothelial cells
(Glioma):

Anti-VEGFR2 antibody Towner et al. [303]

Vascular endothelial
growth factor receptor

Iron oxide nanoparticle

Colorectal cancer:
epithelial cell adhesion
molecule

Anti-EpCAM-Gd-DTPA/single-chain
variable antibody fragment

[158]

2 Computed Tomography and Magnetic Resonance Imaging 83



2.5.4 Responsive Probes

Increasing interest is directed at the development of so-called smart, responsive, or
activatable probes in molecular imaging of cancer. Due to the importance of
microenvironmental conditions in tumor development and response to treatment,
there is a need to non-invasively assess these conditions. Responsive probes are
designed to elicit a detectable change in signal upon the enzymatic activity or in
response to specific biophysical conditions. Typical conditions to which responsive
agents can be sensitive to are: pH, temperature, oxygen pressure, enzymatic
activity, redox potential, and concentration of a specific ion. Due to the underlying
mechanisms by which paramagnetic contrast agents exert their signaling properties,
they are extremely suitable for generating responsive agents. We will only describe
the basic concepts of these mechanisms by which agents can be made “responsive”.
For more detailed explanations of these mechanisms, the reader is referred to
specific textbooks or manuscripts on these subjects.

Paramagnetic agents exert their contrast effect by the exchange of water mole-
cules. Water molecules linked to a paramagnetic molecule undergo efficient
relaxation. Due to the fast exchange of linked molecules with surrounding bulk
water molecules (millions per second), paramagnetic agents shorten the relaxation
time of their surroundings. The efficiency by which a paramagnetic molecule
increases the relaxation speed of their surroundings (relaxivity) is dependent on the
molecular structure of the agent. The main molecular characteristics that influence
the relaxation properties of paramagnetic agents are: the number of exchangeable
water molecules linked to the agent, the speed by which these molecules can be
exchanged and the motion dynamics of the molecule (molecular tumbling rate).
Thus by manipulation of the molecular characteristics of paramagnetic agents, their
relaxivity can be altered and thus probes can be made responsive to their physio-
logical environment [354].

The majority of the studies on synthesizing such agents are still limited to
concepts or in vitro studies. However, proof of principle has already been obtained
in in vivo studies. Garcia-Martin et al. demonstrated the ability to create a pH map
in a rat glioma tumor using a Gd-based pH-responsive agent [104]. For
temperature-responsive probes, liposome-based paramagnetic nanoparticles seem to
offer major benefits [179, 244]. Liposome composition can be adapted such that
water exchange and molecular diffusion over the liposome membrane can be made
temperature dependent. Through these techniques, hyperthermia-mediated drug
delivery can be monitored.

Another application of responsive MRI probes that have shown significant
progress is the design of enzyme-responsive agents. Various mechanisms can be
employed whereby through enzymatic activity either the number or the exchange
rate of exchangeable water molecules is manipulated or through manipulation of the
tumbling rate of the paramagnetic agent. Moats et al. generated a Gd-based
responsive agent sensitive to the activity of. In this approach, the Gd-ion is “caged”
in a sugar moiety preventing water access to the Gd-ions. Upon cleavage of this
sugar moiety by b-galactosidase, water exchange is restored and the relaxivity of
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the agent increases [200, 217]. An alternative approach to a b-galactosidase
responsive probe was published by Avena et al. using a Gd-based responsive probe
that upon exposure to b-galactosidase formed Gd-Dota melanin oligomers and
polymers with consequently increased proton relaxation effects [17]. Bogdanov
et al. synthesized a peroxidase activatable monomer consisting of a Gd-chelate
linked to benzene-1,2-diol. In the presence of peroxide, the monomers are
oligomerized, yielding a threefold increase in relaxivity due to an increase in
molecular tumbling rate [41]. This principle was used in vivo to monitor
myeloperoxidase activity in animal models of aneurism and atherosclerotic plaques
[67, 263]. Also bioresponsive T2-weighted probes have been explored. These
approaches involve strategies to promote the clustering of iron oxide particles
resulting in enhanced T2 relaxation. Due to the fact that the resulting effect is signal
loss, this approach is very challenging to apply in vivo [241]. More recent
approaches in the development of MRI bioresponsive probes involve the use of
CEST-based agents [258, 284].

Some other examples of studies using MRI responsive agents for monitoring
enzyme activity include: proteases [124], transglutaminase activity [297],
b-glucuronidase [81], caspase-3 [355] glutamic acid decarboxylase [225], glu-
tathione [192]. Many of the presented principles are reported to be adaptable to
interrogate the activity of other enzymes.

In recognition of the needs for imaging probes that can report on specific tissue
environmental conditions, various groups dedicate their entire research to the
development and testing of responsive and molecular targeting MRI probes.
A major challenge that is faced with responsive probes however, is the need for pre-
and post-injection MRI scans to generate subtraction images and activity maps.
Interpretation of data can be hampered by issues associated with image registration
and alterations in tumor geometry over time.

2.5.5 Reporter Genes

The convergence of advancements in imaging technology and molecular/cell
biology resulted in the mid-1990s in the development of reporter gene techniques
for in vivo application. The capability to noninvasively reveal insights into
molecular-genetic processes in vivo, the potential use in cell tracking (stem cells,
targeted lymphocytes, etc.) and monitoring of gene therapy are areas of major
benefit with this approach. Reporter gene approaches have been widely used for
in vivo application in bioluminescence imaging (e.g., luciferase), but have also been
developed for nuclear medicine (e.g., HSV1-tk), and magnetic resonance imaging
(MRI) applications.

The reporter gene paradigm requires the appropriate combination of a reporter
transgene and a reporter probe, such that the reporter gene product has to interact
with an exogenous/endogenous imaging probe (optical, nuclear, magnetic) and
following this interaction, detection of the signal with the corresponding imaging
modality. The first step is to generate a reporter system in the cells. Here, the cDNA
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expression cassette containing the reporter gene is introduced into the cell of
interest through transfection mediated by a vector. While there is a variety of
choices for vectors and transfection agents (retrovirus, adenovirus, lentivirus,
liposomes, etc.) it should be noted that the ability to image transgene expression is
largely independent of the method.

Currently, MR reporter genes can be chosen to encode for (a) proteins that are
expressed on the cell surface to allow or increase probe uptake (e.g., transferrin
receptor); (b) proteins that bind and thus accumulate the probe (e.g., ferritin);
(c) enzymes that biochemically activate/modify the probe (e.g., b-galactosidase,
tyrosinase); (d) genes that encode for proteins that can be detected directly with
imaging techniques (e.g., MagA) (Fig. 2.19).

2.5.5.1 Transferrin Receptor Reporter Gene
In the bloodstream, iron is bound to the plasma protein transferrin (Tf) and enters
the cells through interaction with the transferrin receptor (TfR). Upon binding, the
TfR-Tf complex is internalized, dissociated in acidic endosomes and iron is
released. One of the first attempts to use human TfR as a reporter gene was
described by Koretsky et al., in this work transfected fibroblasts overexpressing TfR
exhibited a threefold increase in iron levels, therefore a 20% reduced MR signal
intensity in T2-weighted images [169]. To amplify the MR signal, the overex-
pression of an engineered TfR, lacking the feedback down-regulation of receptor
expression in response to iron uptake, has been combined with the administration of
transferrin covalently conjugated with monocrystalline iron oxide (Tf-MION) as an
exogenous probe. In tumors grown from tumor cells transfected with the engineered
TfR, a significant increase in iron accumulation was obtained. Importantly, the MR
signal correlated to the cellular Tf-MION concentrations and the TfR expression

Fig. 2.19 Illustration of the most common reporter gene for MR and their corresponding probe
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[221, 337]. Due to the low efficiency of the TfR as signal reporter and concerns
regarding effects on cells iron homeostasis has limited use of this technology [239].

2.5.5.2 Ferritin Reporter Gene
Ferritin, the major intracellular iron-binding protein that serves as the body’s iron
depot, has been used as a candidate MRI reporter gene. Ferritin comprises 24
subunits that are heavy (H-ferritin) and light chains (L-Ferritin) and can sequester
up to 4000 Fe3+ atoms. The feasibility of this approach has been tested in C6 rat
glioma [61] by overexpressing H-ferritin under a conditional tetracycline promoter
(tet-hfer), allowing the expression of the reporter gene to be switched “on” and “off’
upon the administration of tetracycline (Fig. 2.20). H-ferritin overexpression
resulted in the up-regulation of the transferrin receptor, increased iron uptake, and
therefore shortening of T1 and T2 relaxation times. Recently, the generation of a
tet-hfer transgenic mice in which the overexpression of hemagglutinin-tagged fer-
ritin and EGFP is under tetracycline regulation has been reported [62]. These
animals, lacking the tetracycline transactivator (tTA) do not express the transgene,
however, when mated with mice expressing tTA driven by a promoter of interest,
the progeny expresses the reporter gene in those cells in which the promoter is
active. By crossing the tet-hfer mice with mice expressing tTA under regulation of
VE-cadherin or liver-associated proteins, overexpression of H-ferritin was detected
with MRI in sparse endothelial cells or hepatocytes, respectively [62]. Genove et al.
reported the use of a replication-defective adenovirus to deliver in vivo the ferritin
transgenes (both heavy and light chains). Following the focal inoculation of the
viral vector into the mouse brain, the reporter activity was measured by time-lapse
MRI. Robust contrast in virus-transduced neurons and glia was observed for several
weeks [108] (Fig. 2.21). Thereafter, a combined reporter system of TfR overex-
pression and H-ferritin in a mouse neural stem cell line increased iron accumulation
in the supplemented iron environment and signal loss on T2-weighted and T2*-
weighted images [68]. Ferritin-based reporter imaging is still used in studies for
tracking transplanted stem cells, although issues regarding sensitivity, toxicity, and
specificity of the signal limit widespread application [361].

2.5.5.3 Tyrosinase MR Reporter Gene
Melanotic melanomas, unlike the majority of tumors, appear hyperintense on
T1-weighted images. This effect is related to the high affinity and binding capacity
of melanin, a polymeric pigment, for metal ions [85]. Overexpression of tyrosinase
has been considered as a potential approach to increase the cellular accumulation of
iron to generate contrast for MRI application. Tyrosinase catalyzes the hydroxy-
lation of tyrosine to dioxyphenylalanine (DOPA) and its subsequent oxidation to
DOPAquinone. DOPAquinone is then converted to melanin.

The transfection of mouse fibroblast and human embryonal kidney with a vector
encoding for constitutive expression of human tyrosinase gave elevated levels of
tyrosinase mRNA, higher melanin production and higher metal-binding capacity,
therefore enhanced MR signal intensity [338].
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This approach was further explored in breast cancer cells transfected with a
human tyrosinase reporter gene under control of the tetracycline response element
which allowed the suppression of gene expression by adding doxycycline to the
medium. Cells cultured with doxycycline showed no background expression of the
human tyrosinase gene, whereas withdrawal of doxycycline resulted in detectable
tyrosinase messenger RNA expression. Induction of tyrosinase expression resulted
in T1 shortening in vitro after culture in the iron-enriched medium. Since melanin is

Fig. 2.20 In vivo detection of ferritin in C6 cells transfected with the “inducible” reporter gene
TET-EGFP-ferritin implanted in the hind limb of a nude mice. a R1 and R2 maps of tumor regions
overlaid on the MR images are shown for two representative mice from each group. b R1 and R2

values (mean ± SD) at the tumor region in the presence (ferritin off) or absence (ferritin on) of
TET in drinking water at 14, 19, and 28 days after tumor inoculation (Reprinted by permission
from Neoplasia: [61])
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a highly stable molecule, MR contrast is preserved for a considerable time interval
after switching off tyrosinase expression [8]. However, since melanin and its pre-
cursors in catalyzing and binding iron produce reactive oxygen species, this
approach may exhibit significant toxic effects and thus limit its application [110,
111].

Fig. 2.21 MRI detection of in vivo delivery of ferritin transgene by using a replication-defective
adenovirus. a T2-w image 5 days after injection showing the inoculated sites (left arrows, MRI
reporter; right arrow, AdV-lacZ control). b X-gal-stained AdV-LacZ transduction pattern at 5 d
after inoculation (Reprinted by permission from Macmillan Publishers Ltd.: [108])
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2.5.5.4 b-Galactosidase and MagA Reporter Gene
Another enzyme explored for MR imaging is b-galactosidase (b-gal), the LacZ
gene product of Escherichia coli [148] responsible for the hydrolysis of lactose and
other b-galactosides to monosaccharides. B-gal possesses broad substrate speci-
ficity and several colored or fluorescent products are candidates for cleavage,
therefore it is a marker frequently used in molecular biology assays and micro-
scopy. The use of b-gal as an MR reporter gene was demonstrated by designing
“activatable” gadolinium-based MR contrast agents, such as (1-(2-(b-Galactopyr-
anosyloxy)propyl)-4,7,10-tris(carboxymethyl)-1,4,7,10 tetraazacyclododecane)
gadolinium(III) (abbreviated as EgadMe) a modified sugar substrate containing a
gadolinium chelate [200]. It consists of a (1) high-affinity chelator that occupies
eight of the nine coordination sites on Gd3+ and (2) a galactopyranose residue
positioned to block the remaining coordination site on Gd3+ from water access. In
the absence of b-Gal, EGadMe is uncleaved and Gd3+ is in a water-inaccessible
conformation; its T1 relaxivity is low because the primary contribution is only from
the outer sphere water. In the presence of b-gal, the galactopyranose is enzymati-
cally cleaved from EGadMe, freeing one coordination site, leading to water’s
proton increased access to Gd3+, resulting in inner sphere relaxation enhancement
and therefore an increase in the T1 relaxivity (higher MR contrast in T1-weighted
images). This change in T1 relaxivity can be used for measuring the activity of
b-Gal by MRI. The main limitation of this approach is the low cleavage rate of
EgadMe and its rapid renal clearance. Alternative approaches using other param-
agnetic complexes may overcome this limitation [119, 357].

A set of gram-negative bacteria, defined as magnetotactic, exhibit motility
thought to be directed by the earth’s magnetic field. They naturally synthesize
intracellular structures, known as magnetosomes, tiny magnets that can affect the
MR signal, similarly to SPIO nanoparticles. It is likely that multiple genes are
involved in the production of these magnetosomes. Recently, magA, a gene from
Magnetospirillum Magneticum known to be involved with iron transport, has been
transfected and expressed in a 293FT human cell line, resulting in the production of
magnetic, iron oxide nanoparticles and increased transverse relaxivity. This work
showed that magnetic particles can be formed in vivo utilizing endogenous iron and
can be used to visualize cells positive for magA. This approach generates readily
detectable MR contrast, and it has been used as a MR reporter in vitro and in vivo
[369] (Fig. 2.22). While initially received with enthousiasm, magA reporter gene
technology has also been associated with cellular toxicity limiting broad applica-
bility [240].

2.5.5.5 Alternate Approaches
Also, alternate approaches from the ones listed above have been explored. These
include reporter genes using contrast mechanisms based on chemical exchange
saturation transfer (CEST) and magnetic resonance spectroscopy (MRS).

CEST contrast relies on the magnetization transfer that occurs between the bulk
water protons and macromolecular protons. The contrast produced by CEST-agents
can be switched on and off by selectively irradiating (saturating) at the
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exchangeable proton-resonance frequency of the target molecule. Images obtained
with and without the RF saturating pulse reveal the location of the specific molecule
or CEST agent. Gilad et al. tested the possibility to create a nonmetallic
biodegradable reporter by constructing a gene encoding for an artificial lysine-rich
protein (LRP). The lysine-rich protein functions as a “natural” in vivo CEST
reporter, and was shown to provide excitation frequency dependent contrast in
LRP-expressing xenografts in mouse brain [110, 111]. This approach is of partic-
ular interest since the contrast properties are switchable and tunable, resulting in the
elimination of background signals the potential for “multicolor” imaging through
the use of reporter gene products having different proton frequencies.

MRS can provide useful information regarding the metabolic state, viability, and
also cell localization by using a dedicated MRS reporter gene. Creatine kinase
(CK) and arginine kinase (AK) are a family of enzymes that catalyze the exchange
of phosphate between ATP and creatine (Cr) and arginine (Arg), and therefore are
detectable with 31P MRS. In 1989, a reporter gene was investigated for MRS for the
first time. CK activity was measured by 31P MRS in Escherichia coli [168] and
subsequently in the liver of a transgenic mouse [168].

High concentrations of phosphocreatine were detectable in the NMR spectra
compared to controls. Subsequent studies used these approaches to monitor viral
gene transfer by 31P MRS using CK [20] or AK [330] constructs as reporter genes.
For AK special benefits were suggested since AK is not naturally present in ver-
tebrate cells thus PArg accumulates only in cells where the transgenic gene is
located, therefore no background is detected and there is no need for an external
probe.

Another potential use of the MRS reporter is based on the in vivo monitoring of
the catalytic conversion of a pro-drug into an “active” drug. Stegman et al.

Fig. 2.22 Detection of the gene MagA in a mouse brain. a T2*-weighted image of mouse brain
with transplanted magA cells (white arrow) (right) and GFP control cells (left) after 5 d of
induction. a T2-w image of the same mouse brain showing, although with lower sensitivity, the
presence of cells. Histology confirms the presence of control (green) and magA positive cells (red)
(Reprinted by permission from John Wiley and Sons: [369])

2 Computed Tomography and Magnetic Resonance Imaging 91



demonstrated the in vivo quantification of yeast cytosine deaminase (yCD) ex-
pression in HT29 colon carcinoma xenografts based on the catalyzed conversion of
the nontoxic 5-fluorocytosine (5-FC) pro-drug into the chemotherapeutic agent
5-Fluorouracil (5-FU), as measured by 19F MRS [293].

A brief overview of the various reporter gene approaches and their basic prin-
ciples and limitations is given in the Table 2.4.

Table 2.4 Overview of various MRI reporter gene strategies

Reporter
Gene

Probe Contrast Advantages Disadvantages

Transferrin
receptor

Transferrin
conjugated with
monocrystalline
iron oxide
(Tf-MION)

T2/T2* High sensitivity Aspecific uptake of
the probe

Ferritin Endogenous or
exogenous iron

T2/T2* High sensitivity MR signal depends
on iron loading
factor.
Persistence of signal
void after cell death,
until ferritin-based
nanoparticles are
degraded in
lysosomes and
further metabolized

MagA Endogenous or
exogenous iron

T2/T2* High sensitivity Potential
immunogenicity

b-Gal Exogenous
probe (such as
EgadMe)

T1 Increased signal Background signal
due to aspecific
activation of the
probe

Tyrosinase Endogenous or
exogenous iron

T1;
T2/T2*

Since melanin is a
highly stable
molecule, MR
contrast is
preserved for a
considerable time

Melanin and its
precursor catalyzing
and binding iron
produce reactive
oxygen species that
may exhibit
significant toxic
effects

LRP None MRS Signal switchable
and simultaneous
imaging of multiple
targets (multicolor)

Low sensitivity with
current techniques

CK ATP 31P
MRS

No background Low resolution
(spectroscopy)

yCD 5-FC 19F X
MRS

No background Low resolution
(spectroscopy)
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2.6 Future Perspectives

Because of their high-resolution deep tissue imaging capabilities and currently rapid
advances are being made in transforming CT and MRI/MRS remain interesting
modalities for molecular imaging applications. The classic limitations regarding
detection sensitivity and monospectral (visualization of one single probe within the
same object) capabilities are still hurdles to overcome in some applications. Con-
current developments in hardware, software, and innovative imaging probes keep
improving the possibilities and applications. Also the implementation of the
innovative (concepts of) imaging probes still face specific challenges in getting to
an agent in which optimized characteristics regarding specificity, sensitivity, bio-
compatibility and biodistribution, and larger scale production are all fulfilled. This
will require combined efforts from different platforms in academics, industry, and
legislative and regulatory bodies.
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3.1 Introduction

Nuclear medicine imaging (NMI) methods, such as Positron Emission Tomography
(PET) and Single Photon Emission Computed Tomography (SPECT), belong to the
tracer-based medical imaging modalities. The tracers are unstable radioactive iso-
topes, which offer three-dimensional localization of specific molecular processes. In
contrast to optical imaging, SPECT and PET are based on the detection of
high-energy photons. This allows the measurement of tracer distributions within
larger objects, which supports the translational character of NMI technologies.
Thus, PET and SPECT are intensively used in clinical as well as preclinical
applications. While SPECT uses tracers that directly emit single high-energy
photons, PET is based on the detection of photon pairs resulting from an annihi-
lation process of positrons and electrons. The detection concepts used make PET
about 10–100 times more sensitive than SPECT. This sensitivity advantage of PET
over SPECT leads to clinical PET images with higher spatial resolution.

In order to localize the tracer distribution, PET and SPECT are usually combined
with imaging modalities that offer anatomical information with high spatial reso-
lution, such as Computed Tomography (CT) and Magnetic Resonance Imaging
(MRI). These so-called hybrid-imaging modalities are nowadays standard. Actu-
ally, PET or SPECT are hardly sold as standalone device anymore, neither for
preclinical nor for clinical applications. Anatomical information that may be seen in
SPECT or PET images alone originates mostly from unspecifically bound or
non-metabolized tracer background. Besides the aspect of tracer localization, CT
and MRI are also used to improve the quantification of PET and SPECT, as the
emitted photons are being absorbed and scattered within the objects.

This chapter is giving an overview of NMI technologies and their hybridization
with MRI and CT, written for people who want to understand the basic principles of
NMI. Subchapter two concentrates on the basic idea and fundamental physics of
PET and SPECT, covering aspects from detection up to image reconstruction. The
third subchapter is about the already mentioned step of hybridizing the functional
and anatomical imaging methods, including the challenges that come with it. In the
last subchapter, we describe the current hybrid systems and give an overview of the
recent developments in the field.

3.2 SPECT and PET Technology

3.2.1 Basic SPECT and PET Physics

SPECT and PET belong to the tomographic imaging modalities, which mean that
they allow for a slice-wise representation of data from inside a three-dimensional
object. More specifically, both SPECT and PET permit to reconstruct the spatial
distribution of a radiotracer inside the body, i.e., of a molecule labeled with an
isotope that undergoes radioactive decay. As the radiotracer distribution in the body
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correlates with regions of high metabolic activity, SPECT and PET are counted
among the functional imaging methods. Thereby, they provide important diagnostic
information for oncology, cardiology, and neurology [1].

SPECT and PET both detect gamma photons that are emitted from locations of
radioactive tracer accumulation. However, both modalities differ in their setup and,
consequently, on the radiotracers that may be utilized. Table 3.1 summarizes
commonly employed radionuclides in SPECT and PET imaging. Radiotracers
usually used for SPECT are based on gamma emitters with a long half-life time s1/2
of several hours to days [2] and with gamma photon energies of E = 100–150 keV
[3]. Upon nuclear de-excitation, they emit a single gamma photon, of which the
energy depends on the radionuclide. 99mTc with s1/2 = 6.0 h and Ec = 140 keV is
the most commonly used SPECT radiotracer [3]. Radiotracers employed in PET are
b+ emitters with shorter s1/2 of minutes to a few hours [2]. During a b+ decay, a
proton within the atomic nucleus is converted into a neutron under the emission of a
positron and an electron neutrino. After traveling a finite length in the surrounding
tissue, the so-called positron range, the emitted positron may encounter an electron.
This leads to the annihilation of both particles under the emission of two 511 keV -
photons in opposite directions. The positron range varies between a few tenths of a
mm and several mm, depending on the radionuclide and the kinetic energy of the
positron as well as on the tissue type [4, 5]. The most widely employed isotope in
PET, primarily because of its use in the radiotracer molecule FDG, is 18F. 18F has a
half-life time of s1/2 = 110 min [3]. In general, a short s1/2 limits the radiation dose
needed per study and facilitates waste disposal. However, the production of such
radionuclides needs to take place on-site or close to the hospital, which limits their
availability.

The working principle of SPECT and PET systems is shown in Fig. 3.1.
For SPECT imaging, one or more gamma photon detectors, also referred to as
gamma cameras, rotate slowly around the patient as sketched in Fig. 3.1a. Single
gamma photons originating from the body of the patient need to pass by a colli-
mator before hitting the detector plane. Figure 3.2 sketches different collimator
designs. Prevalent in most clinical SPECT systems, the parallel-hole collimator is

Table 3.1 Overview over
radionuclides and their
half-life times [3, 6, 7]

Radionuclide Modality Half-life time
99mTc SPECT 6.0 h
201Tl SPECT 73.1 h
67Ga SPECT 3.3 d
123I SPECT 0.55 d
11C PET 20.3 min
13N PET 9.97 min
15O PET 2.03 min
18F PET 110 min
64Cu PET 12.7 h
89Zr PET 3.3 d
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constituted by a honeycomb pattern of parallel openings [8], cf. Figure 3.2a. Its
geometry restricts the spatial origin of gamma photons to lines that are parallel or
close-to-parallel to the collimation direction, enabling the gamma camera to record
a two-dimensional projection of the object of interest. When measuring projections
under several angles, a three-dimensional image can be reconstructed from the data.
Spatial resolution is improved by decreasing the diameter of the holes or by
increasing the collimator length, i.e., decreasing the angle under which a gamma
photon may reach the detector. Yet, this simple approach restricts the number of
detected photons per time and thus the sensitivity of a SPECT scanner. One means
of counterbalancing low sensitivity is to let more than one gamma camera rotate
around the field of view. Besides the parallel-hole collimator, a number of other
SPECT collimator designs have been proposed [8]. Figure 3.2b shows a converging

Fig. 3.1 Different setup of a SPECT and b PET imaging systems. For SPECT imaging, the
gamma photon detector is rotated around the FOV, thereby recording several two-dimensional
intensity projections of the radionuclide distribution. For PET imaging, two detectors register the
back-to-back emission of two 511 keV gamma photons. The two incidence points define the line
of response (LOR), indicated as a dashed orange line, along which the annihilation event is
assumed to have taken place. The finite positron range and acollinearity effect pose fundamental
limits to the resolution of PET scanners

Fig. 3.2 Different collimator designs. a Parallel-hole collimator. b Converging hole collimator.
c Pinhole collimator
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hole collimator, which can either be realized in a fan beam or a cone beam design.
The openings of a fan beam collimator converge towards a focal line parallel to the
rotation axis of the SPECT system, whereas the openings of a cone beam collimator
converge towards a focal point. If the object to be imaged is smaller than the surface
of the gamma camera, converging hole collimators make more optimal use of the
detector surface than a parallel-hole collimator. An example application area for
converging hole collimators is brain SPECT imaging [8]. Figure 3.2c shows a
pinhole collimator with a single pinhole. Pinhole collimators provide a magnifying
property and thus high spatial resolution, albeit being of low sensitivity. They are
particularly useful in small animal imaging, where submillimeter resolution is
desirable. Multiple pinhole collimator designs combine high resolution and sensi-
tivity and are thus advantageous for dynamic studies [9]. For more advanced col-
limator designs such as coded aperture or slit-slat collimators, the interested reader
is referred to the article of Audenhaege et al. [8].

A PET scanner, as sketched in Fig. 3.1b, consists of a ring of gamma photon
detectors positioned around the field of view. Each time two gamma photons are
emitted back-to-back after the annihilation of an electron–positron pair, two
detectors will register an event simultaneously, which is thus also termed coinci-
dence event. The two detectors define a line of response (LOR) along which the
event must have taken place. PET is from a geometrical point of view more sen-
sitive than SPECT imaging because it does not need any collimators in front of the
detectors, which reject most (approximately 99.99%) of all incident photons [9].
This higher sensitivity of PET reduces the required imaging time to obtain equal
image quality. In contrast to SPECT, PET bears two intrinsic resolution limits,
which are not of technological, but of physical nature: The first one is due to the
above-mentioned positron range, i.e., the finite distance that a positron travels in the
tissue before annihilation. The second one is the acollinearity effect: As both
positron and electron may possess some momentum before they annihilate, the
back-to-back emission of two gamma photons takes place under an angle which is
characterized by a Gaussian distribution around 180° with an FWHM of 0.25°. This
angular uncertainty results in image blurring, scaling up proportionally with the
radius of the PET detector ring [9].

Due to the electronic coincidence measurement in PET, no collimators are
needed in front of the detectors. However, when measuring coincidences, a careful
distinction needs to be made between true coincidences and undesired scatter and
random coincidences. A true coincidence originates from the annihilation of the
radioactive tracer somewhere along the LOR and is sketched in Fig. 3.3a. If even
very small differences in arrival time of the gamma photons are analyzed, one
speaks of time-of-flight PET (TOF-PET). The small-time difference between the
two detected gamma photons helps to narrow down the position along the LOR at
which the annihilation event occurred, resulting in a higher sensitivity and
contrast-to-background ratio. Opposite to true coincidences, scattered and random
coincidences may add false information to the reconstructed PET images. A gamma
photon undergoing one or more Compton scatter events before its detection as
shown in Fig. 3.3b loses variable amounts of both energy and momentum to the
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tissue or the scintillator material. As a result, the assumed LOR does not actually
describe the true photon path, which contains at least one change of direction. Such
inelastic scatter events may be discarded prior to image reconstruction by imposing
an energy window around 511 keV on the energy spectrum of each detection event.
Random coincidences, as sketched in Fig. 3.3c, are caused by two gamma photons
being detected in coincidence, however, originating from two different radioactive
nuclei. Their respective annihilation partners may have escaped detection either due
to absorption in tissue, scattering out of the scanner FOV or because they were
simply not absorbed by the detector material. Unlike the scattered coincidences,
random coincidences cannot be discarded during postprocessing; however, allow-
ing only a short time window for the coincidence measurement reduces the pos-
sibility to measure them. Moreover, the rate of random coincidences may be
estimated from the measured data, e.g., by the delayed coincidence method [10],
and deducted from the overall measured activity.

Scattering within the tissue furthermore leads to another phenomenon called
attenuation, which occurs both in PET and SPECT measurements. At the origin of
attenuation are those scatter events that deflect the gamma photon outside of the
detector ring and which thereby reduce the number of detected photons from a
location of activity [11]. As the attenuation probability depends on the types of
tissue along the photon path and their respective linear attenuation coefficients, the
attenuation effect influences the reconstructed activity distribution. Bone tissue has
a high linear attenuation coefficient (µ = 0.172 cm−1), whereas values of
µ = 0.09 cm−1 and µ = 0.1 cm−1 were reported for adipose and soft tissue,
respectively [12]. In air, there is a neglectable attenuation, i.e., µ = 0 cm−1. In PET
imaging, attenuation can be corrected for, as each pair of photons travels along the
whole line of response, independently of where exactly their annihilation took
place. For such a correction, a map of the tissue distribution is needed. It is typically
provided by a second, anatomical imaging modality. In SPECT imaging, the dis-
tance of gamma photon emission from the detector and thus the path to be taken

Fig. 3.3 Types of coincidences encountered in PET imaging. a True coincidence, b scattered
coincidence and c random coincidence. Only for true coincidences, the assumed LOR corresponds
to the actual path of the photon pair
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into account for attenuation correction is a priori not known. Therefore, SPECT
presents a lower quantitative accuracy than PET [11].

3.2.2 Image Reconstruction

Image reconstruction comprises the conversion of measured coincidences into the
spatial distribution of radiotracer activity. The measured data is either stored in a
histogram format, i.e., count numbers are accumulated per location of detection, or
in a so-called list-mode format, i.e., counts are sequentially stored under indication
of the corresponding location and time-stamp [13].

Prior to reconstruction, the data is commonly reorganized into projections [14].
In the case of SPECT, a projection comprises all data acquired under a single
detector angle (c.f. Fig. 3.1a), whereas in the case of PET, a projection is defined as
a set of parallel LORs, which equally correspond to a rotation angle. A sinogram is
a common representation of this projection data, depicting the projections
depending on the rotation angle for an angular range of [0, 2p). A number of
reconstruction algorithms exists that work directly on list-mode data, providing the
opportunity to reconstruct dynamic processes [13]. At this stage, the
above-mentioned attenuation correction of the data is typically incorporated.

2D (or 2D multi-slice) PET imaging exclusively utilizes coincidence data
originating from transversal slices, i.e., slices perpendicular to the scanner axis. For
fully 3D PET imaging, additional data from oblique planes is acquired and pro-
cessed, adding complexity to the reconstruction task [14].

Reconstruction methods for PET and SPECT can be divided into analytic and
iterative reconstruction methods. Filtered Back Projection (FBP) commonly uses a
2D analytical reconstruction technique [15, 16]. During the back projection step,
the projection intensity is equally redistributed along the corresponding LORs
before obtaining the back projected image from superposing all LORs. The pre-
ceding filtering step corrects for the fact that the superposition of LORs adds more
intensity to the center of the field of view than to the edges, but results in object
blurring [15]. FBP is straightforward to implement and of low computation time;
however, it does neither take any degrading factors, nor the stochastic nature of the
detection process [14] nor system-specific properties into account. Iterative meth-
ods, on the contrary, are able to incorporate such effects, albeit demanding for more
computational power. Projections are computed based on an initial estimate of the
radiotracer distribution and subsequently compared to the measured projections.
Based on the observed differences, the estimated image is updated.
Maximum-likelihood expectation maximization (MLEM) and ordered-subsets
expectation maximization (OSEM) are two commonly used iterative reconstruc-
tion methods [15, 16], the latter one providing accelerated convergence. For more
details, the interested reader referred to [16] for SPECT and [14] for PET.
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3.2.3 SPECT and PET Detector Technology

3.2.3.1 Requirements
A detector for nuclear imaging, i.e., both for SPECT and PET, needs to convert
gamma photon incidences into electrically measurable signals. These signals con-
vey information about the location, time-stamp, and energy spectrum of any
detected gamma photon. In order to measure these parameters as accurately as
possible, an optimal gamma photon detector should, therefore, among a number of
other technical requirements, provide a high spatial, energy and timing resolution.

Spatial Resolution
The overall spatial resolution of a PET and SPECT system, meaning, the minimum
distance above which two features are still distinguishable, depends on several
factors such as the scanner geometry, the positron range, and the used recon-
struction method. When speaking of the spatial resolution of a detector, one usually
refers to its intrinsic spatial resolution, which is given by the accuracy of the
detector to determine the position of the impinging gamma photon. Experimentally,
it can be determined from the full-width half maximum of the measured light
distribution of an event [15, 17].

Energy Resolution
To measure the energy of an incident gamma photon, one basic requirement needs
to be met: The output signal of the detector should be proportional to the energy of
the incident gamma photon. As described above, knowledge about the gamma
photon energy permits to discard all scattered photons with energies lower than the
expected photon energy. It is, generally speaking, favorable if the detector provides
intrinsic amplification of the gamma photon signal. The ratio between the output
signal strength and the initially measured signal strength of the detector is also
called gain. Ideally, the gain should be stable over time and show a few variations
with temperature [18, 19].

Time Resolution
The time resolution of the detector should be high to allow accurate coincidence
measurements. This is especially important if one is interested in the exact arrival
time of the gamma photons, as it is the case for TOF-PET capable detectors.
Moreover, after being triggered, the detector should be quickly available to detect
the next gamma photon incidence. This is in particular important for high count rate
applications in the preclinical regime [20].

A last requirement concerns uniquely hybrid PET-MRI applications, for which
the detector should be capable of working in strong magnetic fields [19].

3.2.3.2 Detection Principle
The majority of gamma photon detectors consist of two main building blocks,
namely, a scintillator coupled to a photodetector. As sketched in Fig. 3.4, the
scintillator first converts an incident gamma photon into a number of optical
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photons. Subsequently, the photodetector transforms the optical photons into
electric signals. The functioning of both components will be described in detail
below. Though out of scope of this chapter, a note should be made on solid-state,
direct detector types, as for example made of CdTe or CdZnTe. These types of
gamma photon detectors omit the conversion into optical photons and emerge as a
promising alternative especially for small animal SPECT and PET systems [21].

Scintillators
Most scintillators for PET and SPECT detectors consist of inorganic single-crystal
materials. The ability of these materials to produce visible light is rooted in their
electronic band structure. Within the bandgap of a few eV, separating the con-
duction from the valence band, additional activator states can be found. These
activator states originate either from intrinsic or dopant impurities [22]. The acti-
vator states provide fast energetic transitions in the visible range, of which the
transition wavelength should match with the next detection stage, namely, the
photodetector. An incident gamma photon in the SPECT and PET energy range
transfers its energy to the crystal in two possible ways: either completely by the
generation of a photoelectron or partially by Compton scattering. These two
interaction processes depend on the atomic number with Z4 to Z5 and Z, respec-
tively [22]. In both cases, the generated electron excites many electron-hole pairs
that recombine at the activator sites [23]. Table 3.2 summarizes the properties of
prominent scintillator materials for nuclear imaging. A high effective atomic
number (Zeff) and a high density facilitate the deposition of the total gamma photon
energy in the scintillator [24]. The probability of absorption for a gamma photon in
tissue is described by the (energy-dependent) attenuation length. After having
traveled this length through matter, the gamma photon’s probability of not being
absorbed drops to 1/e. Other important characteristic properties of a scintillator
material are the scintillation light yield, i.e., the number of photons generated per
deposited energy of the incident gamma photon, and the scintillation decay time,
i.e., the time needed for the scintillation pulse to decrease again after an incidence
of a gamma photon.

Fig. 3.4 Detection principle of a gamma detector for nuclear imaging. Scintillator and
photodetector are the two building blocks of the detector: the gamma photon is transformed
into an electrical signal via a conversion step into optical photons
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Scintillators for SPECT detectors are almost exclusively consisting of
Thallium-doped NaI, a scintillator material characterized by a high light yield [24],
with CsI as a possible alternative [22]. Since the detection efficiency of NaI at higher
gamma photon energies is fairly low, PET applications demand scintillator materials
of higher stopping power (namely, of higher density, higher Zeff, and thus shorter
attenuation length) such BGO,GSO, LSO, and LYSO.Among these, LSO and LYSO
combine a high light yield with a short scintillation decay time, which makes them,
moreover, attractive for applications in TOF-PET capable scanners [24].

Alternatives to crystalline scintillator materials with a potential for nuclear
imaging are condensed noble gases such as liquid xenon [29] or plastic scintillators
[30].

Photodetectors
Photodetector devices comprise three main groups: photomultiplier tubes (PMT),
avalanche photodiodes (APD), and silicon photomultipliers (SiPM). Table 3.3
compares their characteristics. PMTs continue to equip most clinical PET and
SPECT systems; yet, solid-state technology and especially SiPMs emerged as an
alternative, combining many of the advantages of PMTs with compactness and
insensitivity to magnetic fields. Notably, they are the technology of choice in PET
imaging applications for which space is limited, such as small animal imaging, or
for MRI-based hybrid-imaging devices [31].

A photomultiplier tube (PMT) is a vacuum glass tube consisting of a photocathode
layer, a chain of dynodes, and an anode. At the photocathode, an incident optical
photon is converted into an electron by the photoelectric effect. An electric potential

Table 3.2 Properties of some different crystalline scintillator materials (adapted from (1) Lecomte
[25]; (2) Lecoq [26]; (3) Melcher [24]; (4) Grupen [27]; (5) Northrup [28])

Property NaI CsI BGO GSO LSO LYSO

Effective atomic
number Zeff

50 (1)
51 (3)

54 (3) 75 (3) 58 (1)
59 (3)

65 (1,3) 64 (1)

Density/g/cm3 3.67 (1, 3) 4.51 (3) 7.13 (1, 3) 6.71 (1, 3) 7.35 (1)
7.40 (3)

7.19
(1)

Attenuation length @
511 keV/cm

2.9 (3) (4)
2.6 (1)

2.3 (4) 1.1 (1) 1.5 (1) 1.2 (1) 1.3 (1)

Attenuation length @
140 keV/cm

0.4 (5) 0.3 (5)

Light
yield/photons/MeV

38,000 (2)
41,000
(1, 4, 5)

54,000 (2)
56,000 (5)
66,000 (4)

9000 (1,4) 8000 (1,4) 23,000 (5)
27,000 (2)
30,000 (1, 4)

30,000
(1)

Decay time/ns 230/*10000
(3)

1000 (3) 300/60 (1)
300 (3)

60/600 (3) 40 (1, 3) 40 (1)
30–35
(2)

Numbers may show variation depending on exact atomic composition and dopant concentrations.
NaI thallium-doped sodium iodide (NaI:Tl), CsI thallium-doped cesium iodide, BGO bismuth germanate
(Bi4Ge3O12), GSO cerium-doped gadolinium orthosilicate (Gd2SiO5:Ce), LSO cerium-doped lutetium
orthosilicate (Lu2SiO5:Ce), LYSO cerium-doped lutetium–yttrium oxyorthosilicate (Lu1.9Y0.1SiO5:Ce)
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in the kV range accelerates the electron from dynode to dynode towards the anode. At
the dynodes, each incident electron produces several secondary electrons, thereby
amplifying the electric signal exponentially by a factor of about 106. Importantly, the
number of secondary electrons is proportional to the number of incident photons.
Moreover, PMTs have a low dependency on temperature, which is less than 1% per °
C. Conventional PMTs exhibit a sensitive area in the cm2 range (they are thus quite
bulky), cannot be operated in magnetic fields and require high bias voltages [20]. An
important development in the PMT area are multi-anode position-sensitive PMTs.
They provide an improved intrinsic spatial resolution, which made their integration
into preclinical imaging systems possible [33].

An avalanche photodiode (APD) is a solid-state photodetector, thus made of a
semiconductor material such as silicon. An APD is formed by a semiconductor
layer structure that is operated under reverse bias, but below its breakdown voltage
(i.e., below a threshold above which the structure would become conductive again).
This so-called p-i-p-n layer structure consists of a positively (p) doped layer, an
intrinsic (i) layer without any additional doping, another p-layer and last of a
negatively doped (n) layer, which leads to the formation of a distinct electric field
profile across the structure. After absorption of an optical photon in the intrinsic
layer, an electron-hole pair is created and attracted towards the contacts. At the p-n
interface, a steep electric field gradient leads to a multiplication of charge carriers
by impact ionization. Thereby, the APD achieves an intrinsic signal amplification of
about 102–103, while the electric signal strength stays proportional to the number of
incident photons [32]. APDs are magnetic field compatible and small, with a
sensitive area in the mm2 range. As a drawback, they require an additional
amplification stage due to their lower intrinsic gain and exhibit a higher temperature
dependency than PMTs of about 3% per °C [20].

A single photon APD (SPAD) or Geiger-mode APD is an APD operated beyond
the breakdown voltage. Each incident optical photon develops into a self-sustaining
avalanche that is only stopped when the voltage exceeds the resistance of a
quenching resistor being coupled in series with the SPAD. The detection principle
is thus binary, and the energy of the electric pulse is no longer proportional to the
photon energy. During an avalanche discharge, the SPAD cannot detect other
photons. Hence, measuring more than one scintillation photon requires several
SPADs. This leads to the development of SiPMs, which are two-dimensional
assemblies of 100–10,000 individual microcells per mm2, namely, of Geiger-mode
APDs with their quenching resistors, with a geometric extension of a few 100 µm2

[32]. After a scintillation pulse, a number of microcells trigger and generate a
signal. Thus, the output signal of the whole SiPM, i.e., the integral of the signal of
the microcells, is proportional to the energy of the scintillation pulse as long as each
microcell is not triggered by more than one photon. The SiPM, therefore, possesses
quasi-analog signal characteristics.

3.2.3.3 Detector Designs
There are two basic detector designs, which distinguish themselves by employing
either a continuous scintillation crystal or pixelated scintillator arrays. The concepts,
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originally described as the Anger camera and the Block detector, respectively,
continue to form the basis for virtually all modern SPECT and PET detectors
designs.

In 1952, Hal Anger proposed a NaI:Tl based scintillation detector design [34],
which nowadays still prevails in most SPECT systems. It consists of a large-area
scintillation crystal that is coupled to an array of PMTs, which are arranged in a
hexagonal fashion. A light guide material between crystal and PMTs is used for
refractive index matching and light distribution. In front of the scintillator, the
collimator is located. When a gamma photon traverses the collimator and causes a
scintillation event, optical photons are emitted isotropically from the location of
interaction. In consequence, the individual PMTs behind the scintillator detect
varying fractions of scintillation light. Behind the PMTs, electronic circuits deter-
mine the position and energy of the gamma photon incidence. While the position is
derived from the center of gravity of the signal amplitudes, the energy of the
gamma photon is determined by summing over the PMT signals. This readout
scheme is also referred to as Anger logic. A typical Anger camera achieves about
10% FWHM in energy resolution for 99mTc and 2–4 mm FWHM for a camera size
of 21″ � 28″ (about 53 cm � 71 cm) [18].

The first PET detectors, on the contrary, were implemented as pixelated detec-
tors based on a one-to-one coupling scheme, i.e., one individual crystal needle was
mounted per PMT. The individual crystal diameter thus determined the intrinsic,
i.e., minimal achievable spatial resolution of such a detector design. Moreover, the
resolution was limited by the packing density of the PMT array due to the
non-negligible thickness of the PMT glass envelopes. Other limitations of this
design included cost and a high number of channels to be read out by the processing
electronics [32].

In 1986, Casey and Nutt proposed the Block detector design for PET detectors
[35], which permitted to reduce the number of PMTs that are required to read out a
pixelated array of crystals. In this design, either an array of individual scintillators
or one larger crystal with saw cuts is mounted onto a small number of PMTs—for
example, 6 � 6 crystals may be found on top of 2 � 2 PMTs. Inserting a reflective
layer between the individual crystals reduces crosstalk between these. The position
of the gamma photon incidence can be derived from the horizontal and vertical
PMT signal ratios, while the energy is derived as sum over the PMTs similar to the
above-described Anger logic [32].

Table 3.3 Comparison of different photodetector types for SPECT and PET applications [20, 32]

Detector
type

Proportionality Gain [32] Temperature
stability [20]
(%/°C)

Rise time
[20] (ns)

Sensitive
area [20]

Magnetic field
compatibility

PMT Yes 106 <1 *1 cm2 No

APD Yes 102–103 *3 *5 mm2 Yes

SiPM Yes 105–107 *1–8 *1 mm2 Yes
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For PET imaging, special detector designs can be adapted that allow to addi-
tionally obtain depth-of-interaction (DOI) information [36]. Locating the depth of a
scintillation event within the crystals permits to reduce the so-called parallax error
in PET, which leads to increased image blurring, especially for small PET rings
with long scintillation crystals. For pixelated detectors, discrete DOI information
can be obtained by using a multi-layer detector design, where the depth resolution is
determined by the thickness of one detection layer. If several layers of crystals are
stacked onto a single layer of photodetectors, the crystal layers may be distin-
guished by pulse shape discrimination, by relative offsets between the crystal layers
or by combinations thereof. For pulse shape discrimination, the layers need to
consist of scintillators with different timing characteristics, whereas stacking two
layers with half a crystal pitch offset works for the same scintillating material. It is
equally possible to stack whole detector blocks, i.e., scintillator and photodetector,
on top of each other. A continuous DOI measurement can be achieved by a
dual-ended readout of the scintillator. For detectors based on monolithic crystals
(back to the Anger camera approach!), the DOI can be traced back from the width
of the light dispersion. One challenge that arises for monoliths is related to edge
effects such as reflections, which distort the light dispersion and thereby hamper the
3D-positioning of the event. Remedies may be of physical nature, such as reducing
surface reflections by roughening or black paint, or be found in the postprocessing
step, for which maximum-likelihood positioning algorithms [37, 38] and supervised
machine learning methods such as gradient boosted decision trees [39, 40] prove to
improve upon the classical positioning approach.

3.3 Hybridizing SPECT and PET

3.3.1 Motivation for Hybrid Imaging

Since PET- and SPECT-only visualize the distribution of the tracer, i.e., the
functional information, the exact information about the position of the tracer in the
body, i.e., the anatomical information, is missing. Therefore, it is of added diag-
nostic value to combine PET and SPECT with an image modality delivering
anatomical information, such as CT or MRI. CT measures the attenuation of X-rays,
with an energy of about 80–140 keV. The attenuation of the X-rays in tissue is
dominated by the tissue density. Since the density of different soft tissues is very
similar, CT shows poor soft-tissue contrast. However, bone tissue can be visualized
with high spatial resolution. Besides the benefit of gaining the anatomical infor-
mation, a gamma photon attenuation map can be measured with CT, which can be
used in the SPECT/PET image reconstruction for attenuation correction (c.f.
Sect. 3.2.1 and [41]). One technical restriction of the hybrid-imaging modality is the
sequential image acquisition of the SPECT/PET and the CT image, i.e., both images
are acquired after each other. Simultaneous acquisition is not possible since
SPECT/PET and CT detectors absorb gamma particles within a similar energy
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range. However, in higher integrated systems, the SPECT/PET and CT systems are
built directly next to each other around the same patient bed and both images can be
acquired directly after each other.

SPECT/PET can also be combined with MRI to gain anatomical information. In
contrast to CT, MRI offers high soft-tissue contrast without using ionizing radia-
tion. Furthermore, MRI allows visualizing many different contrasts. MR can
measure spectroscopic information, diffusion (DWI) or brain activity (fMRI) and
many more, such as Magnetic Resonance Angiography [42], Chemical Exchange
Saturation Transfer (CEST) [43] and Dynamic Contrast Enhancement MRI (DCE
MRI) [44]. Hybrid SPECT/PET-MRI systems can be differentiated by their level of
integration. In lowly integrated systems, the SPECT/PET scanner and MRI scanner
are separated but share the same patient bed. The SPECT/PET image is acquired
separately just as in SPECT/PET-CT systems. In highly integrated systems, the
SPECT/PET scanner is implemented inside the MRI scanner allowing for simul-
taneous acquisition of the SPECT/PET and MRI image. Simultaneous acquisition
of both images provides many advantages:

• Reduced space requirements, since both modalities are integrated into one
device

• Reduced scan time, since the SPECT/PET and MRI measurement time is in the
same order of magnitude for typical examinations; this does not apply for
SPECT/PET-CT because CT is much faster

• Better temporal and spatial registration especially in dynamic studies, since
sequential scans come with a temporal and very likely with a spatial offset

• Many techniques for motion compensation are enabled [45]
• Higher spatial resolution of PET, since the strong magnetic field of the MR

system deflects the positrons and thus decreases the positron range [46].

3.3.2 Challenges with Respect to MR Compatibility

Combining a SPECT/PET scanner with an MRI scanner for simultaneous imaging
is technically challenging. On the one hand, MRI uses strong and high-frequency
magnetic fields, creating a harsh environment for the electronic of the SPECT/PET
scanner. Therefore, also common pacemakers and magnetic implants are not
allowed to be brought into an MRI. On the other hand, an MRI scanner is a very
sensitive device, which can be easily distorted by electronic devices, such as the
SPECT/PET scanner. An MRI system can be divided into three different subsys-
tems: a strong static magnetic field B0 in the order of magnitude of a few Tesla, a
radio-frequency (RF) field B1 with a strength of several µT and frequencies in the
MHz range depending on the B0 and the excited nucleus, and a so-called gradient
magnetic field, which can be switched in each of the three spatial directions to
modify B0 linearly in space with a strength and slew rate of a few 10 and 100
mT/m/ms for typical clinical MRI systems. The distortion of the SPECT/PET
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scanner by the MRI scanner is usually investigated for each of the MRI subsystems
since all three can have a different effect on the PET system and vice versa.
Figure 3.5 summarizes the mutual distortion effects between the MRI subsystems
and the SPECT/PET scanner.

The strong static magnetic B0 field is shielded passively in common MRI sys-
tems. Therefore, the magnetic field strongly increases from outside to the inside of
the MRI isocenter. This strong gradient causes a force on materials with high
magnetic susceptibility resulting in high mechanical stress. On the SPECT/PET
side, many electrical components do not work properly inside the MRI system, such
as electronic components based on ferrite materials. Furthermore, the Lorentz force
acts on moving electrons, which can cause malfunctions of electronic components
[47]. For this reason, photomultiplier tubes cannot be used inside the MRI.

On the MRI side, materials with a high magnetic susceptibility distort the B0

field causing image artifacts. Especially, sequences that rely on high spectroscopic
resolution degrade with poor B0 field homogeneity.

The RF field B1 can induce voltages up to several Volts in conducting paths,
which can distort [48, 49] or even damage the electronic components of the
SPECT/PET detectors. Otherwise, the SPECT/PET detectors can emit RF signals,
which may couple into the MRI measurement chain. The spurious signals result in a
decrease of the signal-to-noise ratio [50–52] and/or zipper artifacts [53, 54] in the
MRI data. To prevent the RF interferences between the SPECT/PET and MRI
system, the SPECT/PET detectors are commonly equipped with RF shields.

The gradient magnetic field can induce eddy currents in all conductive com-
ponents of the SPECT/PET detectors. On the SPECT/PET side, the eddy currents
can distort the SPECT/PET detector signals [55–57] and cause vibrations of the
conductive components. On the MRI side, the eddy currents can produce super-
imposing magnetic fields, which distort the gradient magnetic fields causing image
artifacts [58–60]. As the frequency of the switching gradient magnetic field is only
in the kHz range, shielding is not feasible and the SPECT/PET system should have
high gradient transparency. High gradient transparency can be realized by mini-
mizing the conductance of all components of the SPECT/PET system, i.e., reducing
the size of the components and the conductivity of the materials used [60].

3.4 State-of-the-Art Hybrid Systems

3.4.1 PET-CT

PET-CT is an established clinical hybrid-imaging modality, employing
state-of-the-art, i.e., multi-slice and high resolution, CT technology. The first
commercial PET-CT scanners appeared in 2001 and rapidly took over the market
from PET-only devices [61].

Important developments in clinical PET-CT technology concern the incorpora-
tion of TOF-PET capability into clinical systems, which started in 2006 [62]. The
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specifications of five recent clinical PET/CT systems (Philips Ingenuity TF, Philips
Vereos, GE Discovery 710, GE Discovery IQ, Siemens Biograph mCT Flow (True
V)) are summarized in the review of [63]. Most of the compared systems exhibit a
spatial PET resolution of 4–5 mm, employ LYSO crystals as scintillator materials
and base on analog PMTs for the optical signal readout. Four out of the five
reviewed systems have TOF-PET capability. Here, the Philips Vereos system,
employing digital SiPMs and a 1:1 coupling scheme, distinguishes itself by a
significantly lower timing resolution of about 350 ms as compared to about 550 ms
in the other systems, yielding an improved localization of the annihilation event
along the LOR (within a distance of about 5 cm compared to 8–9 cm). The term
“digital SiPM” refers to a digital readout logic, which counts and digitizes the
photons on-chip. Another recent digital PET/CT system, the Biograph Vision
(Siemens Healthineers), has been evaluated in [64] and is reported to have an even
lower timing resolution of 215 ps.

Modern PET/CT scanners acquire PET data in a three-dimensional fashion,
meaning, several parallel PET rings are used to not only detect coincidenceswithin the
individual 2D slices but also between different rings [63]. A whole-body scan is then
conventionally acquired in a “step and shoot” approach, i.e., stitched together from
several discrete, overlapping bed positions. The mCT Flow technology by Siemens
uses continuous bed motion to acquire a whole-body scan in a single volume [61].
Future efforts may comprise the development of so-called total-body PET [65],
extending the PET field of view over the entire length of the body. This approach will
increase the sensitivity for total-body examinations; however, it comes with consid-
erably higher production cost, which might hamper widespread commercial usage.

Fig. 3.5 Mutual influences of simultaneous PET-MRI
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Preclinical commercial PET-CT systems have PET spatial resolutions below 1–
1.5 mm [66, 15]. Some examples for commercially available systems are G8
PET/CT by Perkin Elmer [67], nanoScan PET/CT by Mediso [15], Inveon PET/CT
by Siemens [68], U-PET+ with VECT by MiLabs [66], Super Argus PET/CT by
Sedecal [66], or the Albira PET/SPECT/CT platform by Bruker [69].

3.4.2 SPECT-CT

All major vendors offer clinical SPECT/CT systems. The Siemens Healthineers
Symbia T-Series [70] and Symbia Intevo [71] systems combine diagnostic, fast
rotation and multi-slice CT imaging with two gamma camera head arranged in
opposite orientation in front of the CT gantry. The GE Discovery NM/CT 670
systems equally offer multi-slice CT (8 or 16 slices) with two gamma cameras
arranged in front of the CT gantry in 90° orientation [72, 73]. Mediso’s trimodal
AnyScan SPECT/PET/CT system builds upon the same concept [74]. Philips chose
an alternative approach with the Brightview XCT: two gamma cameras as well as a
flat-panel X-ray detector are arranged in a co-planar fashion, which eliminates the
need for table movement at the cost of lower rotation speeds [75, 73].

Preclinical SPECT-CT systems reach submillimeter SPECT resolutions [76], a
few commercial examples are the Bruker Albira [69], Bioscan nanoSPECT/CT
[77], MiLabs Vector [78], and Siemens Inveon [68].

A recent trend is given by equipping SPECT devices with CZT (Cd-Zn-Te)
detector technology. The pixelated, solid-state CZT detectors directly convert the
emitted or scattered gamma photons into electrical signals. without the need for an
additional photomultiplier stage (c.f. Sect. 3.2.3). This results in more compact
gamma cameras with improved higher intrinsic spatial resolution and higher count
rates, albeit also in higher purchase cost. Next to CZT-based SPECT-only devices,
GE’s Discovery NM/CT 670 ZCT is the only clinical SPECT/CT system equipped
with this technology on the market [79].

3.4.3 PET-MRI

The first commercial simultaneous PET-MRI systems for clinical applications have
been available for about 5 years: SiemensHealthineers BiographmMR (https://www.
healthcare.siemens.com/magnetic-resonance-imaging/mr-pet-scanner/biograph-mmr,
[80]) and GE Healthcare SIGNA™ PET/MR (https://www.gehealthcare.com/en/
products/magnetic-resonance-imaging/3-0t/signa-pet-mr, [81]). Furthermore, com-
mercial simultaneous PET-MRI systems for preclinical applications are offered by the
following vendors: Bruker PET/MR 3T (https://www.bruker.com/products/
preclinical-imaging/nuclear-molecular-imaging/petmr-3t/overview.html), MR Solu-
tions PET INSERT Simultaneous PET/MR (http://www.mrsolutions.com/products/
imaging-systems/pet-insert-simultaneous-petmr/) and Aspect Imaging SimPET
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(https://www.aspectimaging.com/pre-clinical-mri/simpet-simultaneous-pet-mri-
complete-solution/). Besides the commercial systems, many research devices were
developed for clinical or preclinical applications [82–84]. A widely applied approach
is the integration of so-called PET inserts into existingMRI systems. For the first PET
insert, the scintillation crystals inside the MRI system were attached to optical fibers,
which transmit the optical photons outside the MRI system to the MRI-incompatible
photomultiplier tubes [85]. However, the light loss due to the long optical fibers
strongly limited the PET performance. Advances in the solid-state photodetectors,
such as APDs and SiPMs, enabled to implement the complete gamma detectors inside
the MRI system. In the past years, the research was based on further increasing the
level of integration, for example, by using battery-operated PET detectors enabling
electrically floating PET systems [53] or by integrating an optical transparent RF
shield as the light sharing element of the PET detector [86]. Furthermore, PET inserts
are developed for clinical applications that focus on one organ [87, 88, http://www.
hypmed.eu/]. Compared to the commercial total-body PET-MRI systems,
organ-specific devices are closer to the organ of interest and therefore, have following
benefits: higher sensitivity because of the possibility to cover a larger solid angle and
the potential lower attenuation through the body; higher spatial resolution because of a
lower acollinearity effect.

3.4.4 SPECT-MRI

The progress in the development of SPECT-MRI system is very limited and
commercial simultaneous SPECT-MRI systems are not available, yet [89]. Only
two commercial sequential SPECT-MRI systems for preclinical applications are
distributed (MEDISO and MR Solutions).

Some research SPECT-MRI systems were developed in the past years, however,
only one simultaneous SPECT insert for brain SPECT-MRI is under development
[90, 49]. Additionally, research simultaneous SPECT-MRI systems for preclinical
applications were developed and characterized [91–94].

3.5 Conclusion

Hybrid imaging has proven its value in the clinical as well as the preclinical
domain. The high level of integration of current hybrid-imaging devices offers a
simplified workflow with respect to measurement time and animal or patient han-
dling. While the combination of PET and SPECT with CT offers a nearly push-
button usage, the combination with MRI still holds a few challenges. The major
challenges are the stability and accuracy of the quantitative corrections from MRI
and the complexity of use of PET or SPECT in combination with MRI devices.
Nevertheless, technical innovations will most probably overcome both aspects in
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the next years and the overall complexity of hybrid imaging will be hidden by smart
software interfaces.

Even though SPECT and PET are appreciated for their high sensitivity, the need
for dose reduction and higher spatial resolution in the clinical domain are the main
drivers for future developments. Research on new concepts such as long axial
FOV PET scanners and systems with coincidence timing resolution below 100 ps
will drive the field. These developments will result in clinical scanners with 10–100
times higher sensitivity than nowadays, allowing for substantially higher spatial
resolution and lower doses.

In the preclinical domain, the push for higher spatial resolution, which goes hand
in hand with higher sensitivity, will be the main driver for future developments.
Solid-state detectors will become the state-of-the-art for all kinds of NMI systems.
Interestingly, the past has shown us that the development of preclinical devices is
mostly driven by new technical innovations from developments in the clinical
domain. This is an unfortunate side-effect of the combination of development costs
and market sizes in the preclinical domain.

Besides all these technical developments, the preclinical and clinical domain will
substantially benefit from new image reconstruction methods based on machine
learning, which will likely offer nearly real-time imaging at high quantitative
accuracy. Furthermore, also triggered by the development of clinical scanners with
long axial FOV, highly sensitive preclinical systems allowing for dynamic PET
reconstruction could become state-of-the-art in the near future.
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4.1 Introduction

Ultrasound imaging was introduced around 1950 as a two-dimensional real-time
imaging modality by Wild and Reid [51]. Acoustic waves at ultrasonic frequencies
are transmitted into the body and the scattered and reflected echo-signals are pro-
cessed to reconstruct an image. Since then, ultrasound imaging is often the first
imaging method applied and is valued for its point-of-care nonionizing real-time
imaging capabilities. The image quality has increased significantly since the
beginning and was driven by miniaturized transducers and electronics in combi-
nation with Moore’s law, which enabled real-time capability for increasingly
advanced image reconstruction and processing algorithms. On the downside, the
user-dependency and lack of reproducibility must be mentioned. However, these
drawbacks may be overcome using three-dimensional imaging in more application
areas and novel machine learning algorithms (Deep Learning).

For about five decades the recording and reconstruction methods followed the
same line-based approach as proposed by Wild and Reid: The sound wave is
focused along a line at a certain depth and the echo strength is represented as
brightness on the screen. Using line-by-line scanning an image is recorded. The line
position was first changed mechanically within a two-dimensional plane by trans-
ducer movement, later by electronic beamforming with piezoelectric transducer
arrays with hundreds of elements. When the first electronically steered volumetric
scans became possible with two-dimensional transducer arrays [43, 49] and up to
thousands of elements, the conventional line-by-line scanning had to be abandoned
to achieve volumetric real-time imaging because the limiting factor for
three-dimensional line-by-line scanning is the speed of sound of about 1540 m/s in
soft tissues. This physical limitation makes the sequential acquisition of lines for a
complete volume too slow. Therefore, new methods for image formation from
weakly focused wide transmit beams with multi-line receive beamforming were
proposed first [43]. Alternatively, algorithms for reconstructions from the echoes of
a plane or diverging transmit waves were developed allowing the frame and volume
rates up to the kilohertz-range (“ultrafast imaging”), see, e.g., [25, 29, 33]. At the
same time, the availability of faster computers with graphics processing units
(GPUs) enabled completely software-programmable image reconstruction on
general-purpose systems, which makes shorter innovation cycles possible.

Besides this paradigm change in image reconstruction, several innovations
extended the capabilities of ultrasound imaging over the years: Flow analysis by
Doppler imaging [23] was added to the modality in the 1980s. To overcome the low
echogenicity of blood, ultrasound contrast agents made of encapsulated gas
microbubbles were introduced in the 1990s [4]. Then, dedicated harmonic imaging
techniques enabled their sensitive, nearly background-free imaging. Consequently,
attaching specific ligands to these bubbles enabled ultrasound molecular imaging
[7, 27, 28]. Around the same time, elastography was introduced by Ophir et al. [36]:
The deformation of tissue is measured in the ultrasound images (strain imaging).
From this, elastic tissue parameters can be reconstructed. This static elastographic
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approach was further developed by vibro-acoustography [13], acoustic-
radiation-force imaging (ARFI) [34], and shear wave elastography [39]. A review
of elastographic methods can be found in Gennisson et al. [17]. A more recent
innovation in contrast-enhanced imaging is ultrasound localization microscopy,
which exploits the high spatial accuracy of the localization of isolated microbubbles
for super-resolution imaging [6, 42].

In the following, this chapter will be focused on the technical aspects of the
methods that are important in molecular imaging. Therefore, some important topics
for general clinical ultrasound like Doppler imaging are left out here. For an
in-depth technical description of all aspects of ultrasound imaging, the textbook by
Szabo is recommended [46].

4.2 Ultrasound Image Formation

4.2.1 Spatial and Temporal Resolution

Ultrasound images are formed by transmitting a mechanical wave at ultrasonic fre-
quencies from the transducer into the tissue. The reflected and scattered waves are
recorded with the same transducer and the image is reconstructed from the received
data. The frequencies are typically in the range of 1.5–15 MHz in clinical imaging
and up to 50 MHz for preclinical systems. The average speed of sound waves in soft
tissue is about 1540 m/s, which results in wavelengths in the range of 1 mm–0.1 mm
for typical clinical imaging and down to around 30 µm for preclinical applications.
The wavelengths already give the order of magnitude of the spatial resolution that can
be achieved in the best case although the actual resolution depends on the specific
design of the imaging system. The theoretical diffraction limit is given by half the
wavelength, which often is not achieved in practice. However, using contrast agents
for ultrasound localizationmicroscopy, imaging of vasculature beyond the diffraction
limit is feasible and will be discussed in a separate section.

In line-oriented scanning, the axial resolution (resolution in the direction of
sound propagation) is determined mainly by the frequency bandwidth of the
ultrasound pulse. The lateral resolution (the resolution in the image plane perpen-
dicular to the sound propagation direction) is determined by the transmit and
receive focusing, which is characterized by the ratio of the imaging depth to the
aperture size (F-number) of the active transducer. Typically, the lateral resolution is
not as good as the axial resolution, which is in the order of a wavelength. In
two-dimensional imaging, the resolution in the third dimension, i.e., the slice
thickness or elevational focusing, is often not taken into account although it is the
least effective focusing. Many clinical ultrasound systems use a fixed focus acoustic
lens in front of the transducer, which has only a small aperture in the elevation
direction. This results in a relatively large F-number (ratio of the focus distance to
the transducer width perpendicular to the imaging plane) with the corresponding
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weak focusing. Information about this fixed focus is usually not shown on screen
and is often unknown to the investigator.

The temporal resolution of ultrasound imaging is limited by the speed of sound
and depends on the imaging depth. For a typical clinical imaging depth of 7.5 cm,
the sound wave must travel to this depth and back, resulting in 15 cm with a travel
time of 0.1 ms. Therefore, with novel ultrafast plane wave imaging systems a
maximum frame rate of 10 kHz is achieved. These systems acquire a whole image
with only one transmit/receive cycle. The high temporal resolution allows, for
example, real-time volumetric imaging of the heart. However, standard clinical
two-dimensional ultrasound imaging techniques acquire data in a sequential
line-by-line fashion, which reduces frame rates to a few 10 Hz for one line per
transmit/receive cycle or in the 100 Hz range for systems with parallel multi-line
acquisitions.

4.2.2 Ultrasonic Signals and Speckle Noise

Ultrasound images show a characteristic spatial noise pattern which is termed
“speckle” and arises from the interference of the echoes from small scatterers that
cannot be resolved. Figure 4.1a shows a typical ultrasound pulse that is transmitted
into tissue and a corresponding raw echo signal (Fig. 4.1b), for which often the
term A-scan (Amplitude scan) is used. In ultrasound images, only the signal
strength of the echoes is presented as brightness. Therefore, the envelope of the
signal as shown in Fig. 4.1b in red is extracted by amplitude demodulation and
logarithmically transformed to stretch the lower signal amplitudes and compress the
bright echoes. This is also the origin of the term B-mode (Brightness-mode), which
is used for ultrasound images in contrast to the raw or radio-frequency-signals
(RF-signals). A usual dynamic range of ultrasound images on a logarithmic

22 24 26 28 30 32 34 36 38 40 42
-1

-0.8

-0.6
-0.4
-0.2

0

0.2
0.4
0.6

0.8
1

t [μs]

am
pl

itu
de

 [
a.

u.
]

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

0 1 2

t [μs]

am
pl

itu
de

 [
a.

u.
]

(a) (b)

Fig. 4.1 a Ultrasound transmit pulse and b radio-frequency (rf) echo from soft tissue (“A-scan”,
blue) and demodulated envelope signal (red) which is used as brightness in B-mode images after
logarithmic transformation
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brightness scale is close to 60 dB, which represents a ratio of 1:1000 between the
darkest and the brightest gray value.

When the oscillating echoes of many small sub-resolution scatterers in the tissue
add up in the ultrasound transducer, the result has a random fluctuation because the
oscillating signals may interfere constructively or destructively depending on the
distances of the scatterers to the transducer. The sum of signals in two pixels of the
image gives statistically independent results when their locations are further apart
than the image resolution. Therefore, a spatially varying random variation of the
intensity is observed with a typical feature size that corresponds to the image
resolution. This pattern can be modeled as multiplicative spatial noise. As the noise
is spatially but not temporally varying, temporal filtering cannot remove this pat-
tern. The most effective method to reduce the speckle pattern is to overlay image
acquisitions from different angles, for which the speckle pattern varies (compound
imaging). Compound imaging modes are realized in many commercial systems in
various ways. For example, only the receive beams can be angled to the same point
from different directions. However, it is more effective to vary the transmit direc-
tions as well. Additional image processing can be used to further reduce speckle.

4.2.3 Attenuation

The spatial resolution and penetration depth of ultrasound imaging are coupled
because of the frequency-dependent attenuation in soft tissues. A rough estimation
for the attenuation assumes a linear frequency dependence of the attenuation
coefficient a, which is around 0.6 dB/(MHz cm) in soft tissues but with consider-
able variations depending on tissue type [11]. The ratio of the transmitted pressure
p0 and the received pressure p after distance z at frequency f is then given by

p

p0
¼ 10�

a
20dBfz: ð4:1Þ

For example, for an imaging depth of 5 cm, i.e., d ¼ 10 cm to the target and
back, the attenuation at f ¼ 1MHz is afz ¼ �6 dB; which is equivalent to a factor
of 0.5, while the attenuation at f ¼ 10MHz is afz ¼ �60 dB, which gives a factor
of 0.001.

Summarizing, the spatial resolution increases linearly with increasing frequency,
the echo signal strength and—together with it—the penetration depth decay expo-
nentially. For this reason, the spatial resolution and penetration depth of ultrasound
imaging cannot be scaled down completely from clinical to preclinical imaging.

It is a physical principle derived from causality that frequency-dependent
attenuation is coupled to a frequency-dependent speed of sound (dispersion). This is
known as the Kramers-Kronig relations and holds for ultrasound waves in soft
tissues [50]. However, the deviation over the relevant frequency bandwidth is only
a few m/s and typically can be neglected.

4 Ultrasound Imaging 139



4.2.4 Image Contrast

As ultrasound is a mechanical wave, it is reflected and scattered at changes in the
mechanical properties of the medium. The mechanical properties determining the
wave propagation are the mass density q and the compressibility j of the medium.
They both determine the propagation speed c ¼ 1=

ffiffiffiffiffiffi

qj
p

of the wave. In biological
soft tissues the mass density varies less than the compressibility. The principal soft
tissue components contributing to scattering are water, fat, and collagen [41]. Their
spatial organization and contrast determine the average signal strength from a tis-
sue. The usual ultrasound imaging techniques, which use linear reconstruction
schemes, cannot reconstruct the absolute material parameters but only show when
the material parameters change. Thus, blood—as a relatively homogeneous medium
—only shows weak scattering in clinical ultrasound and appears dark in images.
When reflection at a surface occurs, the acoustic impedance Z ¼ ffiffiffiffiffiffiffiffi

q=j
p ¼ qc of the

materials can be used to calculate the pressure reflection coefficient. For normal
incidence of the wave with amplitude p0 the reflected wave amplitude p is given by

p

p0
¼ Z2 � Z1

Z2 þ Z1
ð4:2Þ

where Z1 is the acoustic impedance of the medium the wave is passing through
before it is reflected at the border to the medium with Z2. Because of the com-
paratively low contrast in material parameters a significant amount of energy can
penetrate deeper into tissue. However, ultrasound echoes from larger depths are
very weak, also because of the additional effect of attenuation. To cope with this, an
ultrasound system needs a dynamic range of up to 150 dB between the strongest
and weakest echoes it can receive.

In Table 4.1, values for the speed of sound and acoustical impedance for some
typical tissues, air, and water at 37 °C are listed. The soft-tissue average of the
speed of sound is c ¼ 1540m/s. It is used to calculate the distance z of a target from
the target’s echo time t by z ¼ ct=2. This setting may be adapted in some systems

Table 4.1 Speed of sound and acoustic impedance. For tissues, mid-range values are given [11].
All values at 37 °C

Material Speed of sound in m/s Acoustical impedance in
MRayls = 106 kg/(m2s)

Air 330 0.0004

Water 1524 1.48

Fat 1450 1.38

Liver 1570 1.65

Muscle 1580 1.70

Bone 3500 7.80

Soft tissue average 1540 1.63
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by tissue-specific presets or adaptive algorithms. The strong impedance mismatch
between air and soft tissue leads to the complete reflection at air interfaces and
explains the need for coupling media (ultrasound gels) between the transducer and
the skin surface.

Consequently, in ultrasonic molecular imaging, processes at the molecular level
can only be imaged without using contrast agents when they lead to a change in the
bulk tissue properties, e.g., by a change of the tissue’s water content. However, to
realize sensitive molecular imaging, contrast media with ligands attached to them
are needed as molecular probes.

4.3 Imaging Techniques

4.3.1 Line-Oriented Image Acquisition

Ultrasound imaging was developed as line-oriented pulse-echo image acquisition.
This is still true for many systems but extensions to fast multi-line acquisitions,
plane wave or diverging-wave imaging are already available in commercial systems
and will be discussed in the next section.

Figure 4.2 shows a linear transducer array as it is often used in high-frequency
applications and preclinical scanners. The transducer array consists of hundreds of
piezoelectric transducers with regular spacing in the order of the wavelength k. An
active group of elements around the image line is connected to the system’s elec-
tronic channels. To focus at a given focal depth on the line, all transmitted signals
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Fig. 4.2 Schematic diagram of linear array beamforming. By weighting and delaying the signals
in transmit and receive the sound beam is focused at the focal depth and the sound energy is
restricted around a line at the transmit position. The image shows the normalized maximum
pressure amplitude for pulse excitation of the field
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must arrive at this depth at the same time. Therefore, elements further away from
the focus must be pulsed earlier than elements in the center of the transducer, which
have the closest distance to the focus. The necessary delays can be calculated easily
from geometric considerations. Additionally, the signals can be amplitude weighted
over the aperture (apodised) which results in a smoother lateral profile of the beam.
In Fig. 4.2 the normalized maximum pressure recorded when a pulse travels
through the homogenous medium is shown for a transducer with an element
spacing of k. This sound field was simulated with Field II for MATLAB [24, 26].
The pressure distribution is well centered along the image line. The lateral extent
determines the lateral resolution. Behind the focus the beam widens, and objects
will be imaged with lower lateral resolution. Therefore, often several transmit foci
are placed at different depths, typically marked by arrows on the scanner’s display.
The displayed images are reconstructed by blending over between acquisitions with
different focal depths. The more foci are selected, the lower the image frame rate
will become because more acquisitions per line are needed.

After the acquisition of one line, the centerline is shifted to the next position. In
the simplest case this is done by moving the active group by one element, but also
shifts smaller than the element size can be realized by shifting and resampling the
apodization weight function to record lines between elements.

Alternatively, for phased arrays, the line position is changed by steering the
beam under different angles. In this case, all lines start at the same point on the
aperture and the active group of elements remains the same, often all elements. The
focus is put on different positions on a circle around this point with a focal depth
radius. Delays are again calculated from the geometric distances of the elements
from the focal point. By this, a sector scan around the center of the array is
generated. Linear array transducers with extended field of view use a combination
of linear shifting in the center of the image and beam steering at the borders
resulting in a trapezoid field of view.

The element spacing together with the channel count has significant impact on
the achievable image quality and the cost of the system. The array is used to
synthesize transmit sound fields and to sample the echo sound fields. Ideally, the
array spacing would be as small as half the wavelength (k=2Þ at the highest fre-
quency of the used bandwidth. In practice, often larger distances between array
elements are realized due to a limited number of channels for a fixed transducer
size. In line beamforming these compromises lead to grating lobes, i.e., the trans-
ducer transmits and receives not only under the main line but shows grating
sidelobes. This reduces the overall image contrast by clutter signals from the
sidelobe reception. For a linear array with spacing s the first grating lobes occur at
u ¼ sin�1 k=sð Þ measured from the scan line. The field in Fig. 4.2 was simulated for
the typical linear array spacing s ¼ k, which puts the grating lobes at �90�. Parts of
the sidelobes can be seen in the image as the triangular shaped fields in front of the
transducer. If the beam is steered, these sidelobes will also be steered into the image
and the spacing should be reduced further for phased array imaging.
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In receive mode, the same delays can be applied to shift echoes coming from a
certain depth back to the same time and then add all channels constructively. This
technique is termed delay-and-sum (DAS) beamforming. In contrast to the fixed
transmit focus, the receive focus can be adapted dynamically to the depth from
which the echoes are received by continuously changing the beamformer delays.
Additionally, often the aperture size is adapted to the depth to achieve a constant
F-number and lateral resolution over imaging depth. State-of-the-art high-end
systems additionally use retrospective beamforming techniques [16], which use the
acquisitions of several neighboring lines and process them to achieve better lateral
resolution. It has to be noted that the image in Fig. 4.2 shows the pressure
amplitude in the field. The sensitivity in receive has the same shape and the
resulting pulse-echo sensitivity is the product of both and will result in a better
focus than observed in Fig. 4.2.

Because the time for one pulse-echo acquisition at maximum depth is determined
by the speed of sound, the frame rate of the imaging process is determined by the
number of acquired lines, the number of foci per line, and the imaging depth. This
results in frame rates of about 10–50 Hz for 2D line-by-line imaging. To speed-up
image acquisition, several transmit beams that are spatially well separated can be
excited simultaneously. Receive beamforming must run in parallel for this number of
beams and thus needs sufficient computing power. To keep the beams separated only
a few parallel beams can be used and the speed-up is only directly proportional to the
number of beams. Therefore, very high frame rates in the kilohertz-range can only be
achieved with unfocused or less focused transmit beams.

4.3.2 Ultrafast Imaging Techniques

To increase the frame rate, unfocused transmissions are used, and complete frames
are reconstructed in parallel. This can be achieved, e.g., by plane wave-imaging
(PWI). Here, all elements of the transducer are fired at the same time to send a
quasi-plane wave into the tissue. Again, for each point in the field, the travel time of
the wave can be calculated, as well as the time back to any receiving transducer
element. For each image position, this results in unique delays at each channel.
These are considered by the DAS-beamformer to generate the image pixel at this
point. The resulting images have reduced focusing and less contrast because of the
missing transmit focus but can be acquired at frame rates of several kilohertz. These
ultrafast acquisitions enabled new imaging modalities like shear wave elastography
[39] and functional ultrasound imaging [30]. Furthermore, it was also demonstrated
that the transmission of plane waves at different angles and the addition of beam-
forming results allowed to flexibly exchange frame rate for image quality. Inter-
estingly, the same image quality as a line-by-line acquisition could be realized at
much higher frame rates [33]. This is demonstrated in Fig. 4.3: Here, different
numbers of plane wave acquisitions were compounded for retrospective transmit
focusing using a Verasonics Vantage 256 research scanner with an L12-3v linear
array transducer (ca. 8 MHz center frequency) and parallel receive beamforming on
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192 lines. Figure 4.3a shows a single plane wave acquisition under 0°. In
Fig. 4.3b–d the angle was varied from −36° to +36° in 3, 11, and 31 equal steps,
respectively.

The maximum achievable frame rates for the acquisitions can be calculated from
the image depth of 5.13 cm and are 15 kHz, 5 kHz, 1.4 kHz, and 484 Hz,
respectively. A line-by-line acquisition of 192 lines would have a maximum frame
rate of 78 Hz and comparable quality as Fig. 4.3d. It is demonstrated that frame
rates can be traded for image quality. With an increasing number of angles, the
frame rate decreases while the lateral resolution and the dynamic range of the image
significantly improves.

4.3.3 Harmonic Imaging

Most clinical standard imaging with line-oriented methods is done using the tissue
harmonic imaging (THI) mode that was introduced in 1997 [2]. This mode exploits
the nonlinear transmission behavior of soft tissues: For large pressure amplitudes in
the ultrasound wave the speed of sound increases. For the case that a monofrequent
sine wave is transmitted, it will be deformed thus generating higher harmonics. The
deeper the wave travels, the more energy is shifted to the higher harmonics.
Because of the limited bandwidth of ultrasound transducers mainly the second
harmonic at double the original frequency can be used for imaging. Since the high
frequencies are generated within the tissue, they are not attenuated on the path to
the depth where they are generated.

For harmonic imaging, the image is formed only by the higher harmonics using
dedicated pulse sequences similar to those used for contrast media imaging and

a b c d

1 angle 
15 kHz frame rate 

3 angles, -36°, 0°, +36° 
5 kHz frame rate 

11 angles, -36° to +36° 
1.4 kHz frame rate 

31 angles, -36° to +36° 
484 Hz frame rate 

Fig. 4.3 Plane wave acquisitions of an ultrasound test phantom (CIRS model 040) with
retrospective beamforming: Frame rate can be traded for image quality. The number of acquired
angles is a 1, b 3, c 11, and d 31 from −36° to 36. Image size is 38.2 mm � 51.3 mm. The image
quality difference is best seen for the contrast of the echo-free cyst in the lower right of the image
and the resolution of the point targets
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discussed in that section. The main advantage of harmonic imaging is not so much
an increase in resolution due to the high frequencies but a considerable reduction in
reverberation and clutter signals, which improves the overall image contrast. The
grating lobes of the transmit and the receive beam occur at different angles, so that
the clutter signals, which improves sidelobes are attenuated. Additionally, rever-
berations in superficial tissue layers that are received at the same time as the echoes
from deeper structures do not develop the same level of harmonics because they
lose the necessary pressure amplitude during the multiple reflections. Therefore,
these artifacts are efficiently suppressed. Unfortunately, THI does not work well
with unfocused transmissions because the amplitudes of plane wave excitation are
much lower than those for line excitation.

4.4 Ultrasound Bioeffects

4.4.1 Thermal Effects

The absorption of ultrasound in the tissue leads to an increase in temperature, which
depends on the temporal average intensity of the sound field. To give the investi-
gator an estimate of the expected temperature increase in tissue, diagnostic ultra-
sound scanners must display the thermal index (TI) as part of the Output Display
Standard (ODS) on the screen. The thermal index is the ratio of the system’s power
to the power needed to increase the temperature at the hottest point of a model
tissue by one degree. If the TI is less than 0.4, it does not need to be displayed.
There are various thermal index calculations, e.g., for soft tissue (TIS), bone (TIB),
and skull (TIC) as model tissues. They all assume worst-case scenarios and may not
match the actual scanning situation. Thus, the thermal index is not a measure of the
actual temperature increase, but an indication of the risk of such an increase.

4.4.2 Mechanical Effects

The tissue can also be damaged by direct mechanical effects known as cavitation,
which occur in the underpressure phase of the wave. Cavitation is more likely to
occur when cavitation nuclei, such as gas microbubbles are present in the tissue.
The effect is frequency-dependent and occurs at lower pressure amplitudes for
lower frequencies. The mechanical index (MI) is displayed as an indication of the
risk of cavitation:

MI ¼ p�max
ffiffiffi

f
p

ffiffiffiffiffiffiffiffiffiffi

MHz
p

MPa
: ð4:3Þ

In this, p�max is the peak negative pressure and f the frequency. The units in the
equation make the MI dimensionless: It must be displayed for values larger than 0.4
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and the Food and Drug Administration (FDA) limits it to a maximum of 1.9.
Cavitation can destroy cells and especially in the presence of microbubbles that are
cavitation nuclei, bioeffects like capillary rupture have been observed [32].

4.5 Contrast-Enhanced Ultrasound Imaging (CEUS)

4.5.1 Contrast Agents

In some applications, the low echogenicity of blood is problematic. Therefore,
contrast media were applied already in 1968 to visualize the aortic root: Gramiak and
Shah used small air bubbles they generated by shaking a saline solution before
injection [18]. From the very small acoustic impedance of air, it is expected that
scatterers made of gas have the best contrast of all possible materials. However,
microbubbles with a radius of less than ten micrometers, which are small enough to
pass through the lung and all capillaries, dissolve quickly without encapsulation. For
this reason, commercial contrast agents, which came to the market in the 1990s, are
microbubbles that are encapsulated by a shell. The agents with wide clinical use
typically have soft shells made of phospholipid monolayers. Alternatively,
hard-shelled bubbles can be used and recently have been applied mainly in pre-
clinical imaging. One example of these use polymer shells made from poly n-butyl
cyanoacrylate (PBCA) [15]. While first-generation contrast media were filled with
air, current contrast media use gas with low solubility, e.g., sulfur hexafluoride (SF6),
see the overview in Table 4.2. These bubbles are stable for several minutes, stay in
the vascular system, and will eventually be phagocytosed in the liver and spleen.

The oscillation of free gas bubbles is nonlinear and was already investigated by
Lord Rayleigh [38]. The additional effect of the shell has been accounted for by
various model extensions of which the Marmottant-model [31] was a milestone for
modeling the nonlinear behavior of the shell considering effects like the buckling of
the shell’s phospholipids. A comprehensive overview of the physical properties of
lipid-encapsulated microbubbles can be found in the review by Helfield [19].

Table 4.2 Examples of clinically approved lipid-shelled microbubbles, data from FDA clinical
approval, prescription information, and [45]

Agent Gas Ø (µm) Manufacturer

Imagent Perflexane <3 (78.8%)
<10 (99.8%)

Alliance Parmaceuticals Inc.

Definity Octafluoropropane 1.1–3.3
<10 (98%)

Lantheus Medical Imaging

Sonazoid Perfluorobutan 2.1
<7 (99.9%)

GE Healthcare

SonoVue/Lumason Sulfurhexafluoride 1.5–2.5
<10 (99%)

Bracco Diagnostics Inc.
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All the nonlinear models have in common that for higher pressure amplitudes the
expansion of the bubble in the underpressure phase of the sound wave behaves
differently from the compression of the bubble in the overpressure phase.
Depending on the frequency, amplitude, and bubble properties the oscillations are
more compression dominated (“compression-only” oscillations) or expansion
dominated. For the excitation with a monofrequent sine wave, this results in an
asymmetric oscillation and a periodic non-sinusoidal scattered signal containing
higher harmonics of the driving fundamental frequency. Additionally, subhar-
monics below the fundamental frequency can be generated. These harmonics and
subharmonics can be exploited to sensitively and specifically detect microbubbles
[40]. Dedicated sequences for contrast harmonic imaging are available on com-
mercial scanners. When the pressure amplitude is increased over a certain threshold,
the bubbles will be destroyed in the compression phase, i.e., they are split into
several smaller bubbles. Because their scattering cross section is much smaller, they
will not be imaged anymore. For microbubble imaging, the mechanical index
(MI) should be below ca. 0.4 to reduce bubble destruction. However, microbubble
destruction can also be exploited for contrast specific imaging: When the
microbubbles are destroyed, they emit a broadband acoustic wave that is termed
stimulated acoustic emission (SAE) [3]. Additionally, the bubble destruction can be
observed in Doppler imaging as a short flash [47]. Due to the sudden loss of
correlation, the destruction is misinterpreted by the system as motion.

4.5.2 Contrast Specific Imaging

To detect the microbubbles sensitively and to suppress the tissue background sig-
nals, their nonlinear oscillation is exploited by imaging only the higher harmonics.
However, this cannot be solved satisfactorily by bandpass filters for these har-
monics, because the frequency bands of the fundamental and the harmonics
overlap. This is caused by the short broadband ultrasound pulses used for imaging,
that—for optimal resolution—use the full frequency band of the transducer. For
harmonic imaging a smaller frequency band can be used, however, the second
harmonic band is double as wide as the fundamental and still overlaps with it.
Higher order harmonics are mostly not within the frequency band of the transducer
anymore, and therefore, cannot contribute to the imaging.

For these reasons, contrast specific imaging works with multi-pulse acquisitions
that are combined to achieve harmonic separation. The simplest version of this
concept is pulse inversion imaging (also called phase-inversion) [21, 22] illustrated
in Fig. 4.4: Here, the first acquisition with an ultrasound pulse (Fig. 4.4a) is
repeated with a negative replica of the same pulse (Fig. 4.4b). A linear scatterer will
respond to the second pulse also with a negative replica of the echo of the first
acquisition. Adding the two acquisitions (Fig. 4.4c, d) will cancel the signal from
linear scatterers (Fig. 4.4e). However, for a nonlinear scatterer, the response to the
positive and negative pulse (Fig. 4.4f, g) will look different and the harmonic
signals from nonlinear scatterers will remain (Fig. 4.4h) after adding the
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acquisitions. Besides pulse inversion with two acquisitions, also other amplitude
modulations of several pulse acquisitions are used to acquire the harmonic content,
e.g., “Contrast Pulse Sequencing” (CPS) with three acquisitions with a pulse
weighting of −0.5, 1.0, and −0.5 [37]. The advantage of this sequence is that the
nonlinearity also generates fundamental frequency components that are not can-
celed in contrast to the fundamental frequency components from linear scatterers.

The tissue background cannot be suppressed completely with these sequences
because of the nonlinear propagation of sound in tissue. When the first
contrast-specific sequences were applied, it was realized that the nonlinear propa-
gation in tissue also generates harmonic signal contents. Now, this is also used to
improve image quality by tissue harmonic imaging.

While contrast-specific sequences work well for soft-shelled microbubbles like
Sonovue around the resonance frequencies at the lower MHz range, they may not
work well for hard-shelled bubbles in preclinical imaging at 40 MHz (for example,
PBCA microbubbles [15]). In general, in preclinical imaging at high frequencies,
the strong backscatter from microbubbles is more important than the nonlinearity to
sensitively detect microbubbles and contrast imaging concepts may not translate
easily from small animal studies to clinical applications.

(a) Pulse 1 (c) Linear echo 1 (f) Nonlinear echo 1

(b) Pulse 2 (d) Linear echo 2 (g) Nonlinear echo 2

(e) Echo sum (h) Echo sum

+ +

= =

Fig. 4.4 Pulse inversion imaging: two sequential acquisitions with the pulse in a and its negative
replica in b are acquired. Adding the echoes of a linear scatterer c and d results in no signal e while
adding together the echoes f and g from a nonlinear scatterer results in a harmonic signal (h)
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4.5.3 Super-Resolution Vascular Imaging by Microbubble
Localization

A new method of super-resolution vascular imaging using microbubbles was pre-
sented first in 2011 independently by Couture et al. [6] and Siepmann et al. [42]. It
is based on the idea that the position of an isolated microbubble can be localized
with a precision much higher than the resolution of the imaging system. This can be
achieved by detecting single microbubbles in the image and correlating their signals
with the expected microbubble response or by determining the centroid of a
microbubble signal. The measured position can be marked in the image as a point
with an arbitrarily small extent. However, it is reasonable to use a size that rep-
resents the uncertainty of localization. By pinpointing the microbubbles passing
through the vessels over time, the vascular system is reconstructed in high reso-
lution. As a common name for this technique, Ultrasound Localization Microscopy
(ULM) has been established. In most of its applications, the microbubbles are also
tracked from frame to frame over time to fill the vascular tree also between their
localizations and to determine functional parameters like flow velocity and direction
[1, 5, 12]. For this, the bubble localizations in different frames are associated with
tracks. In Fig. 4.5 the general idea and the resolution improvement is schematically
visualized. In (a), the microbubble responses for consecutive frames are shown. In
(b), the localized microbubble positions (marked with crosses) of frame 1 are
assigned to the positions determined in frame 2 and the flow velocities are derived

Fig. 4.5 aMicrobubbles are isolated from the background in several frames by image processing.
b A tracking algorithm connects the bubble positions of probable tracks. c After observing bubbles
in many frames over time (shown in the background), high-resolution images of the tracks reveal
the vasculature together with velocity information
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from the covered distances. The vasculature reconstructed from several frames is
shown in (c). The resolution improvement compared to the simple overlay of the
microbubble responses (white bubbles) is clearly noticeable. Larger vessels of
higher flow velocities are typically passed by more microbubbles leading to more
localizations within the extent of the vessel. If a certain number of microbubbles is
detected within a vessel, also the flow profile can be derived. Based on the flow
profiles of two very close vessels that can be still separated, the resolution of the
ULM image can be estimated. Two very close vessels can also be easily separated
in case of opposite flow directions (Fig. 4.6).

The reliability of the tracking—and thus the reconstruction of the vasculature—
depends on several parameters. In case of very high frame rates (e.g. 500 Hz) the
distances covered by the microbubbles between consecutive frames are very small,
and in combination with low densities, the assignment of bubble localizations to
tracks in consecutive frames is unambiguous and can be easily accomplished with
the nearest neighbor tracking [5, 12]. In the case of low frame rates and higher
localization densities, the unique associations can get lost and more advanced
tracking algorithms are needed to ascertain the reliable assignment of tracks [8].
This also holds for very complex vasculatures if the fine net of vessels in con-
junction with the poor elevational focus leads to many apparent crossings of vessels
in the image plane.

The potential of ULM has been proven for a wide range of preclinical appli-
cations [5, 12, 14, 35, 44] leading to resolutions down to approximately a tenth of
the wavelength. Also, the feasibility of a clinical application with a pixel size of
10 µm has already been shown [10, 35]. However, still, some advances must be
made for its translation into clinical practice. One of the most critical issues to be
mentioned is the tissue motion estimation, because the advantage of a precise

Fig. 4.6 A431 tumor (murine xenograft) imaged with hard-shelled PBCA microbubbles at
40 MHz center frequency with a VisualSonics Vevo 2100 preclinical ultrasound scanner (left
panel) and the vasculature from the ULM method. The color scale indicates the number of
microbubbles observed in the vessel. Details on the image acquisition and processing can be found
in Opacic [35]. The data presented here were prepared from the same tracking data as the figures
published in Opacic [35] under the creative commons license BY4.0
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bubble localization in each frame gets lost in case of poorly registered frames: The
reconstructed vasculature gets blurred and details will get lost [20].

Another important aspect is the determination of suitable microbubble concen-
trations because the quality of reconstruction highly depends on the number of
detected microbubbles. The higher the number of localizations the more detailed
information can be derived. To decrease examination times, a high concentration of
microbubbles would be desirable. Nevertheless, very high concentrations lead to
more and closer overlapping microbubble responses in each frame, thus, hindering
the precise detection. Therefore, the enhancement of detection algorithms is one
focus of research [48]. But, as discussed earlier, higher concentrations also increase
the ambiguity of track assignments, so a good compromise has to be found.
Generally, the number of localizations in a limited acquisition time can also be
increased by high frame rates. However, the number of passing microbubbles is not
increased. This can be relevant especially for microvasculatures whose capillaries
are infrequently flown through by microbubbles. Therefore, the optimal parameter
settings might depend on the applications.

For the recognition and characterization of pathologic vascularization, the def-
inition and relevance of new structural and functional parameters and their optimal
combination will be one objective of future research. In clinical practice, it is to be
expected that only a certain degree of the vasculature can be reconstructed within
the acquisition time [8, 9]. Therefore, it will also be necessary to estimate the degree
of reconstruction to standardize the derived structural and functional parameters.

The translation of ULM from 2D to 3D offers several advantages. By increasing
the elevational resolution, the track assignments become less ambiguous. Addi-
tionally, the complexity of the microvasculature can be revealed better in a volume
instead of an imaging plane. Furthermore, flow velocities can be correctly estimated
(for 2D, only the flow velocities projected onto the imaging plane are calculated).
But, most importantly, the out-of-plane motion could be better handled leading to
better motion corrections.
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Human vision has been used for disease detection since the beginning of medicine.
Using both morphological and spectral features, the visual observation remains a
major detection method in many clinical segments today, including general
examinations or surgical and endoscopic procedures. Even today, surgeons and
endoscopists are guided by what they see with their own eyes either directly or
through optical systems that produce photographic and video representations of
tissue, such as the color videos viewed during laparoscopy on a computer screen.
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Therefore, even when using advanced methods such as high-definition white-light
imaging [1] or stereoscopic imaging [2], detection in many surgical and endoscopic
procedures depends on human vision in ways that resemble those from the
beginning of medicine.

More sophisticated forms of “vision” exist in medicine, but are impractical or
impossible to bring into the surgical suite [3, 4]. X-ray imaging and magnetic
resonance imaging systems, for example, cannot fit into typical operating rooms or
allow surgical teams to come close enough to the patient. In addition, X-ray
imaging lacks the contrast or resolution to image cancer borders or detect lymph
node metastases. Tomography scanners are far too expensive to become routine
tools during surgery, and in fact they lack the resolution and contrast needed to
guide surgeons effectively during procedures. Gamma scanners can be used in the
surgical suite, such as for identifying lymph nodes, but they offer low resolution and
require radioactivity. Ultrasonography offers limited contrast, it must be performed
with the probe in direct contact with the tissue, which increases risk of contami-
nation, and it cannot survey areas as large as wide-field optical methods.

5.1 Surgical Vision Through Fluorescence

Fluorescence imaging can surpass limitations of human vision to image cancerous
or otherwise diseased tissue that would be invisible or indistinguishable from
healthy tissue, as first demonstrated 70 years ago [5, 6]. It can illuminate tissues
lying several millimeters below the surface, or deeper, especially when
near-infrared dyes are used, without the need for dangerous or fast-decomposing
radioactive contrast from isotopes. Fluorescence imaging systems are generally of
small form factors and can be seamlessly integrated into surgical and endoscopic
suites or miniaturized as parts of endoscopes, making them well suited as surgical
and endoscopic tools. Fluorescence imaging now promises to become fully inte-
grated into the surgical suite within a decade.

Fluorescence contrast can be engineered by utilizing agents that reveal specific
aspects of morphology, function or cellular and molecular features associated with
disease and/or tissue differentiation. For instance, cancer can be identified in the
context of functional contrast, such as when an agent that outlines abnormal per-
meability is utilized. Lymph nodes can be visualized by injecting appropriate
fluorescence dyes into the lymphatic drainage. Alternatively, a fluorescent agent
with targeting ability to specific cellular moieties can identify receptors, enzymes,
or other cellular expression and function associated with features of the disease of
interest. Targeted fluorescent agents that recognize specific disease biomarkers
support so-called fluorescence molecular imaging (FMI), which offers high sensi-
tivity and imaging below the surface [7–9]. For example, a fluorescence dye that
can target the folate receptor on ovarian cancer cells may improve detection of
ovarian cancer [9, 10]. Fluorescently labeled Cetuximab may improve precision in
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Fig. 5.1 Intraoperative fluorescence imaging. a Composite camera system using a highly
sensitive fluorescence camera (FC) to collect fluorescence images and a color camera (CC) to
collect white-light images through a dichroic mirror (DM) and common less (CL). Different
sources may be used for white-light excitation (WL) and fluorescence excitation using a laser
source (LS) and common illumination unit (IU). b Optical paths collected through the dichroic
mirror. Visible light (green path) is directed to the color camera and near-infrared light (brown
path) is directed to the fluorescence camera. c Absorption spectrum of tissue obtained by
optoacoustic spectroscopy from mouse skin in vivo. The spectrum shows the different spectral
ranges typically used in FMI. The “+” and “−” symbols indicate advantages and disadvantages of
each range. d Color image collected intraoperatively from breast tissue of a breast cancer patient.
e Superposition of the color image in panel (d) onto a fluorescence image in pseudo-cyan/green,
identifying breast cancer below the surface. The fluorescence image was obtained after systemic
administration of bevacizumab labeled with the NIR fluorescence dye CW800 (Licor). f Image of a
mouse hind limb in the NIR region. g Image corresponding to panel (f) but obtained in the NIR-II
region. Resolution is better in the NIR-II region because of less scatter. Figure 5.1f, g Adapted
from [17] under the terms of the Creative Commons Attribution License; © 2017 Starosolski et al.
Figure 5.1 adapted from reference [18]; copyright belongs to author
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surgery to excise oral tumors [11]. Fluorescent dyes have been developed to target
sarcoma, colonic dysplasia, and Crohn’s disease [12–14].

FMI relies on a camera sensitive to fluorescence photons (Fig. 5.1a), which is
fitted with high-pass or band-pass filters that block photons at the excitation
wavelength and instead allow only photons exiting the tissue surface at the emission
wavelengths to pass through the camera’s detector. Different spectral bands are
considered for fluorescence imaging, typically over a range that could span a region
of the 400–1,700 nm range (Fig. 5.1c). Different cameras are required for different
parts of this range, using photon detection technology that is sensitive to the visible
(*400–650 nm), near-infrared (NIR: *650–950 nm) and short-wavelength
infrared (SWIR: *950–1700 nm) ranges. The fluorescence camera is often com-
bined with a color camera (Fig. 5.1b), which provides a morphological reference
that allows registration of the two types of images (Fig. 5.1e). A preferred method
to superimpose the fluorescence image onto the color image is to render pixels
transparent if their fluorescence intensity is low; in this case, strong fluorescence
signals appear in pseudocolor, while weak fluorescence signals are invisible [15].
The fluorescence camera, alone or combined with a color camera, can be used as a
stand-alone device operating above the operating table, in handheld modes or it can
be combined with flexible endoscopes [16].

Corresponding to the camera technology used, fluorescent agents for FMI have
been described covering a broad spectral range, covering the visible, NIR and
SWIR. Each spectral range comes with different detection characteristics, due to the
variation of tissue optical properties with wavelength. In particular, imaging in the
visible may showcase images with low photon diffusion (good resolution) but at
superficial depths, due to the high absorption of visible photons by tissue. In the
NIR, FMI can achieve greater imaging depth, because tissue (in particular hemo-
globin) absorbs NIR photons much less than visible photons. Conversely, due to
this lower absorption, the effects of photon scattering in tissue are more visible,
leading to images that appear low resolution due to photon diffusion effects. Finally,
imaging in the extended NIR (950–1,100 nm) or even more so in the NIR-II
(1,100–1,700 nm) benefits for the reduced photon scattering with increasing
wavelength. However, in these ranges water and lipids absorb significantly, which
also weights the image toward more superficial depths compared to the NIR range.
Nevertheless, imaging at longer wavelengths may balance the effects of absorption
and scattering and offers an interesting range for FMI as well, whereby imaging
deeper than in the visible is possible but with reduced scattering (photon diffusion)
compared to the NIR (Fig. 5.1f, g) [17, 19].

5.2 Selection of Fluorescence Agent

An advantage of FMI is that the contrast offered can be engineered and tuned to
specific applications through the development and selection of particular fluores-
cence agents. Nonspecific fluorescent dyes can reveal morphological and functional
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features of tissue to guide medical research and various types of surgeries, as we
have highlighted elsewhere [7]. Since the 1950s, indocyanine green (ICG) has been
used to study hepatic clearance [20], cardiac output [21], and retinal vasculature
[22]. More recently, it has been used in the technique called ICG video-angiography
to analyze tissue perfusion in many contexts. Since ICG remains mostly within the
vascular system, it allows visualization of vascular flow in real time to assess
perfusion in organ transplantation [23], plastic surgery [24–27], cardiac surgery
[28] and neurosurgery [29]. The technique has been used to monitor perfusion
following colorectal anastomosis in order to detect leakage [30], which can cause
severe and potentially deadly complications. It can assess whether transplanted
tissue is adequately perfused during mastectomy and reconstructive surgery; if not,
the resulting ischemia and necrosis can cause severe complications [31].

ICG has also proven extremely useful for localizing sentinel lymph nodes, which
are often embedded deep within adipose tissue (Fig. 5.2). In many types of cancer,
these lymph nodes are extracted and analyzed for the presence of metastastic cancer
[32, 33], which is critical for accurate staging and treatment planning. ICG is more
effective than methylene blue for identifying deep-seated lymph nodes because it
fluoresces in the NIR range. ICG also avoids the need for radioactivity, in contrast
to gamma sensor-based detection of lymph nodes [34]. The power of ICG-based
detection of lymph nodes has been demonstrated for numerous types of cancer
[35–44]. In fact, ICG can aid the identification of nearly all lymph nodes into which
the tumor drains, not only sentinel lymph nodes [45]. In this case, longitudinal
monitoring of ICG distribution can identify the first draining node.

For certain types of surgery involving cancer or other diseases, targeted
fluorescent agents rather than ICG are used. One key application is in aiding iden-
tification of tumor margins. When using visual inspection, it is not generally possible
to know whether surgeons have completely resected a tumor until after postoperative
histopathology, which can take several hours or even days. If excision is incomplete,
then secondary procedures may be needed, which increase patient stress, risk of
complications, and healthcare costs. On the other hand, excessive resection can
mean removal of too much healthy tissue around the tumor, increasing risk of
irreversible damage (e.g., nerve damage) and postoperative complications. Several
targeted fluorescent agents show potential for use during tumor resection, such as a
FITC-conjugated ligand of the folate receptor-a [9], fluorescently labeled versions of
clinically approved anti-cancer therapeutic antibodies [11, 48], and even agents that
induce fluorogenic reactions within tumors [49–53]. It may also be possible to use
specific fluorescence agents to identify tumor metastasis in lymph nodes without the
need to remove them from the body or analyze them postoperatively [7].

Clinical fluorescence imaging must offer sensitivity adequate to help surgeons
make critical decisions in real time. Nonspecific vascular dyes such as ICG are
often injected in doses of up to 25 mg when given systemically, or in doses of
approximately 1 mg when given intratumorally [7]. The final concentration in
tissue is usually several-hundred nanomolar to several micromolar. Targeted agents
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Fig. 5.2 Indocyanine green (ICG)-enhanced interventional imaging. a Intraoperative fluorescence
imaging system using simultaneous image collection from a fluorescence and white-light (color)
camera visualizing the same field of view through a shared optical system (beam splitter and lens).
An endoscope system can be connected instead of a lens. b Photograph of a camera in the
operating room. The camera is placed above the patient; white-light, fluorescence, and overlay
images can be projected on monitors in the operating room. The camera is typically wrapped in
sterile drapes (not shown). Figure 5.1b Adapted from [9]; copyright belongs to author. c–d Color
reflection image (c) and ICG-based video-angiography (d) of the spinal cord. The fluorescence
signal was overlaid on the color reflection image. The image was rendered by alpha-blending the
fluorescence values after spatial anatomical landmark registration. ICG-angiography visualized the
microvascular flow and anatomical orientation, necessary to ensure safe and precise resection of
spinal intramedullary tumors. The image shows an early stage soon after ICG injection and
highlights the posterior spinal arteries on both sides. Figure 5.1c, d adapted from [46] under the
terms of the Creative Commons Attribution License; © 2013 Takami T. e–f White-light reflection
image (e) overlaid with a fluorescence image (f) revealing a lymph node in early-stage cervical
cancer surgery. The lymph node cannot be identified by human vision on the white-light image as
it is located under the tissue surface. Figure 5.1e, f adapted from [41]; copyright belongs to author.
g–h Endoscopic sentinel lymph node (SLN) mapping in multiple imaging modes after ICG
injection in patients at high-risk for endometrial cancer. g Color map indicating areas of high
(red) and low (gray) ICG uptake. h Fluorescence overlay on white-light image of SLN.
Figure 5.2g, h adapted from [47] under the terms of the Creative Commons Attribution 4.0
International License
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are used at much lower concentrations [7, 48, 54] because most of the dye is
ultimately cleared from the body. Targeted agents may be present in the desired
tissue at concentrations 5–6 orders of magnitude lower than ICG [7, 55].

5.3 Need for Standardization in Clinical Fluorescence
Imaging

To realize the full potential FMI in particular, and fluorescence imaging more
broadly, universal standards are needed that define appropriate fluorescence perfor-
mance. Such standards already exist for radiology, but they have yet to be formulated
for fluorescence imaging. FMI standardization is complicated by the existence of a
broad range of commercially available imaging systems featuring diverse cameras,
illumination sources, and data processing software. This means that different FMI
systems can differ in their sensitivity and specificity when analyzing the same disease
using the same fluorescent agent. This problem can be avoided by defining minimum
standard performance parameters that can be applied across fluorescence imaging
systems and medical centers. Developing uniform standards is always challenging,
but it is even more so in the case of clinical fluorescence imaging because available
dyes cover such a broad spectral range from the visible to NIR-II and even longer
wavelengths [19, 56–58]. Uniform standards are essential for achieving what we term
high-fidelity fluorescence imaging (HiFFI), as we have described in greater depth
elsewhere [18]. Analogous to the use of “high fidelity” in audio systems, we refer to
high fidelity in fluorescence imaging as the accurate reproduction of fluorescence
signal with minimal distortions, leading to accurate visualization of the biodistribu-
tion of the dye in tissue, independently of the imaging system and processing algo-
rithms used, the tissue analyzed, or the surgical conditions.

Separation of FMI measurements from the particular imaging setup and data
processing used is important for comparing results obtained for different patients
within the same medical center or at different medical centers. This may facilitate
the definition of consensus guidelines for disease diagnosis, staging, and treatment;
it may also facilitate large, multisite clinical studies. It may allow a change in the
current practice of regulatory authorities of licensing the combination of fluorescent
agents and a specific FMI camera. With the establishment of HiFFI, fluorescent
agents could be licensed on their own.

Several parameters need to be taken into account in order to develop uniform
standards. One set of parameters can be considered invariable. They are defined by
the hardware and overall design of the FMI system and therefore do not change
during measurements (Table 5.1, upper section). One invariable parameter is sen-
sitivity: FMI should be able to detect fluorescent dye concentrations from
sub-nanomolar to 0.1-micromolar [7]. The requirement for sensitivity becomes
particularly acute in video-rate FMI, where the typical 24 frames-per-second video
means that each frame is captured during only approximately 42 ms. This high-
lights the importance of highly sensitive cameras (Fig. 5.3a–c). Other parameters
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affecting FMI sensitivity include the intensity and spectral response of the fluor-
ochrome excitation, and the ability to block excitation light and other light from
entering the fluorescence channel (cross-talk). More sensitive detection means that
lower concentrations of dye can be used, which reduces risk to the patient and costs
of preparing or purchasing the dye.

ANSI, American National Standards Institute; CCD, charge-coupled device;
CMOS, complementary metal–oxide–semiconductor; FIS, fluorescence imaging
standard; FOV, field of view; InGaAs, indium-gallium-arsenide; N/A, not applicable.

The ability to detect agents with high sensitivity can make possible “micro-
dosing” studies, in which the agent is administered at doses orders of magnitude
lower than the likely therapeutic dose in order to analyze the body’s response to the
drug while minimizing the risk of serious adverse events [48]. Researchers suc-
ceeded in carrying out such studies with bevacizumab, a recombinant humanized
monoclonal antibody effective against various cancers [59]. In that work, signal-to-
noise ratios of approximately 12 dB were achieved using cooled cameras capable of
detecting a few electrons. Whether the FMI system can support video-rate imaging,
preferred for intraoperative uses, also depends on the camera’s maximum frame rate
and sensitivity.

Several other invariable parameters may affect image performance. Dynamic
range, defined as the distance between the largest and smallest signals that can be
recorded by a camera, determines how well the camera captures strong and weak
fluorescence signals. Spatial resolution defines the smallest fluorescence source that
can be recorded accurately, or how close can two sources be so that they can be
reliably separated. How uniformly the illumination energy excites the field of view
is also important, because spatial variations in this energy can cause changes in
fluorescence intensity unrelated to agent concentration. Moreover, tissue elevations
and curved surfaces can give rise to “shadowing” effects, therefore another aspect
of illumination is the angle distribution by which it illuminates tissue. The range of
fluorescent agents that can be imaged adequately depends on the spectral range
covered by the camera.

The second set of parameters to take into account when developing uniform
standards can be considered variable, because they can differ from one measurement
to the next or even during a single measurement (Table 5.1, lower section). Such
parameters include camera focus, zoom, and distance from the tissue; all these
factors influence the fluorescence intensity that is recorded, the field of view that is
observed, and the minimum field of view that can be resolved. Several variable
parameters relate to the optical properties of the tissue being imaged [60–62]. This is
because fluorescence photons are generated inside the tissue, not on the tissue sur-
face. These photons are isotropically emitted within tissue and most are scattered
multiple times before detection, so the optical properties of the surrounding tissue
affect their behavior and therefore the resulting fluorescence image (Fig. 5.3e–g).
For example, images collected with excitation in the NIR-II range appear to have
higher resolution than images collected with NIR illumination because NIR-II
wavelengths are scattered less. NIR wavelengths, in turn, can interrogate deeper in
tissues than visible or NIR-II illumination because of lower light absorption by tissue
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in these wavelengths. Finally, contrast in the NIR and NIR-II regions is generally
better than in the visible, due to strong autofluorescence from components such as
collagen and nicotinamide adenine dinucleotide in visible wavelengths (Fig. 5.3g).

The strong dependence of fluorescence images on optical properties of the tissue
under study has at least three important implications for analyzing and optimizing
FMI and for defining appropriate standards. Fluorescence images do not report the
true biodistribution of fluorescent agents but rather a composite signal that depends
on the concentration of the agent and the optical properties of the tissue. Second,
the diffusive behavior of fluorescence photons within the tissue blurs edges and
borders, which makes it more difficult to differentiate healthy and diseased tissue.
Third, the fluorescence signal measured by the camera depends strongly and
non-linearly on the depth of the fluorescence source. As a result, the same type or
size of lesion may appear quite differently on fluorescence images depending on
experimental parameters.
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The range of invariable and variable parameters can affect fluorescence imaging,
and the resulting range in FMI performance between medical centers and even
within the same medical center, between commercially available devices and even
for the same device used on different patients or by different operators. These
factors make clear the need for consensus standards on what system performance is
adequate to make diagnostic decisions or guide surgeries. For example, no stan-
dards exist on the minimal acceptable sensitivity in clinical fluorescence imaging.
This lack of standardization is hindering broader clinical implementation of FMI,
which is unfortunate given the technique’s potential for real-time, patient-specific
guidance on procedures. The benefits of FMI become all the more important as
medical care moves toward minimally invasive and robot-assisted surgery [63].

For standardization purposes, we have recently proposed a phantom (Box 5.1)
[18, 64] that integrates different experimental conditions and can measure for
multiple camera parameters simultaneously. Such phantom could lead to system
quality control and calibration, or more generally in system standardization. Mea-
surements performed with standardized systems can facilitate comparisons of data
obtained using different imaging systems, such as those obtained at different
medical centers in a multisite clinical study, which may improve reproducibility of
procedures and treatments and facilitate benchmarking of FMI systems against one
another. It can also alert operators to a decrease in performance by their system,
perhaps indicating the need to replace or upgrade components or adjust their
measurement procedure to take into account features of particular patients or dis-
ease situations. FMI characterization using a calibrated phantom standard could
serve as a quantitation of the reliability of FMI analysis in applications for regu-
latory approval of a novel treatment or intervention.

b Fig. 5.3 Challenges in fluorescence imaging. These examples illustrate the effects of system and
tissue parameters on fluorescence images. a–b Three fluorescent wells in the upper right quadrant of
the composite phantom described in Box 5.1 were imaged using near-infrared fluorescence (NIRF)
cameras with the same filters and illumination parameters. Camera I (iXon, Andor) offers 10-fold
higher sensitivity than camera II (Luca, Andor). Camera II nearly fails to detect a well (green arrow)
that camera I resolves. All wells contained the same amount of fluorophore; intensity variations are
attributed to variation in optical properties. c Fluorescence profiles through the rightmost well
imaged by the two cameras illustrate the marked detection difference between them. d–e Color
image (d) obtained by cryo-slicing through a 4T1 tumor subcutaneously grown on a nude mouse,
and corresponding image at 750 nm (e) after administration of liposomal ICG (24 h before
euthanasia). f Fluorescence image of a 100-µ slide obtained from panel (e) reveals a more detailed
pattern of fluorescence distribution not prone to photon diffusion. Such images may contain
cross-talk from the excitation channel (see Table 5.1), which can be eliminated using calibration.
g Effects of optical properties and spectral region on the fluorescence image. A mouse bearing an
intramuscular 4T1 tumor was injected intravenously with equal amounts of AF488 and AF750
fluorescent dyes, then imaged in epi-illumination mode using white-light (color) illumination.
Excitation wavelengths were 488 and 680 nm (EI488, EI680); fluorescence was imaged at
approximately 530 and 750 nm (FL530; FL750). Arrows indicate regions of special interest: white
arrows indicate an area of strong autofluorescence in the visible range, which disappears in the NIR
range; green arrows indicate regions of high absorption that also disappear in the NIR region. Scale
bars, 5 mm. Figure 5.3 Adapted from reference [18]; copyright belongs to author
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Box 5.1. Phantoms
Imaging phantoms, i.e., objects that contain features simulating tissue features
with predetermined shapes and contrast, are common in radiological imaging
for evaluating, confirming or measuring the performance of a device or
method. Phantoms are generally employed in medical imaging for quality
control and quality assurance. For optical imaging standardization, phantoms
should meet three basic requirements, i.e.,

(i) allow the implementation of desired optical properties (absorption,
scattering, fluorescence),

(ii) provide long-term photostability in diverse environmental conditions,
and

(iii) assume a fixed shape (termed a “solid phantom”) that suffers no
mechanical deformation over time.

To meet these requirements, optical phantoms typically use epoxy,
polyester resin, or polyurethane as base material. When cured, these materials
can be machined into different shapes and volumes. Optical properties can be
flexibly manipulated by adding absorbers, scatterers, and fluorophores prior
to curing. Typically, absorption properties are based on the addition of
absorbing dyes (e.g., India ink, nigrosin) and scattering properties are based
on the addition of TiO2 particles into the base material. Homogeneous dis-
tribution can be ensured with sonication. Quantum dots are typically preferred
for fluorescence emission. Unlike organic fluorophores, which suffer from
fast photo-bleaching, quantum dots provide better photostability, which is
required in applications involving long-term imaging [65–68].

Several phantoms have been considered for fluorescence imaging studies.
A typical parameter addressed is sensitivity, using different titrations of a
known fluorochrome [69]. Other parameters have been considered, such as
the effects of depth [70] or the cross-talk between excitation and emission
channels [69]. However, a limitation of current phantoms is that they address
only one or a few of the specifications in Table 5.1 [69, 71, 72].

HiFFI standardization and reversion require the measurement and cali-
bration of a large number of parameters (Table 5.1). Fortunately, modern
cameras used for FMI contain more than 106 pixels, and the high pixel density
means that each photograph may contain more than 1 million independent
measurements. The actual number of independent features that an FMI camera
captures is probably less given the presence of diffusion, the need for a
minimum signal-to-noise ratio and other practical considerations; neverthe-
less, this number of features is sufficient to retrieve all invariable and variable
parameters in Table 5.1. Consequently, we have recently introduced the
concept of composite phantoms, i.e., phantoms that enable the characteriza-
tion of the parameters in Table 5.1 in a single snapshot (photograph). A first
composite phantom (inset) was constructed out of polyurethane and employed
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multiple targets, each exploring a different camera performance parameter.
The construction of the phantom and its application has been described in
detail elsewhere [64, 73]. In brief, the background material and the different
targets introduced are made of different mixtures of TiO2 particles,
photon-absorbing dyes, and quantum dots. The phantom uses nigrosin as a
generic absorber with a flat absorption spectrum, as well as hemin, an
iron-containing porphyrin with a hemoglobin-like absorption spectrum that
simulates the absorption of blood. This composite phantom enables the
implementation of multiple features, including the measurement of sensitivity,
cross-talk, illumination homogeneity, dark current, resolution and the effects
of depth and optical properties (see legend to inset).

Composite phantoms could be employed as fluorescence imaging stan-
dards (FIS) for different standardization operations, as discussed in the main
text, and for examining the performance of reversion methods. Preferably
phantoms should be relatively straightforward and inexpensive to manufac-
ture. An ideal phantom should balance imaging features against manufac-
turing complexity. It is therefore possible that simpler or more complex
features could be introduced, depending on the particular application. The
preliminary phantom in the inset is not a comprehensive phantom for all
parameters in Table 5.1; for example, it does not contain features for spectral
measurements or calibrations. Next-generation phantoms can contain a larger
number of wells that more accurately report on camera performance over a
wider dynamic and spectral range. 3D printing techniques may significantly
simplify manufacturing of complex phantoms for FMI standardization.
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Inset. Composite Phantom for FMI Standardization in the Visible Range.
(a) Color photograph of the phantom, which has outer dimensions of
10 � 10 � 2.2 cm3. (b) Schematic explaining the function of the different
parts of the phantom. (c) Reflectance image of the phantom obtained with the
color camera of a hybrid FMI system. (d) Fluorescence image of the phantom.
Background absorption was set to *2.2 cm−1 by adding nigrosin dissolved
in alcohol (Sigma Aldrich, St. Louis, USA) to the base material, while the
reduced scattering coefficient was set to *10 cm−1 by adding 1 mg/g TiO2

particles [titanium(IV) oxide; Sigma Aldrich, St. Louis, USA]. The upper
right quadrant of the phantom contains an array of nine fluorescent wells
(10 mm diameter) that interrogates the sensitivity and fluorescence intensity
variation as a function of optical properties. The wells contain a mix of cured
polyurethane with organic quantum dots at varying concentrations (1, 5 and
10 nM) across the columns and varying hemin concentration (20, 20 and
40 lg/g) and TiO2 amount (0.33, 0.66 and 1 mg/g) across the rows. The
bottom right quadrant contains nine fluorescence wells embedded within the
phantom at increasing depths below the phantom surface (0.2, 0.4, 0.6, 0.8, 1,
1.33, 1.66, 2 and 3 mm). The upper left quadrant examines camera
dark-current offset and camera cross-talk, i.e., excitation light leakage into the
fluorescence channel. The lower left quadrant assesses the resolution of the
fluorescence and visible images. Five identical reflective circular areas (5 mm
diameter), made of 10 mg/g titanium oxide in polyurethane, sample the
homogeneity of the light illumination employed by the camera system. Four
circular areas lie at the corners of the phantom, and one area lies in the center.
Adapted from reference [18]; copyright belongs to the author.

Standardized measurements can also permit the conversion of measurements
into absolute concentrations of fluorophores. Currently, FMI focuses on reporting
relative measures [62, 74, 75], such as the intensity of fluorescence signal in one
area over background intensity (Fig. 5.3g) or calculating other ratios. HiFFI aims to
go one step further by enabling the use of absolute metrics. This requires correcting
or “reverting” [18, 60] experimental measurements to take into account the effects
of the parameters in Table 5.1.

Another objective of such standards is to validate methods that minimize FMI
sensitivity to experimental parameters and achieve what we have defined as HiFFI:
the accurate representation of fluorochrome biodistribution in tissue, independent of
the FMI system or environmental conditions during the measurement. In HiFFI, the
clinical results do not change when the parameters in Table 5.1 are modified. One
key to developing such FMI performance is to develop methods that obtain detailed
information about the experimental parameters of an FMI acquisition at any point in
time, such as based on measurements of a calibrated phantom and possibly also
from tissue, in real time. Overall, correcting for the effects of invariable parameters
is relatively straightforward. For example, the cross-talk coefficient relating dif-
ferent channels can be quantitated using a calibration phantom such as in Box 5.1,
and the excitation image can be multiplied by this coefficient and then subtracted
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from the fluorescence image.The effects of ambient light can also be quantitated
through calibration and then controlled through improvements in hardware and data
processing techniques [76, 77]. More complex is correcting for variable parameters,
which typically requires dedicated hardware that collects additional information
about the environment and the tissue measured. For example, it is possible to record
tissue properties with another camera, so that the variation of optical properties in
the tissue imaged is collected (Fig. 5.4e, f). It has been shown that imaging of light
reflected from tissue depends on the ratio of the absorption coefficient to the
reduced scattering coefficient (ma/ms′) [78, 79]. An additional complication there-
fore in FMI occurs because when this ratio is uniform across the image, then the
reflectance image collected will show spatially uniform intensity, even if the
absolute optical properties and the fluorescence signal collected may vary. Cor-
recting for optical properties using reflectance images remains a challenge because
simple reflectance measurements cannot independently separate absorption from
scattering [80, 81]. Collection methods and data processing schemes are currently
under research to record data that allow for separation of absorption from scatter
and the accurate correction of fluorescence images [60].

In addition to methods that explicitly resolve optical properties, ratiometric
approaches are being used to report relative measures in FMI. For example, ratios
can be measured using at least two fluorescence images obtained in different
spectral regions in order to minimize the effects of autofluorescence and scatter [62,
82]. In a study involving a mouse model of pulmonary inflammation, animals were
injected with a protease-sensitive fluorescent agent that emits at 780 nm and a
fluorescent agent with similar biodistribution that emits at 695 nm. Normalization
of images at 780 nm with those at 695 nm minimized the effects of agent distri-
bution and depth, improving quantitation of inflammation [83]. This normalization
approach has also proved effective in a study quantitating expression of epidermal
growth factor receptor in a mouse model of metastatic breast cancer [84].

5.4 Multispectral Optoacoustic Tomography (MSOT)

Optoacoustic interrogation of biological tissues has been considered since the early
1970s [85–87] and offers a powerful methodology for molecular imaging investi-
gations. In vivo imaging of cellular and sub-cellular markers can be achieved by
multispectral optoacoustic tomography (MSOT), an emerging field in the imaging
sciences. MSOT overcomes the major limitations of conventional optical imaging
while it retains many of the advantages of photonic methods.

The MSOT principle of operation is shown in Fig. 5.5. Short laser pulses in the
nano-second range illuminate the tissue of interest at multiple wavelengths.
Absorption of the fast laser pulses by tissue photo-absorbers, such as oxy- and
deoxy-hemoglobin, melanin, or extrinsically administered probes and agents create
a transient temperature increase which in turn leads to a thermo-elastic expansion.
This process creates ultra-wideband acoustic waves in the 0.1–100 MHz range,
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which can then be detected with multiple ultrasound elements placed around the
illuminated area. By combining the ultrasonic measurements in the mathematical
data inversion scheme, high-resolution images of tissue can be produced. The
amplitude of the generated broadband ultrasound waves reflects local optical
absorption properties. As a result, MSOT reports on the versatile optical absorption
contrast but relative to other optical methods provides a sort of “super-vision” by
exploiting the low scattering of ultrasound to break through the barriers imposed by
optical diffusion. The spatial resolution of the method is therefore solely determined
by the diffraction limit of ultrasound waves or the available bandwidth of the
ultrasonic detector.

b Fig. 5.4 Effects of tissue optical properties on the fluorescence and back-reflected intensity.
a Phantom containing wells showing different levels of absorption (x-axis) and scatter (y-axis). All
wells contain 1 mM Alexa 750 fluorochrome. b Fluorescence intensity measured in wells shown
in panel (a). Signal variation across the wells is due to inhomogeneous illumination. c Fluorescence
intensity recorded from the wells in panel (b) as a function of absorption coefficient. The symbols
are defined in panel (e). d Fluorescence intensity recorded from wells in panel (b) as a function of
reduced scattering coefficient. The symbols are defined in panel (f). e Reflectance intensity
recorded from the wells in panel (b) as a function of absorption coefficient. Symbols are organized
with scatter increasing toward the right. f Reflectance intensity recorded from the wells in panel
(b) as a function of reduced scattering coefficient. Symbols are organized with absorption
increasing toward the right. g Reflectance intensity spectra generated by Monte Carlo simulations
as scattering and absorption coefficients increase, but their ratio remains constant. h Fluorescence
intensity spectra generated by Monte Carlo simulations as scattering and absorption coefficients
increase, but their ratio remains constant. Measurements in panels (g–h) have been experimentally
confirmed (data not shown). Adapted from reference [18]

Fig. 5.5 Principle of MSOT operation. a Pulsed light of time-shared multiple wavelengths
illuminates the tissue of interest and establishes transient photon fields in tissue. b In response to the
fast absorption transients by tissue elements, acoustic responses are generated via the
thermo-acoustic phenomenon, which are then detected with acoustic detectors. By modeling
photon and acoustic propagation in tissues and using inversion (tomographic) methods images can
then be generated and spectrally unmixed to yield the biodistribution of reporter molecules and
tissue biomarkers. Adapted with permission from [91]; Copyright 2010 American Chemical Society
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MSOT further employs spectral identification of known reporter molecules, such
as common fluorochromes or other chromophores, dyes and photo-absorbing
nanoparticles. Molecules with spectra that are different than the ones of background
tissue can be accurately resolved by MSOT with high specificity [88]. However, in
practice, MSOT images obtained from tissues represent a mixed contribution of
photon energy delivered in each volume element imaged and the total absorption
contribution from the volume element. Consequently, significant measures are
taken to decompose the resulting image from the effects of inhomogeneous light
attenuation in the tissue of interest [89, 90].

5.5 MSOT Imaging of Endogenous Absorption Contrast

Biological tissues contain a variety of endogenous chromophores with distinct
absorption spectra that can be exploited for label-free structural and functional
imaging with MSOT [92]. In the visible and NIR ranges, light is mainly absorbed in
living mammalian tissues by hemoglobin, melanin, lipids, and water (Fig. 5.6).
Differences in the absorption spectrum of hemoglobin associated to oxygen binding
encode important information related to physiological activity. Since many diseases
undergo structural changes at time scales ranging from days to weeks and months,
imaging can be used to visualize and quantify these changes. For example, vascular
structures can be mapped for depths of millimeters to centimeters within mam-
malian tissues [93] and accurate estimation of oxygen saturation is possible with
proper models of light attenuation [94]. Due to the strong intrinsic hemoglobin

Fig. 5.6 Optical absorption spectra of major endogenous chromophores at typical concentrations
occurring in living mammalian tissues. Melanin spectrum (brown) is shown for typical
concentrations in the skin [106]; hemoglobin (red—oxygenated, blue—deoxygenated) for typical
concentrations in whole blood (150 g/l—continuous lines) and average soft tissues (15 g/l—
dashed lines) (http://omic.org/spectra); water (cyan) for a typical concentration of 80% by volume
in soft tissues [107]; lipids (yellow) for a concentration of 20% by volume [108, 109]. The first
(NIR—I) and second (NIR—II) windows [110], where optical absorption is minimized, are
indicated
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contrast, MSOT represents a valuable tool to study the evolution of important
hallmarks of cancer such as angiogenesis [95, 96] and hypermetabolism [97, 98].
Imaging the vascular fat deposition in atherosclerotic plaques is also possible at
infrared wavelengths [99, 100], while the strong absorption of melanin can be
exploited to characterize skin melanomas [101] and metastatic melanoma cells
[102]. Measurable endogenous changes may also occur on significantly shorter time
scales. Changes in blood oxygen saturation, total hemoglobin, blood volume,
oxygenized, and deoxygenized forms of hemoglobin can be readily monitored with
optoacoustic systems operating at sub-second or even millisecond-scale temporal
resolution [103–105].

Background absorption of light by intrinsic tissue chromophores along with
optical scattering is also responsible for the strong attenuation of light in biological
tissues. Optical attenuation is significantly stronger as compared with acoustic
attenuation for frequencies below 20–30 MHz, thus it represents the main limiting
factor for deep tissue imaging [111]. Light penetration is maximized in the so-called
near-infrared (NIR) window between 650 and 1350 nm [110], while it is signifi-
cantly aggravated by strong absorption of blood at shorter wavelengths and water at
longer wavelengths (Fig. 5.6). For deep tissue imaging purposes, excitation optical
wavelengths within this range are therefore commonly selected, where MSOT
imaging with centimeter-scale penetration is possible [112, 113]. The wavelength
dependence of optical attenuation further contributes to the distortion (spectral
coloring) of the MSOT signals originating from deep locations [114]. Thereby, the
performance of the particularly employed unmixing approach, rather than the
signal-to-noise performance of the imaging system, generally determines the min-
imum detectable concentration of extrinsically administered contrast agents.

5.6 Molecular Sensing with MSOT

The presence of strong endogenous (background) contrast may in fact hinder
detection of useful signals when attempting to enhance the contrast extrinsically,
e.g., in targeted molecular imaging applications. With a typical 2 mM concentration
of hemoglobin in blood [115], vascular structures may conceal, e.g., signals from
genetically-expressed labels that can typically attain concentrations on the micro-
molar level in vivo [116]. Thereby, signal amplification approaches based on
spectral unmixing or dynamic contrast enhancement become essential in order to
efficiently map the distribution of relatively low concentrations of contrast agents
[117, 118].

To this end, various molecular sensors have been used to probe tumor
microenvironments and monitor treatments with MSOT. A temperature-sensitive
nanoswitch probe was synthetized by intercalation of light-harvesting porphyrins
within thermoresponsive nanovesicles [119]. The probe functions by absorbing light
at two distinct wavelengths (680 and 824 nm) while its spectral features can be
reversibly switched by exceeding a temperature threshold. Using this thermochromic
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property, localized temperature changes within tumor xenografts were determined
in vivo and noninvasively (Fig. 5.7a).

Similar strategies may be applied to detect other stimuli such as pH and enzy-
matic activity. Due to their high metabolic rate, malignant tumors are commonly
characterized by lower than normal pH levels. A theranostic nanovehicle for tar-
geting pancreatic cancer was designed based on mesoporous silica nanoparticles
(MSN) that encapsulate Indocyanine Green for enhancing MSOT contrast [120].
The tumor specificity was improved with the addition of both chitosan, targeting
acidic pH, and urokinase plasminogen activator (UPA), targeting UPAR. Accord-
ingly, the signal increase due to acidic pH conditions resulted in a 20-fold stronger
optoacoustic response. In vivo, MSN-UPA particles demonstrated orthotopic pan-
creatic tumor specific accumulation compared to liver or kidney, as identified using
real-time MSOT. By tracking in vivo nanoparticle biodistribution with MSOT, it

Fig. 5.7 Optoacoustic molecular imaging and sensing. a Temperature threshold sensing in tumor
xenografts injected with J-aggregating bacteriopheophorbide a-lipid nanoparticles JPN16 by
comparison of cross-sectional optoacoustic images at two different wavelengths. Figure is adapted
from [119] with permission under the License from Standard ACS Authors’ Choice Usage
Agreement; Copyright © 2014 American Chemical Society. A 1 mm scale bar was added and
image identification was altered. b Multispectral optoacoustic tomography (MSOT) images of a
mouse implanted with S2VP10 pancreatic cancer cells after injection of mesoporous silica
nanoparticles (MSN) with chitosan and urokinase plasminogen activator (MSN-UPA) (top) or
untargeted MSN (bottom). Scale bar—5 mm. Adapted with permission from [120]; © 2015
Elsevier. c Optoacoustic sensing of reactive oxygen species (ROS) by comparison of
cross-sectional optoacoustic images for saline-treated (left) and zymosan-treated (middle) regions
in a mouse and the time profiles of the optoacoustic amplitude ratios for two wavelengths (right)
after injection of ratiometric semiconducting polymer nanoparticles (RSPN). Adapted with
permission from [121]; © 2014 Macmillan Publishers Ltd.
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was further confirmed that pH-responsive, ligand-targeted MSNs preferentially bind
to pancreatic tumors for payload delivery (Fig. 5.7b).

MSOT imaging has also been found capable of imaging oedema, whose different
variants include cerebral, pulmonary, macular, or lymphatic fluid build-ups within
the body. One suitable probe for this is a nanoparticle based on semiconducting
polymer particles (SPN1) [121]. It exhibits preferential narrowband absorption in
the NIR and is resilient against photodegradation and oxidation. Most important is
its ability to ratiometrically detect reactive oxygen species (ROS) at 700 and
820 nm (Fig. 5.7c). In fact, the increase in ROS has also been shown as a marker of
apoptosis. In the same study, using a mouse model of acute oedema and Zymosan
to simulate ROS generation, SNP1 was successfully used to monitor the ROS
regulation process intra-muscularly.

Another promising application of dynamic molecular sensing with MSOT is the
monitoring of thyroid-related disorders. The thyroid gland regulates many of the
most important functions of the body, from metabolism to breathing. Thyroid
cancer is rare but benign nodules on the gland are common. Follicular thyroid
carcinomas are very similar to benign nodules yet differ in terms of environmental
conditions. One noticeable difference is the activity and presence of the matrix
metalloproteinases (MMPs) and two members of this family (MMP-2 & MMP-9)
were determined as biomarkers of malignant thyroid lesions. An MMP-activatable
optoacoustic probe based on Alexa-Fluor 750 was successfully used to image
FTC133 thyroid tumors subcutaneously implanted in nude mice in vivo [122]. Both
MMP-2 and MMP-9 cleave the protein in a non-reversible fashion, which increases
its optoacoustic and fluorescent signal.

5.7 Clinical Translation of Optoacoustic Imaging

The great potential of optoacoustic imaging showcased in preclinical research has
encouraged the translation of this technology into the clinics with multiple appli-
cations envisioned, from intraoperative diagnostics to ophthalmology, dermatology,
and endoscopic imaging. One of the key advantages of optoacoustic imaging is its
intrinsic potential to deliver complete volumetric tomographic datasets from the
imaged object with a single interrogating laser pulse, a possibility that does not exist
in other clinical imaging modalities. This capacity also comes with important
clinical advantages, such as the ability to dynamically visualize the biodistribution
of contrast agents in 3D and reduce out-of-plane and motion artefacts, thus facil-
itating clinical observations.

Dedicated handheld optoacoustic probes have recently been introduced for high
performance imaging of human subjects. Those come with real-time tomographic
imaging capacities in 2D [123, 124] and 3D [125] as well as integrated pulse-echo
ultrasonography capabilities [126]. One promising application is the assessment of
the metastatic status of sentinel lymph nodes in human melanoma. In the
first-in-human study, cross-sectional and volumetric MSOT were used to image
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SLNs ex vivo and in vivo in patients with melanoma [102]. In comparison with the
conventional protocols for analysis of excised SLNs, it was possible to significantly
improve the tumor metastasis detection rate from 214 melanoma patients using
MSOT. When combining non-invasive MSOT imaging with subcutaneous injection
of the ICG contrast agent, visualization of the SLNs in vivo in 20 patients was
further performed with up to 5-cm effective imaging depth (Fig. 5.8a). MSOT
identified cancer-free SLNs in vivo and ex vivo without a single false negative (189
total lymph nodes), with 100% sensitivity and 48–62% specificity. The handheld
MSOT imaging technology was also used in a feasibility study assessing peripheral
blood supply and vascular disease in human feet. Such diagnosis is important in the
context of peripheral arterial diseases, diabetic foot, and (autoimmune) vasculitis
[127]. In this study, MSOT imaging has been shown to be superior to conventional
imaging methods (e.g., duplex ultrasonography) in terms of resolution (capillaries
as small as 100 µm in diameter were resolved) and its intrinsic spectroscopic
capacity to differentiate between arteries and veins. Also, due to its imaging speed,
MSOT imaging allowed to identify pulsation in arteries.

One potential valuable application of MSOT is the diagnosis of breast lesions. It
is a favored application due to the generally low light attenuation in the breast as
compared with other tissues [115], which allows penetrating the entire human
breast [129]. Indeed, breast cancer diagnosis was aimed with the very first imple-
mentations of optoacoustic tomography scanners [130, 131], which was recently
followed by several designs optimized for deeper imaging and better detection
sensitivity [132]. Several clinical breast imaging studies are ongoing and the
method has shown potential for non-invasive detection of malignant lesions. In a
clinical study on infiltrating ductal carcinoma, distinct optoacoustic patterns could
be classified as mass-like, non-mass like, and ring-shaped [133]. In another pilot
clinical study, real-time handheld MSOT scanner was used to identify
high-resolution patterns of lesions in 10 patients of ages 48–81 years with malig-
nant nonspecific breast cancer or invasive lobular carcinoma [128] (Fig. 5.8a–e).
MSOT data acquisitions were guided by ultrasonography and X-ray mammography
or MRI. The extended spectral range in the 700–970 nm window allowed the
computation of oxygenated hemoglobin (HBO2), deoxygenated hemoglobin (HB),
total blood volume (TBV), lipid, and water contributions, allowing first insights
into in vivo high-resolution breast tissue MSOT cancer patterns. TBV and
Hb/HBO2 images resolved marked differences between cancer and control tissue,
manifested as a vessel-rich tumor periphery with highly heterogeneous spatial
appearance compared with healthy tissue. Significant TBV variations between
different tumors and between tumors over healthy tissues were reported. Water and
fat lipid layers further appeared disrupted in cancer versus healthy tissue.

In the field of dermatology, new non-invasive skin imaging tools are essential to
aid real-time diagnosis of skin tumors, chronic inflammation, alopecia, scarring,
burns, etc., thus minimizing the need for invasive skin biopsy. MSOT offers the
unique capacity for high-resolution 3D optical mapping of tissue by further
delivering highly specific optical contrast from a depth of several millimeters to
centimeters in living tissues. A recent study performed on human volunteers, has
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Fig. 5.8 Examples of clinical multispectral optoacoustic tomography (MSOT) studies in
oncology. a Metastatic status of sentinel lymph nodes in melanoma patients determined
noninvasively with MSOT. Preoperative non-invasive assessment of ICG (green scale) and
melanin (orange) distribution in suspected metastatic sentinel lymph nodes using handheld
cross-sectional and volumetric MSOT scanners. Penetration of up to 5 cm was claimed with 100%
sensitivity and 48–62% lesion detection specificity. Adapted with permission from [102]; © 2015
American Association for the Advancement of Science b X-ray mammography image revealing
a >4 cm, subcutaneous, nonspecific breast tumor. c MSOT image of Hb and HbO2 obtained from
the field of view labeled in panel (b); arrows point to areas of increased blood volume. d MSOT
image of TBV showing constitutive hyperemia through an extended area of the tumor. e MSOT
image of lipid showing disruption of the fat layer (arrow) at the area of the tumor mass. f MSOT
image of water. Adapted from [128]; © 2017 American Association for Cancer Research
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shown capacity for non-invasive structural and functional analysis of intact hair
follicles and pilosebaceous units by volumetric handheld MSOT [134]. On-the-fly
assessment of key morphometric parameters of follicles and lipid content as well as
functional oxygenation parameters of the associated capillary bed was demonstrated
with high spatial resolution below 70 µm. Precision assessment of label-free pso-
riasis biomarkers in the human skin has been demonstrated with a high-resolution
version of MSOT termed ultra-broadband optoacoustic mesoscopy [135]. In par-
ticular, skin morphology and vascular patterns in the dermis and sub-dermis of
psoriasis patients have been visualized, enabling quantification of inflammation and
other biomarkers of psoriasis without the need for contrast agents. The label-free
biomarkers detected by the handheld imaging scanner correlated well with the
clinical score.

One major limitation for clinical translation remains the lack of clinically
approved probes for contrast-enhanced optoacoustic imaging. ICG has been
approved for human use since the 1960s. However, there are currently no other
approved compounds that absorb light in the near-infrared, which is essential for
deep tissue imaging with MSOT. In addition, successful completion of multicenter
trials in a number of key clinical applications is crucial in order to facilitate the
transition of MSOT from a highly potent research platform to an accepted clinical
imaging modality.

5.8 The Future of Fluorescence and MSOT Imaging

FMI is expected to augment interventional procedures in surgery suites for guiding
procedures but could play a key role in early detection of disease in endoscopic
procedures such as colonoscopy or esophageal and gastric inspection. We expect
that significant attention will be given to research and translation of targeted
fluorescence agents for further improving tumor visualization, margin identifica-
tion, or early cancer detection compared to the current state-of-the-art fluorescence
imaging agents. Agents that identify other tissue structures such as nerves can also
play a major role in interventional procedures. We further anticipate that the
fluorescent agents will play a role in other medical fields, such as interventional
cardiology, for example, in identifying biological parameters associated with
atheroma and stent condition [136].

On the technology front, we expect that attention will shift from camera
developments to advanced measurement schemes and data processing methods that
account for the effects of the parameters in Table 5.1. Phantoms such as the one
described in Box 5.1 can play a key role in validating these methods and in quality
control and standardization processes. Such quality control is necessary to develop
FMI as a reliable tool for clinical propagation and for ensuring accurate studies as
required for regulatory approval of clinical systems and agents.
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The great potential of MSOT imaging showcased in preclinical research has
encouraged the translation of this technology into the clinics with multiple appli-
cations envisioned, from intraoperative diagnostics to ophthalmology, dermatology,
cardiovascular, and endoscopic imaging. One of the key advantages of MSOT is its
intrinsic potential to deliver complete volumetric tomographic datasets from the
imaged object with a single interrogating laser pulse, a possibility that does not exist
in other clinical imaging modalities. This capacity enables dynamic visualization of
contrast agent biodistribution in 3D with high spatial resolution, thus reducing
image blurring and motion artefacts and facilitating quantified depth-resolved
observations.

Given the current progress in nanoparticle research and the versatility of MSOT
contrast mechanisms, it is anticipated that future developments in light-absorbing
agents would bring the contrast enhancement approaches to a new level of per-
formance. Novel smart agents that selectively change their absorption-based con-
trast with environmental changes or theranostic agents releasing drugs at specific
targets may all lead to paradigm shifts in biomedical research. Ideally, agents need
to be optimized for more efficient optoacoustic signal generation, both in terms of
the overall generated signal strength and spectral response. In this regard, devel-
opment of novel dyes and genetic labels with preferential absorption in the far-red
or NIR ranges for deep tissue MSOT imaging represents a highly promising
research direction. To this end, most novel MSOT contrast agents have only been
tested at a proof-of-principle level or early stages of exploration, thus further val-
idations for biocompatibility, toxicity, and targeting efficiency are necessary to
establish in vivo applicability.
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6.1 The Role of Non-invasive Imaging Methods
in Oncology

Early diagnosis is crucial for the management of cancer patients. Refinement of
existing therapeutic options and the rapid development and translation of novel
options in clinical oncology has in recent years favorably led to the prolonged
median survival time in patients suffering from different cancer entities, including
some of those most prevalent such as breast and lung cancer. These treatment
options include surgery, chemotherapy, radiation therapy, immunotherapy, hor-
mone therapy, or targeted radionuclide therapy and which treatment option will be
used is dependent on many factors, including the stage of the disease at the time of
diagnosis. Imaging is among the most important tools, if not the most important, in
the management of cancer and improvement of the quality of life of cancer patients.
It enables, for example, the selection and commencement of the therapy most
suitable for the current stage of the disease. The portfolio of imaging techniques in
clinical settings nowadays includes MR imaging, ultrasonography (US), computed
tomography (CT), and X-ray radiography as well as the nuclear medicine functional
imaging methods positron emission tomography (PET) and single-photon emission
computed tomography (SPECT). Multimodal imaging aims to benefit from the
synergistic information available from combined multiple modalities. Such a
complementary approach unifies modalities that enable excellent anatomical details
with those offering superb sensitivity for the detection of minute quantities of
cancerous material. In preclinical settings, an abundance of probes has been sug-
gested that provide sophisticated platforms to not only unify different imaging tags
but also enable drug delivery. Clinical transfer of such platforms is often challenged
by insufficiently resolved biocompatibility concerns or the lack of capability to
target structures of interest at a level that enables the acquisition of an adequate
imaging signal. The following sections will be focused on MR as one of the
methods at the forefront of biomedical imaging as well as on possibilities to add
functionalities to probes applicable in MR imaging.

6.2 Magnetic Resonance Imaging of Cancer—Imaging
Techniques and Contrast Agents

The imaging techniques nowadays applied in clinical settings differ not only in their
basic physical principles but also in sensitivity, capability to assess tissue mor-
phology, overall costs, or exposition of patients to harmful noxae such as ionizing
radiation. How does MR imaging compare to the other most common imaging
modalities? MR imaging is a tomographic technique enabling excellent soft-tissue
contrast and detailed anatomical and physiological/functional readouts devoid of
ionizing radiation but bound with considerable costs [85]. On the other hand, the
sensitivity achievable by MR imaging is inferior to PET in depicting minute tracer
quantities. In recent years, changes in the regulation of some broadly applied and
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well-researched gadolinium-based MR contrast agents have been witnessed,
resulting in recommendations for either the replacement of such agents or nar-
rowing of their indication windows. Nevertheless, the significance of MR imaging
in patient care is reflected by the rapid and steady increase in the number of MR
scanners worldwide. Since the first commercial MR imaging system was introduced
in the early 1980s [22] recent reports point to more than 30,000 installed MR
scanners worldwide [33].

6.2.1 Intrinsic Contrasts in MR Imaging—T1/T2/T2*

Many nuclei in the human body possess a magnetic moment including 1H, 17O, 19F,
or 23Na; however, the vast majority of MR imaging applications nowadays are
based on the signal coming from the nuclei of hydrogen atoms (1H), which have a
high natural abundance. In a strong external magnetic field (B0), slightly more
magnetic moments align parallel to B0 (as this state of alignment requires the least
energy), thus producing net macroscopic longitudinal magnetization [17]. In B0,
magnetic moments not only align with the field but also undergo precession about
the field at a speed proportional to the strength of the applied strong external
magnetic field (Larmor or precessional frequency). When a radiofrequency
(RF) pulse of the same frequency as the Larmor frequency is introduced into a spin
system, the absorption of energy and accordingly the excitation of the spin system
occur. If the RF pulse is strong enough, it tips the magnetization vector by 90°
causing the longitudinal magnetization to rotate to become transverse magnetization
[107].

When the RF is shut off, the spin system returns to a lower energy state by
emitting an amount of energy equal to the amount of energy absorbed. This return is
referred to as relaxation. During relaxation, recovery of the longitudinal magneti-
zation occurs exponentially, the rate of which is defined by the time constant T1,
whereby T1 is the time needed to recover 63% of the longitudinal magnetization.
Simultaneously, transverse component magnetization relaxation occurs, governed
by the time constant T2, which is the time taken for 63% of the transverse com-
ponent magnetization to diminish [55]. T2* relaxation describes the effects resulting
from the combination of T2 relaxation and the de-phasing that results from inho-
mogeneity in B0; thus, T2* � T2.

Different molecules exhibit different efficiency at T1 relaxation, e.g., free water
has relatively long T1 relaxation times. The T1 value of bound or structured water is
less than free water (ca. 400–800 vs. 4000 ms). Short T1 values are characteristic of
fat tissue, partly because of carbon bonds at the ends of the fatty acids having
frequencies near the Larmor frequency, which allows effective energy transfer [17].
Free water such as cerebrospinal fluid is also characterized by longer T2 values
(appearing brighter on T2-weighted images) compared with water-based tissues
with larger macromolecular content, such as grey matter.
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6.2.2 Contrast Agents in MRI

Contrast achievable by MR imaging can be significantly improved by the appli-
cation of extrinsic agents. Contrary to, e.g., computed tomography or ultrasound,
extrinsic MR imaging agents are not directly visualized—the signal rather comes
from the magnetic effect of such agents on the MR-active nuclei in the tissue of
interest. Uptake of the given contrast agent can differ largely between diseased and
healthy tissues, also due to changes in the metabolic parameters on the cellular
level. The majority of applied MR contrast agents change the relaxation times of
surrounding protons. Positive contrast agents predominantly shorten the T1, nega-
tive agents the T2 relaxation time. Since the early 1980s, there has been rapid
development of novel MRI contrast agents. This has resulted in various agent
classifications that are based on different properties including magnetic behavior or
chemical structure, e.g., paramagnetic/superparamagnetic agents.

6.2.2.1 Gadolinium Agents
Gadolinium is a rare earth metal with seven unpaired electrons in the 4f subshell,
making it applicable as a paramagnetic agent. Gadolinium may not be applied as a
free ion due to its toxicity and accumulation in organs such as the liver and thus
requires the use of a chelating agent (chelated complex substances). Chelates must
fulfill numerous stability and safety requirements in order to limit the release of free
gadolinium ions to the very minimum. Studies published in recent years report the
increased signal intensity on T1-weighted images after serial application of the
linear gadolinium-based contrast agent gadopentetate dimeglumine in the human
body, e.g., in the nucleus dentatus and globus pallidus of the brain [75]. Although
the clinical implications of these notions remain unclear, the responsible regulatory
body at the EU level, the European Medicines Agency (EMA), recommended in
2017 restrictions and suspensions for certain intravenous linear agents in order to
prevent any potential health risks. In summary, the intravenous linear agents
gadoxetic acid and gadobenic acid can continue to be used for liver imaging
because they are taken up in the liver and meet an important diagnostic need;
likewise, gadopentetic acid can continue to be used for joint scans utilizing the
intra-articular route, which are distinguished by the very low dose of gadolinium
used. EU-wide suspension of all other intravenously applied linear compounds
(gadodiamide, gadopentetic acid, and gadoversetamide) was recommended.
Macrocyclic gadolinium-containing agents (gadobutrol, gadoteric acid, and gado-
teridol) are currently considered to have a lower propensity to release gadolinium
than linear agents and can continue to be used for their current indications; how-
ever, they should be utilized in the lowest doses that sufficiently enhance images
and only when unenhanced scans are not sufficient [23].

6.2.2.2 Iron Oxide Particles
For the use of iron oxide (IO) nanoparticles in a variety of biomedical applications,
biocompatibility and a sufficiently large magnetic moment are necessary [89]. IO
nanoparticles are often classified as ultra-small superparamagnetic IO (USPIO;
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average diameter <50 nm), superparamagnetic IO (SPIO; average diameter
between 50 nm and 1 µm), or MPIO (micron-sized particles of iron oxide, average
diameter >1 µm). Iron oxide-containing superparamagnetic agents come in the
form of colloids made up of particles (5–200 nm) in suspension that are composed
of small crystallites (1–10 nm) containing several thousand magnetic ions [27].
These induce strong magnetic field inhomogeneities and significantly decrease T2
relaxation times, enabling the visualization of a small number of cells. For in vivo
applications, usually magnetite Fe3O4 and maghemite c-Fe2O3 are used due to their
stability and favorable toxicity profile [24]. However, due to naturally occurring
aggregation, iron oxide particles need to be stabilized before in vivo application,
e.g., by employing a polymer coating such as dextran or polyethylenglycol. Apart
from the signal alteration in T2-weighted images, iron oxide particles are also used
for hyperthermia applications and magnet-mediated drug delivery. Thermore-
sponsive, polymer-coated c-Fe2O3 particles loaded with the anti-cancer drug dox-
orubicin were shown to successfully release the drug under magnetic hyperthermia
conditions in vitro [74].

6.2.2.3 Manganese-Based Contrast Agents
The non-lanthanide metal manganese carries in its bivalent state five unpaired
electrons and is applicable as a paramagnetic contrast material in MR imaging.
Similar to other paramagnetic ions (e.g., Gd3+ or Cu2+), manganese ions (Mn2+)
shorten the T1 relaxation time of water protons, which results in a hyperintense
signal on T1-weighted images [70] (also see Sect. 6.3.1.2). Although possessing
good properties for use as imaging contrast agents, the applicability of manganese
ion-based compounds as such is still linked to substantial risks due to the fact that
manganese ions play an important role in biological processes, e.g., in the meta-
bolism of lipids or proteins. These ions are known to be transported anterogradely
in axonal tracts and may influence synaptic transmission, rendering them potentially
harmful for eventual in vivo applications, as unwanted effects on biological pro-
cesses cannot be excluded [26].

6.2.3 CEST MRI

The concept of Chemical Exchange Saturation Transfer (CEST) [105] is an
emerging tool within the molecular imaging community well suited for the detec-
tion of low-concentration probes based on the rapid exchange between protons in
the probes and bulk water. Solute protons on either an exogenous agent or
endogenous molecule are saturated at their specific resonance frequency in the
proton spectrum, and this saturation is transferred to water through chemical
exchange of the excited metabolite protons with non-excited water protons. This
leads to a decrease in the water signal that is detectable by standard MR acquisition
methods, providing an indirect measure of the concentration of the substance of
interest [64, 108]. The preceding decade was marked by a rapid development of
endogenous and exogenous probes that contain suitable protons (see Sect. 6.3.4).
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6.3 Multifunctional Imaging Probes

The development of new imaging probes is crucial for the improvement of cancer
diagnosis, treatment planning, and therapy monitoring. Combining different func-
tionalities within one probe allows their application in several imaging techniques
and enables, therefore, a more precise diagnosis by giving insights in different
regions of interest. In principle, there are two different possibilities for the con-
struction of multifunctional probes, namely inorganic-based materials such as metal
or metal compounds, amorphous silica, or carbogenic graphene, or they can be
composed of organic materials such as polymeric nanospheres or nanocapsules,
dendrimers, or lipids forming liposomes or micelles (Fig. 6.1). Obviously, there are
also hybrid materials combining different types of materials in all kinds of archi-
tecture. All of these structures allow conjugation of the components by covalent
binding or by physical encapsulation. While covalent binding does not allow burst
release, it shows poor loading efficiency as well as inhomogeneous distribution
within the nanoparticle matrix. In contrast, physical encapsulation shows the exact
opposite: high loading capacity and homogeneous matrix distribution but potential
risk of burst release [86]. A more detailed picture will be given in the next sections,
where recent advances in the field of multifunctional imaging probes are described.

6.3.1 Inorganic Nanoparticles

Most of the recent developments in multifunctional imaging probes are based on
inorganic nanoparticles due to their specific physical and chemical properties,
which can be controlled through their nanoscale size [39]. In addition, easy surface
functionalization enables modification with a broad range of different molecules,

Fig. 6.1 Structural designs of different types of nanoparticles on the basis of organic or inorganic
materials. Reprinted with permission from [78]. Published by The Royal Society of Chemistry
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allowing the combination of several functionalities in one probe. These constructs
also show longer blood circulation times and more specific biodistribution com-
pared to small molecule-based contrast agents currently used in clinics [41].
Especially iron oxide-based nanoparticles have attracted the interest of the scientific
community since they show great diversity in tuning their size-dependent magnetic
properties from nearly paramagnetic to ferromagnetic [39], opening a wide spec-
trum of applications either as positive T1 or negative T2 contrast agents (Fig. 6.2).

Also lanthanide-based nanostructures are of high interest due to their param-
agnetic properties, leading to strong contrast enhancement effects. Additionally,
their magnetization does not saturate with field strengths above 1.5 T. This is
particularly interesting, as new instruments operating at fields of 7 T and higher are
currently being investigated in preclinical research [6]. To circumvent potential
toxic side effects of the imaging probes, silica-based nanospheres are often used due
to their chemical stability and lower cytotoxicity, thus exhibiting high biocom-
patibility. In addition, their surfaces can be easily functionalized with various
functional groups [58]. Therefore, this material is mainly applied in hybrid
nanocomposite engineering as a protecting agent for the combined compounds [98].

Fig. 6.2 Structure of magnetic nanoparticles. The molecular structure of magnetic nanoparticles
determines their MR contrast properties. Reprinted with permission from [49]. Copyright 2015
American Chemical Society
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With their intrinsic multifunctional optical and magnetic properties,
semi-conducting carbon nanotubes (CNTs) and other related graphene structures
have also been the subject of current research. However, potential long-term toxic
effects of these materials still remain unclear [28]. Only CNTs with proper surface
coating such as PEGylation have been shown to be excreted through biliary and
renal pathways [44, 60].

In the next sections, more detail will be presented on the recent literature about
the development and application of iron oxide-based nanostructural imaging
probes, lanthanide and other metal-based nanomaterials, silica-based nanoparticles,
and nanostructures on the basis of graphitic carbon.

6.3.1.1 (Ultrasmall) Superparamagnetic Iron Oxide (U)SPIO
Nanoparticles

Most of the recent literature related to multifunctional imaging probes describes the
synthesis of (ultrasmall) superparamagnetic iron oxide (U)SPIO-based nanocon-
structs and their use in multimodal imaging applications. However, this fact is not
surprising, as iron oxide nanoparticles show higher intrinsic signal sensitivity com-
pared to macrocyclic gadolinium complexes, as well as good biocompatibility due to
the biological role of iron in living organisms [62, 104]. Typically, these probes are
composed of an iron oxide nanoparticle core of magnetite Fe3O4 and/or maghemite
c-Fe2O3 coated with a hydrophilic coating facilitating water solubility [92].

Often these coatings are polymeric, which can either embed small molecules such
as organic dyes or be easily functionalized through covalent bonding with a large
variety of (bio)molecules, generating multifunctionality regarding imaging as well
as therapeutic and targeting applications (Fig. 6.3). Yang et al. developed such
magnetic nanoparticles coated with biocompatible and biodegradable folate bearing
a poly(succinimide) cross-linkable graft copolymer showing high in vivo stability
[112]. The polymer coating was covalently functionalized with standard Cy5.5
fluorescent dyes to enable dual optical/magnetic resonance imaging. These probes
showed high T2 relaxivity coefficients (r2) and were accumulated abundantly in
folate receptor-positive KB cells in mouse models. Another approach was reported
by Zhu et al. using a polymer-SPIO core coated with polymerized europium com-
plexes for magnetic resonance and optical imaging [125]. Zhang et al. extended this
strategy and combined two lanthanide (Gd3+ and Eu3+) complexes for surface
polymerization of the SPIO core nanoparticles [121]. These magnetic microspheres
showed signal enhancement in both T1- and T2-weighted MRI through a combina-
tion of positive contrast gadolinium and negative contrast iron ions as well as
fluorescence luminescence from Eu3+ suitable for optical imaging. Utilizing the
physical properties of different metal ions was also achieved through the encapsu-
lation of SPIO nanoparticles together with infrared emitting lead(II) sulfide
(PbS) quantum dots in an FDA-approved polymeric poly(lactic-co-glycolic-acid)
(PLGA) matrix [69]. This magnetic-fluorescent hybrid nanostructure could over-
come the classical tissue penetration limits of optical imaging due to the lumines-
cence of PbS being located in the second biological window [83] (1000–1350 nm),
enabling subcutaneous imaging studies via OI as shown in vivo in living mice in
combination with MRI (Fig. 6.4).
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Fig. 6.4 Development of SPIO/PbS quantum dot hybrid nanostructure (HNS) for dual-modal
OI/MRI. a Emission spectrum of the HNS lying in the second biological window. b In vivo IR
imaging before (Control/left) and after injection (right) of the HNS. Auto-fluorescence was
removed using a long-pass filter with a cut-off at 1100 nm. c Coronal spin-echo MRI of the same
mouse before and after injection. The yellow selections highlight the liver area where fluorescence
signal was detected. A darkening of this area demonstrates the capability to utilize HNS for
bimodal imaging. Adapted with permission from [69]. Copyright 2016 American Chemical
Society

Fig. 6.3 General architecture of multifunctional iron oxide-based nanoprobes. Surface function-
alization allows incorporation of additional functionalities into MRI probes such as therapeutics,
targeting agents, or contrast agents for other modalities. Reprinted with permission from [77].
Copyright 2015. Published by Elsevier Ltd
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Embedding iron oxide nanoparticles into a dielectric polymer matrix within the
core structure protects them from aggregation and likewise enables control of their
size and physical properties. The modification of the core polymer surface with
biomolecules such as chitosan before further deposition of a gold shell structure
prevents direct contact between the SPIO nanoparticles and the Au layer while
retaining the magnetic field strength. By using biocompatible and biodegradable
materials, these composites show low cytotoxic and hemolytic behavior [103].
Chitosan was not only found to reduce the toxicity of SPIO nanoparticles, it also
protects encapsulated cadmium(II) sulfide (CdS) quantum dots in multifunctional
magneto-fluorescent hybrid nanocomposite materials from photobleaching [99].

Also, the incorporation of targeting ligands has been reported. Surface func-
tionalization of poly(ethyleneimine)-stabilized SPIO nanoparticles with hyaluronic
acid has led to CD44 receptor overexpressing HeLa cells targeting bimodal imaging
probes using the iron core as the MRI component and covalently bound fluorescein
as the OI probe [51]. Folate receptor targeting SPIO nanoparticles with a fluorescent
amphiphilic oligo(p-phenyleneethynylene)-PEG coating were synthesized via a
facile hydrophobic encapsulation process [115]. In vitro and in vivo experiments
demonstrated their suitability as targeted MRI and two-photon optical imaging
probes. Another approach made use of alendronic acid (Aln), a bone-targeting
bisphosphonate drug that is used in osteoporosis [110]. PLGA-embedded USPIO
nanoparticles functionalized with an NIR (near-infrared) dye were postmodified with
Aln. These particles showed up to 10-fold higher affinity for synthetic and biogenic
hydroxyapatite compared to premodified structures. RGD peptide-functionalized
SPIO nanoparticles labeled with 125I have been developed to target integrin avb3
protein [102]. In vivo studies in a U87MG glioblastoma xenograft model revealed
high binding affinity as shown by MR and SPECT imaging. In addition, these
nanoparticles could also be used in photothermal therapy, showing good therapeutic
efficacy as a theranostic agent. Tea polyphenol as an environmentally friendly ligand
was used for the synthesis of multifunctional metal-doped (Mn, Zn) fluorescent
SPIO nanoparticles, showing excellent hydrophilicity and protein adsorption resis-
tance due to the catechol-metal coordination interaction [34]. The addition of dif-
ferent metal ions such as manganese and zinc, in this case, qualifies these probes for
applications in dual-modal fluorescent/MR imaging.

Lanthanides can be used for the development of intrinsic fluorescent nanopar-
ticles. Multifunctional terbium-doped CeF3-coated SPIO nanoparticles showed high
water solubility and good biocompatibility [61]. Their surface modification with
citric acid allowed covalent bonding of the carboxyl functionalities with folic acid
as the targeting ligand. The efficiency of these targeted probes in simultaneous
fluorescence imaging/MRI has been shown in vitro in HeLa cells with overex-
pressed folate receptors. In general, metal-based core/shell structures can be syn-
thesized rather simply by depositing a shell around a core structure. This method
has also been applied by Tian et al., who synthesized copper sulfide-coated SPIO
nanoparticles that can be used for photothermal therapy as well as dual-modal IR
thermal/MR imaging [93]. In vitro and in vivo experiments demonstrated that
variation of the copper content allows control of the intensity of the photothermal
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effect. The inverse strategy was applied in another approach for the synthesis of
dual-functional nanoparticle conjugates targeting human epithelial growth factor
receptor 2 (HER2) to deliver oxaliplatin into the target cells [56]. Here, iron pen-
tacarbonyl was decomposed on the surface of gold nanoparticles in the presence of
oleic acid and oleylamine, followed by PEGylation of the resulting nanoparticles
and conjugation of the anti-HER2 antibody Herceptin (trastuzumab) and oxali-
platin. Active targeting against human gastric cancer cells SC-7901 was verified in
cell culture and in subcutaneous xenograft mouse models, where drug release was
triggered by pH variation, allowing simultaneous magnetic tracing and
HER2-targeted chemotherapy. A third method has been described fusing distinct
nanocrystals via solid-state interfaces, where iron oxide nanoparticles have been
connected to gold nanoparticles through a platinum spacer (Fig. 6.5), resulting in
hybrid heteronanostructures [15]. These multifunctional nanoparticle-based probes
were suitable for dual T1- and T2-weighted MRI combining both positive contrast
gadolinium-chelate-coated gold nanoparticles and negative contrast iron oxide
particles. In addition, 64Cu labeling of the gold surface was successful, enabling a
small-animal PET imaging study.

The development of SPIO/carbon hybrid structures opens up further possibilities
for surface functionalization by functional groups such as –OH or C=O or by
generating new intrinsic physical properties [95]. Core/shell structures of
magnetite/carbon colloidal nanoparticles [100] have been further modified with a
silver nanosphere surface and covalent bonding of doxorubicin, creating a bimodal
two-photon fluorescence/MR imaging probe in combination with NIR
light-triggered drug release [12]. These hybrid nanoparticles have been synthesized
through the deposition of silver via the reduction of AgNO3 with glucose, followed
by NIR-induced coupling of doxorubicin to carboxylic groups on the carbogenic
surface. Such amorphous graphitic carbon-coated SPIO nanoparticles have also been
used as intrinsic multifunctional magnetic and fluorescent core/shell nanoparticles
for OI/MRI [95]. These structures can be synthesized in a one-step method and they
are non-toxic, highly optically active, and photostable, providing unique
excitation-dependent multicolor emission. A multifunctional graphene-based
material with various encapsulated particles was reported by Chen et al. [14].
A facile physical approach allowed the one-step synthesis of these hybrid nano-
materials via aerosol-phase graphene encapsulation of unifunctional nanoparticles.
The mechanism of this process is assumed to be based on colloidal interactions
within the drying microdroplets, showing improved yields at higher pH. Further-
more, a polymer coating was required for slow cargo release of the graphene
nanocarriers. A reduced graphene oxide/Au/SPIO hybrid nanomaterial exemplarily
showed good contrast enhancement in both MRI and CT.

Silica coating of SPIO nanoparticles is generally recognized as a suitable method
to improve their biocompatibility and their stability towards biodegradation since
no toxic effects could be shown in many biological systems. In addition, silica can
be easily synthesized in various shapes and sizes with mesoporous or dense
structures, leading to a wide variety of different properties, together with easily
functionalizable high surface areas and large pore volumes [3]. The incorporation of
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Fig. 6.5 (Extra-large) dumbbell hybrid nanotrimers ((X)DB-HNTs) for T1/T2 dual-weighted
MRI. a Schematic illustration of heterogeneous (left) core/shell nanostructures and (right)
dumbbell structures. Engineering of the magnetic coupling of the components is achieved by
different architectures. R0 is the radius of the T2 contrast agent (iron oxide nanoparticle IONP), R1
is the radius of the T1 contrast agent Gd, R2 is the radius of the gold nanoparticles, and D is the
center-to-center distance between the gold and IONP. b Four different architectures of the
developed dumbbell(-like) heteronanostructures. In vivo c T1- and d T2-weighted MRI of a HT-29
tumor-bearing mouse before and 4 h after intravenous injection of Gd-DB-HNTs into the tail-vein
with (left) grey-scale and (right) colored images. In vivo small-animal (left) PET and (right)
PET/CT images of HT-29 tumor-bearing mouse 4 and 24 h after tail-vein injection of 64Cu-labeled
Cu-DB-HNTs (instead of Gd labeling). The arrows indicate the tumor region. Adapted with
permission from [15]. Copyright 2014 American Chemical Society. Further permissions related to
this material should be directed to the ACS
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fluorescein isothiocyanate (FITC) into mesoporous silica-coated SPIO nanoparticles
led to fluorescent high-performance MRI probes with a clear core/shell structure
that showed improved cell labeling efficiency for neural progenitor cells compared
to fluorescent dense silica-coated SPIO nanoparticles [122]. These probes were
used for tracking cell migration in vivo with MRI, as mesoporous silica has been
shown to improve cellular uptake [57] and thus possesses great potential for future
cell imaging contrast agents. Further coating of the mesoporous silica surface with
positively charged poly(allylamine hydrochloride) enhanced cellular uptake
through electrostatic interactions with the negatively charged surface of cancer cells
[52]. These indocyanine green (ICG)-loaded fluorescent mesoporous silica-coated
SPIO nanoparticles were suitable for bimodal NIR/MR imaging and showed
additional NIR photothermal therapy effects. Cancer cell targeting could also be
achieved by covalent surface functionalization of fluorescent mesoporous
silica-coated SPIO nanoparticles with biomolecules such as aptamers [106] or
peptides [35]. These targeted nanomaterials exhibit good biocompatibility and low
cytotoxicity and can be used for simultaneous fluorescence/MR imaging, as shown
both in vitro and in vivo.

By using a covalently bound MMP-2 enzyme-responsive peptide as surface
coating, the commercially available anti-cancer drug doxorubicin could be encap-
sulated within the cavities of a mesoporous silica-coated SPIO nanoparticle and
delivered to the tumor site through magnet-guided nanocarrier accumulation by
applying an external magnetic field (Fig. 6.6) [50]. The enzyme-responsive parti-
cles showed high specificity for controlled drug release in cancer cell lines with
high MMP-2 enzyme expression as shown both in vitro and in vivo, qualifying
these nanoagents for application in MRI-guided cancer chemotherapy. A combined
chemo-photothermal treatment platform was achieved through the development of a
hybrid nanocarrier system containing a SPIO core and a mesoporous silica shell
embedded with carbon dots and the chemotherapeutic agent paclitaxel interacting
through supramolecular p-stacking and covered by another silica layer [101].
The SPIO core therein served as the MRI probe, whereas the carbon dots operated
both as confocal and two-photon fluorescence imaging probes. Local heating of the
carbon dots under NIR irradiation could be used for photothermal therapy and
additionally led to the release of paclitaxel to generate a synergistic therapeutic
effect.

While most of the SPIO-based multifunctional imaging probes consist of an iron
oxide core structure and a functional shell material, there have also been reports
about the development of inverse architectures with SPIO nanoparticles located on
the outer shell structure. In situ formation of SPIO nanoparticles on the surface of
preformed polypyrrole nanoparticles produced multifunctional polypyrrole@Fe3O4

nanoparticles, where Fe3+ ions are used as oxidizing agents for polymer formation
[94]. In vitro and in vivo studies revealed their functionality as contrast agents for
MRI, infrared thermal imaging as well as photothermal therapy (PTT). Bimodal
superparamagnetic persistent luminescence nanohybrids have been synthesized
with a luminescent chromium-doped zinc gallate oxide core suitable for real-time
optical imaging and USPIO nanoparticles embedded in a mesoporous silica shell to
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enable in vivo MRI with high spatial resolution [90]. Additionally, these particles
can be maneuvered with an external magnetic field, qualifying them for MRI
tracking. Another inverse architecture approach has been achieved through the
development of multifunctional polymer-shelled magnetic air-filled microbubbles,
where SPIO nanoparticles were either physically or chemically integrated into a
poly(vinyl alcohol) shell, generating a dual-modal ultrasound/MRI probe [73].
Neither the physical nor chemical approaches altered the diameter or shell thick-
ness, but embedding the SPIO nanoparticles into the polymeric shell led to rein-
forcement of the microbubble shell, while covalent bonding caused the loss of
connections within the shell structure, leading to softening of the shell. An even
more multifunctional synergistic microcarrier platform was described by Zhang
et al. consisting of a multicomponent magnetic polymer yolk/shell particle struc-
ture, where SPIO nanoparticles are embedded in the outer poly-e-caprolactone shell
layer, comprising an interfacing oil layer and a polymeric core [120]. In addition,
three fluorescent dyes (Nile blue, acridine yellow, and Sudan red G) with varying
hydrophobicities were co-encapsulated (Fig. 6.7). Although this complex structure
seems to require a sophisticated synthetic strategy, it could be synthesized via a

Fig. 6.6 Multifunctional SPIO-encapsulating mesoporous silica nanoparticles, peptide-
Fe3O4@MSNs/DOX, for enzyme-responsive drug delivery and MRI-guided chemotherapy.
a Schematic illustration of the probe structure. MSN = mesoporous silica-based nanoplatforms.
Peptide = Gly-Gly-Pro-Leu-Gly-Val-Arg-Gly-Lys. DOX = doxorubicin. In vivo T2-weighted
MRI images of the tumor region in a mouse b treated with peptide-Fe3O4@MSNs/DOX taken
at 0 h and 3 h after injection and c treated with peptide-Fe3O4@MSNs/DOX and magnet taken at
0 h after injection and after 3 h magnet treatment at the tumor site. The selections show a decrease
in signal intensity in the tumor region treated with a magnet for 3 h. Adapted with permission from
[50]. Copyright 2018 Ivyspring International Publisher
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facile tri-needle coaxial electrospraying process. In vitro dual-modal
ultrasound/MRI and external auxiliary magnetic field (AMF)-enhanced drug
release demonstrated its functionality as a theranostic agent.

6.3.1.2 Other Metal-Oxygen Compounds
Besides iron, there are also other metals forming oxides that are potentially inter-
esting as imaging contrast agents. Manganese-based nanoparticles represent another
class of probes for MRI with positive contrast properties by increasing the signal
intensity of T1-weighted MR images. Manganese has a high spin number in its
bivalent state due to five unpaired electrons, leading to a mechanism for contrast
enhancement similar to other paramagnetic ions such as Gd3+ [70]. Synthetic
approaches towards manganese oxides resemble those of SPIO nanoparticles.
Functionalized magnetic Mn3O4 nanoparticles suitable for MRI could be synthe-
sized by thermal decomposition of metal-organic precursors, also applicable for
Fe3O4 nanoparticles [31]. This method also allowed combination of both man-
ganese and iron ions for the synthesis of MnFe2O4 nanoparticles. Multifunctional

Fig. 6.7 Synthesis of magnetic yolk/shell particles (YSPs) for dual-modal ultrasound/MRI and
external auxiliary magnetic field (AMF)-enhanced drug release. a Schematic illustration of the
applied tri-needle coaxial electrospraying system. b Digital image of the tri-needle nozzle
assembly showing stable jetting behavior. c Schematic illustration of the synthetic procedure for
the fabrication of YSPs. MNP = magnetic nanoparticle, NB = Nile Blue, PCL = poly--
-caprolactone, HAc = glacial acetic acid, SLO = silicone oil, AY = acridine yellow. Adapted
with permission from [120]. Copyright 2017 American Chemical Society

6 Multifunctional Magnetic Resonance Imaging Probes 203



probes thereof could be generated via conjugation of fluorescent rhodamine B dye
and folic acid-targeting folate receptor overexpressing cells onto the
amino-functionalized surface. Inclusion of biomolecules can enhance the biocom-
patibility of such compounds, as was demonstrated in the synthesis of multifunc-
tional polydopamine-coated manganese oxide core/shell nanoparticles [18]. These
nanotheranostic agents functionalized with folic acid and loaded with doxorubicin
allowed MRI-guided synergetic chemo-/photothermal therapy (PTT) by simulta-
neous induction of PTT and drug release via NIR laser irradiation, resulting in a
synergistic combined treatment effect with higher therapeutic efficacy as demon-
strated in both in vitro and in vivo experiments. The integration of other metal ions
was achieved by intrinsic labeling of PEGylated manganese oxide nanoparticles
with 89Zr, enabling in vivo dual-modality PET/MR imaging and lymph node
mapping [119]. Tetravalent manganese was used to develop an intelligent multi-
modal diagnostic nanoagent modulating the tumor cellular defense mechanism [7].
Cu2-xS was grown on PEGylated MnO2 nanosheets followed by siRNA modifi-
cation. After cellular uptake, Mn4+ was reduced to Mn2+ under acidic conditions in
the tumor microenvironment, triggering decomposition of H2O2 into O2 and
enhancing the MRI signal, whereas Cu2-xS functioned as a photoacoustic and
photothermal imaging agent.

As already mentioned, another very important ion for MRI is the highly para-
magnetic Gd3+. Commonly used in single-molecule chelates due to its toxicity as a
free ion, gadolinium can also be integrated into inorganic nanoparticulate forms.
This was demonstrated by the high-temperature solvothermal synthesis of
europium-doped Gd2O3 nanoplates [81]. Subsequent surface functionalization with
a polyacrylate coating followed by controlled conjugation of folic acid and drug
loading with daunorubicin and curcumin led to multimodal fluorescent magnetic
nanostructures suitable for efficient targeted and pH-responsive drug delivery with
high cytotoxic effects. In addition, hybrid nanostructures have been developed on
the basis of gadolinium oxide. Multifunctional Gd2O3/Au nanoprobes were syn-
thesized via a mild one-step biomineralization approach using bovine serum
albumin as a template structure [87]. The resulting hybrid nanostructures were
further functionalized as tumor-targeting probes using RGD peptide and showed
good biocompatibility as well as intense NIR fluorescence and satisfactory MRI
sensitivity in in vivo experiments. Nucleolin-targeting multimodal OI/MRI
nanocomposites were synthesized using PEGylated ultra-small Gd2O3 conjugated
to aptamer AS1411-Ag nanoclusters [53]. Enhanced signal intensity on fluores-
cence and MR imaging could be achieved with optimized ratios of both compo-
nents. High yields of 89Zr-labeled chelator-free metal oxide nanostructures could be
achieved through strong interaction of oxyphilic 89Zr4+ ions with the oxygen atoms
on the surface of ten different PEG-coated metal oxide platforms MxOy (M = Gd,
Ti, Te, Eu, Ta, Er, Y, Yb, Ce, or Mo; x = 1–2; y = 2–5) [16]. The resulting
PET-suitable nanomaterials showed good serum stabilities. Gadolinium
oxide-based materials suitable for MRI enabled dual-modal imaging. In vivo lymph
node mapping was shown to be superior to application of free 89Zr (Fig. 6.8).
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Besides gadolinium oxide, gadolinium vanadates GdVO4 have also been used in
MRI applications. The synthetic approaches resemble those of the previously
described inorganic nanoparticles, such as simple solvothermal synthesis, accom-
panied by Eu3+-dotation [68]. It was found that the europium doping level affects
luminescence properties, with an optimum at 10%. To enable further conjugation of
biologically active molecules, amino-dextran polymer and poly(acrylic acid) were
used to modify the surface with either amino or carboxylate functionalities, resulting
in different colloidal stabilities. These nanoparticles are also suitable for combined
OI/MRI. Other surface functionalization such as amino acids has been shown to
result in effective metabolizability and high biocompatibility of GdVO4:Eu [19].
Additionally, these nanophosphors were well suited for trimodal imaging com-
prising luminescence imaging, MRI, and CT. Abdesselem et al. reported another
possible application of the multifunctional GdVO4:Eu nanoparticles as oxidant
sensors [1]. Superficial Eu3+ is photo-reduced to Eu2+ and re-oxidized by oxidants
such as H2O2, modulating the luminescence emission. It was further demonstrated
that two different synthetic pathways (the so-called “normal” and “citrate” methods)
led to particles with varying contrast performances in MRI and reactive oxygen
species (ROS) detection. A very important point that has to be thoroughly investi-
gated is the toxicity of both free Gd3+ ions as well as VO4

3− ions. As already
mentioned, Gd3+ is highly toxic, which is due to its ionic radius being similar to that
of Ca2+. But also vanadate has been reported to show carcinogenicity with a similar

Fig. 6.8 Chelator-free labeling of metal oxide platforms with 89Zr for PET imaging. a Schematic
illustration of the synthetic procedure. b In vivo lymph node (LN) mapping after local injection of
89Zr-Gd2O3-PEG nanorods and free 89Zr imaged with PET. AX = axillary LN, RE = renal LN,
IL = iliac LN, IN = inguinal LN, PO = popliteal LN. In vivo LN mapping with T1-weighted MRI
c before and d after injection of Gd2O3-PEG nanorods. Adapted with permission from [16].
Copyright 2017 American Chemical Society
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diameter as phosphate, thus binding to phosphate binding sites for example in
signaling pathways [5]. This issue has been taken into account in some designs, and
negligible leaching of Gd3+ and VO4

3− as shown by complexometric titrations could
be demonstrated [1]. Inverse architectural structures have been developed by another
synthetic approach using monodisperse Gd(OH)CO3:Yb

3+/Er3+ particles for tem-
plated outward growth of lanthanide-doped GdVO4:Ln hollow spheres, which were
subsequently filled with poly(acrylic acid) via photo-induced polymerization, fol-
lowed by loading of the anti-cancer drug doxorubicin [38]. Different lanthanides
(Ln = Yb/Er, Yb/Ho, Yb/Tm) were used as dopants, tuning the upconversion cell
imaging properties of the spheres by changing the dopant compositions. In addition,
the spheres are suitable for MRI as well as pH-dependent drug release of doxoru-
bicin, making use of the lower pH in cancer cells to affect the pH-sensitive polymer
core. The utilization of multifunctional poly(L-lysine)-coated europium-doped
NaGd(MoO4)2 nanoparticles only required 5% doping level of europium for a
maximum luminescence efficiency of dual-modal OI/MRI contrast agents [45].
Interestingly, surface functionalization with poly(L-lysine) caused a significant
increase in the magnetic relaxivity value ratio r2/r1, thereby changing the
nanoparticles from positive to negative MRI contrast agents. Effective signal
enhancement for both MRI and OI was also reported for surface coating of
bifunctional europium-doped GdPO4 nanorods using the biocompatible silk fibroin
peptide [20].

6.3.1.3 Other Metal Compounds
Lanthanide doping of transparent Gd3+-based nanoparticles with fluoride as a
counter-ion leads to luminescent multimodal upconverting nanoparticles (UCNPs)
that combine optical and magnetic properties. They can be used for multimodal
upconversion luminescence (UCL) imaging, MRI, and CT due to the highly para-
magnetic gadolinium ions and strong X-ray attenuation properties of lanthanides
[10]. This trimodal approach has been demonstrated with surface functionalized
BaGdF5:Yb/Tm-based nanoparticles that exhibit a specific core/shell structure for
increased UCL intensity [111]. Additionally, a therapeutic component was intro-
duced with a pH-triggered drug carrier module consisting of hydrazine-conjugated
doxorubicin that was cleavable in the acidic environment of tumor cells.

Enhancement of the upconversion efficiency could be achieved via incorporation
of an intermediate CaF2 layer functioning as an internal barrier between the core and
shell structure of citrate-coated NaYbF4:Tm@CaF2@NaDyF4 nanocomposites to
reduce cross-relaxation and surface quenching effects [54]. These nanoparticles were
used for imaging lymphatic nodes in vivo via trimodal UCL, MRI, and CT. A te-
tramodal imaging probe was reported by Sun et al., who described citrate-coated
lanthanide-based upconversion nanophosphors for tumor angiogenesis imaging
[88]. The core structure consisting of NaLuF4:Yb,Tm was surrounded by a
153Sm-doped NaGdF4 shell suitable for UCL, CT, MRI, and SPECT as demon-
strated by in vivo experiments providing detailed information about contrast agent
distribution, tumor angiogenesis, and localization as well as 3D anatomical data
(Fig. 6.9).
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Interestingly, UCNPs such as PEG-coated NaGdF4:Dy were also described as
high-performance T1/T2 dual-weighted MRI and CT imaging probes [36]. This fact
was investigated by Yi et al. in more detail for hybrid lanthanide nanoparticles on
the basis of BaGdF5 hosts [114]. It was shown that adjusting the r1/r2 value can be
achieved by doping the host nanoparticles with Yb3+, Er3+, or Dy3+ (Fig. 6.10).
Through this method, the T1-weighted agent BaGdF5 can be changed into a
dual-weighted T1/T2 contrast agent and eventually a single-weighted T2 contrast
agent. For example, BaGdF5:50% Er was used as a dual-weighted MRI contrast
agent in vivo.

Fig. 6.9 Development of core/shell NaLuF4:Yb,Tm@NaGdF4(
153Sm) nanocomposites for UCL,

CT, SPECT, and MRI. a Schematic illustration of the synthetic procedure. b In vivo tetramodal
imaging of tumor angiogenesis using UCL (1), CT (2), SPECT (3), and MRI (4) one hour after
intravenous injection as well as confocal image of the paraffin section of the tumor (5). (6) shows a
schematic illustration of the set-up. Adapted with permission from [88]. Copyright 2013 American
Chemical Society
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Glioblastoma-targeting UCNPs were developed using lactoferrin and
chlorotoxin-functionalized multifunctional SiO2-coated core/shell NaGdF4:Yb,Er,
Li@NaGdF4 nanocomposites, suitable for dual-modal imaging [113]. These bio-
compatible nanoparticles permeated the blood–brain barrier via receptor-mediated
transcytosis and bound to glioma, showing strong upconversion luminescence and
MRI contrast as demonstrated in rat glioma xenograft model. Taking advantage of
the non-toxic properties of silica, mesoporous silica nanoparticles were used as a
pH-sensitive drug delivery platform, where doxorubicin was loaded into the pores,
which were then locked by ultra-small lanthanide-based NaGdF4:Yb/Tm@NaGdF4
UCNP via acid-labile acetal conjugation on the silica surface [13]. In vitro and
in vivo experiments showed high efficiency for drug release, and passive accu-
mulation of the probes in the tumor region through the enhanced permeability and
retention (EPR) effect was verified with MRI.

Other approaches using various types of iron compounds have been described.
Ultra-small bovine serum albumin-coated gallic acid-Fe(III) nanoparticles were
self-assembled by means of paclitaxel via the hydrophobic effect, enhancing the
MRI performance and tumor accumulation in comparison to the individual

Fig. 6.10 Hybrid lanthanide-based nanoparticles with BaGdF5 as host for in vivo T1/T2
dual-weighted MRI. a Variation of dopants (Dy3+, Er3+ or Yb3+) and doping levels result in a
change in r2/r1 values. b In vitro T1 and T2 phantom images and c their corresponding color
images. All phantom images were acquired on a 1.5 T MRI scanner. d T1- and e T2-weighted
in vivo transverse MRI images of a HeLa cell tumor-bearing mouse before and 3 h after
intravenous injection of BaGdF5:50% Er3+ nanoparticles into the tail-vein and f, g the
corresponding color images. The arrows point to the liver region and the dashed circles highlight
the tumor area, both showing high contrast effects. All in vivo images were acquired on a 1.0 T
MRI scanner. Adapted from [114] with permission from The Royal Society of Chemistry
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Fig. 6.11 Development of functionalized melanin nanoparticles (MNPs) for PET/PAI/MRI
multimodal imaging. a Schematic illustration of the synthetic procedure of 64Cu-Fe-RGD-PEG-
MNP. In vivo imaging of U87MG tumor-bearing mice with b ultrasound (grey) and PAI
(red) before (0 h) and 4 h after tail-vein injection of 64Cu-Fe-RGD-PEG-MNP as well as the
corresponding subtraction image. c Combined small-animal CT (grey) and PET (color) imaging of
coronal (top) and transaxial (bottom) cross-section 2, 4, and 24 h after tail-vein injection of
64Cu-Fe-RGD-PEG-MNP and Fe-RGD-PEG-MNP. d Grey-scale (top) and corresponding
color-scale (bottom) MRI images before and 4 h after teil-vein injection of 64Cu-Fe-RGD-
PEG-MNP and Fe-RGD-PEG-MNP. The yellow circle highlights the tumor area. Adapted with
permission from [25]. Copyright 2014 American Chemical Society. Further permissions related to
this material should be directed to the ACS
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nanoparticles [2]. In addition, the particles allowed combined chemo- and pho-
tothermal therapy for improved therapeutic efficiency. Another targeted platform
for MRI- and photoacoustic imaging (PAI)-guided PTT was reported using Hägg
iron carbide Fe5C2 nanoparticles as magnetic core structures and carbon coating for
NIR absorbance and conversion, thereby enabling PAI and PTT [116]. These
probes were functionalized with the targeted affibody ZHER2:342, generating mul-
tifunctional theranostic agents.

6.3.2 Other Materials for Imaging Probe Design

Due to their high surface functionality and good biocompatibility [3, 40], amor-
phous silica is often used as a coating material to reduce the toxicity of nanopar-
ticles and enable further modification [58, 98]. Silica nanoparticles can thus
function as a platform for surface functionalization, generating multifunctional
probes by combining different entities. For example, nonporous silica nanoparticles
have been coated with gadolinium complexes, fluorescein or Cy5.5 fluorophores,
and cell-penetrating peptides to generate multifunctional OI/MRI probes [37].
Interestingly, in vitro experiments revealed fast cellular uptake of the particles, but
also the formation of large extracellular agglomerates in biological environments,
hindering internalization by cultured cells in vivo and leading to persistent accu-
mulation in the lung, the liver, and to a lesser extent in the spleen. Only very few
reports about the use of such small-molecule-based gadolinium-chelating MRI
contrast agents have been published in recent years. This is probably due to the fact
that gadolinium deposition in the human body has been associated with the
administration of such gadolinium-based contrast agents [79], provoking intense
discussions about the usage of these contrast agents and leading to some FDA- and
EMA-approved contrast agents being restricted. While commercially available
gadolinium-based contrast agent chelators mainly consist of ethylene-bridged
amines functionalized with acetic acids, the fluorescent macrocycle porphyrazine
was used by Yuzhakova et al. to chelate Gd3+ to combine optical and magnetic
properties in one molecule, thereby allowing MR/fluorescence imaging [117].
Furthermore, the aromatic macrocycle can be used as a photosensitizer for photo-
dynamic therapy (PDT). Selective accumulation in the tumor area was demon-
strated by in vivo imaging measurements that showed higher fluorescence signal
and MRI contrast enhancement compared to the surrounding tissue.

The use of biomolecules as a platform for the development of functional
materials offers several advantages such as biocompatibility, bioregenerativity, and
biodegradability. Natural melanin-based nanoparticles were used as the basis of
multimodal imaging probes [25]. The melanin nanoparticles showed native pho-
toacoustic signals and strong binding affinity to metal ions such as 64Cu2+ and Fe3+,
enabling combined PET and MRI (Fig. 6.11). Here, iron was used instead of
gadolinium due to the high toxicity of the latter. Further modification with avb3
integrin-binding cyclic RGD peptide allowed selective tumor targeting as shown by
in vivo experiments.
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Another approach made use of pepino mosaic virus, which was functionalized at
the cysteine side chains via Michael addition and reaction of thiol-selective probes
[48]. Gd-DOTA was conjugated to lysine side chains, and fluorescent Oregon green
288 dyes as well as biotin tags were coupled to cysteines. The resulting nanofila-
ment was suitable for OI/MRI and showed significantly enhanced MRI contrast and
good fluorescence signals.

6.3.3 Multifunctional Probes for 19F MRI

A promising alternative to conventional 1H MRI is the emerging field of 19F MRI.
The only existing natural isotope fluorine-19 has a very low biological background
concentration, thus providing good signal-to-noise ratio and high sensitivity for
exogenous contrast agents, which might be useful to overcome sensitivity problems
of conventional MRI techniques [47, 97]. Perfluorocarbons (PFCs) are often used as
19F MRI contrast agents, which are chemically and metabolically stable due to their
inertness. Because of their low solubility in aqueous solutions, which decreases
with increasing number of fluorine atoms, PFCs need to be encapsulated within a
lipid shell to form a micelle [96]. PFC nanoemulsions allow a wide variety of
possible applications enabled through functionalization of the lipid surface with
different entities such as MRI probes, fluorophores, radionuclides, or drugs.
Additionally, these contrast agents can also be designed to target molecular pro-
cesses on tumor cells.

A simple encapsulation process yielded ICG/perfluoro-15-crown-5-ether (PFCE)
nanoemulsions formed by a PEGylated phosphatidylcholine cholesterol lipid cap-
sule [4]. This bimodal PFC-based contrast agent exhibited less aggregation of the
cyanine dye, thus leading to increased fluorescence intensity and higher in vitro and
in vivo as well as physicochemical stability compared to free aqueous ICG. The
suitability of this probe was efficiently demonstrated through in vivo sentinel lymph
node mapping using simultaneous NIR OI and 19F MRI (Fig. 6.12).

A new methodology to build up 19F MRI probes has been described by Mat-
sushita et al. that allows more facile surface modification [63]. Core/shell silica
nanoparticles consisting of a centered micelle formed by phospholipids and filled
with liquid PFCE and a robust surrounding silica shell showed good biocompati-
bility, sufficient in vivo stability, and high sensitivity in 19F MRI. To enable the
structuring of the silica shell, a novel surfactant was developed, which consists of a
lipophilic alkyl part interacting with the phospholipid layer and a basic pyridinyl
group to initiate the sol-gel process of silica polymerization. In addition, the surface
could be easily modified with rhodamine B dye and PEG, allowing fluorescence
imaging and tumor tissue detection in living mice.
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Fig. 6.12 PFC/ICG nanoemulsions for bimodal NIR OI/MRI. a Schematic illustration of the
synthetic procedure (left) and structure of ICG, PFCE, and the PFC/ICG nanoemulsion (right). In
vivo sentinel lymph node mapping using NIR fluorescence imaging at the indicated time after
intradermal injection of b PGC/ICG nanoemulsions and c free ICG solutions into the right paw of
a mouse. The signal intensity of the nanoemulsions was significantly prolonged compared to the
free ICG solution. d In vivo 1H (left) and 19F MRI (right) after intradermal injection of PFC/ICG
nanoemulsions into the right paw of a mouse. The red circle highlights the sentinel lymph node.
e Ex vivo NIR fluorescence imaging of the dissected lymph nodes 1 h after injection of the free
ICG solution (left) and the PFC/ICG nanoemulsion (right), confirming the in vivo imaging results.
Adapted with permission from [4]. Copyright 2014 Springer
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Encapsulation of the organic dye 4,4’,4’’,4’’’-(ethene-1,1,2,2-tetrayl)tetraaniline
(ETTA) within an oleylamine-functionalized polysuccinimide- and 1H,1H,2H,2H-
perfluorodecyltriethoxysilane-based micelle structure generated multifunctional
19F-loaded nanocomposites with a fluorescent core for bimodal fluorescence/19F
MR imaging [29]. ETTA was used in this case to take advantage of its aggregation-
induced emission properties, leading to significantly increased fluorescence emis-
sion after formation of the agglomerated dye core structure. The conjugation of the
cell-targeting RGD peptide afforded tumor-targeting capability as demonstrated
with both in vitro and in vivo experiments. A completely different approach
described the one-pot synthesis of Cu1.75S nanoparticles with high 19F loading
through encapsulation of PFCE into a silica-coated oleylamine-functionalized
polysuccinimide layer on the particles [11]. These nanoprobes showed good
molecular mobility resulting from the relatively small particle size (*20 nm)
compared to micelle-based 19F MRI probes [96] and the ultrathin polymer coating.
In vivo experiments demonstrated multifunctional applicability including simulta-
neous 19F MRI with strong signal intensity, photothermal imaging, and PTT.

6.3.4 CEST Probes

CEST applications in the biomedical field focus both on metabolites that naturally
occur in the human body and on extrinsic substances suitable for administration as
contrast agents. Different classifications of CEST agents exist. The agents are often
grouped based on their chemical shifts including diamagnetic, these being mostly
endogenous not involving metallic ions (e.g., D-glucose, creatine, glutamate,
L-arginine, salicylic acid, or thymidine), and paramagnetic substances, mostly
exogenous and characterized by the presence of a metallic ion (e.g., paramagnetic
lanthanide, iron, cobalt, and nickel) [64]. To non-invasively image the viability of
encapsulated cells, Chan et al. used L-arginine as a pH-sensitive CEST contrast
agent. In this study, L-arginine-filled liposomes were incorporated inside the cap-
sule and protamine sulfate in the alginate capsule coating as an arginine-rich
cross-linker. As the CEST contrast decreased upon cell death overtime, the capsules
were shown to have potential as an indirect local marker for cell viability
(Fig. 6.13) [8].

In another study employing diamagnetic CEST probes, lipid-based nanocarriers
were co-loaded with barbituric acid (BA) as the contrast agent and the
chemotherapeutic agent doxorubicin (DOX). BA is a heterocyclic pyrimidinetrione
with excellent contrast properties at a frequency of 5 ppm away from water [9].
After intravenous administration of lipid-based nanocarriers in mice bearing
experimental colorectal adenocarcinoma, in vivo CEST imaging was performed.
Tumors in mice co-treated with a proinflammatory cytokine TNF-a, known to
increase the tumor vascular permeability, have shown enhanced accumulation of
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liposomes in tumors and increased CEST contrast (Fig. 6.14). Significant
enhancement in pH sensitivity in physiologically relevant conditions using para-
magnetic CEST probes was described in a recent study. The authors employed an
amine-functionalized dicobalt CEST probe featuring an ancillary amine-substituted
bisphosphonate ligand and exhibiting enhanced pH sensitivity by utilizing the
different pH dependencies of the amine and amide CEST peak intensities [91].

Fig. 6.13 After a selective saturation of the NH protons in L-arginine at 2 ppm, a decrease in the
signal intensity of water (DS) can be seen enabling the measurement of the CEST contrast. The
L-arginine protons inside the capsules exchange (kSW) with the surrounding water protons. When
the pH decreases, kSW is reduced for NH protons in L-arginine, which causes a significant decrease
in CEST contrast. Adapted with permission from [8]. Copyright 2013 Springer Nature
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6.4 Theranostics

Based on pharmacogenetics, proteomics, metabolomics, and biomarker profiling,
theranostics is emerging as a platform for the management of a disease at a
molecular, personalized, patient-specific level. Advanced nanotheranostic systems
are multicomponent individual particles, composed of organic and/or inorganic
materials and often functionalized with biocompatible materials, suitable for both
diagnostic and therapeutic use [82]. Nanotheranostic systems aim at customized,
patient-specific action in terms of diagnosis and treatment in a single platform. Such
an approach enables not only complementary imaging readouts from diseased tis-
sues but also targeted drug delivery and controlled drug release in close proximity
to the tumor, aiming to reduce the profound unwanted effects on the entire organism
that systemically applied chemotherapeutic anti-cancer drugs regularly exhibit.

Fig. 6.14 MRI-traceable diamagnetic CEST liposomes co-loaded with barbituric acid (BA) as the
contrast agent and the chemotherapeutic agent doxorubicin (DOX). a Architecture of BA/DOX
co-loaded diamagnetic CEST liposomes. b CEST contrast MTRasym (asymmetry in the
magnetization transfer ratio) maps at 5 ppm for representative animals before and after treatment
with TNF-a. Adapted with permission from [9]. Copyright 2014. Published by Elsevier B.V

6 Multifunctional Magnetic Resonance Imaging Probes 215



Synthesis of theranostic compounds is limited by many factors, including high
safety standards and difficulties in obtaining favorable pharmacokinetics and
pharmacodynamics and stability under physiological conditions as well as in
achieving surface charge and ligation chemistry solutions compatible with blood
environment, lung passage, and body temperature. Primarily described in the field
of multifunctional gold-based nanoparticles (GNP) and in general applicable for
other theranostic systems, Dykman and colleagues classified the main routes for the
fabrication of multifunctional theranostic nanocomposites into three main groups:
composite/hybrid nanoparticles (enabling diagnostic and therapeutic actions);
nanoparticles functionalized with a set of different molecules using smart biocon-
jugation techniques; and, finally, the combination of these two routes, i.e., addi-
tional functionalization of a composite/hybrid nanoparticle with molecules that
possess different properties, resulting in multifunctionalized composite nanoparti-
cles [21].

In a study by Song and colleagues, bioconjugated plasmonic vesicles assembled
from surface-enhanced Raman scattering (SERS)-active amphiphilic GNP intended
for cancer-targeted drug delivery were described. These vesicles are detectable by
plasmonic imaging and Raman spectroscopy. Here, pH-responsive disassembly of
the plasmonic vesicle was used to achieve the triggering of intracellular drug release
[84]. This approach excellently illustrates the use of external stimuli such as pH to
put disease-specific physiological conditions to use for localized therapy, namely an
acidic extracellular tumor environment and acidic intracellular endocytic
compartments.

A quintuple-modality theranostic nanoprobe based on gold nanostars was
reported in another study, comprising the following functionalities: SERS, MRI,
CT, two-photon luminescence (TPL) imaging, and PTT [59]. The multifunction-
ality of such an approach enables preoperative tumor scanning with MR imaging
and CT, intra-operative tumor detection with SERS and two-photon luminescence,
as well as post-operative PTT.

Design of multifunctional nanotheranostic Fe3O4-MTX@HBc core/shell
nanoparticles was described in a recent study by Zhang et al. Here, methotrexate
was chemically conjugated to Fe3O4 nanoparticles and embedded into a shell of
hepatitis B virus core protein (HBc) virus-like particles. The authors showed the
feasibility of this approach for MRI-guided photothermal chemotherapy of cancer.
In vivo analyses revealed well-defined morphology and good biocompatibility/
biodegradation, with the HBc virus-like particle shell providing a protective effect
to the Fe3O4-MTX nanoparticles against the reticuloendothelial system, as well as
favorable properties as an MRI contrast agent and strong NIR absorption features,
which were shown to be accompanied by enhanced stability and biocompatibility of
the nanodrugs [123].
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6.5 Novel Imaging Approaches

6.5.1 Magnetic Particle Imaging (MPI)

Introduced in 2005, MPI is a promising imaging modality that enables the depiction
of tracers based on magnetic nanoparticles with only limited background contam-
ination. As is the case for other imaging techniques, it has revealed at this early
evaluation stage many beneficial qualities in preclinical settings but also some
challenges. The method does not require ionizing radiation and the expectations
regarding its very high temporal resolution have been fulfilled; however, its sen-
sitivity is inferior to nuclear medicine functional imaging techniques and its cur-
rently reported spatial resolution in the range of 1–5 mm is still seen as one of the
challenges of this technique. Importantly, this method is suitable for the acquisition
of quantitative data, as the strength of the MPI signal is proportional to the con-
centration of the tracer in the field of view [71].

Tracers commonly used are iron oxide-based magnetic nanoparticles (MNP).
MPI tracers usually contain a magnetic core and suitable coating (e.g., dextran or
PEG) that renders them biocompatible and prevents in vivo agglomeration of
particles [42]. Signal generation in MPI is dependent on the response of super-
paramagnetic iron oxide nanoparticles to magnetic fields generated by a unique coil
topology in the MPI scanner. The magnetization response changes upon variation in
the strength and/or direction of the external field. The resulting dynamic evolution
in the magnetic moments of the tracer is summed up and used as the basis for the
three-dimensional visualization of the spatial distribution of the tracer [42, 71].

As a methodology, MPI is currently being scaled up for possible use in humans.
Preliminary studies completed so far in small animals have indicated the applica-
bility of MPI in vascular, oncology, and inflammation imaging as well as in cell
tracking [109]. As a tracer-dependent imaging modality, the fate of MPI will cer-
tainly remain closely connected to the safety profile of the nanoparticles intended
for human use. Due to the need for complementary anatomical information and
co-registration of MPI readouts with CT or MR imaging, hybrid systems will be
desirable.

In a study published by Zheng and colleagues, MPI was employed to monitor
the delivery of mesenchymal stem cells (MSCs) in vivo. MSCs show promising
results in the treatment of various diseases including cardiovascular and neurologic.
Targeted delivery of MSCs to specific tissues is desirable, yet intravenously
administered MSCs commonly end up being entrapped in lung microvessels. In this
study, rats were injected with Resovist-labeled human MSCs (hMSCs) and the
authors noted initial entrapment of hMSCs in the lungs followed by clearance to the
liver, whereas injection of control iron oxide resulted in immediate hepatic and
splenic uptake (Fig. 6.15) [124]. Results acquired using MPI/CT were corroborated
by control optical (fluorescent) and MR imaging.
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In a recent study, the potential of MPI was tested for in vivo detection of stem
cell transplants employing clinically translatable ferumoxytol. Ferumoxytol is an
iron oxide nanoparticle compound consisting of an iron oxide core and a
carboxymethyl-dextran coat, currently approved by the FDA for the treatment of
iron deficiency anemia [67]. Ferumoxytol-labeled mesenchymal stem cells trans-
planted in calvarial defects of mice showed higher MPI signal and higher calculated
iron content than unlabeled MSCs, indicating the possible perspective of MPI for
clinical translation.

Fig. 6.15 MPI/CT coronal reconstructions in rats after intravenous injection of labeled hMSCs
(a, b, d) or Resovist-only (c). Entrapment of labeled hMSCs in lungs a one hour and b 12 days
post-injection as visualized by MPI. c Resovist-only read-out one hour after intravenous injection
as seen by MPI, indicating immediate hepatic and splenic uptake. d Coronal summed intensity
projections of gradual clearance of iron oxide from liver (day 1 to day 12 post-hMSC injection)
using in vivo MPI. Adapted with permission from [124]. Copyright 2016 Ivyspring International
Publisher
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6.5.2 Hyperpolarized Multifunctional MRI Probes

An emerging field in the clinical application of MR spectroscopy (MRS) is the use
of hyperpolarization [43, 66, 72, 80]. With this relatively new technique, several
thousandfold sensitivity enhancement is achieved to overcome the limitations of
conventional MRS. While initially hyperpolarization was used only with gases such
as 3He and 129Xe exhibiting long T1 values, the application to other nuclei like 13C
or 15N has become the subject of many investigations in the recent decade. Mostly,
13C-labeled biogenically occurring substrates such as pyruvate have been subjected
to hyperpolarization, monitoring the metabolic pathway of the downstream prod-
ucts after in vivo injection. These are small molecules that are generated only for
the purpose of MR imaging, and the incorporation of additional functionalities
appears to be challenging considering their short-lived hyperpolarized state and
their susceptible stability. Thus, it is not surprising that only very few reports on the
development of multifunctional hyperpolarized probes for MRI have been pub-
lished. Multimodal approaches using hyperpolarized 13C-labeled metabolites have
only been reported in combination with other modalities applying individual probes
successively. A convenient approach is provided by the combination of
18F-FDG-PET and 13C-pyruvate MRI as demonstrated in various in vivo studies
[30, 32, 65, 76].

Due to the relatively short T1 values of hyperpolarized nuclei, hyperpolarized
probes need to be prepared directly before in vivo application and image acquisi-
tion. Thus, the preparation of hyperpolarized probes generally requires
well-conceived set-ups. For example, Lakshmanan et al. described the development
of biogenic hyperpolarized 129Xe gas-filled protein nanostructures for ultrasound
and hyperpolarized 129Xe MRI [46]. The applied gas vesicles were isolated from
native and heterologous host organisms, followed by purification and functional-
ization with fluorescent and targeting moieties. The sophisticated procedure for
probe preparation and use involved generation of hyperpolarized 129Xe gas through
a xenon hyperpolarizer, introduction of the Xe gas into a solution of the gas
vesicles, and subsequent image acquisition. These multifunctional imaging probes
have been applied in in vitro experiments using chemical exchange saturation
transfer (Hyper-CEST MRI) between vesicle-bound and dissolved xenon.

Zeng et al. reported the development of a mitochondria-targeting fluores-
cence/129Xe-NMR multimodal biosensor for detection of intracellular biothiol
levels [118]. This sensor consisted of a cryptophane A cage host molecule loaded
with 129Xe, a thiol-specific cleavable disulfide bond linker, a fluorescent napthal-
imide group, and a mitochondria-targeting triphenylphosphonium moiety, likewise
increasing the hydrophilic character of the molecule (Scheme 6.1). Non-invasive
detection of abnormal cellular biothiol levels was achieved through cleavage of
disulfide bonds caused by the intracellular biothiols, leading in turn to enhanced
fluorescence signal intensity via intramolecular cyclization and release of the
naphthalimide group as well as a change in the chemical shift of 129Xe. The
behavior of the biosensor was demonstrated in vitro as well as in live cells using
Hyper-CEST NMR, showing good targeting ability to the mitochondria.
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Although these examples show interesting results of in vitro experiments with
multifunctional hyperpolarized MRI probes, further advances towards in vivo
applications still remain challenging.

6.6 Outlook

MR imaging is one of the fastest expanding imaging modalities in both preclinical
and clinical settings due to its good safety profile, unsurpassed soft tissue dis-
crimination, and the possibility for non-invasive functional/physiological charac-
terization of diseased tissues. Although inferior to nuclear medicine methods with
regards to imaging sensitivity, current research in the field of multifunctional
imaging probes is significantly pushing MR imaging forward also in this regard.
Efforts in the development of hybrid imaging methodologies also give constant rise
to numerous extrinsic compounds that yield complementary imaging readouts. The
addition of compounds with therapeutic effects to diagnostic probes, a field
nowadays widely referred to as theranostics, enables local delivery and/or con-
trolled release of the therapeutic. The need for ever-improving solutions for ligation
chemistry during the synthesis of these probes remains one of the core issues to be
resolved. Safety profiles of extrinsically applied agents are often the limiting factor
for intended clinical translation. Largely due to this issue, the extensive research in
this field has not been paralleled by significantly broadened clinical application of

Scheme 6.1 Synthetic route of a mitochondira-targeting fluorescence/129Xe-NMR multimodal
biosensor. Starting with 4-bromonaphthalic anhydride, a fluorescent napthalimide was synthesized
and a cryptophane A cage (129Xe host) as well as a triphenylphosphonium moiety (hydrophilic
mitochondria-targeting group) was coupled. Reprinted with permission from [118]. Copyright
2017 American Chemical Society
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multifunctional MR imaging probes. An optimal multifunctional probe in oncology
will have to fulfill the increasingly stringent criteria for safe use under physiological
conditions in humans, meet expectations for temporal and spatial resolution under
in vivo imaging conditions, and reach sensitivity and specificity sufficient for lesion
detection and characterization before obvious morphological changes. The focus of
the multimodal imaging and multifunctional imaging probes research communities
in the coming years will most certainly remain the linking of morphological
methods like MRI/CT and high sensitivity methods, such as nuclear medicine.
Multidisciplinarity at the forefront of preclinical and clinical research, especially for
bridging the interface between a tissue or a cell on the one side and clinical
diagnostic platforms on the other, is no longer a matter of choice but a conditio sine
qua non.
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7.1 Introduction

Single photon emission computed tomography (SPECT) and positron emission
tomography (PET) are valuable molecular imaging modalities as both are capable
of detecting minute amounts of radioactive tracer [232, 272]. Clinical PET is
currently about 2–3 orders of magnitude more sensitive than SPECT, has a better
spatial resolution, and offers superior quantification. Nowadays, many nuclear
imaging centers possess PET or PET/CT scanners. However, the large infrastruc-
ture that is needed for the production of b+-emitting radioisotopes (e.g., 18F, 11C,
64Cu,68Ga, 44Sc) makes PET an expensive technology. At the moment, an approved
clinical grade generator for PET radioisotopes is only available for 68Ga. Hence, for
routine application SPECT is still the state-of-the-art nuclear imaging modality
because it is less expensive and can make use of a broader array of suitable and
available radionuclides (Table 7.1). Importantly, SPECT imaging is a useful
technology for monitoring targeted radionuclide therapy employing radioisotopes
that emit—concomitantly with the therapeutic radiation—c-rays of suitable energies
for SPECT (e.g., 177Lu, 188/186Re, 67Cu, 131I, 213Bi) [10].

Generally, SPECT radiopharmaceuticals can be classified according to their
biodistribution characteristics. There are those whose tissue distribution is deter-
mined exclusively by their chemical and physical properties and those whose
distribution and accumulation are determined by their specific interaction with a
biological target that is expressed at the site of interest (e.g., tumor-associated
receptor) [24, 157]. Herein we focus on the development and (pre) clinical appli-
cation of target-specific radiotracers. A target-specific SPECT radiopharmaceutical
can be divided into two main parts: a targeting biomolecule and a
c-radiation-emitting radionuclide [157]. In the case of using radiometals as the
radiation source, a bifunctional chelator is needed as an additional component of the
radiopharmaceutical. Thus, a metallic radioisotope is coordinated by a suitable
chelating agent that is conjugated to the targeting agent via a linker entity (Fig. 7.1).
In a rational design of a SPECT tracer, the single components have to be critically
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evaluated in order to achieve a balance among the demands of an adequate target
binding and a rapid excretion.

The majority of diagnostic radiopharmaceuticals currently available in nuclear
medicine make use of metallic radioisotopes. For SPECT imaging, technetium-99m
is the most widely applied radioisotope because of its ideal physical decay prop-
erties and easy availability by a generator system (Table 7.1). Indium-111 is
another SPECT radioisotope frequently used in the clinics where it is often
employed as a surrogate for yttrium-90 analogs since 90Y that is used for thera-
peutic purposes is a pure b−-emitter. In contrast, clinical application of gallium-67
is relatively rare. Non-metallic radionuclides used for SPECT are basically the
isotopes of iodine. Iodine-123 is the preferred isotope for imaging purposes
(Table 7.1) due to its dosimetry and imaging characteristics that are superior to
iodine-131 and iodine-125.

A targeting biomolecule serves as a “carrier” for specific delivery of the
radionuclide to the target-expressing cells of interest. Such biomolecules could be
biomacromolecules like specific antibodies (or antibody fragments) or
small-molecular-weight molecules (e.g., peptides, vitamins, nucleosides). Each
class of targeting agents has its pros and cons for its use in diagnostic nuclear
medicine and for a potential translation to therapeutic applications. Peptide-based
radiopharmaceuticals represent by far the largest group of tumor-targeted nuclear
imaging agents currently in use.

During tracer development, the first steps are based on chemistry and molecular
biology methods such as peptide syntheses, conventional or combinatorial chem-
istry, and phage display techniques for preparation, identification, and isolation of
high-affinity binders to a particular receptor. Determination of the tumor-targeted
radiotracer’s stability in vitro and its ability to bind with high affinity to the target

Table 7.1 Selection of radioisotopes for SPECT imaging (and therapy)

SPECT isotopes Half-life c-Energy [keV]
99mTc 6.02 h 141 (89%)
111In 2.80 d 171 (91%), 245 (94%)
67Ga 3.26 d 93 (39%), 185 (21%), 300 (17%), 394 (5%)
123I 13.22 h 159 (83%)
125I 59.41 d 35.5 (93%)
155Tb 5.32 d 87 (32%), 105 (25%)
197mHg
197Hg

23.8 h
64.1 h

134 (34%)
77 (19%), 279 (6%)

Therapy/SPECT isotopes Half-life b−-Energyaverage [keV] c-Energy [keV]
177Lu 6.65 d 134 (100%) 113 (10%), 208 (10%)
186Re 3.72 d 347 (93%) 137 (9.5%)
188Re 17.0 h 763 (100%) 155 (16%)
67Cu 2.58 d 141 (100%) 185 (49%)
131I 8.03 d 182 (100%) 365 (82%)
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structure on cultured cancer cells are the first requirements in this early develop-
ment stage. The in vitro evaluation is followed by investigations in vivo using an
adequate animal model, typically tumor-bearing small rodents. It is important to
recognize that radiolabeled tumor imaging agents display different biodistributions
and pharmacokinetics in animal models compared to humans due to a different
metabolism, differences in the volume of distribution, and potential cross-reactivity
of the targeting entity with normal tissues expressing the target receptor or antigen

Fig. 7.1 Schematic representation of a biomolecule (targeting vector molecule) that is conjugated
to a radiometal. The bifunctional chelator that is conjugated to the target-specific biomolecule is
necessary for coordination of the radiometal. Two strategies are possible to conjugate the
biomolecules to the chelator and the radionuclide: pre-labeling and post-labeling. After
radiolabeling, the target-specific radiobioconjugate was intraveniously administered, binds to the
tumor cell surface-associated target (e.g., receptor) and allows visualization of target-expressing
malignant lesions via SPECT
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in humans [42]. Significant variability in the tissue distribution of radiotracers
might occur among different animal models (e.g., mice vs. rats) or different animal
strains (e.g., nude mice vs. normal mice). However, small rodents have emerged as
generally the most useful and cost-effective animal models for developing and
evaluating radiotracers and to test new experimental approaches to increase their
localization in tumors. Postmortem biodistribution studies allow the detection and
quantification of a cumulated activity portion in targeted and non-targeted tissues,
and thus the determination of the radiotracer’s pharmacokinetic profile. Collection
of blood and tissue samples for identification of metabolites at different time points
after radiotracer application provides information about the radiotracer’s circulation
time and it is in vivo stability. By increasing the availability of small-animal SPECT
and SPECT/CT scanners in recent years, the process of radiotracer development has
been significantly improved and accelerated while the number of test animals
required has been reduced. Thus, a wide variety of targeted SPECT radiotracers are
currently being developed and preclinically tested for imaging of various tumor
types expressing one or more of the most relevant receptor types [247].

The focus of this chapter is to present general aspects for the design of SPECT
tracers followed by specific examples of recent SPECT imaging agents based on
biomacromolecules like antibodies, antibody fragments, proteins as well as other
small-molecular-weight biomolecules such as peptides, vitamins, or nucleosides
referred to as vector molecules. The examples demonstrate possibilities for opti-
mization of the tracer design by tuning single components of these imaging agents.
Finally, potential causes for failures in SPECT tracer design are discussed.

7.2 General Aspects for the Design of SPECT Tracers

The ideal SPECT tracer exhibits excellent tissue penetration, high affinity to the
target structure, specific uptake and retention in the target cells, and rapid clearance
from non-targeted tissues and organs. In addition, it is highly stable in vivo, easy to
prepare, and safe for human application. These aspects are crucial because injected
radiotracers that are not stable, not bound to the target, or not rapidly excreted
create high background signals resulting in low tumor-to-background contrast, false
positive results, and unnecessary radiation dose burden to the patient [10].

In the case of metallic radioisotopes, a bifunctional chelator is needed that is
covalently linked to a biomolecule [157]. Since the stability of the radiometal
complex is a critical aspect for the success of a radiopharmaceutical, it is important
to choose an ideal chelating system that allows the formation of radiometal com-
plexes of high thermodynamic stability and kinetic inertness [24]. Among the
SPECT isotopes currently in use, technetium-99m is still the workhorse of diag-
nostic nuclear medicine. It is used in the majority of diagnostic scans conducted
each year in hospitals worldwide. The preferred use of 99mTc-radiopharmaceuticals
reflects the ideal nuclear properties of the isotope and, until recently, the convenient
availability from commercial 99Mo/99mTc-generators.
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Technetium is a transition metal that presents a major challenge with respect to
designing radiopharmaceuticals with favorable in vivo properties. In order to link
the radionuclide to a targeting molecule, [99mTc]pertechnetate with Tc in the oxi-
dation state +VII that is eluted from the 99Mo/99mTc-generator must be reduced to
build a complex with an appropriate bifunctional chelating system, most commonly
in the oxidation state +I, +III or +V. The 99mTc(V)-oxo and 99mTc(V)-organohy-
drazino cores are most extensively studied (Fig. 7.2). The 99mTc(V)-oxo-core
generally adopts a square-pyrimidal geometry with the p-bonding oxo-group in the
apical position. The core is stabilized by r- and p-donating groups where amino,
amido, and thiolate ligands as well as tetradentate ligands of the NxS4-x-class have
been investigated [24, 157, 211]. A prominent example of a tetradentate chelator is
the peptide-based chelator mercapto-acetylglycylglyclgylcine (H5MAG3) [150].

An alternative approach is the use of the 99mTc(V)-organohydrazino nicoti-
namide (HYNIC) core that was first introduced by Abrams et al. 20 years ago [1,
250]. The advantages of this system are the facile functionalization of targeting
entities via amide linkage. It has therefore been used for 99mTc-labeling of a variety
of high, medium, and small-molecular weight biomolecules [65, 66, 83, 107, 161,
235, 274, 279, 296]. Since the HYNIC chelator can only occupy one or two
coordination sites on the metal center, co-ligands such as tricine are needed to
complete the coordination sphere of 99mTc [74, 160, 219]. The possibility for
selection of appropriate co-ligands is advantageous for an easy modulation of the
hydrophilicity and pharmacokinetics of the 99mTc-HYNIC-derivatized biomole-
cules. However, the presence of multiple species in solution due to different
bonding modalities of the HYNIC moiety and co-ligands might be problematic for a
commercial development, because of the increasing regulatory hurdles and the
requirements of fully characterized products.

Another, less frequently employed approach is the use of a 99mTc(V)-dioxo-core
coordinated by nitrogen ligands that form octahedral complexes with the oxygens
trans to each other [129]. The group of Nock and Maina made successful use of a
tetraamine chelator for 99mTc-radiolabeling of several peptide-based biomolecules
forming monocationic polar complexes with the 99mTc(V)-dioxo core [171, 205,
207]. The advantages of this radiolabeling strategy include its easy formation at

Fig. 7.2 The most frequently used 99mTc-complexes for radiobioconjugates. a 99mTc(V)oxo core,
b 99mTc(V)dioxo core, c 99mTc(V)organohydrazino nicotinamide (HYNIC) core, and d 99mTc(I)-
tricarbonyl core. M = 99mTc, L = co-ligands
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ambient temperature, its high stability in the biological milieu, and considerable
hydrophilicity.

A completely different 99mTc-radiolabeling strategy has been introduced by the
development of the tricarbonyl technique which offered new opportunities for the
design of 99mTc(I)-radiotracers [6–9, 75, 76, 240, 241]. The water-soluble 99mTc(I)-
tricarbonyl precursor’s aqua ligands are readily exchanged allowing the coordina-
tion of preferentially tridentate chelators that can be modified to provide complexes
with cationic, neutral, or anionic overall charge [92, 174, 194, 216, 240, 251]. In
addition, the tricarbonyl radiolabeling strategy is also accessible for the preparation
of stable radiometal complexes using b-particle-emitting rhenium isotopes
(186/188Re, Table 7.1). Hence, the production of isostructural compounds with the
“matched pair” 99mTc/188/186Re for diagnostic and therapeutic purposes has become
feasible thanks to the tricarbonyl strategy, a feature which is often not fulfilled with
Re(V) complexes [195].

Radiolanthanides (e.g., 177Lu) and lanthanide-like isotopes as well as indium and
gallium are used in the oxidation state +III. They can generally be coordinated by
polyaminopolycarboxy chelating systems. Coordination numbers of lanthanides are
typically between seven and ten whereas coordination numbers of eight or nine are
most common in Ln(III) complexes with polydentate chelators. The
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) chelator emerged
as particularly useful for lanthanide coordination of therapeutic radiopharmaceuti-
cals because of the formation of metal complexes of extremely high thermodynamic
stability and kinetic inertness (Fig. 7.3). In addition, the hydrophilic acetate
chelating arms of DOTA favor a fast clearance of radiotracers from the blood and
non-targeted organs and tissues. Despite the similarities of the SPECT radioisotopes
gallium-67 and indium-111 they are different in size, coordination number, and
charge density. Ga3+ has a small ionic radius (0.65 Å) and the coordination number
is six whereas the ionic radius of In3+ is larger (0.92 Å) and it is seven- or
eight-coordinated in its complexes. The structural differences among Ga and In
complexes might have an influence on the overall tissue distribution of one and the
same bioconjugate as recently exemplified with a somatostatin analog [114].
A higher tumor uptake and a lower kidney retention have been reported for
67Ga-DOTATOC compared to that of 111In-DOTATOC. Whereas DOTA appears
to be an ideal chelator for coordination of lanthanide (radio)isotopes like Lu3+ or
In3+, its coordination cavity is not ideal for Ga3+ as it is too large. On the other hand,
there is a perfect fit between the size of Ga3+ and the coordination cavity formed by
the N3O3 donor atoms of the macrocyclic 1,4,7-triazacyclononane-1,4,7-triacetic
acid (NOTA) chelator [157]. Consequently, a higher thermodynamic stability
constant has been found for Ga-NOTA complexes compared to those of
Ga-DOTA-complexes [67]. In some cases, open chelating systems are more
favorable than macrocycles because they are capable to form radiometal complexes
at ambient temperature which is particularly important for temperature-sensitive
targeting agents. Examples are variable versions of diethylenetriamine pentaacetic
acid (DTPA, CHX-A″-DTPA, etc., Fig. 7.3). DTPA is one of the most commonly
employed acyclic ligands in radiochemistry useful for coordination of 111In, 67Ga,
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and radiolanthanides. For 111In-complexation DTPA emerged as the ideal chelating
agent [173].

In addition to the bifunctional chelator’s function for stable coordination of the
radiometal, the linker entity is important for conjugation with the biomolecule and
might influence the overall pharmacokinetics of the radiopharmaceutical. By
affecting the biomolecule’s lipophilic or hydrophilic characteristics the linker sys-
tem can serve for controlling its in vivo behavior. Thus, the nature of a bifunctional
chelator in terms of geometry, lipophilicity, and overall charge plays a crucial role
in determining the biodistribution of (tumor-) targeted radiopharmaceuticals [24].

Functionalization of amino acid side chains (e.g., lysine, cysteine) with chemi-
cally reactive probes of bifunctional chelators is a largely uncontrolled random
process that results in a heterogeneous mixture of conjugates modified at variable
sites. A considerable advantage of small-molecular weight biomolecules (e.g.,
peptides and vitamins) is the fact that derivatization with a bifunctional chelating
agent can be governed by specific chemical reactions that yield a single, clearly
defined species. In contrast, loss of binding affinity is of concern during the process
of antibody derivatization because modification of the Fab region (antigen-binding
site) can possibly have deleterious effects on the target binding of the protein. Both
loss of binding activity to the target and overlabeling effects are highly undesired
processes because they result in unwanted background radiation and unspecific
accumulation of the antibody radioconjugates in the liver. For this reason, recent
endeavors were undertaken for the development of site-specific derivatization via
enzymatic reactions that are selective for a particular amino acid [128, 185] or sugar
residue [34] at a specified site of the antibody.

Since small-molecular-weight molecules are usually stable at a broad range of
temperatures and pH values, the radiolabeling procedure is mostly smooth and
quantitative. In contrast, proteins are generally sensitive to elevated temperatures.

Fig. 7.3 The most frequently used macrocyclic (DOTA, NOTA) and acyclic (DTPA) chelators
for complexation of radioisotopes for SPECT imaging (e.g., 111In, 67Ga) and combined
therapy/SPECT imaging (e.g., 177Lu)
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Thus, commonly applied methods for radiometal-labeling of proteins are
time-consuming due to the low reaction temperature applicable. To overcome this
drawback, pre-labeling strategies have been proposed allowing the preparation of
radioimmunoconjugates within a shorter period of time while preventing the risk of
affecting the antibody’s scaffold under possibly harsh conditions needed for direct
radiolabeling strategies [153, 302].

7.3 Peptide-Receptor Radionuclide Imaging

Since receptors for regulatory peptides are overexpressed in a variety of human
cancers, it is a prominent strategy to use radiolabeled analogs of these physiolog-
ically occurring peptides for tumor-targeted nuclear imaging. Advantages of using
peptides are their good tissue penetration, a fast clearance, and minimal immuno-
genicity [247]. Small peptides of usually less than 40 amino acid residues are easily
accessible through solid-phase peptide synthesis. Their tolerance toward bulky
modification and resistance toward harsh chemical conditions that are sometimes
inevitable during radiolabeling procedures are further advantages. Importantly, a
formulation of a radiolabeled peptide consists of identical molecules with a
well-defined structure. Clearly, the most outstanding example of success in the field
of peptide-based diagnostic and therapeutic nuclear medicine has been the use of
somatostatin analogs for targeting the somatostatin receptor [144].
Somatostatin-derived tracers designed to image somatostatin receptor subtype 2
(sst2)-expressing tumors have enjoyed almost two decades of successful preclinical
development and extensive clinical application. This example has paved the path
for further exploration of radiolabeled peptides targeting other tumor-associated
receptors such as gastrin-releasing peptide receptors, neurotensin receptors, or
cholecystokinin receptors [29, 225].

7.3.1 Somatostatin Analogs

The prototypes of radiolabeled peptides for SPECT imaging are the somatostatin
analogs commonly labeled with 111In or 99mTc. Somatostatin receptors are over-
expressed on neuroendocrine tumors including pituitary adenomas, pheochromo-
cytomas, paragangliomas, neuroblastomas, and medullary thyroid cancers. From
the five subtypes of somatostatin receptors belonging to the G-protein coupled
receptors, subtype 2 is the most widely overexpressed form in neuroendocrine
tumors. In the beginning of their development, somatostatin analogs suffered from
rapid degradation in vivo. Such limitations have been overcome by stabilization
strategies through the development of synthetic peptides. Peptides of high chemical
stability became accessible by introduction of D-amino acids or other unnatural
amino acids at known cleavage sites, cyclization, or modification of C- and
N-termini via amidation, reduction, alkylation, or acylation [247]. The clinically
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approved 111In-labeled DTPA0-octreotide (OctreoScan) has proven to be a suc-
cessful and versatile molecular imaging agent (Figs. 7.4 and 7.5). The most fre-
quently used DOTA-coupled, somatostatin-based peptides are [DOTA0, Tyr3]-
octreotide and [DOTA0, Tyr3, Thr8]-octreotate usually referred as DOTATOC and
DOTATATE (Fig. 7.4). These analogs have also been successfully employed for
therapeutic purposes when radiolabeled with particle-emitting radioiosopes (e.g.,
177Lu, 90Y). Several sst2-binding somatostatin analogs are currently used in the
clinic. Further research projects are focusing on the development of new and
improved somatostatin analogs with a broader receptor subtype affinity profile.
Such compounds would extend the range of targeted cancer candidates and increase
the net tumor uptake when several receptor subtypes are expressed on the same
tumor cell [112, 184].

Although [111In]In-DTPA-(D-Phe1)-octreotide proved to be reliable for the
detection of neuroendocrine tumors (NET), the potential clinical advantage of
99mTc-labeling in comparison to radiolabeling with 111In led to the development of
99mTc-labeled somatostatin analogs. [99mTc]Tc-EDDA-HYNIC-TOC (99mTc-Tek-
trotyd) is a radiopharmaceutical indicated for diagnosis of tumors with overex-
pression of SSTR, especially subtype 2 (SSTR2) [15, 90, 143, 285].

The complex formation requires the use of a coligand such as tricine or
ethylenediamine diacetic acid (EDDA). The coordination mode of HYNIC with
99mTc is not known exactly. Usually, a monodentate “end-on”-N=N- coordination
is proposed (Fig. 7.4).

The generally high kidney uptake of radiometallated peptides due to their
reabsorption in the renal proximal tubules is a drawback for peptide-based tumor
targeting as it may lead to reduced contrast and quality of diagnostic imaging and
damage radiosensitive kidneys if applied for therapeutic purposes [104]. Thus,
several strategies to reduce tubular reabsorption of peptidic radiotracers have been
investigated. One strategy relies on the chemical modification of the peptide with
entities or overall charges that would potentially reduce renal uptake. A successful
example of such modification is given by the work of Schwaiger and co-workers
who developed 125I-somatostatin analogs modified with carbohydrate entities [248,
305]. Glycation modified the physicochemical behavior of the radiotracers in that
pharmacokinetics were significantly improved as shown by reduced hepatic uptake
and biliary excretion and a rapid clearance from the circulation via the kidneys
without increasing renal accumulation of radioactivity. Another approach is based
on the administration of additional substances for potential inhibition of peptide
reabsorption. In this respect the co-infusion of the cationic amino acids lysine and
arginine is the most prominent example since this combination successfully reduced
renal accumulation of radiolabeled somatostatin analogs in preclinical studies [31,
61, 294] and in patients [111, 229].

Originally, it was proposed that peptide agonists that are efficiently internalized
into receptor-expressing cancer cells would be the best candidates for tumor
imaging [48]. However, the two somatostatin analogs 111In-DOTA-sst2-ANT and
111In-DOTA-sst3-ODN-8 showed extremely high tumor accumulation despite
being receptor antagonists [100]. It could be shown in vitro that a more than 15-fold
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diagnosis and therapy of somatostatin receptor-positive cancer diseases. a DTPA0-octreotide,
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increased number of binding sites per cell were accessible for antagonists compared
to their agonist analogs and in addition slow ligand dissociation from the receptor
was determined. These findings attracted the attention of many research groups and
led to the development of further sst2-binding somatostatin-based antagonists. The
studies confirmed that high-affinity somatostatin receptor antagonists that poorly
internalize in tumor cells exhibit improved tumor-targeting characteristics than
corresponding agonists. The fact that this phenomenon was found not only for
sst2-selective compounds but also for sst3-selective compounds suggests that this
phenomenon is valid for more than just one particular receptor [47].

Fig. 7.5 Scintigraphy [multiple planar spot views, anterior a and posterior b of the head/neck (1),
thorax (2), and abdomen (3)] performed 24 h after injection of 111In-octreotide (OctreoScan;
Covidien, Petten, the Netherlands) in a patient diagnosed with a well-differentiated endocrine
carcinoma (carcinoid) with lymphogenic spread in the abdomen and supraclavicular and multiple
metastatic lesions in the liver and lungs. The images have been kindly provided by J.J.M.
Teunissen (MD, Ph.D.), Erasmus Medical Center, Rotterdam, The Netherlands
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7.3.2 Bombesin Analogs

The bombesin receptor family comprises four receptor subtypes whereof the
gastrin-releasing peptide (GRP) receptor or bombesin receptor subtype 2 (BB2) has
been studied most thoroughly [268, 269]. The impetus for targeting the GRP
receptor is based on the fact that a variety of human tumors overexpress GRP
receptors including prostate, breast, and small cell lung cancers [106, 177, 187,
256]. The development of 99mTc- and 111In-bombesin analogs has been the focus in
recent years in many research laboratories (Table 7.2) [20, 206, 288]. De Barros
and colleagues presented a BBN-kit using HYNIC and EDDA as chelating source
for 99mTc [59]. A detailed summary was published by Moreno et al. in 2016 [188].
The tricarbonyl technique, which was developed in view of the opportunity to use
99mTc and 188Re as matched pair for diagnosis and therapy [6, 242], has been
employed most extensively for radiolabeling of bombesin analogs [85, 86, 91–93,
145, 226, 230, 251, 266, 267, 317]. A drawback of this strategy is, however, the
fact that the most 99mTc/188Re-tricarbonyl-based bombesin derivatives are pre-
dominantly cleared via the hepatobiliary excretion pathway because of the tricar-
bonyl’s inherent lipophilicity [64]. Increasing the hydrophilicity of radiolabeled
GRP-targeting peptide conjugates is necessary because accumulation of radioac-
tivity in the liver and intestinal tract would compromise their capacity to effectively
image solid tumors and metastatic lesions in the abdomen. This has been accom-
plished, for example, by introduction of “innocent” peptide sequences such as
polylysine, polyglycine, or polyaspartic acid residues [159]. Additionally, it was
shown that the introduction of a polar serylserylserine spacer into 99mTc-tricarbonyl
pyrazolyl bombesin analogs resulted in a longer retention time of the radiotracer in
the tumor tissue compared to analogs with more lipophilic linker entities consisting
of b-alanine or triglycine [12]. Based on the promising results experienced with
somatostatin analogs conjugated to carbohydrates [230, 248, 305], glycation of
bombesin tracers was approached with the aim to increase their overall
hydrophilicity [251]. In this respect Garcia et al. tested three different bombesin
analogs in vitro and in vivo. One of the derivatives was modified with a linker
bearing a lysine that was coupled to the glycomimetic shikimic acid at the e-amino
group. Another bombesin derivative was glycated via an Amadori rearrangement
and the third compound was a bombesin analog derivatized with an azido-glucose
that was connected to an alkyne-functionalized linker entity via the Cu-catalyzed
click reaction (Table 7.2). The introduction of polar carbohydrates had no negative
effects on the in vitro stability and the internalization or efflux profile of the
radiotracers in cultured tumor cells. In contrast, these modifications led to a sig-
nificant reduction in abdominal radiotracer accumulation, a clearly higher tumor
uptake, and thus improved tumor-to-background ratios in vivo. The best results
were obtained with the bombesin analog modified via a “click” reaction that con-
tained a triazole-coupled glucose entity. The tissue distribution could be clearly
ameliorated as demonstrated via SPECT/CT imaging studies where the tumor
uptake was shown to be increased (Fig. 7.6).
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On the other hand accumulation in the liver was significantly reduced. Despite
the higher kidney uptake found for the carbohydrated bombesin analogs at early
time points after injection, this decreased rapidly with time indicating that the
radiotracers were not trapped in the renal tissues. By this example, the strategy of
radiotracer glycation has been demonstrated as a potent method to increase the
overall hydrophilicity of a tracer and thus to improve the tissue distribution.

Based on the advantages of using trivalent radiometals for preparation of
site-directed diagnostic/therapeutic radiopharmaceuticals [98, 268], interest has
been sparked into the synthesis and biological evaluation of trivalent radiometalated
bombesin derivatives using radioisotopes such as 111In or 177Lu (Table 7.2) [37, 62,
121, 127, 265]. One such example is the bombesin analog referred to as
DOTA-AMBA useful for both diagnostic and therapeutic purposes [119, 146, 168].
Also, a so-called pan-bombesin analog has been designed with the special char-
acteristic of displaying high affinity to all three bombesin receptor subtypes pos-
sibly allowing a broader field of application [320].

The majority of research efforts into the design of bombesin-based radiotracers
have been performed by using GRP receptor agonists. Such bombesin analogs
undergo receptor-mediated endoctytosis enabling residualization of the attached
radiometal within the targeted tumor cell. However, 99mTc-demobesin-1 is a potent
antagonist, which clearly exhibited high affinity to the GRP receptor even though
significant internalization into PC-3 prostate tumor cells was not observed. This
radiotracer allowed imaging of PC-3 tumors in mice with higher
tumor-to-background contrast compared to the best available agonist analog [178,
205]. Furthermore, an improved quantification of the beta cell mass after pancreas
visualization was accomplished with 99mTc-demobesin-4 combined with a beta cell

Fig. 7.6 SPECT/CT images of PC-3 tumor-bearing mice 1.5 h after injection of a 99mTc(CO)3-
(NaHis)Ac-bAla-bAla-[Cha13,Nle14]BBS(7–14)-NH2 (control compound) and b 99mTc(CO)3-
(NaHis)Ac-Ala(NTG)-bAla-bAla-[Cha13,Nle14]BBS(7–14)-NH2, (

NTG = N-linked triazole-linked
glucose). T = tumor, L = liver, I = intestines [251]
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imaging with 111In-exendin-3 in rodents [289]. Thus, endeavors were directed also
toward the development of bombesin antagonists. Recently, superior imaging
properties of the 111In-radiolabeled bombesin antagonist RM1 over the agonist
111In-DOTA-AMBA have been demonstrated [172]. Whether or not bombesin
antagonists are also favorable over agonists for therapeutic purposes remains to be
investigated.

Dual receptor-targeted probes based on BBN and RGD-peptides combining an
integrin avb3 and GRPR-targeting peptide were developed, e.g., for breast cancer
imaging as alternative to ultra sound [49, 125, 126]. They found that this imaging
technic is a useful alternative to US but cannot replace US. Furthermore, a
99mTc-labeled RGD-BBN peptide was used to image lung carcinoma (Lewis lung
carcinoma (LLC), U87MG human glioma, and PC-3 human prostate cancer cells)
in a small-animal model. It was possible to detect subcutaneous and pulmonary
metastatic Lewis lung carcinomas and to distinguish tumor from inflammation
using 99mTc-RGD-BBN [164]. Other attempts dealt with the connection of shep-
herdin (79–87) to BBN as an inhibitor of the survivin-Hsp90 interaction and Hsp90
ATPase activity [86]. To use the therapeutic impact, 99mTc has to be located at the
nucleus of the cells. For this purpose, BBN was connected to the TAT (49–57)
peptide and radiolabeled with 99mTc with N2S2 as chelating moiety [237]. Cell
binding and proliferation were tested showing an efficient internalization to PC-3,
MDA-MB231, and MCF7 cells with a significant reduction in the cell proliferation.

7.3.3 Neurotensin Analogs

Neurotensin (NT) is a linear tridecapeptide that can be found in the central nervous
system and in peripheral tissues. Among the three NT receptors (NTR), NTR1 has
been found in several neuroendocrine tumor types. Of special interest are exocrine
pancreatic carcinomas that overexpress NTR1 with an incidence of 75–88% [224].
Thus, several studies focused on the development of NT analogs for radiolabeling
with SPECT radionuclides such as 99mTc [94, 95, 170] and 111In [11, 63]. Similar to
other small neuropeptides, neurotensin is rapidly metabolized in plasma by
endogenous peptidases. Thus, neurotensin analogs which are stabilized at one or
more of the three potential cleavage sites were developed. In this respect, the
research group of Maina and Nock developed several 99mTc(V)-neurotensin ana-
logs, referred to as 99mTc-demotensin, employing amino acid substitutions and/or
reduction in the amide bond Arg8/Lys8-Arg9 to the corresponding amine [170, 207].
Garcia and co-workers reported the biological evaluation of neurotensin analogs in
which two of the three cleavage sites have been stabilized [39, 95, 169]. These
interventions allowed the preparation of neurotensin analogs of high plasma sta-
bility, affinity to the NTR1 in the nanomolar range, and significant tumor uptake in
preclinical and clinical studies. A promising candidate is the 99mTc radiolabeled
peptide (Na-His)Ac-Arg-(N-CH3)-Arg-Pro-Tyr-Tle-Leu (99mTc-NT-XII), which
has been stabilized at the cleavage sites 8–9 and 11–12. Other than in the case of
bombesin derivatives (see Sect. 7.3.2), the introduction of a glycomimetic entity
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(shikimic acid) coupled to the side chain of an additional lysine residue did not
result in an improved tissue distribution of the radiotracer. Although the expected
lower kidney and liver uptake could be achieved, both the receptor affinity and the
tumor uptake were unfavorably reduced. Recently, the group of Garcia reported the
evaluation of a 99mTc(CO)3-neurotensin analog, 99mTc-NT-XIX, modified at all
three cleavage sites [94, 95]. Despite a slight decrease in receptor affinity and a
lower rate of internalization, the in vitro and in vivo stability of this novel
radiopeptide has been significantly increased (Table 7.3).

This example of a triple-stabilized neurotensin analog demonstrates the impor-
tance of the radiotracer’s metabolic stability to increase its accumulation in the
tumor tissue which was—in the case of 99mTc-NT-XIX—even able to compensate a
slightly lower receptor-binding affinity. The clearly improved tumor-to-background
contrast of 99mTc-NT-XIX over 99mTc-NT-XII could be visualized by SPECT/CT
imaging (Fig. 7.7). Thus, the development of neurotensin 99mTc-radiotracers, where
single-amino acids have been substituted for peptide stabilization, is an example for
optimization of a radiotracer’s tissue distribution by increasing its in vivo stability.

7.3.4 Other Peptide-Based Radiotracers

Beyond somatostatin and GRP receptor targeting with bombesin and neurotensin
analogs, many other regulatory peptide receptors are overexpressed on a variety of
tumor types. Thus, peptide analogs in various stages of preclinical or clinical
development include derivatives of cholecystokinin-2 (CCK-2) [60], glucagon-like
peptide-1 (GLP-1) [138], neuropeptide Y (NPY) [322], and Arg-Gly-Asp
(RGD) peptides [246] among others. CCK-2 receptors are expressed in medul-
lary thyroid cancers. Initial gastrin-ligands for CCK-2 receptor targeting comprising
a DTPA-DGlu-chelator showed unfavorable tumor-to-kidney ratios of radioactivity
accumulation and were therefore not developed further. New gastrin derivatives
lacking the glutamate-moiety showed excellent CCK-2 receptor affinity and lower
renal retention in a rat AR42J tumor model [103]. Recently, it was found that

Table 7.3 Stability and affinity of different radiolabeled NT analogs [94]

Analog Amino acid sequence In vitro stability In vivo
stability

Affinity

Plasma HT-29 Blood Kd (nM)
99mTc-NT-II (Na-His)

Ac-Arg-Arg-Pro-Tyr-Ile-Leu
5.6 min n.d. <1 min 0.3 ± 0.2

99mTc-NT-XII (Na-His)Ac-Arg-(N-CH3)-
Arg-Pro-Tyr-Tle-Leu

21 d 6.5 h 0.75 h 2.0 ± 1.6

99mTc-NT-XIX (Na-His)Ac-Arg-(N-CH3)-
Arg-Pro-Dmt-Tle-Leu

28 d 2.4 d 1.40 h 15.0 ± 9.2

The modifications in the binding sequence are marked in bold
(Na His)Ac Retro[Na-carboxymethyl-histidine], Tle tertiary-leucine, Dmt dimethyltyrosine, n.d. not
determined
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GLP-1 receptors are highly overexpressed in virtually all insulinomas and gastri-
nomas [138]. Metabolically more stable GLP-1 congeners referred to as exendin-3
and exendin-4 have been derivatized with a DTPA or DOTA chelating system for
radiolabeling with 111In or lanthanide radioisotopes. Remarkable tumor targeting
was found in a human patient while employing 111In-DOTA-exendin-4 [51]. NPY
analogs are of interest because of the frequent overexpression of NPY receptors in a
variety of tumor types including breast cancer. A recent article reports on the
synthesis and evaluation of a large number of NPY analogs where a
DOTA-derivatized compound radiolabeled with 111In performed as a potent
radiotracer [322]. However, the in vivo studies with this tracer showed only a low
tumor uptake whereas radioactivity retention in the kidneys was extremely high.
RGD peptides that do not belong to the group of regulatory peptides are of par-
ticular interest for targeting integrin receptors such as the amb3 integrin. This
integrin subtype is strongly expressed on activated and proliferating endothelial
cells during tumor angiogenesis and metastasis but is not readily detectable in
resting endothelial cells and most normal organs. Thus, a variety of RGD-peptide
analogs for targeting amb3 integrins have been developed and the promising
potential of RGD-based radiotracers for SPECT radio imaging has been shown
[246]. To enhance binding affinity for the amb3 integrin, various multivalent cyclic
RGD-based peptides have been developed. All oligomeric peptide probes bound
more strongly to the target cells than the monomeric RGD peptide in an integrin
amb3-positive U87MG xenograft mouse model (Fig. 7.8) [260, 299].

Through RGD peptides the advantage of multivalent tumor-targeting agents over
monovalent agents has been demonstrated. Most likely, the employment of the
multimer-strategy also improves tumor-targeting properties of non-RGD-based
peptides. Accordingly, investigations of divalent and multivalent peptides are
ongoing for targeting of many of the tumor-associated receptors mentioned above,
among those imaging agents for targeting the CCK-2 receptor [271] and somatostatin

Fig. 7.7 SPECT/CT images of HT-29 tumor-bearing mice 1.5 h after injection of
a 99mTc-NT-XII and b 99mTc-NT-XIX. T = tumor, L = liver, I = intestines [94]
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receptor [312]. Also, the strategy of using dual tumor-targeting agents that combine
targeting ligands for two different receptors (e.g., integrin and GRP receptor) might
improve the radiotracer’s diagnostic utility and applicability [162, 163].

7.4 Antibodies and Antibody Fragments

Another approach of nuclear imaging is the use of radiolabeled antibodies that
target-specific cell surface antigens. Radioimmunoimaging has been traditionally
developed in parallel with radioimmunotherapy for the evaluation of the antibodies’
targeting properties and for dosimetry. Common tumor-associated targets for
radioimmunoimaging (and -therapy) are epidermal growth factor receptors (EGFR)
[281, 309], the carcinoembryonic antigen (CEA) [123], the prostate-specific
membrane antigen (PSMA) [152], cluster of differentiation antigens (e.g., CD20),
the pancarcinoma antigen (TAG-72), and the HER2 receptor among others. In
addition, a number of angiogenesis markers—protein antigens expressed either on
blood vessels or in the adjacent matrix of vessels—have been characterized as
targets for selective delivery of antibodies to the tumor neovasculature [36].
Examples are the fibronectin extra-domain B (EDB) [204], the integrin avb3 [217],
the vascular endothelial growth factor (VEGF) [38], and annexin A1 [209].

Potential concerns for radioimmunodiagnosis and strategies for optimization
have been summarized in several review articles [41, 42, 293]. The main disad-
vantage of antibodies, namely their immunogenicity, could be largely overcome by
the application of humanized antibodies that evade the immune system and are

Fig. 7.8 Chemical structure of DOTA-3PEG4-RGD dimer [158, 259]
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resistant to degradation. However, the slow vascular clearance (days to weeks) of
antibodies as a consequence of their high-molecular-weight (IgG antibod-
ies: *150 kDa) and the low tissue penetration are generally disadvantageous for
radioimaging because of the resulting low target-to-non-target contrast at early time
points after administration. Although it is generally accepted that antibodies are not
the preferred biomolecules for nuclear imaging, the application of antibody frag-
ments for SPECT has been successfully exemplified. Similar to peptides, antibody
fragments are rapidly cleared from the blood and from non-targeted tissues. The
results thereof are higher tumor-to-background ratios compared with intact anti-
bodies and a lower radiation absorbed dose in non-targeted tissues and organs.
A reduced percentage of injected doses of radioactivity in the tumor tissue and
higher radiation doses in the kidneys are also consequences of the reduced size of
antibody fragments [42].

Efforts have been directed toward the development of antibody fragments such
as F(ab′)2, F(ab′) and single-chain Fv (scFv) fragments to achieve faster clearance
from the blood and in addition a better tumor penetration [313, 314]. Application of
high-affinity scFv resulted in a relatively high tumor uptake combined with a rapid
blood clearance and hence favorable targeting ratios [27]. Multimers of antibody
fragments may result in improved tumor localization compared with monomeric
species as a result of higher affinity and slower blood clearance [134].

Another approach to achieve improved pharmacokinetics is the pretargeting
strategy. Pretargeting involves an initial targeting agent, which itself can be bound
by secondarily injected agents. Secondary agents are either quickly clearing
radiotracers that bind the initial agent with high affinity [102, 151, 213, 249, 273] or
“chase” reagents that clear an unbound radiolabeled antibody in circulation [135].
The pretargeting approach is, however, not commonly applied for SPECT. In
contrast, this strategy is much more favorable for radioimmunotherapy in order to
reduce the radioactive dose burden to the bone marrow and thus to avoid potential
hemotoxicity of long circulating antibodies labeled with particle-emitting
radioisotopes.

Radioimmunoimaging is of particular interest to evaluate a potential application
of antibodies for targeted radionuclide therapy by interchanging a diagnostic with a
therapeutic radioisotope of similar chemical characteristics (e.g., 111In and 90Y) or
using a therapeutic radionuclide that emits concomitantly with therapeutic radiation
also diagnostic c-rays of a suitable energy for SPECT (e.g., 177Lu, Table 7.1). The
most prominent example of an antibody employed for radioimmunotherapy is
ibritumomab tiuextan (Zevalin), a 90Y-radiolabled monoclonal anti-CD20 antibody
for the treatment of non-Hodgkins lymphoma. Its 111In-radiolabeled counterpart is
usually administrated prior to therapy for detection of receptor-positive malignant
tissue via SPECT imaging and for dosimetry.
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7.4.1 Targeting Fibronectin Extra-Domain B: Antiangiogenic
Antibody Fragment L19

Angiogenesis is an underlying process in many human diseases, including cancer.
An established target in this respect is the extra-domain B of fibronectin (EDB), a
domain of 91 amino acids, which is typically inserted in fibronectin molecules at
sites of tissue remodeling but not in fibronectin molecules under normal conditions.
Thus, the expression of EDB has been shown in malignant tumors but not in
healthy tissues [315]. The Neri group has isolated a number of human monoclonal
antibodies to EDB [43, 204, 215]. The human antibody fragment, scFv(L19) dis-
played subnanomolar affinity to EDB and has been shown to efficiently localize on
tumoral neovasculature in animal models [68]. Importantly, the 123I-labeled dimeric
L19 antibody fragment L19(scFv)2 has been evaluated for targeting primary tumors
and metastatic lesions in cancer patients through immunoscintigraphy [236]. This
clinical study was performed with 20 patients whereof the majority had colorectal
or lung cancer. It could be demonstrated that the antibody 123I-L19(scFv)2 selec-
tively accumulated in malignancies and allowed distinguishing among actively
growing and quiescent lesions. Another Phase I/II clinical immunoscintigraphy
study used 123I-L19(scFv)2 in patients with head and neck squamous cell carcinoma
[32]. It was observed that for head and neck scintigraphy, iodinated antibodies have
severe disadvantages. Although the thyroid gland was protected by competitive
application of non-radiactive iodide, there were substantial artifacts in this area in
all cases as a result of the uptake of liberated free iodide that was always present to
a certain degree. Since dehalogenases are present in the salivary glands, free iodide
also gave a high background in the 4 h postinjection scintigraphy in the parotid and
submandibular glands as well as in the minor salivary glands of the oral and nasal
mucosa. Although the 123I-L19(scFv)2 is probably less suited as a diagnostic
imaging modality for head and neck cancer, L19(scFv)2 offers a general potential to
be used as a tumor-targeting agent for both diagnostic and therapeutic purposes.
Because neovasculature and tissue remodeling are required for the growth of all
aggressive solid tumors, imaging approaches that use angiogenesis markers can be
used for different types of cancer. An advantage of this strategy might be the fact
that noninvasive imaging of angiogenesis via EDB fibronectin targeting allows the
discrimination between quiescent and actively growing lesions.

7.5 Vitamin-Based Radiotracers

The use of small-molecular-weight targeting compounts is favorable to surmount
the drawbacks of long circulation times and thus poor tumor-to-background con-
trast as well as possible immunogenicity encountered with antibodies. In this
respect the application of vitamins as targeting agents provides several advantages:
vitamins are small in size, inexpensive, relatively easily amenable for chemical
modification, and non-immunogenic. Rapidly dividing cancer cells have an
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increased demand for certain vitamins such as folates, vitamin B12 (cobalamin),
biotin, and riboflavin. These B-group vitamins are required for cell survival and
proliferation because they act as co-enzymes of biochemical reactions that are
essential for the synthesis of amino acids and for nucleotide bases [233]. The most
thoroughly investigated vitamin to be used as tumor-targeting agent is folic acid.
The utility of folic acid conjugates has been widely exemplified in a variety of
(pre)clinical studies for targeting the folate receptor (FR) that is overexpressed on a
wide variety of cancer types [165]. Also, it has been demonstrated that vitamin B12

has the potential to be used as cancer-targeting agent whereas only few studies have
focused on the applicability of biotin for direct tumor targeting [233]. Since vita-
mins are indispensable for sustaining life, it is unlikely that a mutational arrest of
vitamin uptake would occur with concomitant failure of vitamin-mediated diagnosis
or therapy. This is a distinct feature of vitamins and an advantage for their appli-
cation as tumor-targeting agents. Thus, using vitamin-based imaging agents is
attractive and the strategy holds promise to also be used for therapeutic purposes.

7.5.1 Folic Acid Conjugates

Folic acid and folates (reduced forms) are water-soluble vitamins of the B-complex
group. Humans cannot synthesize folates and hence must necessarily obtain them
from food. Although only small quantities of folates are required, these vitamins are
vital for various biochemical reactions including those for the synthesis of RNA and
DNA, amino acid metabolism, and gene regulation. Cellular uptake of folates is
accomplished by either carrier systems or the high-affinity folate receptor (FR).
The FR is a glucosylphosphatidylinositol (GPI)-anchored protein that is frequently
overexpressed in a variety of tumor types including cancers of the breast, ovaries,
cervix, endometrium, lungs, kidneys, colon, and brain [13, 212]. In normal organs
and tissues, FR-expression is highly restricted to only a few sites where it is located
on the apical side of polarized epithelia in the lung, the placenta, and the choroid
plexus of the brain and in the proximal tubule cells of the kidneys [13, 212, 304].
Thus, folic acid can be used as a molecular “Trojan horse” for selective delivery of
attached probes to FR-positive cancer cells [165]. During the last decades, a variety
of folic acid conjugates of radioisotopes useful not only for SPECT imaging (99mTc,
111In, 67Ga) has been developed and evaluated (Fig. 7.9) [16, 79, 130, 131, 196–
198, 264]. Biodistribution studies of radiofolates in mice showed a specific uptake
in FR-positive tumor (xeno)grafts, whereas unspecific radioactivity in background
tissues was rapidly cleared in particular if the derivatives displayed hydrophilic
properties. In the kidneys, however, high radioactivity retention was observed as a
consequence of the specific binding of radiofolates to FRs expressed in the prox-
imal tubule cells. This process results in unfavorably low tumor-to-kidney ratios of
radiofolates in general. Clinical application of the two most promising candidates,
111In-DTPA-folate [179, 261, 300] and 99mTc-EC20 [87, 149, 223], also known as
99mTc-etarfolatide or FolateScan, revealed the same phenomenon in humans that
was previously found in tumor-bearing mice [181]. 99mTc-EC20 is currently
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undergoing Phase 1 and 2 clinical trials in several institutions within the US and
Europe. Mostly, renal cell carcinomas, pituitary adenomas, ovarian, and breast
carcinomas were investigated. While imaging of malignant tissue could be suc-
cessfully achieved, high radioactivity uptake was found in the kidneys of patients
where the FR is expressed to approximately the same level as in mouse kidneys
[212]. Healthy volunteers were enrolled in another phase I clinical study to assess
the pharmacokinetics in terms of safety and radiation dosimetry. The activity of
99mTc-EC20 at 5 min postinjection was largest in the bone marrow, followed by the
liver and kidneys, and decreased in all organs/tissues within 1 day without
appreciable retention [310]. In a phase II multicenter study, 43 patients with
advanced ovarian cancer were imaged with 99mTc-EC20 for lesion detection before

Fig. 7.9 Chemical Structures of the vitamin folic acid. a EC20 (M = 99mTc). b His-folate
(M = 99mTc, 188Re). c DOTA-folate (M = 111In, 177Lu). d 99mTc-HYNIC-folate. e DOTA-folate
with albumin-binding entity (M = 161Tb, 177Lu) f and 125I-folate (g)
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treatment with vintafolide [189]. In a 2009-reported clinical study, 99mTc-EC20 was
used to determine inflammatory diseases like rheumatoid arthritis in comparison
with healthy humans. It could be illustrated that imaging with 99mTc-EC20 is more
sensitive for these diseases compared to physical examinations [180].

In an attempt to improve the low tumor-to-kidney ratio of radiofolates, it was
hypothesized that application of antifolates (e.g., pemetrexed) could increase the
“appetite” of the tumor cells for folates and thus lead to an increased accumulation of
folic acid conjugates. This hypothesis was confirmed in vitro [190]. However, in
mice that were treated with antifolates, radiofolate uptake in tumor xenografts was
not increased. While approaching this hypothesis, injection of pemetrexed was
accomplished at different time points prior to the radiotracer. None of the experi-
ments revealed an increased tumor accumulation of radioactivity, however, sur-
prisingly administration of pemetrexed short before the radiofolate resulted in a
significant reduction in kidney uptake [190]. The result was a tremendous increase in
the tumor-to-kidney ratio of radioactivity. This effect could be reproduced with a
variety of folic acid conjugates radiolabeled with various radionuclides (99mTc,
188Re, 111In, 125I, 146Tb, 177Lu) and in mouse models bearing different tumor
(xeno)grafts (KB, IGROV-1, SKOV-3; M109) [191–193, 195, 199–201, 222]. The
clearly superior SPECT imaging quality of mice that received pre-dosed pemetrexed
could be impressively demonstrated while using 111In-radiolabeled DTPA-folate
(Fig. 7.10). This example demonstrates a pharmacological intervention by a
non-radioactive substance that results in an improved tissue distribution of the
radiotracer compared to the results obtained after radiotracer administration alone.

Another approach to reduce the kidney uptake deals with the modification of the
backbone of the folate conjugate. For this purpose, an albumin-binding entity was
connected to enhance the circulaton time of the radioconjugate in the blood asso-
ciated with an increase in the tumor-to-kidney ratio. In this regard, other radionu-
clides for imaging (44Sc, 64Cu, and 68Ga for PET) and therapy (177Lu, 47Sc) were
applied to survey the therapeutic eligibility [78, 197, 200, 264]. Other approaches
dealing with the combination of bombesin (1–14) with a DOTA-FA as theragnostic

Fig. 7.10 SPECT/CT of
mice injected with
a 111In-DTPA-folate only and
b in combination with
pre-dosed pemetrexed
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agent labeled with 177Lu for breast cancer showed a higher tumor uptake as the
DOTA-FA alone in T47D-tumor-bearing mice combined with a high renal clear-
ance [14]. HYNIC is known to bind Tc efficiently. Thus, approaches with
FA-HYNIC conjugates [167] using a click chemistry approach for the linkage of
the Tc-core and FA [108] and a multimerization of FA [109] were presented.
However, the best tumor-to-organ ratio was found with the PEGylated monomer
using KB tumor-bearing mice. Nanocarriers like PAMAM were extensively studied
as well. A PAMAM-DTPA-conjugate was presented showing a high tumor accu-
mulation (13.34%ID) combined with an uptake in the liver (9.48%ID) and the heart
(6.88%ID/g) after 3 h pi in KB-bearing mice [321]. The PAMAM-HYNIC-
conjugate showed a substantial accumulation in the tumor (10.61%ID/g), but the
uptake in liver with 69.34%ID/g and spleen with 14.43%ID/g combined with a
blood content of 7.68%ID/g was high after 3 h pi in BALB/c mice with 4T1-breast
cancer [203]. Other nanocarriers based on poly(ethylene glycol)-poly(lactic-co-
glycolic acid) were used with a particle size of 104–128 nm mean showing a high
tumor uptake (21.3%ID/g), but also a high uptake in liver, kidneys, spleen, and
blood of > 13%ID after 3 h pi in SKOV-3-bearing tumor mice. Efforts to develop
nanoprobes as 99mTc-imaging agents were made by the use of nanographene oxide
(nGO). Thus, nGO was modified with PEG and further functionalized with FA
ready for labeling with 99mTcO4

− and SnCl2. A biodistribution study using mice
demonstrated a long residence time in the blood; a high accumulation in liver,
spleen, lung, and kidneys; and a comparatively low uptake in the tumor [77].

Humanized IgG1 antibodies like farletuzumab that specifically recognizes the
folate receptor alpha (FRa) were radiolabeled with 111In and additionally with a
fluorescent dye to use this radiopharmaceutical for the intraoperative detection of
ovarian cancer lesions. 111In-farletuzumab-IRDye800CW showed optimal tumor-to-
blood ratios of 3.4–3.7 at protein doses up to 30 lg in mice with intraperitoneal
IGROV-1 tumors and can be blocked by coinjection of an excess of unlabeled
farletuzumab [113].

7.5.2 Vitamin B12 Conjugates

The earliest studies of radiolabeled vitamin B12 (cobalamin) using cobalt
radioisotopes (57Co, 58Co, 60Co) showed radioactivity accumulation in peripheral,
actively growing tumors with highest accumulation in sarcomas [33, 88, 89]. Other
studies used radioiodinated arylstannylcobalamin conjugates showing enhanced
uptake into renal carcinomas in nude mice when compared with other healthy
tissues and organs [307]. Collins et al. developed 111In-DTPA-analogs of cobalamin
(DTPA cobalamin analogs = DACs) and tested them in preliminary biodistribution
experiments in mice with CCL8 sarcomas and in pigs [53]. The overall biodistri-
bution of DACs showed tumor uptake and high radioactivity accumulation in
healthy organs that were almost identical to previous studies performed with
57/60Co-radiolabeled vitamin B12. The same group reported the first patient study
performed with 111In-DTPA-adenosylcobalamin for cancer imaging [54].

7 Single Photon Emission Computed Tomography Tracer 251



111In-DTPA-adenosylcobalamin was found to be effective for detection of
high-grade aggressive tumors in humans with the most successful results in patients
with breast cancer and high-grade lung, colon, thyroid, and sarcomatous malig-
nancies [55]. However, the most significant uptake of these cobalamin derivatives
was found in the liver, kidneys, and spleen followed by radioactivity accumulation
in several glands. Vitamin B12 is bound to soluble transport proteins in circulation,
namely, transcobalamin I (TCI), intrinsic factor (IF), and transcobalamin II (TCII)
whereof the latter is the principle vitamin B12 binding protein [252–254].
TCII-cobalamin binds to TCII-receptors that are ubiquitously expressed in cells for
effective acquisition of this important vitamin. Originally, vitamin B12-mediated
tumor targeting was thought to be dependent on undisturbed interaction of cobal-
amin with these main transport systems and tumor uptake were believed to be
mediated via up-regulated TCII-receptors [25, 233]. Later, it was hypothesized that
selective TCII non-binders would lead to improved tissue distribution. Various
cobalamin derivatives comprising a (pyridine-2-ylmethylamino)acetic acid
(PAMA) chelator for coordination of the 99mTc-tricarbonyl core were developed
with different spacer lengths [C-2 to C-6, i.e., (-CH2-)n, n = 2–6]. 99mTc(CO)3-
PAMA-cobalamin derivatives with a spacer length of C-5 or longer displayed TCII
binding affinity whereas those with shorter spacer lengths (C-2 to C-4, Fig. 7.11)
were identified as TCII non-binders, but displayed retained interaction with IF and
TCI [298]. The results of biodistribution studies in tumor-bearing mice performed

Fig. 7.11 Chemical
Structure of
99mTc-PAMA-C4-cobalamin,
a TCII non-binder vitamin
B12 derivative
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with 99mTc(CO)3-PAMA-C5-cobalamin and 99mTc(CO)3-PAMA-C6-cobalamin
were similar to previously evaluated 111In-DTPA-adenosylcobalamin tracers
[298]. In contrast, data of 99mTc(CO)3-PAMA-cobalamin derivatives with spacer
lengths shorter than C-5 showed a significantly improved tumor-to-blood and
tumor-to-kidney ratio of radioactivity. Thus, abolished interaction of the radiola-
beled cobalamin tracer with TCII resulted in decreased accumulation of the
radiotracer in the blood and in organs and tissues that would otherwise be pre-
destined to have high cobalamin uptake such as kidneys and diverse glands
(Fig. 7.12).

99mTc(CO)3-PAMA-C4-cobalamin (Fig. 7.11) was selected as the most favor-
able candidate because it displayed the highest tumor-to-blood and tumor-to-kidney
ratios in animal experiments. These findings suggest that the transport of cobalamin
derivatives into malignant tissue is not dependent on the transport protein TCII but
rather mediated via TCI. By this example, it could be demonstrated that variation of
the radiotracer’s linker length could have a tremendous impact on the overall tissue
distribution of a radiotracer and thus, on its successful application. Excellent results
achieved in preclinical studies paved the path toward a clinical application of
cobalamin-targeted radioimaging in patients using the TCI-selective organometallic
99mTc-vitamin B12 derivative.

7.5.3 Other Vitamin Targeting Agents—Pretargeting

It is likely that carriers and receptors of vitamins other than folates and vitamin B12

could be used for tumor-targeted nuclear imaging purposes. Among the vitamins of
the B-group, it was suggested that cancer cells also overexpress a biotin receptor
that could, however, not yet be identified [186, 233, 311]. Additionally, a possible
reason for the generally little interest in biotin as a direct tumor-targeting agent
could be the fact that renal filtration and reabsorption of biotin and its conjugates

Fig. 7.12 Whole-body SPECT/CT scans of B16F10 tumor-bearing mice, 24 h after injection of
a 99mTc(CO)3-PAMA-C6-cobalamin (TCII binder) and b 99mTc(CO)3-PAMA-C4-cobalamin
(TCII non-binder)
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lead to high renal uptake of radioactivity in the kidneys. Recently, it was shown that
vitamin C (ascorbate) conjugated nanoparticles could be delivered into the brain
presumably via the sodium-dependent ascorbic acid transporter SVCT2 whose
RNA was found in the choroid plexus epithelium [234]. The SVCT2 carrier was
found on rat glioma cells (C6 and F98) and on mouse fibroblasts (NIH/3T3). This
study introduced the perspective of using the SVCT2 transporter for brain targeting
through the choroid plexus where it is selectively expressed. There might also be a
potential to use this vitamin C transporter for nuclear imaging purposes of cancer
diseases in the future.

Efforts have been done to use biotin as component in the (strept)avidin–
biotin-pretargeting system as their strong affinities (Kd = 10−15 M) allow the
in vivo radiolabeling of high-molecular-weight compounds like proteins, antibody
fragments, or antibodies for imaging and radiotherapy [257]. The problems of slow
distribution kinetics of these compounds in association with insufficient
tumor-to-organ ratios combined with a slow blood clearance should be avoided
with this system in contrast to the application of directly radiolabeled biomacro-
molecules. For this purpose, the biomacromolecule (e.g., antibody) was connected
to the (strept)avidin and the radionuclide was connected to the biotin or in the
opposite way (Fig. 7.13).

In general, the pretargeting system consists of three steps [35]. First, a
non-radiolabeled but avidin-functionalized antibody was administered intra-
venously allowing a slow distribution and the binding to the target site over 2 to
3 days in vivo. Afterward in the second step, a clearing agent was given that helps
to remove the remaining unbound antibody from the body whereas the antibody
reaches the highest uptake in the targeted tissue. In the third step, a radiolabeled
conjugate was administered, which consists of the biotin bearing the radiolabel.
This radioconjugate binds with a high affinity to the (strept)avidin-functionalized
antibody given previously and exhibits fast distribution properties in vivo. Due to
the fast blood clearance of the biotin-radioconjugate through the kidneys, a high
tumor-to-background ration will be achieved combined with a protection of the
liver. Importantly, the antibody itself has to be located at the surface of the cell
during the time of the radioconjugate injection. It should not be internalized.

The first approach to use the avidin–biotin-system for radiolabeling purposes
was accomplished by Hnatowich and co-workers [118]. A biotin-conjugated anti-
body and a DTPA-coupled avidin were used and the radiolabeling was done with
111In. They showed that the target/non-target radioactivity ratios were significantly
improved with respect to the conventional radiolabeling procedures. Later, Rose-
brough discovered the pharmacokinetics and biodistribution of radiolabeled avidin,
streptavidin, and biotin [231] using rabbits and dogs. He found that both
111In-DTPA-biotin and 111In-DTPA-biotin–avidin have a high excretion rate (<5%
circulation in the blood after 1 h) in contrast to the 111In-labeled DTPA-biotin–
streptavidin-conjugate (>30% after 6 h). In this regard, *80% of the dose of
111In-DTPA-biotin–avidin was found in the liver after 6 h. In contrast,
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111In-DTPA-biotin–streptavidin had only *5% liver accumulation 6 h after
injection. They and others stated that the blood clearance of the radiolabeled
streptavidin and avidin differed markedly due to the difference in net charge
exhibited at physiological pH [124]. Based on these facts, attempts were done to
decrease the uptake of streptavidin in the liver [110, 308].

A multitude of biotin–chelator-conjugates not only for 99mTc [136, 148] but also
for 111In [18] and 68Ga [280] or dual modality imaging probes [70] as well as for
pretargeted radioimmunotherapy with 90Y, 67Ga, 177Lu, and other therapeutic
radionuclides were developed [155, 183]. Additionally, biotin conjugates for
biorthogonal click chemistry were designed (see, e.g., [139, 218]); examples are
shown in Fig. 7.14. A phase II study with 25 patients bearing a metastatic colon
cancer using 90Y-DOTA-biotin-conjugate and a NR-LU-10 antibody/streptavidin-
conjugate showed relatively disappointing results in terms of therapeutic efficacy
and toxicity, but beneficial information was obtained concerning normal tissue
tolerance to low-dose-rate irradiation [140]. A deeper insight to the pretargeting
concept in general is published by Liu [156].

Fig. 7.13 Pretargeting concept using a radiolabeled biotin-conjugate and a (strept)
avidin-functionalized antibody. Step 1: distribution of the functionalized antibody to the target
(tumor cells); Step 2: clearance of the unbound antibody from the blood; Step 3: administration of
the biotin-radioconjugate and binding to the antibody (remaining biotin-radioconjugate will be
excreted rapidly)
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7.6 Intracellular Targets

7.6.1 99mTc-Carbohydrate Complexes

The most frequently used radiotracer for nuclear imaging purposes is currently the
glucose analog 2-[18F]fluorodeoxy glucose ([18F]FDG). This PET tracer is taken up
by tumor cells mainly by facile diffusion through the glucose transport protein 1
(Glut1). In the cell interior [18F]FDG is phosphorylated by the enzyme hexokinase
yielding [18F]FDG-6-phophate which cannot escape the cell anymore. Thus, this
trapping mechanism results in accumulation of radioactivity in metabolically active
(cancer) cells [270]. The clinical relevance of [18F]FDG promoted the development
of inexpensive and readily available 99mTc-labeled glucose analogs.

Most of the derivatives reported in the literature were 99mTc(V)-glucose com-
plexes [56, 58, 154, 210, 227, 282, 301, 319]. However, these 99mTc-tracers did not
match the criteria and features of [18F]FDG, such as active transport via Glut1 and
phosphorylation via hexokinase. Later, Dapueto and colleagues could show a
higher uptake of 99mTc-IDAG and 99mTc-AADG into the tumor of melanoma
bearing C57BL/6 mice with tumor-to-muscle ratios of 12.1 ± 3.73 and
2.88 ± 1.40 [57].

Endeavors have been undertaken by the group of Schibli and others to design
organometallic glucose and glucosamine analogs using the matched pair
99mTc/186/188Re [26, 71, 214, 239]. Later, Lin et al., Zeltchan et al. and Khan et al.
reported new 99mTc-labeled glucose derivatives bearing a 99mTc(CO)3 core [132,

Fig. 7.14 Selected radioconjugates with biotin skeleton containing chelating systems based on
macrocycles (a) and (b); for 99mTc-labeling (c) and (d); for bioorthogonal click reactions (e) and (f)
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318]. Both tracers were subjected to cell studies either with Chinese hamster ovary
cells CHO, human breast adenocarcinoma MCF-7 cells, and murine sarcoma S180
cells. Following animal studies revealed a substantial uptake into the tumor tissue,
but also in excretion organs like liver and kidneys. In addition, the 99mTc-thio-
glucose derivative prepared by Zeltchan et al. accumulates in the brain.

Biological characterization has been reported from a variety of organometallic
99mTc(CO)3-glucose complexes, derivatized at the C-1, C-2, C-3, and C-6 positions
with various chelating systems. These compounds were tested for their ability to be
internalized into Glut1 expressing cancer cells, HT29, and in addition, it was
investigated on whether or not they would be phosphorylated via the hexokinase
reaction. Unfortunately, all of the complexes tested appeared not to be recognized
and transported via Glut1. The authors stated the likeliness of 99mTc(CO)3-glucose
complexes being sterically too demanding for recognition at the extracellular
binding site and/or transportation via Glut1. Also, other than [18F]FDG, the
organometallic glucose derivatives were not phosphorylated by hexokinase. Orvig
and his collaborators reported several new approaches of organometallic carbohy-
drate complexes. Among others, they synthesized N-hydroxybenzylamino-
deoxyglucose derivatives (Fig. 7.15) and carbohydrate-appended hydroxypyridi-
none derivatives [26, 80–82, 275]. However, most of these compounds revealed
neither to be hexokinase substrates nor inhibitors. Although basic cell data of these
carbohydrate radiometal complexes is lacking, it is likely that they are not taken up
via the Glut1 transporter or other specific transport mechanisms and thus would fail
to accumulate in cancer cells in vivo.

Fig. 7.15 [18F]FDG a two C-2 functionalized glucose derivatives of a N-(2′-hydroxybenzyl)-
amino-chelating system [26] b and an imino diacetic acid chelator [239] c radiolabeled with
99mTc-tricarbonyl (M = 99mTc) and a 99mTc-tracer based on deoxyglucose dithiocarbamate d [154]
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7.6.2 Radiolabeled Nucleoside Analogs for Targeting Human
Thymidine Kinase

In mammalian cells, salvage pathway phosphorylation of thymidine is catalyzed by
two different thymidine kinases (TK): the cell-cycle regulated cytoplasmic TK1 and
the constitutively expressed mitochondrial TK2. The human TK1 (hTK1) activity is
known to fluctuate with cellular DNA synthesis, the activity being high in prolifer-
ating andmalignant cells and low or absent in quiescent cells, whereas TK2 activity is
low in both dividing and quiescent cells [202]. Since the activity of hTK1 is often
dramatically increased in cancer cells, interest has been sparked in targeting this
enzyme by radioactive thymidine analogs for selective imaging of proliferating cancer
cells. In the cell interior nucleosides are rapidly phosphorylated to nucleotides, which
renders them unable to penetrate biological membranes and thus they are “trapped”
inside the cells. Thymidine and thymidine analogs labeled with PET radioisotopes
such as [11C]methyl-thymidine, 5-[76Br]bromo-2′-fluoro-2′-deoxyuridine, and 3′-
[18F]fluoro-3′-deoxythymidine ([18F]FLT) are either under development or already in
use as proliferation marker [40, 96]. However, due to the high costs for the production
of PET radioisotopes and the unfavorably short half-lives of PET isotopes, the use of
SPECT radioisotopes 99mTc or 111In would be more advantageous. Schmid et al.
focused on the preparation of radiometal labeled thymidine complexes functionalized
at position N3 with a DO3A-chelator suitable for radiolabeling with 111In or lan-
thanide radioisotopes [243]. However, cellular uptake of the thymidine metal com-
plexes in DoHH2 and HL60 cells failed. Clearly, there is an interest to develop
thymidine derivatives suitable for radiolabeling with 99mTc. Celen et al. reported the
preparation and evaluation of a 99mTc(V)-MAMA-propyl-thymidine complex as a
potential probe for in vivo visualization of tumor cell proliferation via SPECT [46].
However, this ligand could not be phosphorylated because itwas too bulky. The group
of Schibli focused on the development of thymidine analogs labeled with the
organometallic 99mTc-tricarbonyl-core (Fig. 7.16) [69, 276, 277]. The design of
organometallic 99mTc-derivatives could be favorable as these complexes were steri-
cally less demanding than previously prepared thymidine radiometal complexes.
Those organometallic thymidine derivatives were systematically evaluated regarding
the influence of the spacer length between the thymidine and the chelating system, the
overall charge of the complex after radiometal coordination and the uptake in human
neuroblastoma SKNMC cells. From these studies, it was concluded that neutral and
anionic complexes are more readily accepted as substrates than cationic complexes.

Moreover, modeling experiments suggested that the flexibility of a longer spacer
between the thymidine molecule and the organometallic core further improves the
ability of the complex to be accommodated in the binding site of the enzyme. Cellular
uptake was higher for complexes with log P values greater than one but still about
6-fold lower than for the 3H-thymidine control compound. Although some of the
organometallic thymidine complexes were identified as enzyme substrates, the low
and often almost absent permeability of the thymidine metal complexes through the
cellular membrane remains a major hurdle for these compounds.
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Iodinated thymidine analogs (e.g., 5-iodo-2′-deoxyuridine (IdUrd)) were used in
another strategy as cell proliferation markers for nuclear imaging purposes and
potential therapeutic application. However, the imaging quality was found to be
impaired by the tracer’s rapid in vivo degradation. Pre-application of 5-fluoro-2′-
deoxyuridine (FdUrd) was tested with the aim to block thymidine synthesis and thus
trigger the tumor uptake of [125I]IdUrd [72]. Indeed, as a result of FdUrd pre-dosing
[125I]IdUrd incorporation into glioblastoma cells and tumors was increased and thus,
the tumor-to-background contrast slightly improved. The same research group
reported a beneficial effect of combining the administration of [125I]IdUrd with
unlabeled IdUrd to increase the rate of DNA incorporation of [125I]IdUrd inmalignant
gliomas [73]. Apparently, the C–N-glycosidic bond of IdUrd is too labile in vivo
which leads to metabolites that display reduced tumor affinity. In an attempt to
increase the radiotracer’s in vivo stability the tracer has been chemically modified by
fluorination of the sugar moiety at different positions (3′ or 2′-substitution). However,
the preparation of fluorine-stabilized iodinated thymidine analogs with retained cel-
lular uptake, cytosolic phosphorylation, and selectivity for hTK1, appears to be quite
challenging [97, 182]. A strategy for stabilizing the C–N-glycosidic bond without
interfering with the cytosolic thymidine kinase has been carried out by the replace-
ment of the furanose ring oxygenwith sulfur for preparation of 5-[125I]iodo-4′-thio-2′-
deoxyuridine ([125I]ITdU) and 5-[125I]iodo-1-(4′-thio-b-D-arabinofuranosyl)uracil
([125I]ITAU) (Fig. 7.16) [283]. ITdU exhibited high resistance to the glycosidic bond
cleavage reaction provoked by thymidine phosphorylase, while maintaining affinity
to nucleoside kinases. Also, the increased in vivo radioiodination stability and rapid
DNA incorporation of ITdU resulted in a preferential uptake of radioactivity in the
proliferating organs making this tracer a promising tumor-imaging agent. A com-
parative study of six 5-iodonucleosides revealed that the in vivo proliferation-imaging
potential of nucleosides might be estimated by their in vitro affinity for TK1 and their
C–N-glycosidic bond stability [284]. However, since these iodonucleosides have not
been examined with regard to the important step of the nucleoside transport activity,
further investigations would be necessary to allow a clear statement which radiotracer
would be the most suitable for imaging of tumor cell proliferation.

Fig. 7.16 Chemical structures of nucleoside-based SPECT tracers. a 5-[125I]Iodo-2′-deoxyur-
idine ([125I]IdUrd) [72, 255], b 5-[125I]iodo-4′-thio-2′-deoxyuridine ([125I]ITdU, R = H) and 5-
[125I]iodo-1-(4′-thio-b-arabinofuranosyl)-uracil ([125I]ITAU, R = OH) [283] and c 99mTc(CO)3-
thymidine derivatives (n = 2, 3, 5 or 10) [69]
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By the examples of nucleoside derivatives and conjugates of carbohydrates, it
was demonstrated that the development of radiotracers for intracellular targets
might be problematic if bulky metal chelates are employed since cellular uptake of
these radiotracers via transmembrane-spanning carriers or passive diffusion could
be hindered.

7.6.3 Radioiodinated meta-Iodobenzylguanidine (MIBG)

Finally, we would like to highlight a long-serving but still frequently used
tumor-imaging agent with an intracellular target. Meta-Iodobenzylguanidine
(MIBG), a catecholamine analog, is suitable for radiolabeling with radioactive
iodine (e.g., 123I) for the purpose of SPECT imaging of neuroendocrine and car-
cinoid tumors, a subtype of neuroendocrine tumors [133]. Radiolabeled MIBG was
first synthesized at the University of Michigan as early as 1980 [306]. It localizes
through the physiologic nor-epinephrine reuptake mechanisms with uptake into
catecholamine storage vesicles of adrenergic nerve ending and the cells of the
adrenal medulla. Carcinoid tumor cells share the common characteristic of a
sodium-dependent ATP/Mg2+ neuronal pump mechanism in their cell membranes
that allows the accumulation of nor-epinephrine and MIBG where MIBG is not
significantly metabolized. Initially, 131I-labeled MIBG was used for the detection of
neuroendocrine tumors such as pheochromocytomas, but later its application has
been extended also to scintigraphic visualization of neuroblastoma and carcinoid
tumors [44, 45, 52, 105, 258, 297].

Although both [123I]MIBG and [131I]MIBG can be used for the purpose of
radionuclide imaging, 123I has dosimetry and imaging characteristics superior to
131I and thus, it is the preferred radionuclide for SPECT imaging (Fig. 7.17). In
contrast, 131I is preferred for therapy due to the emission of b-particles and dosi-
metric considerations [120].

To develop an MIBG analog with improved uptake in tumors, no-carrier-added
[131I]MIBG has been developed. The methodology for producing high specific
activity (no-carrier-added) [131I]MIBG was originally described in 1993, but only
recently it has been developed for clinical application. With this method, nearly
every molecule of MIBG contains an 131I-radiolabel, whereas prior methods pro-
vided a mixture of the 131I-tracer and the non-radioactive compound (with 127I),
wherein only 1 of 2,000 molecules of MIBG contained radioactive iodine. As a
result of the high specific activity achieved by the no-carrier-added radiolabeling
method, the mass of the MIBG administered can be reduced and thus undesired
side-effects caused by the non-radioactive MIBG, such as hypertension during
infusion could be minimized. The only concern of the no-carrier-added [131I]MIBG
has been that normal tissues and organs with relatively low levels of
nor-epinephrine uptake might absorb more radioactivity because of the lack of
competitive inhibition of radiotracer uptake by the non-radioactive MIBG.
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7.7 Glutamate-Ureido-Based Inhibitors
of Prostate-Specific Membrane Antigen (PSMA)

Prostate-specific membrane antigen (PSMA) is a metallopeptidase expressed in
epithelial cells of the prostate and highly overexpressed in 95% of advanced prostate
cancers. PSMA is also known as glutamate carboypeptidase II (GCPII), folate
hydrolase 1 (FOLH1), and N-acetyl-L-aspartyl-L-glutamate peptidase I (NAALA-
Dase). PSMA undergoes constitutive internalization, has no known ligand, is not
specific to the prostate gland, and is expressed in other normal (e.g., salivary glands,
duodenal mucosa, proximal renal tubular cells, and neuroendocrine cells in the
colonic crypts) and neoplastic (e.g., transitional cell carcinoma, renal cell carcinoma,
colon carcinoma, and endothelial cells of neovasculature) tissues [262].

Fig. 7.17 SPECT images a and SPECT/CT overlay b of a patient with a neuroendocrine tumor
(pheochromocytoma) in the upper thorax. Accumulation of [123I]MIBG in the malignant tissue is
indicated with red arrows. The images have been kindly provided by N. Schäfer, (MD, Ph.D.),
University Hospital, Zurich, Switzerland
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PSMA can be selectively targeted using radiolabeled ligands based on
urea-linked dipeptides, e.g., Glu-urea-Lys. These small-molecules binding the
PSMA can be radiolabeled with c-emitters like 99mTc and 123/131I or positron
emitters like 68Ga [3, 5, 22] and 18F for diagnosis [99] as well as with their
theranostic counterparts such as 177Lu (c-and b-emitter) or 225Ac (a-emitter) for
therapy [4, 122, 141, 221, 245]. Reviews summarizing the theranostic role of
PSMA ligands for molecular imaging and targeted molecular radiotherapy have
been published recently [2, 17, 137, 142, 220]. Here, the discussion is focused on
the appropriate glutamate-ureido-based tracers labeled with 123I or 99mTc.

7.7.1 123I- and 131I-Labeled PSMA Radioligands

The use of low-molecular-weight PSMA ligands both for diagnosis and therapy
began with the development of the 123I- and 131I-labeled PSMA inhibitors
MIP-1072 and MIP-1095 [115, 116, 174]. Both tracers have very similar structures
(Fig. 7.18) and comparable pharmacokinetics [50].

MIP-1095 can be used for SPECT imaging ([123I]I-MIP-1095), PET imaging
([124I]I-MIP-1095), and endoradionuclide therapy PSMA([131I]I-MIP-1095-RLT).
The first evaluation of [123I]I-MIP-1095 for SPECT imaging in patients was
described by Barrett et al. in 2013 [23]. Zechmann et al. reported dosimetry and
therapy results using matched pair [124I]I-MIP-1095 PET imaging and [131I]
I-MIP-1095 PSMA-RLT [316]. Afshar-Oromieh et al. evaluated toxicity and
antitumor activity after single and repeated PSMA-targeting radioligand therapy of
metastatic prostate cancer with [131I]I-MIP-1095 [3, 5].
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Fig. 7.18 Chemical structures of MIP-1072 (a) and MIP-1095 (b)
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7.7.2 99mTc-Labeled PSMA Radioligands

Several studies have been published dealing with the preclinical development of
99mTc-labeled PSMA radiotracers [166, 287]. The most promising agents among all
99mTc-labeled PSMA radiotracers are [99mTc]Tc-MIP-1404, also known as Trofo-
lastat, and [99mTc]Tc-MIP-1405 (Fig. 7.19). Both compounds have been developed
by Molecular Insight Pharmaceuticals (MIP) [117, 175]. The MIP structures contain
single-amino-acid chelators (SAACs). Functionalized polar imidazole rings have
been introduced in order to reduce lipophilicity and hepatobiliary excretion. 99mTc
labeling follows the technetium tricarbonyl approach.

In preclinical studies [99mTc]Tc-MIP-1404 showed a fast clearance from the
kidneys and non-target tissues while retained to the LNCaP tumor over 4 h. Fur-
thermore, [99mTc]Tc-MIP-1404 also displayed the highest tumor-to-blood and
tumor–to–skeletal muscle ratios [101, 117, 175]. [99mTc]Tc-MIP-1404 (Trofolastat)
is the first PSMA imaging low-molecular-weight molecule that has been used in a
phase-III clinical trials for noninvasive imaging of prostate cancer (European Union
Trials Register EudraCT 2012-001864-30; ClinicalTrials.gov NCT02615067
[proSPECT-AS]).

A clinical database search from April 2013 to May 2017 yielding 93 patients
with histologically confirmed cancer in whom SPECT/CT with [99mTc]
Tc-MIP-1404 had been performed for primary whole-body staging before therapy
[244, 245]. The authors claimed that imaging with this tracer has a high accuracy
and low interobserver variability in the diagnosis of PC and allows detection of
lymph node and bone metastases in a significant proportion of as yet untreated PC
patients.

Recently two additional radiotracers have been introduced, [99mTc]Tc-PSMA-
I&S [228, 303] and [99mTc]Tc-EDDA/HYNIC-iPSMA, where iPSMA stands for
Lys(Nal)-Urea-Glu [84, 238]. The chemical structures are shown in Fig. 7.20. In a
comparative analysis Lawal et al. evaluated the diagnostic sensitivity of SPECT/CT
versus PET/CT in prostate carcinoma imaging using [99mTc]Tc-EDDA/HYNIC-
iPSMA in comparison with [68Ga]Ga-PSMA-11 [147].

Fig. 7.19 Chemical structures of [99mTc]Tc-MIP-1404 (a) and [99mTc]Tc-MIP-1405 (b)

7 Single Photon Emission Computed Tomography Tracer 263



7.8 Sentinel Lymph Node (SNL) Localization

Detection of the sentinel lymph node (SNL), the first node to receive lymphatic
flow as well as metastatic cells from the primary tumor site, is currently employed
for planning the therapeutic treatment of cancers such as breast cancer and skin
melanoma. Commonly, 99mTc-labeled colloids in combination with blue dyes are
used to detect the sentinel lymph node. The labeled colloids are injected beneath the
skin surrounding the primary tumor or alternatively directly into the tumor. After
entering the lymphatic vessels, colloids use the same drainage pathway as potential
metastatic cancer cells and are eventually retained in the first draining lymph node
(sentinel node) by phagocytosis or mechanical trapping. However, colloidal
radiopharmaceuticals such as 99mTc-sulfur colloid, 99mTc-antimony trisulfide, and
99mTc-labeled albumin microcolloids have disadvantages, like slow elimination
rates from the injection site and migration to secondary nodes [208]. Thus,
non-colloidal particles have been developed as alternatives such as 99mTc-labeled
human serum albumin and 99mTc-labeled dextran.

Fig. 7.20 Chemical structures of [99mTc]Tc-EDDA/HYNIC-iPSMA (a) and [99mTc]
Tc-PSMA-I&S (b)
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A fluorescence-labeled 99mTc-HSA derivative (indocyanine green ICG-99mTc--
NanoColl) was used to improve the surgical accuracy of laparoscopic lymph node
(LN) dissection by integration of molecular imaging and intraoperative image
guidance [290]. The authors could demonstrate that multimodal ICG-99mTc-Na-
noColloid, in combination with a laparoscopic fluorescence laparoscope, can be
used to facilitate and optimize dissection of SLNs during robot-assisted laparo-
scopic prostatectomy.

99mTc-Tilmanocept (Lymphoseek), a tailor-made 99mTc-radiopharmaceutical for
SLN diagnosis based on dextran has been approved by the FDA in 2013 [19, 21,
263, 278, 286, 292, 295]. It is a macromolecule (18 kDa, 7 nm size) composed of a
dextran backbone and multiple subunits of DTPA and mannose (Fig. 7.21).
99mTc-Tilmanocept belongs to the class of receptor-binding radiopharmaceuticals.
The mannose residues serve as ligands for receptors expressed on myeloid cells for
recognition and binding. 99mTc-labeling of the macromolecule is performed via
diethylenetriamine pentaacetic acid (DTPA). The structure of the Tc chelate is not
exactly known.

Extending the diagnostic use of Tilmanocept an 111In-labeled derivative was
described to target mannose receptor expression on macrophages in atherosclerotic
plaques of apolipoprotein E-knockout mice [291].

Fig. 7.21 Schematic representation of 99mTc-Tilmanocept for lymphatic mapping and Sentinel
Lymph Node (SNL) localization. The unlabeled DTPA-mannosyl-dextran has a molecular weight
of 35,800 g/mol and a molecular diameter of 7.1 nm. The final amino (NC), mannose (NM), and
DTPA (ND) densities were 23, 55, and 8 mol per dextran [292]

7 Single Photon Emission Computed Tomography Tracer 265



7.9 Optimization of SPECT Tracer Design and Potential
Reasons for Failure

The design and development of a nuclear imaging probe independent of PET or
SPECT comprises an appropriate biomolecule as targeting vector, a site for con-
jugation that does not interfere with the biomolecule’s binding affinity to the
tumor-associated target, a suitable linker length, and a radioisotope that matches
with an appropriate biomolecule. For stable coordination of metallic radioisotopes,
the choice of a suitable chelator is crucial. There are several possible strategies to
optimize SPECT tracers with regard to their specificity to and selectivity for the
targeted malignant tissue while minimizing their uptake in healthy tissues and
organs. Variation of the radionuclide, modification of the bifunctional chelator,
introduction of linker entities of variable spacer length for stabilization or modu-
lation of the overall tracer characteristics, alteration of the radiolabeling technique
and manipulation of the radiotracer’s blood, and normal tissue clearance by vari-
ation of the biomolecule’s overall size (e.g., antibodies versus antibody fragments
or peptides). Finally, optimization of the tissue distribution of radiotracers might
also be accomplished by a combination with non-radioactive substances whereof
the most prominent example is the application of positively charged amino acids
(e.g., lysine) that blocks renal uptake of radiolabeled Fab fragments of antibodies
[28, 30] and peptides [61, 229, 294].

During the course of about two decades of (pre)clinical research with
tumor-targeted SPECT tracers several reasons for potential failures of SPECT
imaging agents could be identified (Table 7.4). Based on the data obtained with
nuclear imaging agents that initially failed, new strategies to optimize the design
and utility of SPECT tracers are currently being developed.

7.10 Summary and Conclusion

A variety of approaches for the design and improvement of SPECT tracers have
been discussed herein. Each class of targeting agents, antibodies, peptides, and
non-peptide-based small-molecules such as vitamins has its pros and cons for
application in diagnostic nuclear medicine. In principle, it would be ideal to use
SPECT tracers that accumulate specifically in malignancies and that are rapidly
cleared via kidneys allowing high tumor-to-background contrast of radioactivity
already short after administration. Such optimal characteristics are, however, not
always easy to achieve.

The recent observation that somatostatin and bombesin analog antagonists
provide superior characteristics over agonists with regard to their tumor accumu-
lation is an unexpected finding that is not yet completely understood. Using oli-
gomeric ligands to improve binding and targeting properties of radiolabeled
peptides over their monomeric counterparts appears to be a more rational design
that could be successfully proven, for example, with RGD-based analogs. Recently,
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vitamin-based radio imaging agents have been developed that are selectively
accumulated in tumor cells. In the case of vitamin B12, analogs with abolished
binding to the ubiquitous protein transcobalalmin II showed a reduced uptake in
non-targeted tissues. In the case of FR-targeting, it was the combined application
with the antifolate pemetrexed that led to an improved tumor selectively of folic
acid-based radioconjugates while undesired uptake in FR-positive kidneys could be
reduced. Targeting of intracellular tumor markers such as the enzymes hexokinase
or human thymidine kinase 1 turned out to be a more problematic strategy for
SPECT tracers, particularly those that are based on radiometals, compared to the
targeting of cell surface-exposed tumor markers. The necessity of the targeting
agent to permeate cancer cell membranes via carrier systems or passive diffusion to
reach intracellular targets could be a hindrance for a proper function of the targeting
system in particular if the radioconjugate is composed of a bulky radiometal
complex.

Finally, it has to be critically acknowledged that only a small selection of
examples for tracer designs could be included in this chapter. The immense
opportunities for the design of radiopharmaceuticals and the enormous potential it

Table 7.4 Potential reasons for failure of tumor-targeted nuclear imaging

Possibilities for failure Consequences Examples

Expression of the target
structure in normal tissues
and organs

Radiotracer accumulation in normal
tissues and organs

– Bombesin receptor
(pancreas)

– Somatostatin receptor
(adrenals)

– Folate receptor
(kidneys)

Long circulation time High background radiation in the blood
—dose burden to healthy tissues (bone
marrow)

– Monoclonal antibodies

Short circulation time Low tumor accumulation – Small-molecular-weight
targeting agents (e.g.,
folic acid)

Rapid enzymatic
metabolism

Low tumor accumulation of metabolites
in kidneys and liver

– Non-stabilized
neurotensin analogs

Binding to physiological
transport proteins

High background radiation in the blood – Vitamin
B12/transcobalamin II

Intracellular targets Cellular uptake via carrier systems or
passive diffusion hindered by bulky
radiometal complexes

–
99mTc-glucose analogs

–
99mTc-thymidine
analogs

Lipophilic character Unspecific accumulation of the
radiotracer in the bile, liver, and
intestinal tract

–
99mTc(CO)3-moiety

– Alkyl chain-spacers

Low-specific activity Low tumor uptake undesired
side-effects as a result of substantial
amount of injected “cold” tracer

– [131I]MIBG
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provides for future development of new and improved SPECT tracers holds great
promise for early clinical application of novel imaging agents in oncology.
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8.1 Introduction

Molecular imaging in vivo involves the visualization, characterization, and mea-
surement of biological processes at the molecular and cellular level [208]. In
nuclear medicine, the scintigraphic techniques single-photon emission computed
tomography (SPECT) and positron emission tomography (PET) are used for the
molecular imaging of disease. These techniques rely on radiolabeled compounds,
referred to as tracers or radiopharmaceuticals, that detect disease-specific biological
targets or biochemical processes. SPECT and PET cameras include capabilities for
computer tomography (CT), resulting in high-end hybrid tomographic imaging
devices referred to as SPECT/CT or PET/CT. In addition, PET is combined with
magnetic resonance imaging (PET/MRI). All these techniques combine
high-resolution morphological imaging with highly sensitive molecular imaging
and are known to significantly improve diagnostic capabilities in a variety of
clinical disciplines. In an oncological setting, the hybrid imaging devices mentioned
above are routinely used to differentiate malignant from benign diseases, to localize
and stage a given disease, to grade tumors, and to detect the primary tumor and its
metastases in patients. Furthermore, the identification of residual disease after
treatment, the detection and localization of recurrences, the investigation of
response to therapies, and the planning of radiation therapies is possible with the
aforementioned imaging techniques [180].

The availability of disease-specific radiotracers for oncological imaging is crit-
ical to ensure patient care. For this purpose, the field of radiopharmaceutical
chemistry has established the availability of various radiotracers for a wide array of
applications. During radiosynthesis, tailor-made precursor compounds are labeled
with a radionuclide yielding the corresponding radiotracer. For PET diagnostic
purposes, neutron-deficient positron emitters such as fluorine-18 are used.
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Fluorine-18 is the most frequently used PET-radionuclide in both preclinical
research and routine clinical applications. Its physical half-life (t1/2 = 109.8 min,
97% b+ decay) is long enough to allow for moderately complex syntheses while its
comparably low positron energy (maximum b+ energy = 635 keV) allows for
imaging with high spatial resolution. Although the labeling of some PET tracers
historically relied on the use of carrier-added, electrophilic [18F]F2, it is nowadays
preferred to utilize non-carrier-added, nucleophilic [18F]fluoride. [18F]Fluoride with
high molar activities (Am) is typically produced with a cyclotron under
no-carrier-added conditions by the 18O(p,n)18F nuclear reaction using [18O]H2O as
the target material. The produced positron emitter fluorine-18 is then introduced
into organic compounds like small molecules, peptides, peptidomimetics, and
proteins using automated radiochemistry systems that are installed in lead shielded
hotcells [209]. Before release, the formulated radiopharmaceuticals in injectable
form must pass a series of quality control (QC) tests in accordance with applicable
regulatory requirements. Common QC parameters for PET-radiopharmaceuticals
are visual appearance of the solution, pH-value, osmolality, radiochemical identity,
(radio-)chemical purity as well as radionuclide purity. Details about QC parameters
are described in the corresponding monographs of the respective pharmacopoeias
such as the European Pharmacopoeia (Ph. Eur.) and the United States Pharma-
copoeia (USP).

The following sections describe the clinical applications of the most commonly
used small-molecule and low-molecular-weight 18F-labeled radiopharmaceuticals in
oncological PET imaging. Besides the discussion of tracer accumulation mecha-
nisms, the synthetic strategies used in clinical routine production are emphasized.

8.2 2-Deoxy-2-[18F]Fluoro-D-Glucose ([18F]FDG)
for Imaging Glucose Metabolism

Since the metabolic tracer 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) was eval-
uated for the first time in the 1970s, it has developed into the most important
radiopharmaceutical in clinical PET imaging [4, 53, 79, 167]. The radiotracer is
predominantly used for tumor imaging, particularly for the estimation of enhanced
glucose utilization in malignant lesions [70, 126, 154, 206].

The intracellular uptake mechanism of [18F]FDG is similar to that of D-glucose.
Both compounds differ chemically in the formal replacement of a hydroxy moiety
by fluorine-18 at the C-2 position. The glucose transport proteins GLUT-1–
GLUT-7 and GLUT-10–GLUT-12 are responsible for the active and stereospecific
transport of [18F]FDG into the cells. Following cell uptake, [18F]FDG is phos-
phorylated immediately by hexokinase isozymes I–IV to form [18F]
FDG-6-phosphate ([18F]FDG-6-P) [189]. Transport protein GLUT-1 and hexoki-
nase II are the best-understood subtypes in the context of glucose metabolism in
tumor cells [117]. Unlike with D-glucose, further catalytic metabolization of [18F]
FDG-6-P by phosphoglucose-isomerase is hindered with 18F-fluorine in the
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C-2-position. [18F]FDG-6-P has a low membrane permeability and therefore
accumulates intracellularly with the rate of accumulation proportional to glucose
utilization. This mechanism is referred to as metabolic trapping [20] (Fig. 8.1).
[18F]FDG is not specific for cancer and accumulates in all areas with high levels of
metabolism and glycolysis. Accumulation of the tracer may, for example, occur in
inflamed tissue, sites of tissue repair as well as muscular or nervous hyperactivity.

19FNMR spectroscopic investigations with macroscopic (millimolar) amounts of
nonradioactive FDG in vivo demonstrated that FDG-6-P can be metabolized into
2-deoxy-2-fluoro-D-mannose-6-phosphate in specific organs, such as the brain and
heart [20]. Furthermore, it is shown that glucose-6-phosphatase that is activated in
defined organs is able to dephosphorylate [18F]FDG-6-P and as a result decreases
the metabolic trapping of [18F]FDG. [18F]FDG uptake is therefore increased in
organs that are characterized by less intracellular amounts of glucose-6-phosphatase
(e.g., brain and heart). In contrast, high enterohepatic glucose-6-phosphatase con-
centrations result in low [18F]FDG uptake, e.g., in liver and intestines [190].

The production procedure of [18F]FDG is well established and often carried out
in high activity amounts (typically 37–370 GBq) by radiopharmacies that distribute
the radiotracer to the sites of imaging. The handling of high activity amounts
requires remotely controlled automated radiosynthesizers that perform the
radiosynthesis in a shielded environment. The key synthetic step in the radiola-
beling procedure is the replacement of a trifluoromethanesulfonate group (TfO) in
the precursor molecule 1 with [18F]fluoride in a bimolecular nucleophilic substi-
tution (SN2) reaction (Fig. 8.2). Before this step, cyclotron produced [18F]fluoride
has to be activated to allow the reaction to occur. For this, [18F]fluoride is trapped

plasma
tumor cell

hexokinase

glucose-6-phosphatase

cell membrane

[18F]FDG [18F]FDG [18F]FDG-6-P
GLUT-1

Fig. 8.1 Cellular [18F]FDG accumulation by metabolic trapping
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Fig. 8.2 Radiosynthesis of [18F]FDG. Abbr.: OTf = trifluoromethanesulfonate; OAc = acetoxy
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on an anion exchange resin and the bulk of [18O]water is removed. The activity is
released from the resin with basic solutions of large cations such as tetrabutylam-
monium or potassium-aminopolyether (Cryptand 222/K(K222)

+). Water is then
removed by azeotropic evaporation in the presence of acetonitrile (MeCN). Without
the solvating water and in the presence of large counter-cations, the nucleophilicity
of [18F]fluoride is sufficient to carry out the SN2 reaction upon heating. After the
18F-labeling step, the acetyl (Ac) protection groups are removed by either acidic or
basic hydrolysis to yield [18F]FDG [51, 67]. [18F]FDG is isolated from the reaction
mixture by solid-phase extraction (SPE) procedures and formulated in physiological
buffer. QC requirements are defined in the Eur. Ph. Monograph 9.0/1325
Fludeoxyglucose (18F) injection.

8.3 18F-Labeled Amino Acids for Imaging Amino Acid
Transport and Protein Synthesis

8.3.1 O-(2-[18F]Fluoroethyl)-L-Tyrosine ([18F]FET)

The 18F-fluorinated tyrosine derivative O-(2-[18F]fluoroethyl)-L-tyrosine ([18F]
FET) is a widely used tracer for the imaging of amino acid transport in tumor
growth. The tracer has proven useful in diagnosing glioblastomas [33–37, 41, 199,
207]. Compared to [18F]FDG, uptake in physiological brain structures is low and
accumulation in inflammatory tissue is minor—both of which contribute to the
superior sensitivity of [18F]FET in brain tumor imaging.

The accumulation of [18F]FET in tumor tissue has been shown to be dominated
by active transport processes [21, 81, 86]. The incorporation of the unnatural amino
acid [18F]FET into proteins via protein synthesis, however, does not play a
significant role in the tumor retention of the tracer [73, 210].

Three different synthetic strategies were established for the routine clinical pro-
duction of [18F]FET. In the most frequently used procedure, the precursor O-
(2-tosyloxyethyl)-N-trityl-L-tyrosine tert-butylester (3) is labeled with [18F]fluoride
in the presence of potassium carbonate and Cryptand 222, followed by hydrolysis
using 2 N HCl (Approach A, Fig. 8.3). HPLC purification and final formulation
yields injectable [18F]FET. The automated procedure using a commercial
radiosynthesizer yields the radiopharmaceutical with a radiochemical yield (RCY) of
55%. The radiosynthesis time is 63 min and Am is greater than 90 GBq/lmol [17].

In the original approach, [18F]FET is prepared via the prosthetic group 1-[18F]
fluoro-2-(tosyloxy)ethane (6) [210]. A toluenesulfonyl group in the labeling pre-
cursor ethylene glycol di-p-tosylate (5) is replaced with [18F]fluoride in a SN2
reaction and the resulting prosthetic group 6 is used for the O-alkylation of the
di-sodium salt of L-tyrosine. After HPLC purification and final formulation, [18F]
FET is obtained with a RCY of 40% and a radiochemical purity (RCP) of 97–99%
in approximately 60 min. HPLC purification was successfully replaced by a car-
tridge purification methodology reducing the total synthesis time by 10 min [134].

8 18F-Labeled Small-Molecule and Low-Molecular-Weight PET … 287



Instead of prosthetic group 6, 1-bromo-2-[18F]fluoroethane can be used as well.
Using this approach, the preparation time is shortened to 35 min and the RCY is
increased to 45% (not decay corrected) [218].

The third approach utilizes the chiral labeling precursor 7. The precursor structure
comprises of a Ni(II) complex of (S)-[N-2-(N′-benzylprolyl)amino]benzophenone
(BPB) and the O-alkylated L-tyrosine Schiff base. The procedure involves
SN2-substitution of the toluenesulfonyl group with [18F]fluoride, cleavage of the Ni
(II) complex, SPE purification and formulation. [18F]FET was obtained in 35%
RCY in 45 min and an enantiomeric purity of >95% [47]. QC requirements are
defined in the Eur. Ph. Monograph 9.3/2466 Fluoroethyl-L-tyrosine (18F) injection.

8.3.2 6-[18F]Fluoro-3,4-Dihydroxy-L-Phenylalanine ([18F]
FDOPA)

The tracer 6-[18F]fluoro-3,4-dihydroxy-L-phenylalanine ([18F]FDOPA) has proven
useful for imaging of neurological and oncological diseases. Notably, [18F]FDOPA
was used in investigations of the dopaminergic system [44, 45], of
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neurodegenerative disorders such as Parkinson’s disease (PD) [54, 104, 113],
Alzheimer’s disease (AD) [82], as well as behavioral disorders such as
schizophrenia [147]. Similar to other 18F-labeled amino acid tracers, [18F]FDOPA
also represents a useful PET tracer for the in vivo visualization of cancers.
Important applications are the imaging of pheochromocytomas [77, 80, 128],
medullary thyroid carcinomas [11, 61, 76, 91], gliomas [127], and neuroendocrine
tumors [19, 84, 90, 178].

[18F]FDOPA, an 18F-labeled precursor to 6-[18F]fluorodopamin, was developed
to help evaluate the transport of the neurotransmitter dopamine from the blood into
the central nervous system (CNS) and to investigate the storage, degradation as well
as turnover of intracerebral dopamine [55, 56]. The biosynthesis of the neuro-
transmitter dopamine starts with the hydroxylation of L-tyrosine to yield
3,4-dihydroxy-L-phenylalanine (L-DOPA). L-DOPA crosses the intact blood–brain
barrier and enters the CNS via a neutral amino acid carrier (L type). The subsequent
decarboxylation of L-DOPA by either L-DOPA decarboxylase or aromatic amino
acid decarboxylase (AAAD) yields dopamine [148]. In a similar manner, [18F]
FDOPA can cross the blood–brain barrier where it is metabolized in several ways:
O-methylation catalyzed by the catechol-O-methyl transferase (COMT) results in 6-
[18F]fluoro-4-hydroxy-3-methoxy-L-phenylalanine ([18F]FHMP). Decarboxylation
by AAAD yields 6-[18F]fluorodopamine ([18F]FDA), which is metabolized to 6-
[18F]fluoro-3,4-dihydroxy-phenylacetic acid ([18F]FDPA) by monoamine oxidase.
Subsequent transfer of a methyl group by COMT produces the metabolite 6-[18F]
fluoro-4-hydroxy-3-methoxy-phenylacetic acid ([18F]FHMPA). To reduce the
release of metabolites in blood as well as the decarboxylase activity, and to increase
the amount of the unmetabolized [18F]FDOPA parent compound during the PET
investigation, the decarboxylase inhibitor carbidopa can be applied [114, 123].

The preparation of [18F]FDOPA is realized via either electrophilic or nucle-
ophilic fluorination methods. The electrophilic approach is based on the aromatic
substitution of N-formyl-3,4-di-tert-butoxycarbonyloxy-6-(trimethylstannyl)-L-
phenylalanine ethyl ester (9) with [18F]F2-gas or 18F-lableled acetylhypofluoride
([18F]AcOF) (Approach A, Fig. 8.4) [40, 135]. The electrophilic aromatic substi-
tution of the trimethylstannyl group with [18F]F2-gas was initially performed in
chlorotrifluoromethane (CF3Cl), but it has been shown that this environmentally
hazardous solvent can be replaced with deuterochloroform (CDCl3) [52]. Acidic
cleavage of the tert-butyloxycarbonyl and formyl protecting groups as well as ester
hydrolysis yields [18F]FDOPA. After HPLC purification and formulation, the
tracer is obtained in an RCY of 8–26% in 45–60 min and an RCP > 99%. A pro-
cedure that meets the standards of the USP was also reported [89].

Although well established and reliable, the electrophilic method requires
inconvenient gas targetry, the need for a dedicated synthesis setup, and the tracer is
produced in low Am of around 37 MBq/µmol. Therefore, nucleophilic methods
utilizing [18F]fluoride have emerged. [18F]Fluoride is routinely obtained from a
cyclotron in high activity amounts and high Am. Excellent reviews of both elec-
trophilic and nucleophilic 18F-labeling of aromatic compounds and [18F]FDOPA
are available [43, 157, 159].
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A copper-mediated 18F-fluorination strategy starting from aryl boronic ester
precursor 11 was developed by Tredwell et al. (Approach B, Fig. 8.4) [200]. Other
groups expanded on the method, thereby proving its large substrate scope and
overall usefulness in the preparation of 18F-labeled aromatic moieties [130, 156,
217]. By using this strategy, the automated production of [18F]FDOPA yields the
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tracer in an RCY of 22% within 146 min. An activity yield of 2.2 GBq from
25.0 GBq of [18F]fluoride was reported. The procedure was not optimized for
routine clinical production and the presence of an UV-impurity in the final for-
mulation prevented determination of Am.

Höpping et al. developed a method based on the nucleophilic radiofluorination
of a commercially available chiral precursor 13, followed by a Baeyer–Villiger
oxidation reaction and finally a deprotection reaction to form [18F]FDOPA
(Approach C, Fig. 8.4) [78, 121]. Pretze et al. further adapted the conditions using a
radiosynthesizer and reported an RCY of 19% with a radiosynthesis time of
114 min, RCP of >98% and Am up to 2.2 GBq/lmol [158].

The method developed by Kuik et al. involves the nucleophilic 18F-fluorination
of a diaryliodonium salt precursor 16 followed by deprotection to give [18F]
FDOPA (Approach D, Fig. 8.4) [103]. The RCY of the manual synthesis was
reported to be 14% within 117 min and a RCP of >95%. An automated synthesis
using this method was reported and produced the tracer with an RCY of 4.5%
within 71 min and Am in a range of 30–33 GBq/µmol [32].

Lemaire et al. have developed a multistep synthesis, which utilizes a chiral
phase-transfer catalyzed alkylation step (Approach E, Fig. 8.4) [109, 110]. After
formation of the intermediate 2-[18F]fluoro-4,5-dimethoxybenzyl iodide (20) in
three steps (radiofluorination of 18, reduction of the benzylic aldehyde 19, and
iodination), an enantioselective carbon-carbon bond formation and subsequent
deprotection generates the desired tracer. Automation of the procedure on a
cassette-based radiosynthesizer yielded [18F]FDOPA in high enantiomeric excess
of *97%. The RCY is reported to be 36% within 63 min, and Am is � 753 GBq/
µmol. High activity yields (AY) of >45 GBq starting from 185 GBq of [18F]F−

render this approach useful to produce multiple patient doses. QC requirements of
[18F]FDOPA, that is prepared by the electrophilic strategy, are defined in the Eur.
Ph. Monograph 9.0/1918.

8.3.3 Anti-1-Amino-3-[18F]Fluorocyclobutane-1-Carboxylic
Acid ([18F]Fluciclovine, [18F]FACBC)

Anti-1-Amino-3-[18F]fluorocyclobutane-1-carboxylic acid ([18F]Fluciclovine, [18F]
FACBC) is a radiofluorinated, synthetic leucine derivative. Like other 18F-labeled
amino acid tracers, [18F]FACBC accumulates in a manner that reflects amino acid
transport in tissues [141]. [18F]FACBC has been evaluated in several studies in
patients with prostate cancer and the U.S. Food and Drug Administration (U.S.
FDA) approved the tracer for detection of suspected recurrent prostate cancer in
2016 [85, 136, 137, 181]. Furthermore, the tracer shows promising results in the
diagnostic imaging of brain tumors such as gliomas [98, 202, 205].

The uptake of [18F]FACBC in prostate cancer is likely mediated via
sodium-dependent (ASC) and sodium-independent (L type) amino acid transporters
[142, 143]. The tracer is not metabolized in vivo and urinary excretion is compa-
rably low. Preclinical studies have indicated that [18F]FACBC is taken up by brain
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tumors through amino acid transporters and that its accumulation is dependent on
the proliferation of tumors [144, 175, 215].

The radiosynthesis of [18F]FACBC was first reported by Shoup et al. and
resembles that of [18F]FDG [186]. The triflate group in the precursor 1-tert-butyl
carbamate-3-trifluoromethanesulfonoxy-1-cyclobutane-1-caboxylic acid methyl
ester (22) is substituted with [18F]fluoride in the first step (Fig. 8.5). After removal
of the protecting groups, [18F]FACBC is purified by SPE. Using an automated
procedure with optimized conditions, [18F]FACBC was obtained in an RCY of
24% within 70 min and RCP > 99% [122]. A cassette-based synthesis was reported
delivering the probe in RCYs up to 63% within 43 min [193].

8.4 18F-Labeled Choline Derivatives for Imaging
Membrane Lipid Synthesis

8.4.1 Dimethyl-[18F]Fluoromethyl-2-
Hydroxyethylammonium ([18F]Fluoromethylcholine,
[18F]FCH)

The choline analog dimethyl-[18F]fluoromethyl-2-hydroxyethylammonium ([18F]
fluoromethylcholine, [18F]FCH) was developed as a tumor imaging agent and ini-
tially evaluated in PC-3 human prostate cancer cells, PC-3 human prostate cancer
xenografts, as well as human prostate and brain tumor patients [31]. The biodistri-
bution of [18F]FCH in the murine PC-3 human prostate cancer xenograft model
proved to be comparable to that of [14C]choline [34]. Similar to [11C]choline, [18F]
FCH proved to be a promising agent for prostate cancer imaging but with the
advantage of a longer physical half-life and increased spatial resolution [8, 12, 16, 25].

Choline is a vitamin-like essential nutrient and represents an important com-
ponent of cell membrane phospholipids. Malignant tumors are characterized by an
increased proliferation rate and, therefore, an increased metabolism of cell mem-
brane components including choline and its metabolites. The cellular metabolism of
choline includes phosphorylation by choline kinase yielding phosphorylcholine
followed by subsequent incorporation into phospholipids such as phos-
phatidylserine [153]. Choline is also the metabolic precursor of betaine, which is
formed from choline in a two-step, enzyme-catalyzed oxidation. Furthermore, the

22 [18F]FACBC

[18F]K(K222)F
BocHN CO2CH3

OTf

BocHN CO2CH3

18F

HCl
H2N CO2H

18F
23

Fig. 8.5 Synthesis of [18F]FACBC [186]. Abbr.: Boc = tert-butyloxycarbonyl

292 C. M. Waldmann et al.



neurotransmitter acetylcholine is formed from choline by acetylation with choline
acetyltransferase [169]. The metabolism of choline is outlined in Fig. 8.6.

The radiosynthesis of [18F]FCH is achieved by 18F-fluoroalkylation of N,N-
dimethylaminoethanol (25) with bromo-[18F]fluoromethane (27) ([18F]BFM)
[34, 35] or [18F]fluoromethyl triflate (28) ([18F]FCH2OTf) [83] (Fig. 8.7). Both
synthetic pathways start with the labeling of dibromomethane (26) to yield [18F]
BFM. [18F]BFM is either directly used for the alkylation, or it is further transformed
into the labeling synthon [18F]FCH2OTf (28). Fully automated [18F]FCH synthesis
procedures using commercially available radiosynthesizers were published
[102, 183]. The procedures yield the target compound in RCYs of 15–25% (not
decay corrected) with RCP of >99% and Am > 37 GBq/lmol. Synthesis times
are reported to be <35 min. QC requirements of [18F]FCH are defined in the
Eur. Ph. Monograph 9.0/2793.

8.4.2 Dimethyl-2-[18F]
Fluoroethyl-2-Hydroxyethylammonium ([18F]
Fluoroethylcholine, [18F]FECH)

The tracer dimethyl-2-[18F]fluoroethyl-2-hydroxyethylammonium ([18F]fluoroethyl-
choline, [18F]FECH) differs from [18F]FCH only in the additional methylene group
within the 18F-labeled side chain. Studies of the choline transport system suggest that
only two methyl groups of the ammonium moiety in choline derivatives are essential
for their transport characteristics, whereas the third methyl group can safely be

N
OH

choline

betaine aldehyde
dehydrogenase

N CHO

choline
dehydrogenase

betaine aldehyde betaine

N COOH

choline
kinase

N
OPO3H2

phosphorylcholine

choline
acetyltransferase

N
OAc

acetylcholine

Fig. 8.6 Schematic of the choline metabolism
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replacedwith a prolonged alkyl chain [38].Moreover, investigations into the substrate
specificity of choline kinase for synthetic choline analogs also show that the
replacement of one out of three methyl groups with another alkyl chain is tolerated
[30]. Consequently, the in vivo biodistribution and diagnostic accuracy of those
structurally similar tracers were shown to be comparable throughout the published
literature [22]. Hara et al. suggested [18F]FECH as a potential oncological PET tracer
and demonstrated its usefulness in the imaging of prostate cancer in patients [69].
Simultaneous [18F]FECH PET/MRI was used for the imaging of astrocytic tumors in
children during therapy [50]. In prostate cancer imaging, [18F]FCH is increasingly
being replaced by [18F]FACBC (see Sect. 3.3) and the 18F-labeled PSMA radioli-
gands [18F]DCFPyL and [18F]PSMA-1007 (see Chap. 8).

Similar to [18F]FCH, two main strategies are applied in the reported radiosyn-
theses of [18F]FECH. In the more common approach, 1-[18F]fluoro-2-(tosyloxy)
ethane (6) is used to alkylate N,N-dimethylaminoethanol (25) (Approach A,
Fig. 8.8) [7, 69, 146, 151]. Using this approach, an RCY of up to 48% (not decay
corrected) within 55 min and an RCP > 99% was reported. An alternative approach
uses the intermediate 1-bromo-2-[18F]fluoroethane (29) ([18F]BFE), which is gen-
erated by 18F-labeling of 2-bromoethyltriflate (30) and requires purification by
distillation. Using this strategy, [18F]FECH is synthesized with a RCY of 47% (not
decay corrected) within 40 min (Approach B, Fig. 8.8) [219].

Approach A:

25

26

[18F]K(K222)F,

Br Br

Br 18F

N
OH

27

N
OH

18F

[18F]FCH

Approach B:

28TfO 18F

26

[18F]K(K222)F,

27

AgOTf, 190

Fig. 8.7 Different synthetic routes toward [18F]FCH. Approach A [102]; Approach B [83]
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8.5 18F-Labeled Nucleoside Derivatives for Imaging Cell
Proliferation

8.5.1 3′-Deoxy-3′-[18F]Fluorothymidine ([18F]FLT)

The radiotracer 3′-deoxy-3′-[18F]fluorothymidine ([18F]FLT) was developed to
measure the proliferation rate of tumors [185]. Studies evaluated the benefit of [18F]
FLT imaging in colorectal cancer [132, 212], hepatocellular carcinoma [42], and
gastric cancer [87, 88]. [18F]FLT has also been used to monitor tumor response to
treatment [74, 107].

DNA synthesis is a measure of proliferation and an increased level of cellular
proliferation is a hallmark of cancer [68]. DNA synthesis and cell proliferation are,
therefore, an attractive target in oncological molecular imaging and radiolabeled
DNA building blocks were developed for tumor imaging [125, 184]. Similar to
natural DNA building blocks, [18F]FLT enters the cells via diffusion and nucle-
oside transporter proteins [13]. The tracer is phosphorylated by thymidine kinase 1
to form [18F]FLT-5′-phosphate which is metabolically stable and trapped intracel-
lularly [9, 163]. Because of fluorine-18 in the 3′-position of the sugar moiety, [18F]
FLT acts as a terminator of the growing DNA chain and only small amounts of
tracer are actually accumulated in DNA. Similar to [18F]FDG, the compound
reflects accumulation by transport as well as activation in the utilization pathways
resulting in metabolic trapping. A direct relationship of [18F]FLT accumulation and
cell proliferation has been questioned [177].

The most commonly applied synthetic strategy in the preparation of [18F]FLT
starts with the precursor molecule 5′-O-(4,4′-dimethoxytriphenylmethy)l-(2′-
deoxy-3′-O-nosyl-b-D-threo-pentofuranosyl)-3-N-Boc-thymine (31) (Fig. 8.9,

Approach A:

25

30

[18F]K(K222)F,

Br

N
OH 29

N
OH

[18F]FECH

Approach B:

5

[18F]TBAF, CH3CN

6

18F

OTf

Br
18F

TsO
18F

TsO
OTs

1,2-dichlorobenzene, 

Fig. 8.8 Two synthetic strategies toward [18F]FECH. Approach A [7]; Approach B [219]
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Approach A) [216]. After nucleophilic substitution of the nosyl-group with [18F]
fluoride, the protecting groups are removed under acidic conditions and [18F]FLT
is purified by semi-preparative HPLC. A fully automated synthesis was reported
yielding [18F]FLT in an RCY of 49% when starting with 37 GBq of [18F]fluoride
[140]. Tang et al. developed a purification procedure based on solid-phase
extraction cartridges instead of HPLC, thereby reducing the synthesis time to
35 min [196]. A fully automated synthesis that allows the reduction of the amount
of precursor while retaining RCY was reported by Marchand et al. [120]. The
alternative approach toward the synthesis of [18F]FLT uses the precursor 5′-O-
(4,4′-dimethoxytriphenylmethyl)-2,3′-anhydrothymidine (33). After nucleophilic
ring opening with [18F]fluoride, hydrolysis of the protecting group and HPLC
purification, [18F]FLT was synthesized with an RCY of 14% within 90 min
(Fig. 8.9, Approach B) [116]. QC requirements of [18F]FLT are defined in the Eur.
Ph. Monograph 9.0/2460.

8.5.2 1-(2′-Deoxy-2′-[18F]Fluoro-b-D-Arabinofuranosyl)-
5-Methyluracil ([18F]FMAU)

Similar to [18F]FLT, the 18F-labeled nucleoside analog 1-(2′-deoxy-2′-[18F]fluoro-
b-D-arabinofuranosyl)-5-methyluracil ([18F]FMAU) binds to thymidine kinase and
represents a tracer for measuring proliferation [2]. In contrast to [18F]FLT, [18F]
FMAU is selectively taken up and incorporated into the DNA of proliferating cells
[101]. In a series of initial studies, patients with brain, prostate, colorectal, lung and
breast cancers were imaged with [18F]FMAU PET [191, 197]. It was shown that
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Fig. 8.9 Different routes toward the radiosynthesis of [18F]FLT. Approach A [216]; Approach B
[116]. Abbr.: DMTr = 4,4-dimethoxytrityl; Boc = tert-butyloxycarbonyl; Ns = 4-nitrobenzylsul-
fonyl (nosyl)
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[18F]FMAU-imaging in the abdominal region is limited due to its physiological
uptake in the liver and the kidneys. A pilot study of [18F]FMAU PET in breast
cancer patients was reported where the images revealed the primary breast tumors
as well as metastatic lesions [33].

The commonly used synthetic route toward [18F]FMAU is a multistep procedure
that is difficult to automate (Fig. 8.10, Approach A) [3, 118]. The protected triflate
precursor 35 is reacted with [18F]fluoride to perform a nucleophilic substitution
reaction. Subsequent bromination, substitution of bromine by a thymine silyl ether
derivative and cleavage of the benzoyl protecting groups yields [18F]FMAU, which
is purified by semi-preparative HPLC. Using this strategy, [18F]FMAU is produced
in RCYs of 25–45%, RCPs > 98% and Am of 85–111 GBq/lmol within 3–4 h.
The challenging automation of this sophisticated radiosynthesis route was reported
by several groups [5, 32, 145]. A simplified approach (Fig. 8.10, Approach B) that
starts with THP-protected precursor 35 and facilitates the radiosynthesis in one
reaction vessel results in low RCYs. Values of 2% were reported by Turkman et al.
(Fig. 8.10, Approach B) [203].
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Fig. 8.10 Radiosynthesis of [18F]FMAU. Approach A [3, 118]; Approach B [203]. Abbr.:
Bz = benzyl; OTf = triflate; THP = 2-tetrahydropyranyl; OMs = mesylate
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8.6 18F-Labeled Nitroimidazole Derivatives for Imaging
of Tumor Hypoxia

8.6.1 1H-1-(3-[18F]Fluoro-2-Hydroxypropyl)-2-Nitroimidazole
([18F]Fluoromisonidazole, [18F]FMISO)

In 1987, 1H-1-(3-[18F]fluoro-2-hydroxypropyl)-2-nitroimidazole ([18F]Fluo-
romisonidazole, [18F]FMISO) was proposed by Rasey et al. as a hypoxia imaging
agent for imaging of tumor hypoxia with PET [164]. The tracer is widely used to
guide chemotherapy or radiotherapy in patients suffering from cancers such as head
and neck cancer [65, 95, 108, 115], glioblastoma [57, 93, 194], non-small cell lung
carcinoma [204], breast cancer [6], and rectal cancer [160, 168].

A means to estimate the oxygenation in tumors is of utmost clinical interest since
it allows predicting tumor response to radiotherapy, chemotherapy and
radiochemotherapy [49, 63, 131]. Well-oxygenated cancer cells (normoxia) are
more sensitive toward the radiotoxic effects of ionizing radiation than poorly
oxygenated ones (hypoxia) [133]. Radiolabeled nitroimidazoles were suggested as
markers of hypoxia and, therefore, as a tool to evaluate the tumor response to
radiation therapy [27]. After passive diffusion into the cells, nitroimidazole
derivatives are reduced to their corresponding nitro radical anions by a single
electron transfer mechanism (Fig. 8.11). In the presence of oxygen, the radical
anions are re-oxidized to form oxygen superoxide anions, which can diffuse out of
the cell. Under hypoxic conditions, the re-oxidation does not occur and subsequent
reductions form reactive intermediates of nitroimidazole such as hydroxylamines
and amines. These reduced intermediates bind to intracellular components such as
macromolecules (e.g., proteins and DNA) and accumulate in the cells [97].

Two synthetic routes toward the clinical preparation of [18F]FMISO are
described. The first strategy entails the nucleophilic fluorination of (2R)-glycidyl
tosylate (42) with [18F]fluoride to yield [18F]epifluorohydrin (43) (Fig. 8.12,
Approach A). The subsequent nucleophilic ring opening with 2-nitroimidazole
forms [18F]FMISO, which is purified by HPLC to obtain a final formulation with
RCYs of 40% in 140–180 min, RCPs of 99%, and Am of 37 GBq/lmol [64, 106].
The second strategy uses the precursor 1-(2′-nitro-1′-imidazolyl)-2-O-
tetrahydropyranyl-3-O-toluenesulphonyl-propanediol (44) (Fig. 8.12, Approach B).
Nucleophilic substitution of the tosylate leaving group with [18F]fluoride and
subsequent cleavage of the protecting group under acidic conditions yields [18F]

RNO2

e-

O2O2

RNO2

e-

RNO

e-

RNHOH

2e-

RNH2

Fig. 8.11 Oxygen-dependent metabolism of nitroimidazoles. Abbr.: R = rest [97]
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FMISO. After purification with HPLC and/or SPE, RCYs of 55–80% in 50 min,
RCPs of >99%, and Am of >22 GBq/lmol can be achieved [29, 106, 111, 139].
QC requirements are described in the Eur. Ph. Monograph 9.0/2459.

8.6.2 1-(5-Deoxy-5-[18F]Fluoro-a-D-Arabinofuranosyl)-
2-Nitroimidazole ([18F]FAZA)

The compound 1-(5-deoxy-5-[18F]fluoro-a-D-arabinofuranosyl)-2-nitroimidazole
([18F]FAZA) is a second generation hypoxia PET tracer. Compared to [18F]
FMISO, this nitroimidazole derivative is more hydrophilic and, therefore, shows a
more rapid clearance from blood and non-target tissues. This results in increased
tumor-to-background ratios [152]. Initial studies demonstrate that [18F]FAZA-PET
can be used for hypoxia imaging in patients with head and neck cancer [66],
squamous cell carcinoma of the head and neck [174, 182], non-small-cell lung
cancer [96, 176], pancreatic cancer [124], and gliomas [155].

The radiosynthesis of [18F]FAZA is based on a nucleophilic substitution of the
tosylate moiety in precursor 46 with [18F]fluoride and subsequent hydrolysis of the
acetyl protecting groups (Fig. 8.13). After HPLC purification, [18F]FAZA is
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obtained with RCYs of 21% (not decay corrected) in 50 min [166]. An automated
procedure yielded [18F]FAZA with RCYs of 52% in 51 min [72].

8.7 16a-[18F]Fluoro-17b-Estradiol ([18F]FES) for Imaging
Estrogen Receptor Status

Estrogen receptor-positive (ER+) tumors possess a slower rate of growth and are
likely to respond to endocrine therapy [48, 170]. Therefore, an approach for the
noninvasive assessment of the ER status of breast tumors in vivo is clinically
desirable [112]. Among the several developed radiolabeled ER ligands, 16a-[18F]
fluoro-17b-estradiol ([18F]FES) represents the most intensively investigated and
promising option [94]. [18F]FES was evaluated in patients with ovarian cancer
[214], uterine tumors [201, 213], and breast cancer [62, 149, 150, 192].

Similar to the steroid hormone estradiol, [18F]FES circulates in the bloodstream
where it binds to sex hormone-binding proteins (SBP) and albumin [198]. The
fraction of [18F]FES that binds to SBP is protected against liver metabolism,
thereby enabling the transport of the parent compound to the target tissue [211].
Free [18F]FES, however, is rapidly metabolized in vivo and the formation of
glucuronidated and sulfated radiometabolites that are not accumulated by ER+tu-
mors contribute to a high background activity complicating the quantitative inter-
pretation of [18F]FES PET images [119].

Two strategies toward the synthesis of [18F]FES were reported. An early
approach was developed by Kiesewetter et al. (Fig. 8.14, Approach A) [94]. The
first step consists of nucleophilic replacement of a triflate leaving group on the
5-membered D Ring in precursor 48 with [18F]fluoride. Reduction of the ketone and
subsequent hydrolysis of the triflate group on the aromatic A ring constitutes the
target compound. After HPLC purification, the tracer is obtained in a RCY of 43%
in 75–90 min, RCP > 99% and Am in a range of 7–10 GBq/lmol. The more
common approach starts with the precursor 3-O-methoxymethyl-16,17-O-
sulfuryl-16-epiestradiol (51) (Fig. 8.14, Approach B) [111]. Nucleophilic ring
opening of the cyclic sulfate with [18F]fluoride and subsequent acidic hydrolysis of
the methoxymethyl- and sulfate groups yields [18F]FES. Several groups automated
this approach on commercially available radiosynthesizers [39, 105, 173]. Syn-
theses based on disposable cassettes were reported yielding the tracer in RCYs of
up to 45% in 76–88 min. RCPs were reported to be >99% and Am was observed in
a range of 58–111 GBq/lmol [129, 138].
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8.8 18F-Labeled Glu-Ureido–Based Inhibitors for Imaging
Prostate-Specific Membrane Antigen (PSMA)

8.8.1 (3S,10S,14S)-1-(4-(((S)-4-Carboxy-2-((S)-4-Carboxy-2-(6-
[18F]Fluoronicotinamido)Butanamido)Butanamido)
Methyl)Phenyl)-3-(Naphthalen-2-Ylmethyl)-1,4,12-
Trioxo-2,5,11,13-Tetraazahexadecane-
10,14,16-Tricarboxylic Acid ([18F]PSMA-1007)

Radioligands targeting the prostate-specific membrane antigen (PSMA) are a new
class of radiopharmaceuticals for diagnostics and treatment of prostate cancer
[99]. On the diagnostic side, the field is currently dominated by the 68Ga-labeled
PET tracer [68Ga]Ga-PSMA-11 [1]. Caused by the limited production capacity for
this 68Ge/68Ga-generator-dependent PET tracer (1–3 patient doses per production
run), 18F-labeled PSMA ligands were developed and introduced into the clinic.
The tracer (3S,10S,14S)-1-(4-(((S)-4-carboxy-2-((S)-4-carboxy-2-(6-[18F]fluoron-
icotinamido)butanamido)butanamido)methyl)phenyl)-3-(naphthalen-2-ylmethyl)-
1,4,12-trioxo-2,5,11,13-tetraazahexadecane-10,14,16-tricarboxylic acid ([18F]
PSMA-1007) was introduced in 2017 [24]. In contrast to [68Ga]Ga-PSMA-11,
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Fig. 8.14 Two routes toward the radiosynthesis of [18F]FES. Approach A [94]; Approach B
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[18F]PSMA-1007 can be produced in high activity yields allowing the exami-
nation and imaging of multiple patients from a single production run. From an
imaging perspective, [18F]PSMA-1007 has the advantage that tracer-associated
activity-accumulation in the urinary bladder is low, which can be advantageous
with regard to delineation of the primary tumor and local recurrence, as well as
pelvic lymph node metastasis in various patients [60]. The tracer shows very
promising results in imaging patients with biochemical recurrent prostate cancer
[58, 59, 161].

Like other peptidomimetic Glu-ureido–based PSMA inhibitors, [18F]
PSMA-1007 binds to PSMA which is a binuclear membrane-bound zinc protease,
called glutamate carboxypeptidase II (GCP II), that is highly upregulated in all
stages of prostate cancer with very low expression in healthy tissues [15, 188].
Moreover, there is a significant correlation between the level of expression of
PSMA and the progression of the disease. After the binding of the ligand to its
membrane-anchored target, internalization occurs resulting in an effective trans-
portation of the bound molecule into the cells [162]. Internalization leads to
enhanced tumor uptake and retention, resulting in high-image quality for diagnostic
procedures and a high local dose for therapeutic applications when therapeutic
ligands such as PSMA-617 are used [75, 100].

Two synthetic approaches toward the radiosynthesis of [18F]PSMA-1007 were
reported. The initial approach utilizes a two-step synthesis strategy (Fig. 8.15,
Approach A) [23, 24]. The first step involves the formation of the prosthetic group
6-[18F]fluoronicotinic acid 2,3,5,6-tetrafluorophenyl ester (54) with subsequent SPE
purification. In the second step, the free amino group in the PSMA inhibitor moiety
55 reacts with the activated ester of prosthetic group 54. After HPLC purification,
[18F]PSMA-1007 is obtained in RCYs of 2–6% (not decay corrected) within a total
synthesis time of 45 min (without [18F]fluoride activation and formulation steps).

In clinical routine service, the two-step approach has been replaced with an
efficient one-step radiosynthesis in which the unprotected PSMA inhibitor moiety
56 is radiolabeled directly and HPLC purification is not required [23]. [18F]
PSMA-1007 is produced in RCYs ranging from 25 to 80% within 55 min. With
starting activities of up to 90 GBq, activity yields of up to 49 GBq can be achieved
using any commercially available radiosynthesizer.

8.8.2 2-(3-(1-Carboxy-5-[(6-[18F]Fluoro-Pyridine-3-Carbonyl)-
Amino]-Pentyl)-Ureido)-Pentanedioic Acid ([18F]
DCFPyL)

Beside [18F]PSMA-1007, the tracer 2-(3-(1-carboxy-5-[(6-[18F]fluoro-pyridine-3-
carbonyl)-amino]-pentyl)-ureido)-pentanedioic acid ([18F]DCFPyL) is another
promising radiofluorinated PSMA inhibitor for the imaging of prostate cancer. [18F]
DCFPyL was introduced by Chen et al. in 2011 and its biodistribution and safety
were investigated in a first-in-human study later on [28, 195]. The tracer demon-
strates promising results in imaging patients with suspected prostate cancer
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recurrence [171]. In contrast to [18F]PSMA-1007, [18F]DCFPyL shows a lower
hepatic background which might be favorable for imaging patients in late stages of
the disease when rare cases of liver metastases can occur [60].

Similar to [18F]PSMA-1007, two strategies toward the synthesis of [18F]DCFPyL
have been reported (Fig. 8.16). One strategy utilizes prosthetic groups, whereas the
other consists of a direct-labeling procedure. The first reported radiosynthesis uses the
prosthetic group 6-[18F]fluoronicotinic acid 2,3,5,6-tetrafluorophenyl ester (54)
which is reacted with the amino group in the PSMA inhibitor moiety 57 (Fig. 8.16,
Approach A) [28]. After removal of the protecting groups and subsequent HPLC
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purification, [18F]DCFPyL is obtained in RCYs ranging from 36 to 53% within
128 min. Independently, two strategies where the PSMA inhibitor moiety is directly
labeled were developed in the same year [18, 165]. Both approaches start with the
nucleophilic substitution of a trimethylammonium moiety in precursor 59 with [18F]
fluoride (Fig. 8.16, Approach B). Removal of the protecting groups and HPLC
purification yielded [18F]DCFPyL in RCYs ranging from 23 to 31%within synthesis
times between 55 and 66 min.

8.9 Sodium [18F]Fluoride (Na[18F]F) for Imaging Bone
Mineralization

[18F]Fluoride (Na[18F]F) was suggested as a potential tracer for bone scintigraphy
in 1962 [14]. Since then, the radiofluorinated ion pair has been evaluated in mul-
tiple clinical studies concerning the imaging of bone and joint disorders [10].
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Multitudes of primary neoplasms, such as breast-, prostate-, thyroid-, renal-, and
lung tumors, are likely to metastasize to bone [172]. Na[18F]F-PET is a highly
sensitive and specific imaging method for the detection of skeletal metastases in
patients with prostate cancer [46, 92], breast cancer [92, 179] [92], and urinary
bladder carcinoma [26].

In the bloodstream, Na[18F]F dissociates into sodium cations (Na+) and [18F]
fluoride anions. Bone uptake of [18F]fluoride occurs through ion exchange with
hydroxide ions (OH−) in the bone mineral hydroxylapatite (Ca5(PO4)3OH) thereby
forming [18F]fluoroapatite (Ca5(PO4)3[

18F]F) [71]. Increased [18F]fluoride uptake
reflects an increase in regional blood flow and bone turnover as observed in
malignant bone lesions.

[18F]Fluoride is produced directly in the cyclotron target system by irradiation of
[18O]water in the nuclear 18O(p,n)18F reaction. Subsequent removal from the
irradiated [18O]water by adsorption on anion exchange resins and desorption of
[18F]fluoride from the resin with isotonic NaCl solution yields sodium [18F]fluoride
in physiological solution. QC requirements are specified in the Ph. Eur. Monograph
9.0/2390.

8.10 Conclusion

The clinically relevant small-molecule and low-molecular-weight 18F-labeled PET
tracers presented here can sustainably support clinical management of patients
suffering from early and progressive cancer. Small-molecule and low-molecular-
weight radiotracers for the detection of glucose utilization, amino acid transport,
protein synthesis, membrane lipid synthesis, cell proliferation, cell death, hypoxia,
estrogen receptor status, PSMA expression, and bone mineralization of tumors are
introduced. Due to the tremendous dynamics of PET tracer development, this list
cannot be exhaustive and additional 18F-labeled tracers that are not listed here might
be introduced into the clinic in the future.
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9.1 Introduction

Ultrasound imaging is the most widespread imaging modality, and it is rapidly
becoming even more popular, with millions of exams per year in the US alone, far
exceeding imaging performed with PET/SPECT and MRI. For the decade between
2000 and 2011, globally, the number of ultrasound imaging examinations has
increased by an order of magnitude; for other imaging modalities it had just about
doubled [47]. Ultrasound equipment does not require the use of ionizing radiation;
it is considered so safe, that imaging in pregnancy is widespread, and considered
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standard of care. Ultrasound equipment is portable. Just a decade ago, ultrasound
system was a cart of several hundred pounds. Lately, it is a laptop system, or a small
handheld unit that may even use a smartphone as a screen. So, ultrasound is usable
in the environments well beyond the hospital or doctor’s office, including remote
geographies or battlefield.

Ultrasound provides the ability to image anatomy and guide interventional
procedures in real time; Doppler ultrasound allows imaging blood flow in large
vessels. Ultrasound contrast, in the form of microbubbles, has already reached
clinical practice, and gradually gains acceptance (and procedure cost reimbursement
in most countries) as a blood pool agent, both in radiology and cardiology use. It
provides enhancement of Doppler ultrasound signal, as well as the ability to
monitor and assess blood flow in the tissue, including microvasculature, where
non-contrast Doppler is not sufficiently sensitive. Tissue perfusion information may
provide an added benefit in cancer imaging, for instance, in monitoring tumor
response to therapy (traditional CT or MRI do not provide tissue viability infor-
mation, and perfusion does).

Ultrasound imaging per se does not provide specific molecular information on
the status of the tissue without a specific contrast agent (likewise, most other in vivo
imaging modalities will require labeled targeting ligands or metabolites carrying a
fluorescent dye, MRI contrast, or a radioisotope). That is where ultrasound contrast
materials can help, and combine the stated advantages of ultrasound (cost, porta-
bility, and ease of use) with the ability to perform molecular imaging, with sub-
stantial penetration depth (many cm) without the use of ionizing radiation. The
basis for molecular imaging with ultrasound contrast is a gas-filled bubble structure,
which is coated with a thin stabilizer shell that carries targeting ligands on its
surface, so that the contrast particle would specifically bind and adhere to the
tumor-related biomarker molecules (Fig. 9.1 presents a cartoon version of a tar-
geted microbubble).

In this review we will discuss general directions of the design and implemen-
tation of ultrasound contrast agents for targeted molecular imaging in cancer. For
the past two decades, this field had advanced from the early idea stage toward
clinical use. We will look into the advantages and complications of this technology,
provide examples of the most successful applications, target selection, and proper
contrast agent preparation strategies.

9.2 Bubbles and Their Interaction with Ultrasound: The
Basis for Ultrasound Contrast Physics

The use of gas-filled bubbles as ultrasound contrast materials for imaging and
therapy is based on the drastic difference in compressibility of water-based bio-
logical tissues and gases [27]. Water and soft tissues (with their high water content)
are not compressible; so ultrasound pressure wave passes through the tissue with
only minor attenuation and energy loss. During the passage of ultrasound waves
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through the tissue, respective cycles of compression and rarefaction occur. If a gas
bubble is present in the tissue, and its movement is not constrained by a thick shell,
effect of the ultrasound field on the bubble results in the sequential compression and
expansion of gas. Medical ultrasound is operated at MHz frequency; in its diag-
nostic imaging mode it may exceed MPa pressure levels, i.e., 10 bar, generated in
the tissue, for sub-microsecond time intervals. So during compression portion of the
cycle, bubble volume should decrease by an order of magnitude, and during the
rarefaction period, bubble is drastically expanded. The interface between the gas
and the aqueous phase (e.g., blood) becomes a miniature “speaker membrane” that
generates secondary ultrasound waves, which can be detected by the ultrasound
imaging equipment. The increase of the size of the gas bubble implies stronger
ultrasound scattering (Rayleigh scattering is proportional to sixth power of particle
radius). Therefore, larger microbubbles would be preferred, but they cannot exceed
several micrometers in diameter (the upper limit should be smaller than the size of
red blood cells) if intravascular administration is intended. We would want to
prevent these particles from lodging in the capillaries and blocking the blood flow.

Modern ultrasound devices are capable of monitoring acoustic signal at multiple
frequencies. They allow multi-pulse imaging sequences for rapid suppression of
relatively linear tissue backscatter signal, and highly non-linear signal from
microbubbles [2]. Therefore, the detection of individual microbubbles by ultra-
sound imaging has become possible and common in many clinical scanners.
Figure 9.2 presents images of individual microbubbles dispersed in an aqueous

Fig. 9.1 Cartoon
presentation of a targeted
microbubble (drawn not to
scale). A thin shell stabilizes
the gas core. Microparticle is
coated with a
lipid/protein/polymer shell,
which is additionally
decorated with a grafted PEG
brush. Targeting ligand is
attached to an extended spacer
to avoid steric hindrance.
Receptor surface density
lower than 100 molecules per
um2 of the target vessel wall
surface can assure efficient
adhesion and microbubble
retention
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medium at low density. For targeted/molecular imaging purposes it means that an
individual microbubble, with micrometer-size range, that is coated with a lipid
monolayer shell that comprises *20 million molecules of lipid (and has sub-pg
mass) and carries e.g., *104–105 molecules of a targeting ligand attached to the
shell, can be detected by ultrasound imaging with clinical equipment, at multi-cm
levels of tissue depth [51]. What is observed on the ultrasound system screen is not
the bubble itself (typically, 2–3 um in diameter) but the point-spread function of the
equipment. Imaging resolution typically matches the wavelength of ultrasound
applied for imaging. Lately, additional mathematical treatment of the point-spread
function image makes it possible to break the wavelength barrier, as it was done
earlier for light microscopy [3]: imaging of vessels down to tens of micrometers in
diameter has become possible [9].

9.3 Microbubbles In Vivo: How and When Molecular
Imaging Could Happen

Microbubbles, due to their relatively large particle size (generally, several
micrometers), have to be used as the intravascular contrast agents. Therefore, the
target for molecular imaging has to be available to the vessel lumen. Such
biomarkers, specific to the vasculature in the tumors, for instance, VEGF Receptors
[31], are well known and overexpressed on vascular endothelium. Targeting ligands

Fig. 9.2 Diluted dispersion of individual microbubbles at high dilution, suspended in deionized
water. Each bright speckle on a dark background represents a point-spread function generated by a
single microbubble*1–3 um in diameter and sub-picogram mass. Acuson Sequoia 512 with 15L8
probe, Cadence Contrast Pulse Sequencing imaging mode, image width 2.5 cm, 7 MHz,
non-destructive mode (MI 0.2). Imaging is most efficient close to focal zone
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with high specificity to these materials are available, e.g., VEGF itself. So
microbubbles decorated with such targeting ligands can be applied for specific
binding and imaging. Microbubbles should possess a strong enough shell that
would not tear off in the flow when ligand on the bubble shell adheres to the
receptor on the target surface; the anchor that is used for the ligand attachment
should also not pull out from the shell.

Following intravenous injection, microbubbles rapidly distribute within the
bloodstream, reaching peak contrast intensity there at *30 s. Bubbles recirculate
through the vasculature; while they circulate, they have the opportunity to touch
and adhere to endothelium, where ligand-receptor pair formation is efficient. In the
areas where the tumor biomarker molecule density on endothelium is high enough,
the microbubble adherence would occur. Bubbles will become immobilized in that
area, and delineate the target tumor. Figure 9.3 demonstrates an example of targeted
ultrasound contrast image of a tumor and control contralateral muscle, 5 min after
intravenous bolus administration, with a moderate amount of microbubbles still
present in the bloodstream, yet significant amount of material accumulated and
retained in the tumor (right side of image frame). Circulating bubbles are gradually
cleared from the bloodstream. In a small animal model it usually takes about ten
minutes [1], and in humans it may take up to half hour [52].

Fig. 9.3 Molecular ultrasound imaging in a murine tumor model. Microbubbles decorated with
anti-VCAM-1 antibody were injected intravenously; image taken 5 min later. Tumor (right side),
control contralateral muscle (left side). Acuson Sequoia CPS, 15L8 probe, 7 MHz, non-destructive
low power imaging (MI 0.2). Image width, 2.5 cm
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Circulating microbubbles lifetime in the bloodstream is a basic yet critical factor
in the success of contrast ultrasound imaging; bubbles have to recirculate for the
period long enough, for the sufficient amount of bubbles to travel through the target
site and adhere. Early generation microbubbles had air used as the gas core (e.g.,
Albunex and Levovist). These bubbles also possess a thin shell, which is not a very
good barrier for gas transfer, and deflate out of existence very quickly, losing
entrapped gas and ultrasound scattering capability. In order to improve circulation
time, a “second-generation” version of microbubbles was formulated, which con-
tained perfluorocarbon gas core instead of air: perfluoropropane, sulfur hexa-
fluoride, and, especially, perfluorobutane, are orders of magnitude less soluble in
water (and in blood) than oxygen and nitrogen of air. Therefore, gas loss from these
bubbles is slowed down greatly, and at 10–30 min after intravenous injection there
is still enough non-deflated bubbles present as adherent to tumor vasculature, so
they could be detected by contrast ultrasound imaging. One can hypothesize that
circulating bubbles rapidly moving with the flow of blood at high shear and
repeatedly passing through the lungs, lose their gas much faster than the bubbles
that are adherent in the slow-flow capillaries or the post-capillary venules in the
tumor tissue—this effect may be partially responsible for the improvement of
target-to-blood and target-to-control tissue ratio, that is routinely observed for
molecular ultrasound imaging.

9.4 Preparation of Ultrasound Contrast Particles

Microbubbles used as blood pool contrast agents have been approved by FDA and
by other regulatory agencies and are already in widespread clinical use, worldwide,
therefore, the methods of microbubble preparation have been well developed and
described. For molecular imaging these microbubble particles are decorated with
targeting ligands that are attached onto the microbubble shell (that process will be
discussed in a separate section below).

There are generally three major approaches to microbubble making and handling
that have reached clinical use. The first approach, as applied for the ultrasound
contrast formulation that had obtained clinical approval status in the US first [23], is
to make microbubbles in bulk (e.g., by sparging gas phase through the aqueous
medium during sonication). Immediately after formation, gas–water interface is
stabilized by the shell material that is present in the aqueous phase. Stabilizer can be
a protein, polymer, lipid, surfactant, micelles, or even nanoparticles. Sometimes,
additional stabilization of the shell is performed, e.g., by polymerization [12].
Resulting bubbles are stable on storage, and can be aseptically packaged in sterile
vials as the aqueous dispersion. Microbubbles float upwards, to the top of the
aqueous medium, and create a thick “cake” structure at the interface between the
vial gas headspace and aqueous medium. During storage, the stabilizer shell serves
as a barrier to prevent fusion of adjacent bubbles that form the cake. When bubble
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use is planned, a vial is placed on a slow rotator mixer, and cake gently dissociates
back to the original individual bubbles within minutes.

The second approach is based on matrix dissolution; this type of bubbles was
first approved in Europe [43]. A water-soluble matrix material, e.g., carbohydrate or
PEG, is intermixed with lipids: palmitic acid [43] or phospholipids [37], and placed
in the sterile vials (either directly, as dry material, or following lyophilization). This
dry matrix approach may demonstrate remarkable storage stability, several years at
room temperature (but not to exceed 40 °C for the phospholipid material). Gas
space in the vial may be a poorly soluble fluorinated gas (instead of air), to improve
the lifetime of microbubbles in vivo. When it is time to administer the bubble for
the contrast study, sterile water is added to the vial through the septum, rapidly
dissolving the matrix and leaving behind gas bubble “pockets” suspended in the
aqueous medium; lipid shell components stabilize the gas–liquid interface.
Resulting microbubbles, such as Sonovue/BR1/Lumason [37], Perflexane/Imagent
[6] and Sonazoid [21] should be used soon after the preparation, typically within
several hours.

The third approach is based on amalgamation, i.e., the use of a specialized
version of a dental shaker to prepare microbubbles in a sterile sealed vial, without
opening it, at the hospital site, up to several hours prior to use [14]. Definity
microbubbles (with Luminity name in Europe) are manufactured this way [34]. The
vial contains an aqueous medium with lipids and co-surfactants, such as propylene
glycol; the vial is sealed, with perfluorocarbon gas headspace. In an amalgamator
the vial is forcefully vibrated, for several thousand cycles, at high shear, for less
than a minute. Gas is mixed with aqueous medium; lipids and surfactants imme-
diately stabilize the newly formed gas–water interface. This results in the rapid
formation of bubbles of the desired size distribution. At higher concentration of
lipids in the media the efficacy of bubble generation is improved [48]. Likewise, at
higher concentrations of co-surfactant and shell-forming lipid material, most of the
lipid is transferred from the aqueous medium to the bubble coating. This approach
has two other advantages: it does not require harsh conditions of sonication, and the
aqueous lipid medium that is used for microbubble preparation can be
sterile-filtered and aseptically filled into vials prior to amalgamation, making pro-
duction and clinical translation much easier. Vial temperature conditions during
amalgamation process should be kept reproducible, to manufacture microbubbles of
the desirable acoustic behavior and reproducible size: even a moderate variation of
vial temperature during amalgamation (refrigerated, room temperature, or 37 °C)
results in a significant size distribution change, which results in drastic acoustic
backscatter response differences [18].
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9.5 Microbubble Shell Design

Design of the microbubble shell is based on a compromise between two conflicting
requirements. First, the shell should be thick and robust, to minimize gas loss from
the core, and stabilize the bubble structure during storage as well as in vivo.
Second, bubble shell should be elastic and not restrict compression and expansion
of the gas core when it is subjected to the very significant pressure variations of the
ultrasound field. “Solid” shell can be made of biocompatible polymer (as is
approved for manufacturing of bioresorbable sutures), such as polylactide [39, 45],
or a surgical glue, such as a cyanoacrylate polymer [12, 17]. The trick here is to find
a good balance between the bubble stability and lifetime in the bloodstream, and the
level of the acoustic pressure that is needed to “crack” the bubble shell, so it could
provide strong acoustic backscatter at moderate ultrasound energies [7, 28]. As of
now, polymer bubbles described in the literature have shell thickness of tens of
nanometers. They have not yet made it into practical clinical use as perfusion agents
[39], even following clinical trials. Advantage of polymer bubbles is in their
robustness and stability. It is easy to handle these particles for the attachment of a
wide variety of targeting ligands, either by covalent [32] and/or noncovalent [25]
coupling schemes. These bubbles can be subjected to repeated flotations in the
aqueous medium, then dried, and stored as dry powders, to be reconstituted in the
aqueous medium prior to injection.

On the other side of the spectrum is the lipid bubble formulation. Lipid base
microbubbles are in widespread clinical practice, and are currently the most popular
formulation approach. A bubble consists of a lipid monolayer shell [6, 21, 37],
often supplemented with a brush of grafted polymer, such as Definity [34] to
minimize potential side effects, i.e., nonspecific adhesion in the vasculature, or
complement activation [11]. Longer-chain lipids with fully saturated fatty acid
chains are preferred [16], as they provide better particle stability and longer cir-
culation time. Although the shell of these particles is based on a monomolecular
lipid layer, *2 nm thick, they can provide reasonable stability (up to several
months of refrigerated storage after preparation for some formulations, in sealed
vials under fluorocarbon gas atmosphere). They offer bloodstream lifetime of
several minutes, which is sufficient for molecular imaging studies in preclinical
research, and in clinical trials. Synthesis of targeting ligand-lipid conjugates is well
described in the liposome research literature of the last century, and it can be
applied directly to the preparation of microbubbles that are decorated with targeting
ligands (see below).

Protein-based microbubbles are also possible: microbubble shell is based on
human albumin, which is a natural fully biocompatible material, which has wide-
spread use in clinical practice in large volumes. Albumin bubbles are approved as
Albunex and Optison, respectively, as the first- and second-generation microbubble
contrast agents, with Optison containing octafluoropropane gas instead of air. They
are prepared by sonication of albumin solutions in the aqueous medium: upon
sonication, albumin molecules located at the gas–water interface are “melted” and
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irreversibly denatured, exposing the inner hydrophobic core of the protein mole-
cule. Shell is immediately formed; albumin bubble coat is thicker than lipid, *10–
15 nm range. This assures year-long refrigerated storage stability. Albumin shell
bubbles demonstrate circulation time in the bloodstream that is similar to lipid
bubbles, and have an excellent safety profile. While decorating these bubbles with
antibodies or other targeting ligands can be accomplished, there is some level of
concern that covalently modified albumin might get considered by the body as a
foreign protein, leading to a hapten-like immune response.

9.6 Targeting Ligand Attachment to Microbubble Shell

There are two options to prepare microbubbles that are decorated with targeting
ligands: (a) to formulate the bubbles with the standard shell components, of which
one carries a ligand molecule, or (b) make the bubbles first (as described in the
previous section) and attach targeting ligand to them later.

The first targeted microbubble preparation was performed for a model
ligand-receptor pair, biotin-avidin. Biotin was first attached to the shell component
covalently, and bubbles were then prepared by sonication [24]. These bubbles
effectively adhered to avidin-coated surface, providing the proof that targeted
ultrasound contrast is feasible. As biotin is a small molecule, it easily tolerates harsh
conditions associated with a sonication procedure. This preparation approach is
only feasible with smaller, robust targeting ligands, such as peptides, for example
cyclic RGD derivatives, carbohydrates, such as sialyl Lewis derivatives [50],
peptide mimetics [20], or aptamers. A significant disadvantage of the sonication
procedure is in the relatively low efficacy of transfer of shell components from the
aqueous medium to the bubble shell: for ligand-lipid it may not exceed 25%, [48].
Wasting most of the expensive lipid-conjugated ligand material used in the
preparation is difficult to justify (although one might suggest recycling of the shell
material that is left behind in the aqueous medium). So the alternative tools of
bubble manufacturing without sonication should be considered.

Another significant disadvantage of sonication is the use of harsh preparation
conditions—therefore, there is a significant risk of denaturation and loss of binding
affinity of certain targeting ligands (e.g., antibodies or other proteins). Therefore, it
is necessary to prepare microbubbles first, and attach protein targeting ligands to
them later. The first published example of this approach was in a model system
in vitro, with anti-ICAM-1 antibody that adhered to activated endothelial cells in
culture [49]. A carboxy-PEG-lipid-carrying microbubbles were used in that study.
Overall covalent coupling procedure consisted of several steps. First, as sonicated
bubbles were in a media with large excess of free lipid micelles, not incorporated
into the bubble shell, the latter had to be removed, because it would compete with
the bubbles for covalent coupling of the antibody. Purification was accomplished
with a slow-speed centrifugal wash in a degassed buffer. Next, carboxy group of the
lipid associated with the microbubble shell was activated with the standard
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carbodiimide/hydroxysulfosuccinimide chemistry, as was described for liposomes
earlier [4], and antibody was coupled via a primary aminogroup. Unfortunately,
concentration of carboxy groups, and the antibody in the reaction mixture was low
for microbubbles (unlike for liposomes), so the reaction rate was reduced drasti-
cally, and in order to get to * 105 antibody molecules per one liposome level,
large excess of expensive antibody had to be added and most of it was wasted. One
of the reasons for the low coupling efficacy is a side reaction, hydrolysis of the
active ester of the carboxy group: at low concentration of amino- and
carboxy-components, hydrolysis of the active ester becomes dominant. A better
approach had to be found: it was the use of noncovalent coupling of targeting
ligands to the microbubble shell, that is traditional in modern biotechnology: the
use of streptavidin. Biotinylated bubbles, prepared by sonication as described
earlier [24], are stable during refrigerated storage for many months. They can be
washed in a low-speed centrifuge to remove unincorporated lipid micelles, then
incubated with streptavidin, and after a short wash incubated with biotinylated
antibody [29]. Targeted microbubbles to be used for proof of principle research
in vitro and animal models, as prepared by this technique, had dominated the
preclinical research field for many years, with dozens of published manuscripts.
However, the use of a foreign protein, such as streptavidin, makes it difficult to
consider approval for clinical use in humans. Therefore, more efficient covalent
coupling options have to be used; such chemistries are also widely available. One
example is maleimide coupling chemistry, where maleimide-carrying-microbubbles
are incubated in oxygen-free environment with thiolated targeting ligand, e.g.,
VEGF, a protein that naturally binds to VEGF receptors [1]. In this case, a
genetically engineered version of single-chain VEGF dimer, that carries a thiol on
the adapter outside of the VEGFR binding site, was used for coupling. Clinical
translation of this approach may also be feasible with antibodies and antibody
fragments [55].

The most modern and efficient technique for covalent bioconjugation is known
as click chemistry [30, 41], also called bioorthogonal chemistry [58, 59]. This novel
approach is highly selective and efficient; it allows not just attaching targeting
peptides to the shell of existing microbubbles in vitro [41]: it can also be used for
“pretargeting,” which becomes in vivo covalent targeting. In particular [58], an
anti-VEGFR2 antibody modified with tetracyclooctene was injected intravenously
into tumor-bearing mice expressing the receptor. Next, tetrazine-decorated
microbubbles were administered, and formed a covalent bond via Diels–Alder
reaction only with the antibody in vivo. Click chemistry reactions are fast, highly
specific, and can offer high-yield coupling with minimal loss of expensive targeting
ligands.

All covalent chemistries listed above can be used for the attachment of targeting
ligands to the shell of pre-formulated microbubbles. As an alternative, ligand-lipid
conjugates (usually in the form of ligand-PEG-lipid) can be prepared first, and
added to the shell-forming lipid mixture prior to the bubble-making step. Advan-
tage of this approach is the ability to perform coupling in the optimal conditions,
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and assure pure form of ligand-PEG-lipid, for any ligand, such as small molecules,
peptides, and larger proteins, such as antibodies and scFv.

Unlike sonication, amalgamation procedure use for the preparation of
microbubbles assures that most of the added ligand-PEG-lipid will be associated
with the bubble shell [48]. Blood pool microbubbles prepared by matrix dissolution
have most of the lipid on the shell of the bubbles, and not left behind in the
surrounding aqueous medium [38]. We can expect that protein-PEG-lipid deriva-
tives will follow the same trend, with efficient transfer of the conjugate from the
aqueous medium to the microbubble shell. Obviously, sonication protocol for
bubble preparation does not seem to be applicable for the targeted microbubble
formulations where the protein-PEG-lipid conjugate is prepared first: sonication
conditions imply high temperature, which will likely denature and inactivate the
protein.

9.7 Bubble Targeting Tumors In Vivo: Microbubbles
in Animal Models

The question of the ability of targeted ultrasound contrast imaging to delineate
molecular patterns in tumor vasculature begins with the questions of detection
sensitivity, common to all imaging modalities, and the administered dose of con-
trast material. The lower the required dose, the smaller would be the amount of
expensive materials that needs to go into manufacturing of contrast agent, and the
chance of any undesirable side effects, however minor they might be, would also be
lowered. If we expect tumor blood flow to be e.g., *0.3 ml/g/min [22], then a 1 g
tumor will have about 1 ml of blood pass through the tumor in about 3 min time.
This is about half of the total blood volume of a typical mouse. Therefore, if we
inject intravenously, e.g., *107 microbubbles, as a bolus, and assume only limited
signal loss due to deflation during *3 min circulation time, it would imply that
well over a million bubbles are expected to pass through the tumor vasculature.
Some contrast particles in the bloodstream might have no chance to touch the target
endothelium, or might be carried away with the flow of blood due to inefficient
adherence. Poor adhesion may happen due to slow adhesion kinetics for
ligand-receptor pair, or because of the insufficient ligand or receptor concentrations
to obtain stable adhesion. So far, we did not find a published report that would
compare the amount of microbubbles passing through the tumor with the amount of
bubbles that actually adhered. For simplicity, for a very conservative assumption of
1% bubble target adhesion efficacy, it may be expected that at least 104

microbubbles per ml could be adherent, i.e., every mm3 of target tumor tissue may
have ten microbubbles accumulated in it. This implies at least one bubble per one
voxel, as a very conservative estimate, and should be sufficient for imaging, which
is indeed the case: we will discuss specific examples of molecular ultrasound
imaging of tumors in a separate section below.
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The first example of delineating tumor vasculature biomarkers with targeted
contrast ultrasound imaging in animal model was provided by [8], where bubbles
targeted to avb3 were selectively adherent. In those early studies, bubble detection
capabilities of ultrasound systems were not as good as desirable; in order to image
targeted bubbles, they had to be destroyed by a high-power imaging pulse. Later,
the ultrasound imaging equipment has advanced, reaching the ability to detect and
monitor individual microbubbles in the tissues, nondestructively, with high
bubble-to-tissue signal ratio, and in real time. This helped expand the testing of
microbubble targeting to a wider variety of ligand and receptor pairs, from
RGD-based peptides [46] and proteins [8] to VEGFR2-binding antibodies [36] and
peptides [35], neuropilin-binding peptides such as ATWLPPR [57], knottin [53],
E-selectin-binding peptide [44] and anti-VCAM-1 nanobodies [19]. There are
numerous tumor endothelium-specific molecular biomarkers that are continuously
being discovered. These new molecules could potentially serve as targets for
ultrasound molecular imaging, to delineate the tumors, assess potency and status of
vasculature prior to and in response to therapeutic interventions, or serve as an
imaging guide for biopsy and ablation.

9.8 Nanobubbles: A Smaller-Size Approach to Molecular
Ultrasound Imaging

So far we have discussed targeting of microbubbles toward the markers of tumor
endothelium. However, lately there are discussions on the possibilities to attempt
targeting biomarkers that are present on the surface of tumor cells [59]: the receptor
in that study, prostate-specific membrane antigen, (PSMA), is available on human
tumor xenograft cells, so anti-human PSMA antibodies need to be replaced with
anti-(murine + human) PSMA antibody to improve targeting efficacy, perhaps via
murine PSMA on tumor endothelium. Generally, only a small fraction of tumor
cells is exposed to the vessel lumen [5], where microbubbles are restricted to
circulate, due to their micrometer size. It remains to be confirmed if such mosaic
cancer cells can serve as a target for molecular imaging with microbubbles.
Meanwhile, another concept had appeared and moved forward significantly by the
efforts of Exner et al. and others: the nanobubble formulation of ultrasound contrast
agents [26]. Nanobubbles are prepared by the same methods as microbubbles, and
then centrifugal flotation is used to remove larger particles, leaving behind the
nanoparticles filled with gas.

While acoustic backscatter of gas bubbles is much stronger for larger particles,
existence and reasonable stability of submicron gas formulations had been proven
[54]. It is also known that tumor vasculature is leaky, and particles as large as
several hundred nanometers can leave the bloodstream [56], at least in subcuta-
neous tumors in murine models. Therefore, targeted nanobubble particles would
have an opportunity to extravasate and adhere to the tumor cell surface biomarkers
in the interstitial space. This concept had been successfully proven in a murine
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model in a number of recent studies, where ligand-decorated nanobubbles (targeted
to PSMA, folate, or CA-125 receptors) accumulated in a tumor that had high
expression levels of the receptor on tumor cell membrane, but not in control [10, 15,
33, 40]. The number of nanobubbles (*200–600 nm diameter) had to be signifi-
cantly higher than the number of microbubbles required for imaging, because
acoustic response of nanobubbles is orders of magnitude less than in
micrometer-size particles. Even despite this limitation, significant accumulation of
nanobubbles in the target tumor was observed by ultrasound imaging. As
nanobubbles were no longer in the bloodstream after extravasation, due to the
significant reduction of convection levels in the tumor interstitial space, gas loss
from nanobubbles was also reduced, as compared with the gas loss in the blood-
stream. It remains to be seen if nanobubble targeting approach will be applicable
beyond murine tumor models: in larger animals and humans, in slowly growing
naturally developed tumors, vasculature defects might not always be large enough
to allow passage of submicron particles into the interstitial space, for extravascular
delivery and selective targeting.

9.9 Targeted Ultrasound Contrast in Clinic and Clinical
Trials

There are currently two contrast agents that may be considered as targeted ultra-
sound imaging agents in cancer setting: a clinically approved Sonazoid (which has
received marketing authorization in Norway, Japan, and Korea) and BR55 (which is
at Phase II clinical trials stage).

The principle of action of Sonazoid (earlier known as NC100100 from
Nycomed) is based on the fact that it is rapidly taken up by phagocytic cells, such as
Kupffer cells in the parenchyma of normal liver tissue [13]. The shell of Sonazoid
microbubbles is made just of phosphatidylserine (PS), which is a known biological
signal for rapid phagocytosis. So the shell lipid material itself serves as a targeting
ligand. Therefore, PS bubbles are rapidly taken up by Kupffer cells, and unlike
circulating bubbles, which clear from the bloodstream within several minutes,
normal liver parenchyma maintains contrast ultrasound signal for longer time,
sufficient for all of the liver tissue to be examined in good detail even with 2D
ultrasound. Tumor tissue does not possess Kupffer cells at the same level as normal
liver, so negative imaging of tumor node location becomes possible, as dark masses
on white background. Targeted contrast ultrasound imaging with PS microbubbles
can be used relatively frequently as an inexpensive scouting survey technique that
does not involve ionizing radiation (versus PET or CT). Another alternative to
Sonazoid survey scanning is MRI, which is expensive and not always immediately
available. So targeted contrast ultrasound with PS bubbles finds its clinical use for
higher-risk population groups, such as patients with hepatitis C, or cirrhosis, a
frequent consequence of fatty liver disease and the modern epidemic of obesity and
alcoholism.
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BR55, a lipid-PEG microbubble targeted to VEGFR2 via a heterodimeric pep-
tide [35], an agent for molecular ultrasound imaging of tumor neovasculature, has
already successfully completed early-stage clinical trials, (NCT01253213 and
02142608). Successful visualization of tumor sites has been achieved and was
corroborated by immunohistology, in prostate cancer [42], as well as ovarian and
breast cancer settings [52]. Enhancement of ultrasound signal in the tumor tissue
was observed up to 30 min following intravenous bolus injection. Additional
clinical trials are listed as ongoing (NCT03493464 and 03486327), including a trial
for imaging VEGFR2 in pancreatic ductal adenocarcinoma, with the doses of
contrast agent up to 0.08 ml/kg. For a 100 kg patient this would imply intravenous
bolus administration of 8 ml of aqueous dispersion of BR55, which contains e.g.,
16.109 microbubbles, to be distributed in *7 L of blood volume. If we repeat the
same approximate calculation as for a mouse scenario, as described in a section
above, the following numbers can be generated. Over the course of several minutes,
assuming *0.3 ml/g/min blood flow, we can roughly estimate passage of *2
million bubbles through the vasculature of a 1-cm tumor. Even if 1% of the cir-
culating bubbles is adhered and retained on the target surface, this will be quite
sufficient for selective imaging and delineation of the tumor area by the acoustic
backscatter provided by these microbubbles. For the exploratory requirement of this
test, targeting peptide dose is limited to <0.1 mg dose per patient. Lesion
enhancement contrast ultrasound images of VEGFR2-targeted bubbles provided in
[52] and online supplement therein clearly demonstrate selective accumulation,
very likely sufficient for diagnostics and biopsy guidance. As BR55 is the first
clinical example of neovasculature-targeted microbubbles in oncology, this contrast
agent demonstrates the feasibility of the approach and will serve as a justification
for additional studies in clinical translation with this and other molecular biomarker
targets.

9.10 Conclusion

Microbubbles decorated with targeting ligands have been studied as molecular
ultrasound contrast imaging agents in vitro and in animal models. Early-stage
clinical trials seem to support the concept of molecular ultrasound imaging. Many
key prior patents in the area of bubble formulation either have expired or will be
expiring shortly, giving freedom to operate to all interested. With the widest level of
availability of ultrasound imaging equipment, and expanding need for
molecular-level information, targeted microbubbles may help improve rapid diag-
nostics and assist in the guidance of biopsy and therapeutic procedures.
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Tissue has characteristic properties when it comes to light absorption and scattering.
For optical (OI) and optoacoustic imaging (OAI) these properties can be utilised to
visualise biological tissue characteristics, as, for example, the oxygenation state of
haemoglobin alters the optical and optoacoustic properties of the molecule.

Substances of particular build-up have the ability to absorb light. Upon energy
absorption, molecules subtly expand, creating a shear wave in the immediate
environment and, after a distinct time, emit energy again. Mostly in the form of
thermal energy, in part in the form of light of—as compared to the absorbed light—
lower energy/wavelength.

This emission can be measured and can be used for creation of images.
The physiological components of tissue differ regarding light absorption, and do

exhibit a slight autofluorescence in the blue range of the spectrum for specific

M. Eisenblätter (&)
Department of Diagnostic and Interventional Radiology, University Medical Center Freiburg,
Freiburg im Breisgau, Germany
e-mail: eisenblaetter@uni-muenster.de; michel.eisenblaetter@uniklinik-freiburg.de

M. Wildgruber
Department of Radiology, Ludwig Maximilians-University of Munich, Munich, Germany

© Springer Nature Switzerland AG 2020
O. Schober et al. (eds.), Molecular Imaging in Oncology,
Recent Results in Cancer Research 216,
https://doi.org/10.1007/978-3-030-42618-7_10

337

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-42618-7_10&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-42618-7_10&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-42618-7_10&amp;domain=pdf
mailto:eisenblaetter@<HypSlash>uni-muenster</HypSlash>.de
mailto:michel.eisenblaetter@<HypSlash>uniklinik-freiburg</HypSlash>.de
https://doi.org/10.1007/978-3-030-42618-7_10


imaging applications, however, extrinsic contrast agents are essentially required,
mostly operating in the red range of the spectrum.

Absorption-based imaging can be enhanced by using very strong absorbers but
would, in principle, not essentially rely on such. Recently, the photodynamic
effect—the resulting shear wave in tissue following absorption of light in specifically
equipped molecules—has been explored for imaging as well and substances with a
particularly strong photodynamic effect, such as gold, have been assessed as con-
trast material.

In summary, the basic principles of optical imaging—absorption imaging
including photoacoustic imaging on the one hand and fluorescence imaging on the
other hand—leaves us with two different groups of contrast agents: strong absor-
bers, creating a negative contrast in most imaging modalities and/or a strong
photodynamic signal and fluorescent substances that, from absorbed light, create a
lower energy light signal and thermal energy. The efficacy of fluorescent substances
is expressed as photon yield—the amount of light energy, emitted in relation to the
excitation energy.

In addition to these two groups of contrast agents for optical imaging, biolu-
minescence and fluorescence proteins do play a relevant role, mainly in preclinical
research. For both approaches, cells of interest are equipped with genes, encoding
proteins that either act as a fluorescent dye or enable for processing of specific
substrates, resulting in luminescent dyes.

Imaging of tissue characteristics beyond the features that directly influence light
absorption, scattering and autofluorescence essentially requires the use of probes or
contrast agents.

These can be various in design and abilities, differ regarding the biological
imaging potential, pharmacodynamic and signalling properties.

Simple probes are unspecific and distribute following their physical properties
and consecutively most frequently reflect perfusion and/or diffusion, depending on
their size and chemical makeup [1].

More complex probes are target-specific. These probes typically consist of a
targeting moiety with affinity for a specific molecule and a signalling moiety for
optical or optoacoustic imaging, mostly linked by a more or less complex spacer.

These probes can differ in all three components—the target-specific site, the
signalling molecule and the potential chemical linker. All components can influence
the in vivo behaviour and performance of the probe and need to be considered [2].

Further developments are so-called smart probes. Smart probes do offer an even
more refined contrast as compared to targeted probes [3]. These complex com-
pounds alter their signal characteristics upon interaction with a target molecule,
usually switching from no contrast to a high detectable signal. Only a few target
structures qualify for activation of a smart probe and therefore, only few, properly
established examples can be shown for this class of tracers [4].
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10.1 Unspecific, Perfusion-Type Optical Probes

Perfusion-type contrast agents do not have a specific, target-binding aspect in vivo
and distribute with the blood flow or, where and if possible, leave the vasculature
and diffuse through the interstitial space.

In the very close definition, they would therefore not qualify as tracers but rather
be counted as contrast agents. They can indicate perfusion, vascularisation and
vascular integrity and in this context provide highly relevant information for the
estimation of cancer biology in vivo albeit not exactly molecular information [5].

Due to the enhanced permeability of tumour vasculature and the properties of
tumour interstitium, promoting retention of extravascular components in the context
of the enhanced permeability and retention effect (EPR), the passive accumulation
of perfusion-type contrast agents can still provide useful diagnostic information and
is—if not tumour-specific, at least indicative of cancer-associated changes of vas-
cularity and therefore representative of disease and can, in the absence of other
mitigating factors, guide surgery or aid diagnostics [6].

Although research-wise not as strongly represented as the other two classes of
optical tracers, perfusion-type contrast agents have an undisputed impact as they are
by far the most abundant in clinical practice.

Fluorescein isothiocyanate (FITC) was among the first fluorescent dyes to get
approval by the US Food and Drug Administration (FDA) for diagnostic applica-
tion in humans.

After intravenous (iv) application, FITC enabled the detection of malignant
lesions in the bowel by endoscopy, based on the elevated perfusion [7]. However,
the absorption/emission characteristics of FITC with maxima close to haemoglobin
limit the imaging depth and the achievable contrast. The intense photobleaching of
FITC moreover limits the longitudinal use, e.g. during complex interventions.

Indocyanine green (ICG), also one of the first clinically approved fluorescent
dyes has spectral characteristics, virtually ideal for in human use—
absorption/excitation and emission maxima are in the range of 800 nm, well
beyond the physiological autofluorescence background. ICG itself is small but
quickly binds serum albumin, forming complexes of 5–10 nm that are eliminated
via the hepatobiliary route [8].

Initially used for optical angiography of the eye [9], ICG quickly developed into a
tool for cystoscopic and endoscopic applications as well. The imaging equipment
was adapted and ICG has now been used for endoscopic imaging of organ perfusion
[10], mapping of locoregional draining lymph nodes [11] as well as grading
of arthritis [12]. Moreover, surgery can be guided by intraoperative ICG imaging
[13–15].

ICG has been used successfully for both, OI and OAI [16, 17].
5-Aminolevulinic acid (5-ALA) is not the typical unspecific probe and certainly

not a perfusion-type contrast agent. It is a non-proteinogenic amino acid and part of
the pathway to porphyrin synthesis. Not fluorescent per se, downstream products of
5-ALA metabolism during porphyrin and heme synthesis are highly fluorescent
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with emission maxima around 640 nm. Vital, metabolically active tumour cells are
supposed to prefer 5-ALA for heme synthesis [18, 19] but uptake in non-malignant
cells has also been reported. The resulting specificity is moderate and not neces-
sarily a diagnostic criterion for malignancy.

In addition to the described dyes and organic compounds, OAI can also be
driven by other substances that exhibit a photoelastic expansion upon absorption of
light.

Exclusively suitable for OAI, gold can serve as a potent signalling molecule for
targeted contrast agents (see below) and as stand alone contrast material without
specific binding capacity [20].

The photoelastic expansion of gold, driving the optoacoustic effect, peaks for
light of around 500 nm but can be tuned in larger compounds in the range of 650–
1100 nm, depending on the desired application.

Gold is in this context either used to coat nano-sized tubes or spheres to create a
layer of gold ions, resonating with light, the principle is called surface plasmon
resonance, or packed in a particle shell that can subsequently be coated to improve
or tune the biodistribution, compatibility and availability [21–23].

In this context, coating of a particle with polyethylene glycol (PEG) increases
the circulation time from several minutes to several hours while at the same time
reducing cell toxicity and immunogenicity [24, 25].

Especially the prolonged availability in serum is attributed to the PEG coating’s
almost immediate attraction of serum proteins and the consecutive increase of the
effective particle size.

10.2 Targeted Contrast Agents

The next step in development of imaging specificity towards visualisation of
molecular processes in disease constitutes targeted contrast agents.

These probes are constructed of a binding motif and a signalling molecule, often
joined by a linker to enhance specific chemical properties. All three components of
the probe can vary and determine the chemical, physical and biological behaviour
of the probe.

Depending on the target and the desired application, variation on each of the
probe components can be performed for an optimal imaging result.

The accumulated probe size, the charge, the balance between hydrophilicity,
lipophilicity, etc., are all determined, to different degrees, by all three probe components.

The initial and most important step in the development of a targeted imaging
agent would still be the selection of an appropriate target. This target structure
should be easily available to the probe, therefore, either be located intravascular,
e.g. on the endothelium or within the area around the vasculature that can realis-
tically be reached by probes via diffusion. A target in the very centre of a tumour
lesion has, in this context, reduced potential for attracting a specific imaging agent
as compared to a target structure, located in the immediate vicinity of a vessel,
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considering that even the supply of oxygen and other, small nutrients to the tumour
centre frequently fails. Intact endothelium has pores of around 5 nm diameter.
Smaller probes would easily leave the vessel and rapidly reach a relevant con-
centration in the extravascular space with access to the target structure, larger
probes would need much longer or not reach an equilibrium between intravascular
and extravascular space [26].

Moreover, the target structure needs to be overexpressed on the tumour and/or
other target cell as compared to healthy background tissue [27, 28]. For targeted
therapy and imaging approaches alike, a threefold overexpression is generally
considered appropriate to achieve a high enough contrast to allow for differentiation
of the signal relative to the unspecific background [29]. In addition to the relative
expression level, the absolute expression of the target and the consecutive absolute
amount of tracer that can consecutively accumulate in the target area are important
factors for consideration of a specific target. With a view to the imaging approach,
at least picomolar (optical) to micromolar (magnetic resonance tomography)
amounts of the signalling molecule are required for safe detection. Moreover, as
outlined in companying chapters in this book, even between different optical
imaging modalities, the sensitivity varies significantly. To a certain degree, low
absolute expression levels of a target structure can be compensated for by highly
sensitive imaging approaches or very effective labelling of the tracer.

Upon selection of an appropriate target, several factors for probe design need to
be considered. These factors include size, charge and lipophilicity/hydrophilicity.

Depending on their size, probes are eliminated from the blood either quickly via
the kidneys or rather slowly via liver and bile. The threshold generally given for
renal elimination is a size of about 60 kDa or 5 nm effective molecule size,
depending, e.g. on binding of plasma proteins or hydratisation [30]. With primarily
renal elimination, the overall circulation half-life of a probe is limited to a couple of
hours at most, more likely to a time span of up to one hour. This is further
determined by the sum charge of the probe [31] with a cationic sum charge pro-
moting rapid elimination and an anionic charge delaying it due to a more intensive
interaction at the glomerular capillary wall [32].

Large probes are eliminated from the blood via the reticuloendothelial system
and/or Kupffer cells and the bile. For complete elimination, this process can take
days to weeks [33].

The circulation time influences the optimal imaging time point. A quick decrease
of free probe in the blood reduces the unspecific background around the specifically
bound tracer in the tumour lesion and therefore enables earlier imaging after tracer
administration.

At the same time, smaller probes should, in theory, have easier access to deep
tissue, further away from the vasculature.

Large probes may be able to leave the vasculature but might not diffuse further
into the interstitium—access to target structures can thus be obviated.

On the other hand, the exposure time of the target structures to the probe is
higher for long-circulating, larger probes which are therefore more likely to bind
targets with only little absolute expression.
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Hydrophilicity promotes rapid elimination, lipophilicity leads to binding of
probe and serum proteins, resulting in an artificially large compound with an
increased circulation time and delayed elimination.

The perfect probe balances all these properties in a way, ideal for the individual,
desired application.

10.2.1 Binding Moieties

Every binding moiety can—in theory—serve as the basis for a targeted tracer.
Most often, the largest and most complex component of a targeted probe,

development of the binding moiety is arguably the most challenging part of tracer
development.

The model basis for binding moieties of targeted probes has in this context been
provided by nature itself: antibodies offer high specificity, biocompatibility and—
usually—a size that allows for chemical alteration, e.g. equipment for imaging,
without interference with the target-binding site [34].

From there, further development led to fragments of antibodies, smaller peptidic
probes and non-peptidic small molecules [35].

The challenge in design and development of a binding moiety is to balance
specificity with high target affinity and chemical properties with an influence on
tracer distribution.

10.2.1.1 Antibodies and Antibody Fragments
Full-length antibodies have a size of around 150 kDa in case of human/primate IgG
and comprise four peptide chains, two identical heavy chains and two identical light
chains. The neighbouring ends of both, heavy and light chains combined feature the
antigen-binding Fv portion, part of the Fab fragment of light chain and immediately
linked heavy chain parts, the other end of the heavy chains forms the backbone of
the antibody, the Fc part that is conserved across the antibody class.

More primitive antibodies as found in sharks or camelids comprise heavy chains
only, resulting in a size of 80–100 kDa.

While the Fab part determines the specific binding affinity, the Fc part has a
strong influence on unspecific antibody distribution and accumulation [36]. Some
cells, especially immune cells even have Fc receptors for antibody binding and
consecutive endocytosis. The Fc part of an antibody can trigger immunogenicity
and build-up of immune complexes, especially if used in a syngeneic setting in the
source species [37]. Antibody complexes distribute differently than single anti-
bodies and can further hamper in vivo performance of antibody-based probes.

Antibodies are relatively stable in serum and have a half-life of several days to
weeks before slowly clearing hepatically or being eliminated via cellular ingestion
and lysis or recycling [38].

The relatively big size of antibodies allows for easy, random labelling with
virtually all commercially available signalling molecules via an active esther–cys-
tein binding. Even though a certain amount of the antibody solution would lose
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binding affinity because of dye in the active binding centre, the loss of affinity after
labelling is generally regarded to be negligible. More demanding is the treatment,
antibodies require during the labelling process—they are highly sensitive to
changes of pH and temperature and some amendments to the generally most
effective labelling protocols had to be made to enable conjugation of antibodies
with dyes or chelators, in order not to interfere with integrity and function of the
antibody [39, 40].

Antibodies can intertwine and form immune complexes, triggering phagocytosis
of antigens that have been recognised and labelled that way. For tracers, this
formation of immune complexes can, however, hamper the imaging performance,
leading to a further delay in elimination and interference with target binding [41].

Antibodies are specific for species. An antibody, generated in rat, mouse or
rabbit can elicit an immune reaction in other species, especially in humans, fol-
lowing repeated application. Conversely, immune complexes form within one
species only with Fc receptor mediated, unspecific binding significantly reducing
the amount of tracer that is actively contributing to the target-specific imaging
signal [42, 43].

The generation of antibodies can follow the natural route by immunisation of an
animal with the desired antigen, isolation of the antibody from serum and purifi-
cation. The result is a polyclonal antibody, a mixture of multiple antibodies of
different Fab/Fv makeup.

Especially for random labelling approaches, the resulting heterogeneity has the
tremendous advantage that the probability to lose binding affinity of the tracer due
to dye in the active, target-binding region is lower—even if some antibody should
exhibit dye binding in the active region, this region is unlikely to be present in the
other antibody clones which would therefore likely remain active.

Monoclonal antibodies are produced in bacterial cell culture following genetic
fusion of immunised splenic cells and bacteria. They are easier to produce in large
amounts and procedures, driven by these antibodies are easier to standardise.
However, monoclonal antibodies are more prone to lose affinity upon random
labelling: if a prominent site for conjugation is present in the target-binding region,
it is present in all antibodies.

A huge number of antibody-based tracers have been established over the past
couple of years due to the number of antibodies, available and characterised for
in vitro applications [35] or therapy [44]. A transfer for in vivo imaging is tech-
nically easy. For successful transfer, the target availability needs to be verified and
tested in vivo—the relatively large size of antibodies favours targets with
intravascular availability or abundance in close proximity of the vasculature.

The size hampers imaging early after tracer administration. Systematic assess-
ment of tracer accumulation in target tissue and subsequent optimisation of imaging
procedures mostly results in imaging at least 24 h, sometimes 48 h after tracer
injection [45].

Rapidly repeated measurements are obviated or at least limited by the long tracer
half-life.
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Consecutively, isolation of fragments from whole IgG antibodies or primitive
variants has been established and by now widely commercialised in the form of kits
for fragmentation of IgG.

It is, e.g. possible to abate the Fc part of IgG, leaving the two Fab fragments,
linked at the common basis, a bivalent compound of about 110 kDa. The isolated
single Fab fragments, dissected from IgG for further processing via
Papain-mediated cleavage, is a compound of about 50 kDa (see Fig. 10.1).
Depending on the label, the resulting tracer maybe just above or just below the renal
elimination threshold.

Fab fragments constitute the binding ability of an IgG and in theory, the affinity
should be conserved in isolated fragments, however, numerous studies showed Fab,
especially Fab of polyclonal antibodies, to significantly lose target-binding capacity
as compared to the full-length IgG.

To overcome this limitation, fusion compounds of multiple Fab fragments or
further isolated Fv domains even in the form of single-chain Fv domains [46],
diabodies of two fragments and other combination compounds have been created
[47]. These compounds are meant to compensate for the loss of affinity by com-
bination of multiple target-binding units.

Fig. 10.1 Features of full-length antibodies, antibody fragments and compounds, generated from
antibody fragments, relevant in preclinical and clinical imaging applications (Modified from
Freise AC, Wu AM; In vivo imaging with antibodies and engineered fragments. Mol Immunol.
2015; 67(2 Pt A):142–52. https://doi.org/10.1016/j.molimm.2015.04.001. Epub 2015 Apr 28.)
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Nanobodies are generally regarded the smallest antibody fragment with specific
binding capacity. The size varies between 12 and 15 kDa, accounted for mostly by
the variable domains of heavy chain only antibodies, such as camelids [48].

The serum half-life of these compounds ranges from 12 to 20 h for Fab frag-
ments in their mono-or bivalent presentation down to under 1 h for nanobodies.

While full-length IgG can reliably be labelled randomly using esther–cystein
reactions, smaller fragments frequently require site-specific labelling approaches so
that the label does not interfere with the binding capacity of the compound [49].
This requires sequencing and recombinant production in cell culture after genetic
modification of the fragment/compound by adding a tag for site-specific labelling.
More complex regarding the set-up, this approach guarantees high volume pro-
duction of a tracer backbone that can be labelled reliably.

Figure 10.1 summarises the characteristics and features of antibodies, antibody
fragments and compounds, generated from fragments.

10.2.1.2 Peptides
Constructs of less than 100 amino acids (full-length IgG comprises more than 1000)
are called (poly) peptides; less than 10 amino acids constitute an oligopeptides.

Some peptides do have a binding capacity and can therefore serve as a binding
moiety in tracers.

Rather recent work demonstrated the potential of phage display for the identi-
fication of oligopeptides for tracer synthesis [50].

The strength of the small compounds—usually less than 10 kDa—is the
potential for chemical modification enabling site-specific labelling and recombi-
nant, high volume production.

Even production in pharmaceutical quality, ready for use in humans, can be
established.

The size renders rapid clearance after tracer administration and enables early
subsequent imaging.

A specific subgroup of polypeptides are affibodies, which are based on Sta-
phylococcus aureus protein A and usually comprise 50–60 amino acids. The high
antigen affinity, easy producibility and small size (6 kDa) favour them over anti-
bodies in many ways [51]. Moreover, a high tolerance for pH changes and tem-
perature make the handling of an affibody during labelling easier and the compound
more versatile.

10.2.1.3 Small Molecules
Non-peptidic molecules with binding affinity for specific target structures can also
serve as a backbone for target-specific tracers and frequently result in the smallest
tracers. The molecular weight of small molecules is very low, the size consecutively
small.

The variation across the heterogeneous group of small molecules is huge. Rel-
evant examples include targeted drugs [52, 53] or labelled substrates of cellular
metabolism [54].
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In this context, folate, binding folate receptor alpha and overexpressed in various
malignant diseases including ovarian cancer, has been used for cancer imaging.
Small molecules even easily cross cell membranes, if the engineering and sum
charge of the compound allow for it. This enables imaging of intracellular targets
such as gene loci and intracellular enzymes.

10.2.2 Signalling Molecules

Depending on the imaging application, a variety of labels would enable detection of
the targeted probe by OI or OAI.

In both scenarios, OI and OAI, the signalling molecule absorbs light of a distinct
wavelength, retains the energy for a short while (fluorescence lifetime), emitting
thermal energy and light of longer wavelength, reflecting lower energy. This pro-
cess is called fluorescence.

While for OAI, the ultrasound wave, induced by the slight expansion of the
signalling molecule upon light absorption and thermal increase is used to generate
image information, OI relies on the emitted fluorescence light.

For both applications, the required excitation light essentially influences imaging
performance.

It has been stated earlier that light of longer wavelength, e.g. light of the near-infrared
range of the spectrum penetrates deeper into tissue due to lower absorption and scat-
tering and is therefore better suited for the deep tissue in vivo imaging.

The energy transfer, needed to create OAI signals would albeit be higher for
short-wavelength light of higher energy.

Even normal tissue and molecules, regularly present in tissue have an albeit low
still measurable ability for fluorescence. In the light spectrum range between
270 nm (collagen) [55] and 400 nm (melanin) [56], different tissue components do
absorb heavily, producing autofluorescence around 500–600 nm, limiting the
achievable contrast for probes, operating in this spectral range. On the other end of
the so-called optical window, the absorption maximum of water at around 1000 nm
wavelength limits tissue penetration dramatically.

The currently established signalling molecules aim for absorption and emission
in this optical window with some experimental exemptions.

Signalling molecules need to fulfil some criteria for optimal performance and
these criteria differ, depending on the desired application: for an optimal use in OI,
the quantum yield should be as high as possible—the energy loss by thermal energy
should be as low as possible so that as much light as possible is emitted and
detectable. For OAI, this emission is negligible and higher thermal energy, inducing
the measurable ultrasound wave in tissue leads to stronger imaging signals per
signalling molecule.

The size and the charge of the molecule are relevant during the labelling process
as they determine how much influence the molecule will have on the biodistribution
of the tracer compound and whether or not a linker is required to separate binding
moiety and signalling molecule.
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Most signalling molecules are by now commercially available in some variety,
mostly regarding the excitation and emission characteristics and the active conju-
gation motif, enabling fusion with the binding moiety and/or required linkers.

The ideal signalling molecule can be conjugated to the binding moiety quickly
and under physiological conditions, resulting in a stable compound with repro-
ducible, highly efficient labelling at constant ratios between target-specific binding
moiety and label, to enable qualified signal interpretation.

Especially the latter favours site-specific labelling approaches over random
labelling. While considerably easy with no further processing of the targeting
moiety required, random labelling results in a heterogeneous product, potentially
even reducing immunoreactivity of at least a fraction of the antibody solution.

Site-specific labelling results in a homogenous, standardised product, enabling
easier quantification of imaging results. The downside is that engineering of the
antibody or antibody fragment is essentially required.

Table 10.1 compares features and performance parameters of organic cyanine
dyes and quantum dots.

Table 10.1 Comparison of cyanine dyes and quantum dots regarding imaging relevant
characteristics and performance parameters

Property Organic dye Quantum dot

Absorption
spectra

Discrete bands, FWHMb 35 nmc to
80–100 nm

Steady increase towards UV
wavelengths starting from absorption
onset; enables free selection of
excitation wavelength

Molar
absorption
coefficient

2.5 � 104−2.5 � 105 M−1 cm−1 (at
long-wavelength absorption
maximum)

105–106 M−1 cm−1 at first excitonic
absorption peak, increasing
towards UV wavelengths; larger
(longer wavelength) QDs
generally have higher absorption

Emission
spectra

Asymmetric, often tailing to
long-wavelength side; FWHM,
35 nm to 70–100 nm

Symmetric, Gaussian profile;
FWHM, 30–90 nm

Stokes shift Normally <50 nm, up to >150 nm Typically <50 nm for visible
wavelength–emitting QDs

Quantum yield 0.5–1.0 (visible), 0.05–0.25 (NIR) 0.1–0.8 (visible), 0.2–0.7 (NIR)

Fluorescence
lifetimes

1–10 ns, mono-exponential decay 10–100 ns, typically
multi-exponential decay

Solubility or
dispersibility

Control by substitution pattern Control via surface chemistry
(ligands)

Binding to
biomolecules

Via functional groups following
established protocols
Often several dyes bind to a single
biomolecule
Labelling-induced effects on
spectroscopic properties of reporter
studied for many common dyes

Via ligand chemistry; few protocols
available
Several biomolecules bind to a single
QD
Very little information available on
labelling-induced effects

(continued)
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10.2.2.1 Blue Dyes
The majority of fluorescent dyes with absorption below 720 nm are blue dyes. The
absorption maximum in a range, close to the absorption of tissue, haemoglobin,
etc., renders a use in deep tissue impossible.

However, especially OI and OAI application in subcutaneous settings or endo-
scopic scenarios is possible and well established.

Some of the most prominent blue dyes, in part established in histology, feature in
this category and even have FDA approval for use in humans.

Evans Blue and Methylene Blue as well as Coomassie Blue all have similar
absorption features, are visible to the naked eye if used in appropriate concentration
[57, 58].

All blue dyes have a strong potential for OAI and induce rather strong pho-
toacoustic signals, however, the absorption overlap with endogenous OAI contrast
limits the applicability for highly specific imaging.

10.2.2.2 Cyanine Dyes
Cyanine dyes are by far the largest group of commercially available fluorescent
contrast agents for OI. Most of the cyanine scaffold-based dyes exhibit absorption at
or above 700 nm with consecutively less scattering or absorption by surrounding
tissue.

Table 10.1 (continued)

Property Organic dye Quantum dot

Size *0.5 nm; molecule 6–60 nm (hydrodynamic diameter);
colloid

Thermal
stability

Dependent on dye class; can be
critical for NIR-wavelength dyes

High; depends on shell or ligands

Photochemical
stability

Sufficient for many applications
(visible wavelength), but can
be insufficient for high-light flux
applications; often
problematic for NIR-wavelength dyes

High (visible and NIR wavelengths);
orders of magnitude higher
than that of organic dyes; can reveal
photobrightening

Toxicity From very low to high; dependent on
dye

Little known yet (heavy metal
leakage must be prevented,
potential nanotoxicity)

Reproducibility
of labels
(optical,
chemical
properties)

Good, owing to defined molecular
structure and established
methods of characterisation; available
from commercial sources

Limited by complex structure and
surface chemistry; limited
data available; few commercial
systems available

Spectral
multiplexing

Possible, 3 colours (MegaStokes
dyes), 4 colours (energy-transfer
cassettes)

Ideal for multicolour experiments; up
to 5 colours demonstrated

Modified from Resch-Genger U1, Grabolle M, Cavaliere-Jaricot S, Nitschke R, Nann T.; Quantum
dots versus organic dyes as fluorescent labels. Nat Methods. 2008 Sep; 5(9):763–75. https://doi.
org/10.1038/nmeth.1248

348 M. Eisenblätter and M. Wildgruber

http://dx.doi.org/10.1038/nmeth.1248
http://dx.doi.org/10.1038/nmeth.1248


ICG follows the basic structure of cyanine dyes as do IR 870 Iodine, IRDye or
ALEXA Fluor 750.

All these dyes feature the same basic structure, amended for side chains or sites
for possible conjugation, such as a single chlorine atom at the central benzoyl
structure in IR870 [59].

Rather recent advances in cyanine dye design include the encapsulation of the
dye to enhance the solubility in water [59] and the creation of chemosensitive
probes, based on the cyanine scaffold. Conformational changes of these probes, e.g.
upon pH variation, change the photophysical properties of the dye, therefore
enabling in vivo pH monitoring [60].

Cyanine dyes generally promote lipophilicity and polarity of the tracer com-
pound and therefore extend serum half-life and shift from renal elimination of the
probe towards hepatic/biliary elimination [61]. It has moreover been demonstrated
that cyanine dyes such as ICG as well as cyanine dye-labelled compounds are
actively taken up by hepatocytes, mediated through binding the organic anion
transport protein (OATP) [62, 63]. This further alters the biodistribution and
bioavailability and potentially limits sensitivity and specificity for imaging of liver
processes.

10.2.2.3 Quenchers in OAI
For OI, a high quantum yield is most desirable; in OAI, the emitted fluorescence is
merely an unwanted side effect. A low quantum yield—an only low fluorescence,
following a specific excitation could even lead to a higher OAI signal as more
energy can be converted into thermal energy and the consecutive US wave.

So-called dark quenchers fulfil this criterion: the excitation energy is almost
exclusively converted into thermal energy and only very little fluorescence [64].
Commercially available dark quenchers are being used in FRET assays or to probe
protease activity [65, 66].

The chemical structure of quenchers resembles cyanine dyes and specific
engineering of the molecules provides solutions for site-specific labelling.

10.2.2.4 Quantum Dots
Artificial colloidal nanocrystals are called quantum dots (QD).

Comparable to cyanine dyes and other signalling molecules, QD can absorb
light, usually broadly, and emit light of a very narrow wavelength spectrum in
response.

The excitation and emission characteristics are determined by size and compo-
sition of the QD and thus tuneable according to the desired application [67].

Around a specific core, QD feature a shell or coating. The components of QD
usually stem from the alkaline earth metals, the scandium, vanadium and/or chro-
mium group [68].
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Being built from some hundred to thousand single atoms, QD reach a size
around 5 nm. Larger QD are hence eliminated via the reticuloendothelial system,
smaller QD can still be cleared via the kidneys [69].

A major hurdle for QD when it comes to in vivo applications and specifically to
use in humans is the inherent toxicity of the QD components such as the frequently
present cadmium.

Moreover, QD and QD residues have been observed in specimen as long as two
years after application and initial in vivo imaging.

10.2.2.5 Nanoparticles
Similar to QD, nanoparticles, nanoshells or nanotubes are optically tuneable based
on their size and composition. They feature a dielectric core and a thin shell, in
biomedical imaging applications most often gold [70]. Further content of
nanoparticles is highly variable. They can be used for imaging as well as for
photodynamic therapy, depending on the excitation light [71]. Moreover,
nanoparticles can serve as carriers for drugs and additional contrast agents, e.g. for
MRI.

The particles can be engineered with several binding and further signalling
molecules [72]. Polar surface coating enables solubility in water/serum even though
nanoparticles are quite large (between 1 and 100 nm).

10.2.3 Linkers/Spacers

Not actually an entity in its own right, clearly not one that gets a lot of attention of
the uninitiated, spacers are crucial for tracer optimisation.

Especially small binding moieties lose binding capacity if labelled directly with
a rather large signalling molecule.

The addition of a spacer at a site of the binding moiety that does not interfere
with the crucial activity circumvents this issue.

Spacers can simply be long histone tags.
Length and structure of the tag can be used for tuning tracer characteristics, e.g.

the circulation time or the lipo-/hydrophilicity. Tags can also promote temporary
serum protein binding to increase the intravascular availability of the tracer even
further.

In this context, the addition of a polyethylene glycol (PEG) to antibody frag-
ments can alter liver uptake and aid imaging of liver lesions [73].

The size and the structure of the spacer can also influence the tracer signal
intensity. Several fluorescent molecules in close proximity quench each others’
signal. Especially probes that bear more than one signalling molecule therefore
need carefully designed spacers.
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10.3 Smart Probes

While perfusion-type contrast agents offer only limited contrast in target lesions,
purely depending on the differences in perfusion/vascularisation and/or vascular
integrity between tumour and healthy tissue and the signal of targeted probes at
least competes against unbound tracer in the blood pool, smart probes do virtually
not have any unspecific background signal to compete with—the signal and con-
trast to noise ratio is far higher than for the other two classes of contrast agents.

The price is a more complex chemistry that enables a change of signal char-
acteristics upon interaction with the target and in this context a target that can
interact and change a tracer molecule.

Among the first smart probe approaches was the imaging of protease activity [4].
The activity of proteases—cleaving of long-chain proteins—was used to activate
fluorescence by separating cyanine dyes, linked to a long PEG chain and thereby
quenched in the naïve state.

The resulting fluorescence was directly reflective of local protease activity and
correlated with the infiltrative and overall malignant lesion potential.

Further developments of this paradigm have led to protease-specific probes for
OAI [74].

To a similar extend, pH sensitive probes, changing conformation upon inter-
action with the subcellular environment have been used in cancer imaging exper-
imentally [75, 76].

10.4 Summary

In the different classes of contrast agents for OI and OAI, particularly suited probes
can be found or created for virtually every application in clinical or preclinical
scenarios.

While unspecific contrast agents reflecting perfusion or vascularity (ICG) or cell
metabolism (5-ALA) are already established clinical tools for diagnostics and
image-guided therapy, the vast amount of targeted probes, tested and presented in
preclinical studies, has still to prove usability and impact for patient care, and even
for biological research. In this context, one could argue that OI or OAI are more
suited for preclinical testing and optimisation of probes and methodology for fur-
ther transfer to radionuclide-driven imaging for translation. In any case, identifi-
cation of the appropriate target, the optimal, specific binding partner and the most
effective label with regards to bioavailability of the tracer need to be considered and
thoughtfully combined.

Smart probes have a very complex chemistry and are limited to few applications,
defined by read-out parameters that can influence on tracer structure and consec-
utive performance. Initial clinical trials have not yet led to a broader application of
smart probes and it is doubtful, they will in the near future.
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Probe design requires a clear idea of the biological/pathological process, the
imaging is desired to reflect and a plan for in vivo applications.

The model system, the availability of a potential target, the imaging modality
and the expected kinetics and planned imaging time points should influence the
choice of probe/tracer and label.

Further refinement in the chemistry of targeting moieties on the one hand and
methodological sensitivity on the other will certainly foster and expand the
potential use of OI and OAI for both, preclinical and clinical applications.
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11.1 Introduction

Cancer is a dynamic molecular process. Its understanding requires the study of the
multiple interactions of complex biologic systems. This is performed initially in
animals (preferably small mammals) in a way that spatially and temporally reca-
pitulates that seen in humans.

Traditional methods employing single-tissue culture or tissue sectioning in small
animal models of disease no longer appear sufficient to address the complex, highly
intertwined, and heavily dynamic cancerous processes. Molecular imaging of small
animal models on the other hand enables the study of real-time molecular inter-
actions in a living system. Single-photon emission computed tomography (SPECT)
imaging of gamma-emitting radionuclides offers a powerful method of observing
processes in vivo with many advantages over other modalities. One of the main
advantages could be the ability of obtaining several metabolic images of the same
process at the same point in time by administering several radiopharmaceuticals
simultaneously. With the appropriate window selection or list mode acquisition, a
metabolic image of every single radiopharmaceutical could be obtained.

By incorporating anatomic data from CT (computer tomography), SPECT-CT
provides enhanced tissue-specific radiopharmaceutical localization, as well as the
opportunity to improve imaging by correcting the SPECT data for such physical
processes as attenuation of the gamma photons by soft tissue, photon scatter, and
collimator blurring. In fact, many small-animal SPECT and SPECT-CT systems
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enable nowadays exquisite sub-millimeter resolution of images of targeted bio-
chemical processes in vivo.

As SPECT radiopharmaceuticals and multimodality imaging have been pro-
gressively adopted in the clinic, the development of new models of studying the
course and therapeutic response of various cancers using multimodal approaches in
small animals have accelerated [175]. SPECT-based quantitative imaging also
continues to advance secondary to innovations in detector and collimator hardware,
image reconstruction methodologies, computational capabilities, and software.
SPECT-CT can be an extremely powerful tool in the hands of an oncology
investigator who understands the underlying physics of image acquisition, recon-
struction, and quantification, as well as the limitations of the specific animal model
utilized and the targeting method(s) of the radiopharmaceutical agent employed in
the study. Generally, a successful oncology SPECT-CT program includes a team of
individuals with expertise in pathophysiology, biology, physics, and chemistry.

Certainly, this chapter cannot exhaustively address each of the important com-
ponents of preclinical SPECT. It is meant to provide, however, a place to begin in
the implementation of SPECT and SPECT-CT in preclinical oncology work. The
chapter is presented in five parts: Part I focuses on various considerations when
choosing SPECT-CT in preclinical oncology applications; Part II focuses on con-
siderations when implementing SPECT-CT; Part III describes the “state of the art”
in small animal SPECT-CT device and reconstruction technology; Part IV provides
some examples of the types of preclinical questions and molecular processes that
SPECT-CT is suited to address; and Part V explores those areas that are pushing the
boundaries of current preclinical SPECT and SPECT-CT.

11.2 Part I: Evaluating the Potential Role of SPECT-CT
Imaging in a Preclinical Oncology Research
Application

11.2.1 Choice and Implications of Various Small Animal
Models of Cancer

Preclinical small animal models abound [192], but mouse models are popular given
the mouse genome is 95% identical to the human genome. Mouse models include
induction of tumors in syngeneic mice, human xenografts grown in immunodefi-
cient mice, and spontaneous tumors in genetically engineered mice [45].

Syngeneic mouse models are generated using primary induction of a tumor in a
mouse via chemical or surgical means (mouse A) with subsequent orthotopic or
subcutaneous implantation of tumor cells from this primary tumor to a naïve animal
of the same species (mouse B). Orthotopic models attempt to recapitulate the
natural environment of a tumor type but require surgical technical skills and a more
sophisticated surgical setup than simple subcutaneous implantation. While offering
a logistically easy and reproducible approach to generating the tumor model in
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immunocompetent mice, the mapping of biochemical processes from tumors
derived from mice to those derived from humans is often not clear and many such
models are not representative of the human form of the cancer being modeled.
Generally, this risks the development of models of biochemical pathways that are
mouse-specific or developing therapeutic agents that treat the mouse form of the
disease, but not the form seen in humans, although notable exceptions exist [118].
From an imaging perspective, these models are quite straightforward to study, as
they are immunocompetent and therefore do not require the level of sterile con-
ditions as other models. In addition, tumors are in a pre-assigned location, usually
optimal based on the biodistribution of the SPECT radiopharmaceutical, allowing
targeting the imaging field of view of a primary site with SPECT or SPECT-CT.
Although theoretically, given these characteristics, the syngeneic mouse models
should allow a method of easily performing serial SPECT imaging of a process or
tumor response to therapy, logistics of the local small animal resource center or
geographic relationship between the institution’s animal care center and SPECT
imaging facilities may prevent this type of serial imaging, and investigators must
take significant care in planning their experiments in light of these potential
logistical hurdles. Some institutions may allow temporary holding of a small group
of animals in the imaging facility itself to enable such long-term studies with limits
based upon the total amount of radioactivity emitted from the animals stored at any
one time.

Xenografts and allografts utilize human-derived cell lines or explants that are
then implanted in subcutaneous or orthotopic locations in immune-deficient mice
(e.g., athymic (nu/nu) mice or mice with severe combined immunodeficiency
(SCID)). Specific human cell lines of a cancer may be chosen because they express
a specific molecular marker that can be targeted for imaging or therapy, or are
derived from malignant cells within a particular phase of a cancers’ metastatic
progression. For example, just in prostate cancer alone, more than 30 cell lines
developed over the past century showing differing levels of expression of androgen
receptor (AR) and prostate-specific antigen (PSA) (two of the key molecular targets
in clinical prostate cancer imaging and therapy) [198]. Alternatively, naïve cell lines
can be genetically engineered to express such a specific molecular marker. The
mouse environment may or may not accurately reflect the human environment for a
specific tumor type, and xenograft models have shown correlation between pre-
clinical and clinical efficacy only in specific cell types and under specific conditions
[206]. Despite this, xenograft models have remained the most widely utilized
in vivo tumor models and are particularly valuable in testing hypotheses about
tumor growth and differentiation when those questions are reasonably separable
from the tumor environment, or in the development and evaluation of therapies that
require immune response or that target specific components of blood vessels or the
extracellular matrix [29, 178]. SPECT imaging studies with these types of models
can be challenging given the higher degree of sterility demanded by immunosup-
pressed animals and the inherent logistical hurdles of serial studies. Short-term
serial studies (over a period of a few days to 2 weeks) may be accomplished using a
temporary holding facility in the imaging suite. Alternatively, both
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institution-specific and commercial efforts have been made to provide solutions to
the transport of small animals between the imaging device and the sterile barrier.

The availability of genetically engineered mouse strains has improved signifi-
cantly over the past decade due, in part, to multi-institutional collaborative efforts
such as the National Cancer Institute’s Mouse Models of Human Cancer Consor-
tium in the United States. Genetically engineered spontaneous mouse models of
cancer offer the ability to study the genesis of a malignancy from its initial
development through its course of progression to local and eventual distant
metastasis in an immunocompetent mouse system [58, 145]. Broadly, spontaneous
mouse models can be separated into “knock-in” models, where the endogenous
sequence of a gene is exchanged for one that mimics carcinogenesis in the human,
and “knock out” models, where the function or expression of an endogenous gene is
suppressed. Although these models utilize syngeneic mice, the genetic, molecular,
and histologic characteristics of spontaneous tumors in these models often closely
reflect those of the human form of the malignancy and have been integral in the
elucidation of the molecular mechanisms behind various forms of carcinogenesis
[14, 53, 122, 145]. The background in which the tumor arises, for instance, in
BRCA-null murine breast cancer models, may also more closely mimic the clinical
patient for whom a drug is being developed [59]. The ability to study the tumor and
its interactions with the molecular environment is invaluable. Drawbacks of these
models are the high cost of developing and maintaining such mouse lines and the
high degree of expertise required for maintenance of such strains, underscoring the
advantage of collaborating with a mouse model group.

Within each of these general classifications of mouse tumor models, further
refinement of the specific model chosen for study depends on whether primary or
metastatic malignancy (e.g., metastatic disease to bone, lung, or brain) is being
studied [164, 174, 233]. If in vivo characterization of an oncologic process is to be
addressed using in vivo imaging, including SPECT, the level of robustness of the
animal to withstanding multiple manipulations and the logistics of studying the
tumor using in vivo imaging must be considered to ensure the success of the study.
The idea of in vivo imaging is to image processes in a live animal. An overview of
the advantages and disadvantages of various tumor models is provided in a recently
published set of guidelines for the use of animals in cancer research [215].

11.2.2 Choice of Imaging Modality

Traditional methods of monitoring molecular processes, tumor growth, and tumor
response to therapy in small animals are still often accomplished using tissue
sectioning and pathology (or in the case of radionuclide-based assays,
well-counting, and autoradiography), after euthanasia. These traditional methods
provide relatively inexpensive and the vast majority of molecular markers that can
only be assayed using histological methods. However, they are temporally very
static since they only provide information at a single time point; therefore, it usually
requires large cohorts of animals to gather temporal and developmental information.
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Molecular imaging modalities on the other hand have certainly assumed a critical
role in monitoring a single animal over serial time points. Obviously, it behooves
the researcher to thoroughly plan the imaging portion of any research project before
even initiating growth of the first tumor in the first animal model as the research
questions, required measurements, chosen animal model, and available imaging
modalities must all be in sync spatially and temporally to ensure valid data.
Thoroughly planned, molecular imaging studies may not only provide unique,
in vivo, real-time information of multiple processes happening at the same time, but
significantly reduced the number of animals required to gather the so needed
information.

Questions of anatomical growth of a spontaneous tumor are best answered using
high-resolution anatomical imaging methods, such as MR or CT. Questions related
to viable mass of implanted tumor may be most easily addressed with biolumi-
nescence. Perfusion may be studied with MR, fast-acquisition CT, SPECT, or PET.
Studies of physiologic processes involving major organic molecules or studies
requiring absolute quantification may be addressed with SPECT and PET. SPECT
is useful at identifying ligand–receptor relationships, monitoring the locations of
administered radiolabeled molecules (over a short time course), and in vivo
molecular characterization of tumors. Newer imaging systems incorporating
SPECT in tandem with higher resolution CT and/or MRI obviously offer the
potential to answer questions about both tumor growth and molecular expression in
a single imaging study.

In vivo gamma imaging (including SPECT) is most applicable to studying deep
tissues and is therefore particularly suited for orthotopic tumor models with/without
potential for metastasis (for example, LNCaP orthotopic prostate cancer model
[210]) or spontaneous tumor models (for example, pancreatic neuroendocrine
tumors in transgenic models [76]). Structures at or just below the skin’s
surface/subcutaneous tissues and tissues able to be accessed via endoscopic means
may be more amenable to optical imaging (bioluminescence versus fluorescence), a
group of techniques that are relatively inexpensive, utilize stable imaging agents,
and do not subject the animal or tumor to ionizing radiation. PET imaging offers
equal or higher sensitivity than SPECT and allows for absolute quantification, an
area where significant progress has been made in SPECT in only the past decade.
However, PET may require a close by cyclotron and other sophisticated
infrastructure.

Thus, gamma imaging/SPECT is uniquely suited for studying the presence of
specific molecular markers or processes in small animal cancer models when a
radiolabeled ligand is able to be produced. SPECT is also capable of providing
images of multiple probes labeled with different isotopes that emit different energy
levels of gamma emission, enabling simultaneous study of multiple molecular or
cellular events. SPECT is capable of resolving very small primary tumors or their
metastases (on the order of 0.5–2 mm), and therefore is a viable method for
evaluating all types of mouse models of cancer, including spontaneous models
where the primary or metastatic sites may be unknown and can be quite small.
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11.2.3 SPECT Versus SPECT-CT

The integration of SPECT-CT in a single small animal imaging device has been
accomplished by mounting both CT and gamma camera components on a single
gantry in an “in-line” configuration. The CT portion of these systems typically
comprised of a microfocus X-ray tube source and X-ray detector (e.g., a
charge-coupled device or a complementary metaloxide semiconductor with pixels
on the order of 50 um), achieving reconstructed resolutions of <100um. Contrast
may also be used to enhance delineation of soft tissues, although this proves to be
quite challenging.

When utilizing small animal tumor models in which small tumors are growing in
deep tissues, the co-registration of SPECT images with CT can be invaluable as
physiologic excretion of the tracer or focal tracer collection in the blood pool can be
differentiated from a small soft tissue tumor due to anatomical localization on the
CT. In humans, the CT portion of the SPECT-CT often provides near-diagnostic
quality images that clearly elucidate the anatomic abnormality associated with the
abnormality or lesion identified on SPECT and can greatly assist in the diagnosis. In
practice, the CT portion of the SPECT-CT for small animals has, in the past, been
more limited in its contribution, secondary, in part, to (1) the difficulty in admin-
istering the volumes of contrast necessary through the tiny veins of a mouse in any
time period in which images could be acquired, (2) the difficulty in timing
administration of oral contrasts in feeds with anesthesia and imaging, (3) the
compact nature of the organs in lab animals as compared to the typical patient,
whose slower metabolism allows for the accumulation of a significant amount of fat
that separates organs and other anatomic structures, and (4) the relatively low levels
of radiation used in small animal CT systems and the limitation on signal-to-noise
ratios imposed by small voxel sizes. It is not common for small tumors within
organs to be able to be seen discretely on the CT portion of small animal
SPECT-CT. Realistically, the correlation of focal radiopharmaceutical uptake on
SPECT just within a specific organ location (e.g., the pancreatic head), within a
discrete soft tissue structure (e.g., localization within nodule surrounded by fat
rather than localization within adjacent muscle), or simply in relation to the skeleton
is considered a successful contribution of CT in small animal SPECT-CT.

A more substantial contribution of CT in SPECT-CT may be its use to assemble
an attenuation map and to provide structural data for incorporation into the
reconstruction algorithm (CT for attenuation correction and anatomic localization or
CTAC). By providing correction of the SPECT image for attenuation and poten-
tially scatter, these types of reconstruction algorithms will undoubtedly play a large
role in the future of SPECT-CT’s use in small animal imaging as there is an
ever-increasing demand for quantitatively accurate imaging of radiopharmaceutical
distribution.

The remainder of this chapter will focus on SPECT-CT as a single dual-modality
imaging method for preclinical oncology studies.
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11.2.4 SPECT-MRI

The concept of additional hybrid combinations, including SPECT-MRI, offers
potential advantages over SPECT-CT. Compared with CT, MRI has superior soft
tissue contrast. While this does not matter for the commonly used subcutaneous
xenograft models, this offers particular advantages for orthotopic or genetically
engineered spontaneous tumor models, in which the tumor is either implanted or
spontaneously grows in another region of the body. For example, brain tumors, and
abdominal and pelvic tumors such as prostate, renal cell, or pancreatic cancer, are
far easier to delineate on MRI compared against non-contrast CT. Improved soft
tissue contrast would therefore enable improved delineation of regions of interest in
these models, and therefore more accurate interpretation of the SPECT data.
Devices have been reported combining SPECT with MRI [67, 74, 75, 140, 187].

MR, however, tends to be quite expensive to implement, usually focuses on a
narrow field of view, and provides access to interrogation of a limited number of
processes unless spectroscopic or other advanced time-intensive techniques are
employed. There has been continued interest, nevertheless, in the development of
contrast agents for MR imaging [160]. An alternative approach is to fuse MRI
images with SPECT/CT images in a post hoc fashion after acquisition [52]. These
preliminary systems have also spawned interest in the synthesis and initial evalu-
ation of combined SPECT and MRI probes, for example, by combining super-
paramagnetic iron oxide nanoparticles (SPIO) with radiolabeled antibodies [149].
However, owing to various technical limitations, and increased utilization of PET
versus SPECT imaging, there has not yet been a SPECT/MRI system reported [24,
89].

Specific applications amenable to SPECT-MRI might include
nanoparticle-based contrast agents, or combination of one or several simultaneous
SPECT agents (to provide localization) with advanced magnetic resonance imaging
techniques to enable detailed metabolic analysis. One such technique is hyperpo-
larized 13C magnetic resonance imaging (HP-MRI), in which the signal-to-noise
ratio of administered 13C labeled probes can be markedly increased by the process
of dynamic nuclear polarization. This method, most commonly utilized with 13C
pyruvate, has been applied in preclinical models [3], and more recently, in patients
[158]. Recently, this technology has been combined with 18F-FDG PET, with the
intriguing finding of similar metabolic profiles between 18F-FDG and 13C lactate
production [72]. These intriguing results suggest that HP-MRI could be combined
with SPECT in future studies.
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11.3 Part II: Technical Considerations When Implementing
SPECT-CT in Preclinical Oncology Research

11.3.1 Anesthesia and Animal Handling

SPECT-CT imaging typically captures a snapshot of a biochemical/ molecular
process at a specific time point. With current systems, anesthesia is required to
avoid deterioration of image quality from animal motion and to ensure high spatial
resolution and accurate co-registration of the SPECT and CT portions of the exam.
Experimental conditions before, during, and after imaging must remain consistent
across the population of animal studies and should minimize stress to the animal.
The same animal strain and sex should be used throughout a study to avoid altered
baseline pharmacokinetics and physiology. The timing of imaging experiments
should take the circadian cycle into account to enable reproducibility [85]. Body
temperature before, during, and after anesthesia can be controlled using a combi-
nation of circulating water pads and/or heated stages combined with physiologic
monitoring built into many commercially available imaging systems [209]. Even
throughout the imaging period, anesthetized animals require constant attention.
Although rodents have very rapid heart and respiratory rates, equipment is available
for monitoring the physiology of small animals. In vivo studies can go very badly
very quickly, and ex vivo imaging is usually not the primary goal in SPECT-CT.

Anesthetics commonly employed to restrain small animals during imaging
include injected drugs, such as barbiturates and ketamine, and inhaled anesthetics
such as isoflurane. Highly lipid-soluble barbiturates, such as pentobarbital, are
short- or ultrashort acting, typically resulting in anesthesia times of <1 h and total
sleep times <2–3 h. Side effects that could affect image acquisition approach
include respiratory depression and reduced cardiovascular output. Ketamine,
another injectable (i.v. or i.p.) drug that is commonly employed along with other
anesthetics, lacks a significant effect on respiration or cardiac output. Obviously, if
a SPECT imaging agent targets adrenergic receptors or other points along the
sympathetic nervous response, ketamine would potentially interfere with the study.
There is also evidence of other potential changes in tracer biodistribution that
depends on the anesthetic agent used, particularly when targeting processes in the
brain. In intracranial applications, a mouse conscious restrain system may be pre-
ferred over anesthesia. Ketamine is commonly administered with a muscle relaxant/
sedative (e.g., xylazine) and, as such, can provide anesthesia for <30 min and total
sleep times <1–2 h. Importantly, potential side effects of the ketamine/xylazine
combination include respiratory depression, hypotension, bradycardia, hypother-
mia, and hypoglycemia [85]. The experimental setup must take into account these
potential side effects. For example, an i.v. catheter may need to be maintained
during the imaging study in case hydrating fluids or glucose needs to be admin-
istered. Likewise, all setups should include a heat lamp to avoid hypothermia.
Inhalation anesthetics offer significantly improved control of anesthesia than
injectable anesthetics and possess less potential for impaired cardiac function as
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well as more rapid recovery times. However, special preparations and space
requirements may be needed to implement inhaled anesthesia in the imaging suite
before and during the acquiring of the SPECT-CT images. This will depend on the
configuration of the SPECT-CT imaging system and the space available. Dead
space in the anesthesia circuit should be minimized [40].

In general, the stress of anesthesia, and in particular, multiple sequential episodes
of anesthesia, must be considered and minimized when designing experiments. In
most instances, including serial imaging studies of animals with more advanced
tumor burden, inhaled anesthetics, such as isoflurane or sevoflurane, are preferred
over injected anesthetics, such as ketamine/xylazine or avertin. When using inhaled
anesthetics, the dose of anesthetic can be titrated and rapidly reversed [209].
Complications of anesthesia include hypothermia, pulmonary atelectasis, hyper-
capnia, acidosis, hypoxia, hepatic toxicity, and tracheal irritation from repeated
intubations [40]. Not only can these causes significantly alter the biodistribution of
the radiopharmaceutical, but they can be life-threatening to the animal research
subject. Simple strategies, such as employing multiple animal cohorts with imaging
time points that partially overlap, can be useful in reducing the risk of losing critical
amounts of data secondary to imaging-related complications.

Because anesthesia and animal handling can both influence molecular processes
systemically, they can potentially have non-negligible effects on the biodistribution
of radioactively labeled tracers. More extended anesthesia and special imaging
chamber setups may be necessary if the researcher also wants to perform MR or
image the distribution of a PET radiopharmaceutical with subsequent
co-registration to SPECT-CT images [37]. When transferring an animal between
imaging systems for a single experiment, pre-planning is critical such that anes-
thesia and supportive care is not interrupted. For example, if the animal is to
transfer from a SPECT-CT system to MRI, or if SPECT-MRI is employed,
MR-compatibility of anesthesia equipment, heat packs, physiologic monitoring, and
other supportive equipment must be considered.

11.3.2 Availability of Radiopharmaceuticals and Evaluation
of Their Biodistribution Characteristics

Several commercially available single-photon-emitting radiopharmaceuticals are
available for clinical use and can also have applications in small animal imaging.
These include In-111-labeled pentetreotide, a somatostatin analog that can image
neuroendocrine tumors [18]; Tc-99m-sestamibi and Tc-99m tetrofosmin, two car-
diac perfusion agents that have also been utilized in a number of oncologic
applications such as in brain cancer, lung cancer, and lymphoma [179]; and
In-111-labeled capromab pendetide (Prostascint) for tumors expressing
prostate-specific antigen. In addition, other indirect tumor imaging agents, such as
Tc-99m-methylene diphosphonate (MDP) that targets osteoblastic activity sur-
rounding osseous metastatic disease, have proven useful in proving the validity of
various mouse bone metastatic models using small animal SPECT [222].
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In addition, relatively straightforward chemistry has also been developed to label
molecules for specific applications in small animal SPECT. For example, radiola-
beled antibodies (such as Tc-99m epidermal growth factor receptor (EGFR) [139])
and labeled peptides can be prepared using direct labeling of a moiety or via a
linkage/chelator mechanism [68]. Some molecules that have been extensively
studied, such as annexin V, have been labeled with a variety of gamma-emitting
radionuclides, each with their own set of advantages and disadvantages [15]. In
single-chain antibody fragment synthesis and peptide synthesis, there is greater
flexibility in techniques as amino acids enabling direct labeling can be incorporated
outside of the active targeting site [17, 203]. Manual or automated peptide synthesis
can be used to produce targeting probes containing synthetic amino acids with sites
for post-synthesis radiometal chelation [183]. Alternatively, disulfide bonds,
strategies utilizing high-affinity streptavidin–biotin interactions, or other techniques
can be used to link the targeting portion of the molecule to the
radionuclide-containing residues [205]. Other small-molecule classes, such as
nucleic acids, have also been radiolabeled with radionuclides capable of being
imaged with SPECT [134, 135, 137].

Of paramount importance is optimizing the radiopharmaceutical for SPECT-CT
imaging by optimizing its ratio of uptake in the tumor to that in background (T:B)
through chemistry-mediated methods and timing, as well as optimization of its
biodistribution. Selection of chemistry techniques and strategies can have signifi-
cant ramifications on the biodistribution of the resulting radiopharmaceutical. For
example, non-specific binding of Tc-99m to the amino group when labeling anti-
bodies has been shown to occur in a significant fraction of the labeled molecules
and can lead to increased hepatic uptake and resulting diminished uptake in the
tumor itself [100]. One strategy to enhance target-to-background activity has been
to image farther out from the time of radiopharmaceutical administration as the
non-specific uptake in organs often dissipates over time. By maintaining targeted
molecular imaging agents in circulation, modification with polyethylene glycol
chains allows greater bioavailability for tumor uptake [108]. Coupling of antibody
fragments with larger molecules, such as albumin, have also demonstrated
increased tumor targeting, deposition, and retention, as well as high tumor to blood
ratios [47].

Such techniques are especially useful in designing effective molecular radio-
pharmaceuticals for small animal SPECT applications because of the high meta-
bolic rates of rodents and the resulting rapid extraction of agents from the blood by
the liver and kidneys. When using conjugate linkers, stability of the chelate is a key
factor in acquiring high-quality images and parameters of stability should be pro-
vided by the radiochemistry laboratory. Methods to improve stability, such as
modifying peptide sequences to enable better coordination with chelator, can be
useful [109].
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11.3.3 Injection of the Radiopharmaceutical

As a rule of thumb, the maximum volume of an intravenous injection should not
exceed 4–5% of the animal’s blood volume. Thus, coordination between the animal
imaging researcher and the radiochemistry laboratory is imperative. Increasing the
time between radiochemistry preparation and purification results in decreasing the
dose/volume injected and can result in decreased sensitivity for the detection of a
specific molecular target. Potential for breakdown of the radiopharmaceutical must
also be considered when planning for the time before dose administration as well as
the pH, buffer capacity, and other characteristics of the solvent in which the
radiopharmaceutical is administered. Some purified agents may be highly acidic or
basic, and care must be taken to provide these to the animal in a form that does not
damage the vein or adversely affect the animals’ health. The specific activity (ra-
dioactivity per mass) will also decrease over time for any given radiopharmaceu-
tical. As this occurs, for any administered dose, a larger number of molecules are
injected. The relatively lower initial specific activity of many SPECT imaging
probes in general and the requirements of high specific activity for increased spatial
resolution equate into an elevated risk that a higher binding occupancy of receptors
will be achieved, enabling a pharmacologic effect rather than simply providing
labeling of a small number of receptors for imaging [85].

Of course, if more than a single imaging time point is planned prior to animal
sacrifice, the injection must be made only following sterile preparation of the
injection site. More complicated injection scenarios (such as under a biologics
hood) may be required in the case of immunodeficient mice (e.g., SCID mice).

11.3.4 Injection of Contrast Agents

In small animal SPECT-CT, constant infusion of CT contrast agents is typically
required for fast excreting IV iodinated contrast that is used, with exact volume
rates depending on the concentration of iodine in the contrast agent. Thus, volumes
of administered fluid may exceed those that can be handled by the circulatory
system. Complications of CT contrast agents in mice include renal toxicity and
hypersensitivity. This issue can be avoided when slow circulating contrast agent
based on iodinated lipids or metal nanoparticles. However, these preclinical-only
CT contrast agents also present other challenges in terms of much higher cost and
requirement of well-controlled injection.

11.3.5 Radiation Exposure

One drawback to SPECT-CT is the added dose of ionizing radiation in forming the
CT image over that of SPECT alone. Radiation doses to the small animal subject
during SPECT during a single study are probably non-significant, with whole-body
exposure estimates ranging from 6 to 90 cGy in mice and 1 to 27 cGy for rats [64].
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Tissue activity concentrations in small animal studies are higher than in humans but
the small size of rodents results in a higher fraction of gamma radiation escaping
prior to interaction with the animals’ soft tissues. Cumulative effects of radiation
provided by multiple administrations of radiopharmaceuticals are not negligible.
For instance, the kidneys retain circulating peptides for significant periods, and
long-term nephrotoxic effects have been observed in mice administered
In-111-labeled peptides (octreotide, exendin, octreotate, neurotensin, and mini-
gastrin analogs) for imaging at 3–6-week intervals over a course of 16–20 weeks.
Murine gene expression can be altered at doses of 20 cGy [141, 142, 5, 6]
(Amundson et al. 2001b).

Radiation provided to the small animal during a single CT exam is probably also
insignificant in most cases. Using thermoluminescent dosimeters (TLDs), Figueroa
and colleagues showed that the average mouse organ received a radiation absorbed
dose of 76.0 ± 5.0 mGy [61]. Others have reported radiation doses ranging from 35
to 300 mGy [19]. Direct measurement of absorbed dose of radiation from CT
associated with small animal SPECT-CT studies suggests the potential for high
dose levels, particularly in those animals undergoing serial scans [207].

Reference CT images can be produced without observable DNA damage or
compromised image quality if low voltage, flux, and exposure times are imple-
mented; however, the standard settings provided by the manufacturer tend to
underestimate the actual absorbed dose. Care must be given to truly understand the
parameters of the imaging system and not treat the system as ready to use “out of
the box” [106]. Radiation-induced tumorigenesis is not generally a concern given
the relatively short timeframes of any serial mouse imaging studies and the
long-time frame of radiation-induced malignancy. However, multiple exposures to
radiation from CT may have a positive or a negative effect on tumor growth. Using
histomorphometry, a study evaluating the effect of weekly small animal CT studies
over a course of 5 weeks on a mouse model of breast cancer metastatic to bone
found a significant increase in tumor areas in the leg bones of mice that received
weekly CT exposure when compared to mice without such exposure [43]. On the
other hand, there is a theoretical possibility of some therapeutic effect of the
radiation provided to tumors by CT over multiple serial imaging time points. Even
over multiple studies, however, there is an ability to minimize CT radiation dose to
a level that would be unlikely to have any such therapeutic effect by adjusting
various acquisition parameters or utilizing a multidetector system that is capable of
ultrafast CT [22]. These parameters will be discussed later in this chapter. In
extreme cases, such as monitoring expression of a tumor receptor with SPECT-CT
imaging on a near-daily basis over a prolonged period (e.g., over the course of
several weeks), SPECT alone could be considered, but, for the foreseeable future,
SPECT-CT will be the standard modality for in vivo gamma imaging in small
animals.
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11.4 Part III: State of the Art of Preclinical SPECT-CT
Systems

In a limited number of cases, such as renal scintigraphy, organ-based functional
analyses can be accomplished using clinical SPECT systems [181]. However, when
the anatomy of the application is complex, such as in gastric motility studies [163],
or the target of imaging is small, such as most tumors or their metastases [78],
molecular oncologic imaging requires a dedicated system designed specifically for
small animal imaging. An alternative to a dedicated small animal SPECT or
SPECT-CT camera is the use of a clinical SPECT system in combination with a
multipinhole collimator [50]. This may be the most efficient use of space for an
imaging laboratory that performs studies in animals of a range of sizes (e.g., mice,
rats, sheep, pigs, dogs, and/or horses).

11.4.1 SPECT-CT System Design

While it is unlikely that the small animal imaging researcher in oncology will have
the opportunity to choose the exact model of SPECT-CT imaging system to be used
in a particular study and will likely have to accommodate the one available at the
given research institution, it is important to understand the general parameters
governing the acquisition of quality SPECT images and the particular character-
istics inherent to the system being utilized. The following summary of the key
components of a preclinical SPECT-CT system points out the key attributes of the
various design choices.

11.4.2 Radiation Detector

A critical step in the image-making process is acquisition of projection information
of the radiopharmaceutical distribution by the detector. In order to enable eventual
reconstruction of high-quality images, detectors must have a high intrinsic effi-
ciency, good energy resolution, and good intrinsic spatial resolution (Madsen et al.
2007).

Detector technology has also advanced, moving from traditional scintillators to
small compact detectors specifically designed for application in small animal
SPECT. The earliest dedicated small animal SPECT systems employed traditional
NaI(Tl) scintillators, largely because these crystals produce a large light output.
Newer crystal technologies without hygroscopic characteristics are being evaluated
for specific applications in small animal SPECT-CT [101]. Detectors composed of
lutetium yttrium orthosilicate (LYSO) crystal have shown improved spatial reso-
lution over that of a NaI(Tl) detector, though the low intrinsic activity in the energy
window limits potential applications to those where energy resolution is less
important [48]. Employing pixilation of newer crystal detectors in concert with
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position-sensitive photomultiplier tubes has been evaluated. Position-sensitive
photomultiplier tubes and segmented scintillation crystals allow more efficient use
of detector area and enable greater magnification. For example, pixelated Ce-doped
Gd2SiO5 (GSO) block detectors with high quantum efficiency position-sensitive
photomultiplier tubes (PSPMTs) have shown the potential to improve imaging of
low-energy gamma photons [221]. When utilizing cameras with position-sensitive
photomultiplier tubes, it is important to pay close attention to calibration to achieve
good spatial uniformity and to correct for pincushion distortion.

Semiconductor-based or solid-state detectors such as cadmium telluride (CdTe)
[2, 71] and cadmium zinc telluride (CdZnTe, or CZT) allow excellent energy
discrimination, important in dual-energy tracer applications [111, 168]. Solid-state
materials directly convert the gamma-ray to an electrical signal and have proven to
provide images with very high spatial resolution as well as both high- and
low-energy resolutions [105]. Older CZT detector systems can be prone to minute
impurities associated with low-energy spectral tailing, pixel dropout, hot spots, and
nonuniform response [186]. Methods to correct pixel defects in CZT detectors have
been developed [219]. Since CZT has been adopted for a few clinical SPECT
systems, the quality and stability of CZT detectors have improved greatly.

11.4.3 Collimator

Parallel hole collimation is most relevant for planar imaging. When employed in
SPECT applications, the parallel hole collimator trades high sensitivity for lower
resolution [84]. Parallel hole collimators of various materials and hole sizes are
available or can be machined, depending on the required functional parameters such
as spatial resolution and sensitivity [166]. Applications requiring greater sensitivity
may benefit from other collimator configurations, such as slit-hole collimator [133].

Most modern small animal SPECT and SPECT-CT systems employ
single-pinhole or multiple-pinhole collimators that may be optimized for a number
of applications. For example, given their difference in size, mice and rats may be
optimally imaged using different collimators [16]. In design of pinhole collimators,
there is a balance of material, geometry, and reconstruction approach [95]. The
earliest pinhole systems were composed of a single scintillation camera with a
single-pinhole collimator. Systems have evolved to include multiple detectors, each
with multipinhole collimators, allowing a combination of high (millimeter or
sub-millimeter) spatial resolution and rapid acquisition speed (Fig. 11.1). The
multipinhole design can increase the system sensitivity by approximately a factor
equal to the number of pinholes allowing better spatial resolution from the use of
smaller pinholes without sacrificing counting statistics. When using a multipinhole
collimator, an important distinction to make is whether the collimator design is
non-overlapping or overlapping (multiplexing). Multiplexing can diminish the
signal-to-noise ratio and may facilitate artifacts. Of course, the choice of collimators
also depends on the application: small field-of-view acquisitions (e.g., of an
intracranial malignancy) can benefit from pinhole collimation while parallel hole
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collimation is required on traditional systems to achieve large FOV acquisitions
(e.g., when imaging the whole animal to evaluate the extent of metastatic disease).

Iodine-131 (I-131) or I-131-labeled therapeutics with SPECT poses inherent
challenges; photons emitted by I-131 have a high energy that enables them to
penetrate the collimator wall and pinhole edges. Using a system with clustered
multipinhole collimators (CMPs) designed to accommodate gamma photons of
SPECT and PET energies, with each pinhole having a narrower open angle than
would be typical of a dedicated SPECT system, Van der Have and colleagues
demonstrated the ability to acquire quantitative sub-millimeter I-131 SPECT
imaging in mice [77]. With the growing interest of utilizing 188Re-labeled mole-
cules for therapeutic applications, preclinical SPECT has also explored

Fig. 11.1 Schematic diagrams of single- (a), multipinhole–multidetector (b) small animal SPECT
systems. The image magnification is achieved by the source-to-pinhole-to-detector geometry
(c and d). Rc = geometric resolution measured on detector plane; R0 = detector point spread
function projected to object plane; de = pinhole aperture; a = angle between collimator walls,
t = pinhole aperture-to-detector distance; b = pinhole aperture-to-object distance. Reprinted with
permission from ref. [Franc et al. JNM 2008, 49(10):1651–1663]
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requirements of imaging the lower energy gamma photons of 188Re for therapy
planning and dosimetry. As in the case of I-131, collimators designed for higher
energies have provided superior images given the small percentage of gamma
photons emitted concomitantly at very high energies [57].

At the other end of the spectrum are applications requiring high sensitivity
because of low counts due to the presence of a low amount of radiotracer or
secondary to the requirement for rapid dynamic imaging, and for which uncolli-
mated imaging tactics [208] and multipinhole collimators with large numbers of
pinholes have been designed [96]. As well as methods of reduced angular sampling
in the imaging protocol [119] and analysis of reduced spatial volumes for calcu-
lations of input function [226].

Synthetic-collimator SPECT systems where a single detector or detectors of
different materials are placed at different distances behind the multipinhole aperture
[126], dual-resolution collimator tubes that provide both whole-body projections and
more targeted projections centered on the target of interest [153], in-line X-ray optics
[189], adaptive aperture approaches [25], and new innovations to coded aperture
(CA) collimation [154] are other approaches being explored to overcome multi-
plexing and other challenges in using multipinhole collimation. A recent review of
collimator selection, optimization, and fabrication addresses many important con-
siderations in the application of SPECT to small animal imaging [195].

11.4.4 Image Reconstruction Techniques

A SPECT study essentially is composed of multiple planar images acquired at a
number of angles, creating a set of projection data. An image dataset is then
reconstructed from this projection data. The most basic of tomographic image
reconstruction algorithms, filtered backprojection (FBP), takes the counts in the
projections from thin “slices” of the imaged subject and redistributes them in a
spatial distribution by “backprojecting” the data (with or without prior filtering) by
smearing the projected data back along the same line as from where the photon was
emitted. Obviously, this is an imperfect solution to the reconstruction problem that
produces adequate images in many instances but is not amenable to quantitative
applications.

Iterative reconstruction techniques, including maximum likelihood expectation
maximization (MLEM) and ordered subsets expectation maximization (OSEM),
essentially predict what the final image should look like, create a projected dataset
from that predicted image, compare the acquired projected dataset to the projection
data of the predicted image, and make some adjustments, repeating the process
iteratively for a set number of iterations or until some stop condition is met. Iter-
ative reconstruction methods have been developed for all configurations of SPECT
imaging, including helical pinhole SPECT imaging [88]. Importantly, metrics of
image quality can be significantly affected by parameters used during reconstruc-
tion, such as iteration or subset number [138].
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Although iterative reconstruction techniques may be more susceptible to motion
artifacts and artifacts induced from spurious noise, iterative reconstruction tech-
niques allow for the introduction of various resolution-improving corrections during
or after (post-) reconstruction and are therefore the basis of quantitative SPECT
imaging reconstruction techniques. Corrections that may be introduced into the
iterative reconstruction algorithm include resolution recovery based on measured or
simulated collimator–detector response functions in the MLEM or OSEM image
reconstruction algorithm [228], modeling of the point spread function (resolution
recovery) [169], depth-of-interaction (DOI) modeling in the detector, and models of
photon paths that go through multiple pinholes, in the case of multipinhole con-
figurations [69]. Although computational memory capabilities have expanded
rapidly over the past decades, additional strategies to deal with the computational
burden of modern-day small animal SPECT-CT imaging systems have been
developed [146, 147].

11.4.5 Quantitative SPECT-CT

The ability to achieve accurate and quantitative image data with SPECT is com-
plicated by limitations in instrumentation and the imaging process. The imaging
system possesses an intrinsic resolution, blurring the distribution of radioactivity
and contributing to partial-volume effect. When traveling through tissue, photons
may be scattered or absorbed. Photon attenuation and scatter play a much smaller
role in small animal imaging than in human imaging. Attenuation of photons by soft
tissue is estimated to be up to 50% when imaging I-125 and up to 25% when
imaging Tc-99m in rodent-sized objects. In general, an estimated 20–25% of the
total counts in the projected image dataset may be accounted for by scattered
photons, although the number falls to 10% in the case of Tc-99m and the overall
contribution to scatter effect to quantitative error turns out to be relatively small for
numerous reasons including the pinhole or multiple structures rejecting a large
portion of scattered photons [90, 91].

Photon attenuation can be accounted for in reconstruction or post-reconstruction
processing and has been shown to improve absolute activity quantification esti-
mates using simple calibration methods [66] and potentially improve the repro-
ducibility of quantitative measurements over serial images due to fluctuations in the
animal’s mass over the course of therapy [185]. Various methods of attenuation
correction in small animal SPECT-CT have been compared elsewhere [120]. The
reconstructed image can be used to extract an animal boundary used in
post-processing calculations. More accurately, an external radiation source (e.g.,
CT) can be used to map the attenuation distribution of the animal, making the
advantage of dual-modality SPECT-CT obvious [105, 212]. Early work in the area
of improving the quantitative abilities of small animal SPECT by utilizing data from
the CT to provide specific attenuation maps was focused on cardiac applications
[92]. More recently, using CT to provide attenuation maps for incorporation into
iterative reconstruction of scatter- and attenuation-corrected pinhole SPECT
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images, researchers have achieved quantitative measurements of activity concen-
trations in a mouse with an average error of −7.9 ± 10.4% when compared to
measurements from a dose calibrator [201]. Using body outline contours obtained
with optical cameras, another group has implemented the post-reconstruction cor-
rection algorithm developed by Chang [26], a first-order attenuation correction
algorithm, to correct data acquired with focusing pinhole SPECT for attenuation
[12, 13].

Scatter correction [171], edge-preserving smoothing, and resolution recovery
have also been applied to improve quantification of small animal SPECT images
[199]. In combination with scatter correction, the method derived from the Chang
attenuation correction algorithm produced images with average quantitative mea-
surement error of 1.7% in phantoms and 2.1% in animal studies [216]. Other
promising approaches to improving the quantitative accuracy of SPECT data have
been designed for human clinical systems, and hopefully some of these same
techniques will prove useful in small animal imaging [49].

In many applications of quantitative SPECT, it is necessary to understand the
relationship between the uptake in various organs or the tumor with the arterial
input function, the concentration gradient across the blood pool, and the tissue of
interest. For greater quantitative accuracy and evaluation of radioactivity associated
with blood metabolites of various SPECT tracers, a microfluidics-based
lab-on-a-chip device has been developed [42].

Finally, once the best estimate of the activity distribution has been produced,
automated image registration and segmentation methods for direct comparison of
numerous datasets must be available [107].

11.4.6 Quality Assurance

In general, a rigorous quality assurance process should be implemented with regular
evaluations of camera spatial resolution, spatial uniformity, energy resolution, and
counting-rate response. SPECT-CT imaging systems are often shared by numerous
laboratories, each of which may require different system configurations (in terms of
collimators, etc.). The more users and changes made to the configuration; generally,
the more often recalibration will be necessary. What may seem a mild misalignment
or minimal change in calibration can have devastating effects on the quality of
imaging data in longitudinal studies.

11.4.7 A Sampling of Available Small Animal SPECT
and SPECT-CT Systems

Some of the first and most advanced systems are “one-of-a-kind” and are housed in
specific research institutions [152, 176]. The preclinical SPECT-CT scanner built at
the University of California, San Francisco, had an in-plane SPECT-CT configu-
ration with single-pinhole collimation. Both the SPECT and CT components were
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made of semiconductor materials (CdZnTe and gadolinium oxysulfide, respec-
tively), and both have helical scan capability. A compact SPECT-CT system
designed and built at the University of Arizona’s Center for gamma-ray imaging
had an in-plane SPECT-CT configuration and utilizes the CdZnTe detector mate-
rials as the SPECT camera [105]. However, it utilized a rotating stage (vertical
animal holder), similar to that reported earlier from the University of Amsterdam
[73] rather than the traditional rotating detector model. Collimation was
high-resolution parallel hole with a matching pitch on detector pixels. A SPECT
unit with a high degree of flexibility in the pinhole collimation configuration and
magnification had also been developed by the same group [83]. There were two
generations of the preclinical SPECT-CT development from the group from Jef-
ferson Lab and University of Virginia in collaboration with Johns Hopkins
University [184, 213]. These were notable for their use of position-sensitive pho-
tomultiplier tubes in the SPECT detector (NaI(Tl)-PSPMT). Either parallel hole or
pinhole collimation was possible. This configuration of this imaging system
allowed imaging unanesthetized mice using infrared tracking for animal motion
[211]. In addition to dedicated SPECT-CT systems, some systems also incorporate
additional modalities such as PET [151] and fluorescence imaging [130].

As researchers aim to broaden access to SPECT technology in small animal
applications, there has been a strong interest, particularly among commercial
manufacturers of small animal SPECT-CT systems, in decreasing the complexity
and size of systems that were once essentially miniature versions of available
clinical systems [196]. For example, stationary detectors have become a central
tenet of many of the commercially available systems. eXplore speCZT (GE
Healthcare, Milwaukee, WI, USA) was a dedicated preclinical SPECT system using
a full ring of 10 stationary cadmium zinc telluride (CZT)-based detectors equipped
with interchangeable rotating collimators. The system could be coupled with a
micro-CT for SPECT-CT. Characterization of the system demonstrated that reso-
lution recovery enabled sub-millimeter spatial resolution and improved uniformity
for all the collimators tested [138]. NanoSPECT (Mediso, Budapest, Hungary),
U-SPECT (MILabs, Utrecht, the Netherlands), and c-CUBE (Molecubes, Ghent,
Belgium) are all multipinhole SPECT systems that provide stationary acquisition
modes and very high spatial resolution, offered as a docked or serial configuration
combining two separate SPECT and CT modules. This configuration requires an
animal bed that translates between the two imaging modalities or transportable to
the other modality without removing the animal from the bed, a fact that needs to be
taken into consideration when setting up the animal’s anesthesia apparatus. One
advantage of such a configuration, however, is the ability to acquire SPECT and CT
images independently. This could be beneficial in the setting of serial imaging
studies where the potential effect of CT dose on the tumor or animal may be
non-negligible.

More recent generations of the U-SPECT/CT systems use multipinhole mouse
collimators with sensitivities that span a range allowing sub-half-millimeter to
sub-millimeter resolution levels, depending on the radionuclide dose. Characteri-
zation of these systems has shown discrimination between molecular concentrations
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in adjacent volumes down to 0.015 mL [194, 97]. A platform combining a SPECT
system such as U-SPECT with optical imaging (i.e., bioluminescence and
fluorescence imaging) has also been developed [197].

The discussion of systems above is certainly not exhaustive and does not include
all of the systems developed or being developed. However, many of the key fea-
tures of all current systems have been included in the sampling of systems described
above. Deleye and colleagues have published a direct comparison of the spatial
resolution, image uniformity, point-source sensitivity and contrast recovery of the
USPECT-II (MILabs), the NanoSPECT-NSO (BioScan), and the X-SPECT
(GE) scanners equipped with multipinhole general-purpose and multipinhole
high-resolution collimators [46].

11.5 Part IV: SPECT-CT as Applied in the Preclinical
Oncology Setting

Small animal SPECT-CT has been applied to all facets of molecular imaging in
oncology, from detecting malignancy to characterizing it, from determining the
most appropriate pharmaceuticals for cancer management to evaluating response to
therapy.

11.5.1 Cancer Detection

As models of tumorigenesis have evolved, SPECT imaging has enabled the eval-
uation of various strategies of early cancer detection. For example, a
Technetium-99m (Tc-99m)-labeled antibody to CD11b, a molecule active in the
innate immune response and expressed in myeloid-derived suppressor cells
(MDSCs), has been shown to have potential to diagnose very early-stage colon
cancer using SPECT-CT by detecting an inflammatory microenvironment around
early tumors in an in situ mouse model of colon cancer [35]. Improvements in
sentinel lymph node imaging and evaluations of new sentinel node agents have also
utilized small animal SPECT-CT [191].

11.5.2 Characterizing Tumorigenesis and Malignant Spread

One of the most promising areas in the application of molecular imaging in
oncology is the characterization of molecular processes underlying tumorigenesis
and malignant spread in a spatial and temporal manner. The high resolution of small
animal SPECT imaging systems enables inherent heterogeneities in tumor perfusion
or in the distribution of other radiopharmaceuticals to be visualized [193].

Many novel molecules have been developed and radiolabeled with the specific
purpose of providing in vivo characterization of processes of tumor genesis or
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progression. For example, integrins, specifically the alpha(v)beta(3) heterodimers,
have been linked to tumor-induced angiogenesis and invasiveness, and radiolabeled
ligand analogs to these receptors have been imaged with SPECT with the goal of
mapping the distribution of receptors in tumors as well as the biodistribution of
these molecular reporters [54, 51]. SPECT-CT of small organic ligands such as
Tc-99m-labeled RGD peptide monomer has been used to monitor progression in a
breast cancer lung metastasis model [234], and Tc-99m-labeled acetazolamide, a
carbonic anhydrase ligand with high affinity for the tumor-associated isoform IX
(CAIX) transmembrane transporter, has been used in CAIX-expressing renal cell
carcinoma [114].

By using the sodium/iodide symporter (NIS) as a reporter gene constitutively
expressed in a human colon cancer cell line coupled with 99mTcO4− as the imaging
agent, researchers have successfully imaged a spontaneously metastasizing ortho-
topic human colon cancer model in mice with SPECT, enabling in vivo monitoring
of the burden of liver metastases [93]. A less specific but readily quantifiable means
of assessing liver tumor burden consists of quantification of areas without radio-
tracer uptake (“cold spot quantification”) with SPECT after the administration of
Tc-99m macro-aggregated albumin particles ([Tc-99m]-MAA), normally taken up
by normal liver cells [202].

As in human clinical applications, SPECT imaging with Tc-99m-methyl
diphosphonate (Tc-99m-MDP) provides a highly sensitive means of detecting
osseous involvement in malignancy, enabling earlier identification of involvement
than possible with CT [4]. Thus, Tc-99m-MDP nuclear bone scintigraphy can be
used to monitor for response to therapy or progression of osseous involvement in
small animal cancer models, parallel to its clinical role in monitoring response to
therapy in patients with cancers of the breast or prostate.

11.5.3 Imaging the Targeting Abilities of Molecules
in the Development of Potential Therapeutics
and Molecular Imaging Agents

Antibody (Ab)-based therapies have evolved to become important tools in cancer
therapy, and several have shown efficacy in slowing progression of a malignancy
and improving progression-free survival. The targeted nature of these therapies
allows increased localization at the site of disease, affording less side effects from
non-specific delivery of therapy to normal tissues and potentially increased efficacy.

Evaluation and honing of this targeting capacity in small animals is an important
tool in the development of immune- and radioimmunotherapies. Therapeutic
monoclonal Abs may be linked to a radionuclide for SPECT imaging for cancer
diagnosis, staging, molecular characterization, and therapeutic response assessment.
The biodistribution of antibody therapy, and whether a sufficient amount of anti-
body will ultimately reach its target, can often best be assessed with in vivo studies,
and imaging a single animal serially can help to fully understand the
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pharmacokinetics and elucidate and evaluate potential strategies to improve the
targeting rate of the Ab.

Abs utilized in a number of cancer therapeutic targeting strategies have been
successfully labeled for in vivo characterization with SPECT such as epidermal
growth factor receptor 2 Ab (anti-HER2), epidermal growth factor receptor Ab
(anti-EGFR) [180], folate receptor Ab (anti-FR), prostate-specific membrane anti-
gen Ab (anti-PSMA), anti-CD20, program death-1 Ab (anti-PD-1), and program
death ligand-1 Ab (anti-PD-L1) [41, 115, 123, 128, 188]. SPECT imaging of
IGF-1R expression has been demonstrated using the radiolabeled antibody R1507
in a triple-negative breast cancer model [82].

In the case of xenografts implanted in the subcutaneous tissues of the small
animal model, such as in a study evaluating the biodistribution and pharmacoki-
netics of a fully humanized anti-EGFR mAb using an In-111-labeled version of the
Ab in multiple tumor cell lines, planar scintigraphy may provide sufficient imaging
data if the targeted disease is easily separated from areas of physiologic tracer
distribution. For instance, if the tumor is located in the flank or near the hind limb, it
can be easily separated from the non-specific uptake in the kidneys and liver. The
fine anatomic localization provided by CT in SPECT-CT would not have added
much value in this set of experiments. Interestingly, the significant findings in this
study were the differing pharmacokinetics of the antibody depending on the pres-
ence or absence of tumor in the animal [172]. In another xenograft-based study of
Ab therapeutic efficacy, a Tc-99m-labeled mouse mAb that binds to the DR5 death
receptor for tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL/Apo2L), TRA-8, was imaged with SPECT. The SPECT imaging data
provided a significant piece of information by demonstrating comparable
Tc-99m-TRA-8 delivery to all of the animals studied. This information helped to
support the hypothesis that increased efficacy observed when TRA-8 was given in
combination with CPT-11 was due to the combination of drugs rather than spurious
improved delivery of TRA-8 in one particular animal [162].

Baranowska-Kortylewicz and colleagues used SPECT imaging of I-125-labeled
tumor-specific antibody to provide evidence of increased antibody uptake in colon
adenocarcinomas grown subcutaneously in SCID mice following administration of
the tumor stroma-reactive STI571, a platelet-derived growth factor receptor-B
(PDGFr-B) antagonist [10]. Similarly, imaging radiolabeled antibodies with SPECT
has provided important information in targeting and dose optimization of several
potential antibody-based therapies [86, 172]. Radionuclides with longer half-lives
that better match the biological half-lives of larger tumor-targeting molecules, such
as terbium-155 (Tb-155) [155] and samarium-153 (Sm-153) [217], are being
explored for their in vivo SPECT imaging capabilities.

Significantly increased interest in peptides and other small molecules as cancer
therapeutics has encouraged the design and use of radiolabeled forms of these
molecules to develop more specific diagnostic tests [102] and better understand
their pharmacokinetics and biodistributions in small animal models [148, 182, 232,
113]. For example, He and colleagues used SPECT-CT to evaluate the
tumor-targeting capability and potential of an internalizing human single-chain
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variable fragment (UA20 scFv) labeled with Tc-99m (Tc-99m-UA20) as a
molecular imaging agent in a mouse model of human prostate carcinoma.
SPECT-CT imaging of 99m-Tc-UA20 demonstrated rapid distribution and tumor
visualization as early as 1 h after injection (Fig. 11.2) [79].

11.5.4 Small Molecules

Some of these peptide-based tracers are developed as companion imaging agents to
therapeutics, such as a Tc-99m-labeled antagonist to chemokine receptor 4
(CXCR4), developed to identify tumors vulnerable to CXCR4-targeting therapeutic
approaches [230]. Similarly, Tc-99m-3P-RGD2 SPECT/CT of lung cancer xeno-
grafts in mice was developed as a means of in vivo quantification of integrin avb3
expression within tumors, ultimately for clinical translation to identify patients who
may be candidates for avb3-targeted therapies [62]. SPECT/CT of similar short
peptides targeting avb6, another integrin associated with multiple poor prognostic
cancers, has also been explored [235]. Other examples of SPECT-CT imaging of
small molecules in their evaluation for potential use for therapy include imaging of
radioiodinated androgen receptor ligands in ovarian adenocarcinoma [113].

Fig. 11.2 Small animal SPECT/CT of nude mice bearing DU145 xenograft at front flank.
a Image taken at 3 h after injection of 99mTc-UA20 scFv. b Image taken at 3 h after injection of
99mTc-labeled UA20 scFv. In this experiment, 10-fold excess of unlabeled UA20 scFv was
injected 1 h before injection of 99mTc-UA20 scFv. c Representative image of three-dimensional
rendering of tumor targeting by Tc-99m labeled UA20 scFv. Ref. [He, J et al. JNM 51(3):427–
432] [79]

382 B. L. Franc et al.



11.5.5 Theranostics

Therapeutic radiopharmaceuticals often have companion versions incorporating an
imaging agent, useful for understanding their targeting ability and for pre-therapy
dosimetry calculations [117]. Some radionuclides, such as Re-188, can provide dual
functionality, emitting particle radiation useful in therapeutic applications as well as
gamma radiation for SPECT-CT imaging, enabling a single radiolabeled molecule
to target a cancer for imaging or therapy [125].

Radioactive theranostic agents that have undergone preclinical study with
SPECT or SPECT-CT include I-131-labeled benzamide for targeted radiotherapy of
metastatic melanoma [103], I-131-labeled arginine-arginine-z peptide in nude mice
bearing human prostate carcinoma [225], Re-188-(I)-tricarbonyl-labeled trastuzu-
mab (Herceptin) in BT-474 human breast cancer xenografts [32],
Lu-177-DOTA − panitumumab (Lu-177-Pan) and Lu-177-DOTA − cetuximab
(Lu-177-Cet) in a preclinical head and neck cancer model [129], and
Lu-177-labeled bombesin (BN)-like peptide in PC-3M prostate tumor-bearing mice
[60, 124, 127]. In a study of a three-step pretargeted radioimmunotherapy in a
mouse xenograft model of human colon cancer using a glycoprotein A33 (GPA33)-
targeting bispecific antibody and a small-molecule radioactive hapten, a complex of
Lu-177 and S-2-(4-aminobenzyl)-1,4,7,10-tetraazacyclododecane tetraacetic acid
(Lu-177-DOTA-Bn), SPECT/CT imaging was used to monitor treatment response
and calculate radiation absorbed doses to tumor [31]. An area where much future
work will have to be performed is evaluating the dosimetry of many more of these
agents, an application where SPECT-CT may provide a significant advantage [7].

11.5.6 Predicting Therapeutic Response and Monitoring
Response to Therapy

The early detection of therapy-induced tumor cell death, whether by chemotherapy,
other biologic therapies, or therapeutic radiopharmaceutical, has been a subject of
investigation for decades. The most recent molecules targeting apoptosis are labeled
with Tc-99m, enabling improved imaging characteristics over their earlier relatives
which were labeled with other less amenable nuclides. Promising apoptotic imaging
markers include [Tc-99m] annexin V, a large protein that binds to phosphatidylserine
(PS), and [Tc-99m] duramycin, a shorter peptide that binds to phos-
phatidylethanolamine (PE) [55]. The temporal changes in apoptosis of numerous
cancer types during therapy have been monitored qualitatively and quantitatively
with SPECT using Tc-99m-hydrazinonicotinamide (HYNIC)-annexin V [200].
Other molecules developed specifically for tumor characterization, such as hypoxic
agents, have been adapted for potential imaging with SPECT [28].

SPECT agents approved for use in humans, such as the perfusion agents
Tc-99m-sestamibi (Tc-99m-MIBI) and Tc-99m-Tetrofosmin uptake (Tc-99m-TF),
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have found new applications in evaluation of tumors for expression of
P-glycoprotein (Pgp) and multidrug resistance-related protein-1 (MRP), potential
factors in failure of tumors to respond to chemotherapy [65].

11.5.7 Imaging Cell Trafficking

Cell trafficking studies can help establish the stability of disease models and assess
cellular migration. For example, in the development of orthotopic tumor models in
mice, SPECT-CT imaging utilized to trace the location of injected lung tumor cells
in the lung parenchyma via intratracheal instillation [21].

Another potential area where cell trafficking studies are important is in under-
standing the effects of disease processes or drugs on normal or pathologic cells,
particularly those interacting with the immune system [11, 156]. For example, the
ability of I-125 radiolabeled anti-CD206 antibody to identify tumor-associated
macrophages (TAMs) that may contribute to drug resistance has been demonstrated
using in a 4T1 mouse model of breast cancer [231].

With the advent of CAR-T cell therapy, there is renewed interest in monitoring
the location of leukocytes in vivo. Various reporter genes can be introduced into the
cells targeted for tracking, enabling imaging of their location with SPECT when a
gamma-emitting substrate or ligand is introduced. For example, cells expressing the
herpes simplex virus thymidine kinase (HSV-tk) concentrate on the substrate I-123-
(1-(2’-deoxy-2’-fluoro-1-b-D-arabinofuranosyl)-5-iodouracil) (FIAU), enabling
subsequent imaging with SPECT. Cells engineered to express human noradrenaline
transporter (hNET) can be imaged after intravenous administration of the ligand
123I-metaiodobenzylguanidine (MIBG) [56]. Stem cell-based therapies can also be
monitored using these reporter gene strategies [104]. Human embryonic stem cell
(hESC) engraftment and proliferation have been monitored with I-125-FIAU
SPECT-CT in mice after transplantation of HSV1-TK-infected cells [170].

11.5.8 Imaging Gene Transfer and Expression

As gene therapies for cancer move into the clinic, there has been a significant
interest in developing methods to monitor the activity of gene expression in a
systemic manner without repeated tissue biopsy. Small imaging SPECT-CT of the
products of reporter genes provides the means to evaluate strategies to track gene
expression. When such imaging reporter genes are controlled by a promoter, the
detection of the reporter protein using a radiolabeled imaging probe and SPECT is
used to monitor the level of therapeutic gene expression, promoter activity, and
protein–protein interaction in vivo [99, 224]. Several methods have shown promise.
For example, using I-125-labeled radiolabeled 2´-fluoro-2´-deoxy-h-D-5-
iodouracil-arabinofuranoside (FIAU) and SPECT-CT, Fu and colleagues demon-
strated the ability to image chemotherapy (bortezomib)-induced thymidine kinase
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(TK) expression indicating viral lytic induction in EBV(+) Burkitt’s lymphoma
xenografts in severe combined immunodeficient mice (Fig. 11.3) [63].

Investigators have monitored replication of an adenovirus encoding the Na/I
symporter (hNIS) using SPECT-CT following 99mTcO4-administration. Like
iodine, 99mTcO4- is taken up by cells expressing hNIS, thereby acting as a sur-
rogate indicator of potential to concentrate iodine. hNIS can be used as a reporter
gene with either 99mTcO4- or I-125 or I-123 radioiodine administration for
imaging viral biodistribution with SPECT-CT, enabling the ability to follow the
selectivity and time course of a replicating adenovirus. Additionally, hNIS can be
used in a therapeutic strategy in combination with I-131 administration [143, 144,
167]. SPECT-CT imaging of the hNIS reporter gene has also been utilized to
monitor the biodistribution of gene transfer of polypropylenimine dendrimer
PPIG3/DNA nanoparticles and prove the specific delivery and transgene expression
of these agents in tumors grown subcutaneously in mice [36].

Similarly, the expression of an oncolytic engineered measles virus (MV) for
pancreatic cancer therapy has been monitored in preclinical studies using a form of
the virus expressing the sodium-iodide symporter gene (MV-NIS) in combination
with I-123 SPECT-CT [23].

Chen and colleagues have incorporated two reporters into a single construct,
allowing both optical and SPECT imaging of gene expression. SCC-9 human
squamous cell carcinomas in mice were infected with adenovirus containing the
investigators’ somatostatin receptor-enhanced green fluorescent protein fusion
construct (AdSSTR2-EGFP) and imaged in vivo with SPECT-CT after the
administration of 111In-DTPA-Tyr3-octreotate. The same tumors were also imaged
with fluorescence [33]. In mouse studies, the ability to perform multimodality
imaging is very advantageous as cells can be evaluated in vivo and ex vivo using
one or both modalities. In addition, if frequent monitoring of a subcutaneous tumor

Fig. 11.3 SPECT-CT
images of [125I]FIAU by an
EBV(+) Burkitt’s xenograft
(Akata) at 72-h and 96-h time
points. Reprinted with
permission from ref. [Fu DX,
et al. Clinical cancer research
2007;13(5): 1453–1458] [63]
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is required, some time points could potentially be evaluated with only optical
imaging, minimizing the amount of radiation to the animal and tumor but also
allowing occasional evaluations with a high spatial resolution combined with
functional/anatomic imaging modality such as SPECT-CT.

By demonstrating a method of monitoring biodistribution and transgene
expression in mice using SPECT-CT, these types of studies pave the way for direct
translation of monitoring techniques when these therapies are introduced into
humans.

11.5.9 Imaging Drug Delivery and Using SPECT in Drug
Design

In drug development, small animal SPECT imaging can play a vital role in eval-
uating various compounds for their targeting potential, their potential for in vivo
efficacy, pharmacokinetics, and pharmacodynamics, as well as their anticipated
toxicities [131]. Given the expense to produce sophisticated small animal cancer
models and a general desire to minimize the number utilized in research, SPECT
imaging of radiolabeled versions of drug candidates enables serial use of the small
animal models for characterization of multiple drug compound candidates [132].
Imaging of multiple small animals is possible in a single session; however, for those
isotopes that emit a b particle with a kinetic energy greater than 219 keV, Cerenkov
luminescence imaging may be a more convenient means to increase the rate of
in vivo high throughput drug screening [190].

Nanoparticles and nanomolecules can serve as carriers of radiotracers or com-
bined imaging/therapeutic agents [161]. Incorporation into nanocarriers accom-
plishes two goals: (1) enabling increased tumor targeting and resulting in increased
therapeutic efficacy with reduced toxicity, and (2) allowing increased sensitivity of
detection with SPECT-CT, enabling tracking of therapeutics in vivo. For example,
in order to evaluate the tumor-targeting capability and biodistribution of Re-188-N,
N-bis (2-mercaptoethyl)-N’,N’-diethylethylenediamine (BMEDA)-labeled pegy-
lated liposomal doxorubicin (DXR) (Re-188-DXR-liposome) in a C26 murine
colon carcinoma solid tumor model, Chang and colleagues used small animal
SPECT-CT imaging in tandem with pharmacokinetic studies. Once targeting had
been proven with imaging, separate therapeutic efficacy studies were performed,
showing a synergistic therapeutic effect of the combination radiochemotherapeutics
[27]. Iyer and colleagues used SPECT imaging of In-111-labeled immunoliposome
anchored by internalizing single-chain antibody fragment that targets all types of
mesothelioma [98]. Marked uptake of this radioimmunoliposome was seen in M28
(epithelioid type) and VAMT-1 (sarcomatoid type) tumor xenografts in mice
in vivo (Fig. 11.4). This imaging result presented a promising strategy for the
development of enhanced targeting of liposomal drugs and targeted radionuclide
therapy for malignant mesothelioma [98].
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Investigators have also used SPECT-CT to image the biodistribution and tar-
geting efficacy of a number of carbon nanomaterial structures [229] as well as
nanoparticles of other various compositions [214, 110]. Nanoparticle drug delivery
systems also offer one means of designing tracers for dual-modality imaging, such
as combined upconversion luminescence and SPECT imaging with NaLuF4:

153Sm,
Yb,Tm nanoparticles [223]. Multifunctional nanocarriers enable incorporation of
multiple therapeutic and imaging agents into a single delivery system [41].

Other published reports of the use of SPECT and/or SPECT-CT in drug design
include imaging the time of retention and biodistribution of subcutaneously injected
polymers designed for drug delivery [112] and in vivo monitoring of small inter-
fering RNA (siRNA)-based therapies [157], including a study by Chen and col-
leagues using a dual-modality approach of imaging siRNA radiolabeled with 131I
and conjugated to superparamagnetic iron oxide nanoparticles (SPIOs) with both
SPECT and MRI [34]. With the aim of eventually administering selective doses of
platinum-based therapies to cancer patients based upon the level of tumor uptake of
the chemotherapy, researchers have characterized the ability of 195mPt to be imaged
in small animal models with SPECT [1].

Imaging for radiation treatment planning, image-based dosimetry, and charac-
terization of changes in biology over the course of radiotherapy, there has been an
explosion of interest in preclinical models of radiotherapy and an interest in
understanding the dynamics of biology occurring during radiation therapy in
combination with various tumor-targeting drugs. Small animal image-guided pre-
cision radiotherapy platforms are increasingly used in tandem with small animal
molecular imaging devices, such as SPECT-CT, to elucidate effects of therapy on
the tumor and surrounding tissues [121] as well as to assist in planning radiation
therapy [204].

Fig. 11.4 SPECT-CT images of a mouse model with epithelioid (M28) and sarcomatoid
(VAMT-1) mesothelioma tumors. 3D-rendered images of SPECT-CT (a), and two cross-sectional
views to show the tumor uptake of In-111-labeled immunoliposome anchored by a single-chain
antibody fragment, M1. Reprinted with permission from ref. [Iyer AK et al. Biomaterials 2011]
[98]
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By segmenting imaging data and combining data across imaging modalities,
computational small animal imaging models have been constructed, aiding in
treatment planning as well as dosimetry modeling to determine radiation doses
delivered to tumors and surrounding normal structures [218].

11.5.10 Imaging Other Pathologic Processes Associated
with Cancer or Cancer Therapies

Finally, small animal SPECT and SPECT-CT have found utility in the development
of methods to detect complications associated with cancer or cancer therapies. To
study hepatotoxicity of potential new therapeutics and potential drug–drug inter-
actions, Tc-99m-labeled bile acid analogs have been developed and characterized in
small animal models [159]. Non-alcoholic fatty liver disease (NAFLD) can con-
tribute to chemotherapy toxicity. NAFLD has been studied in small animal models
using SPECT combined with Tc-99m-2-methoxyisobutyl-isonitrile (Tc-99m-MIBI)
[173]. Derivatives of Ga-67 deferoxamine (DFO) complexes have shown promise
in in vivo SPECT imaging of infection in mouse models based upon uptake of the
complex by bacteria that utilize the DFO siderophore to scavenge iron [94]. Car-
diotoxicity, also a major consideration in studying the adverse effects of treatments
such as chemotherapy or external beam radiotherapy, can be studied in small
animals using similar techniques available in the clinic [38]. Markers of left ven-
tricular function in small animal cardiac SPECT, including ejection function and
end-diastolic volume, provide results comparable to 3D-echocardiography [81].
Renal failure associated with peptide receptor radionuclide therapy (PRRT) and
methodologies to avoid the condition were studied in rats using Tc-99m mercap-
toacetyltriglycine (MAG3) SPECT-CT following Lu-177-DOTA-Tyr3-octreotate
therapy [141, 142].

11.6 Part V: Areas of Rapid Advancement of the Science
of Molecular Imaging with SPECT-CT

11.6.1 Next-Generation Imaging Systems

The quality of images from current small animal SPECT-CT systems allows the
study of innumerable processes both qualitatively and, in many instances, quanti-
tatively. Bold concepts in imaging system design look beyond traditional concepts
of imaging immobilized subjects one at a time. As the quest continues to image
subjects in a more physiologic state over significant periods of time, methods are
being developed to image non-anesthetized, free-moving animals [8, 9]. Other
configurations for SPECT, including an open gantry desktop approach, have been
explored using simulation [227]. Such designs may be aided by the application of
artificial intelligence techniques.

388 B. L. Franc et al.



11.6.2 Imaging Immune Activation

With the explosion in the use of immune-modulating therapeutics in oncology,
imaging the activation of various components of the immune response is being
explored as a means of identifying candidate patients and monitor the immune
systems’ ongoing response to these drugs. For example, imaging folate receptor
expression can be used to identify activated macrophages [44]. In-111 labeled
antibody to PD-LI checkpoint inhibitor is being pursued to characterize the sus-
ceptibility of tumors to PD-L1 inhibition as a therapeutic strategy [30].

11.6.3 Multimodality Probes

One goal of multimodal detection of molecules is to enable study of pharmacoki-
netics and biodistribution over short (radionuclide-enabled) and more prolonged
(CT- or MRI-enabled) periods. Doping of nanocrystals containing high-attenuating
materials with radionuclides that are long-lived, such as in the case of poly(ethylene
glycol)bis(carboxymethyl) ether (PEG) EuOF nanocrystals dopes with 153Sm3+

ions, allows dual-modality imaging with SPECT-CT [217]. Ultrasmall superpara-
magnetic iron oxide nanoparticles functionalized with c(RGDyC) peptides and
labeled with Tc-99m can detect tumor angiogenesis using both SPECT and MRI
[220]. Other groups have evaluated intrinsically radiolabeled magnetic nanoparti-
cles to achieve a probe detectable by both MRI and SPECT. For example, [59Fe]-
superparamagnetic iron oxide nanoparticles ([59Fe]-SPIONs) utilizes the long-lived
radionuclide 59Fe incorporated into the Fe3O4 nanoparticle crystal lattice to provide
gamma photons capable of detection by a gamma-imaging system [87].

The ability to follow multiple independent molecular processes co-spatially
and/or co-temporally opens up the possibility of understanding cell–cell interactions
and signaling processes. As the theranostics field advances, more sophisticated
therapeutic strategies, including immunomodulation and activation, are being
coupled with multimodality imaging agents for SPECT, MRI, and fluorescence in
single-nanocarrier platforms [39].

In clinical translational medicine, multimodality probes incorporating both
radionuclides imaged with SPECT and fluorescing molecules capable of being
imaged via optical means have the potential to bridge SPECT with surgical-based
therapies [80, 177].

11.6.4 Radiomics and Computational Advances

As in clinically based radiomics and artificial intelligence efforts, a key driver of
innovation in these areas in small animal SPECT and SPECT-CT is the availability
of numerous datasets acquired in a standardized methodology [136]. Improvements
in SPECT quantification are looking beyond region-of-interest analysis, including
quantification methods operating on raw projection data [116].
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Radiomics is a new way of image quantification, which is being applied to all
types of images. With readily available tools, extraction of radiomic features such
as texture, location, relation with surrounding tissue, shape, etc., and applying these
features for image analysis has been actively studied. For images acquired from
small animal SPECT and SPECT-CT, some studies already have utilized the power
of radiomics [20].

Computational advances with relation to small animal SPECT and SPECT-CT
imaging are basically twofold. Acceleration of SPECT reconstruction speed has
been shown using graphics processing unit (GPU) [150, 165]. Machine learning
and deep learning on images acquired from small animal SPECT and SPECT-CT
can be certainly applied, and need more research into this as for many efforts are
focused on using human equivalent data. Deep learning approaches can conceiv-
ably be utilized for improving SPECT reconstruction performance particularly
when the noise and limited angular sampling are limitations [70].

11.7 Conclusion

In many ways, the radiopharmaceuticals with single-photon emitters make them
specifically suitable for applications in the evaluation of molecular targeting agents.
Their chemistry, decay characteristics, simultaneous acquisitions, and relative
cost-efficiency allow wide use of these radionuclides. Continued advances in small
animal SPECT and SPECT-CT imaging systems, imaging reconstruction algo-
rithms, and radiochemistry have facilitated significant growth in the field of pre-
clinical SPECT and have thus provided greater accessibility to these tools. The
oncology researcher interested in preclinical SPECT/SPECT-CT needs to carefully
plan experiments, keeping in mind the nuances that specific small animal models,
imaging time points, or challenging radiochemistry may have in the overall research
plan. Computational advances and ongoing developments in radiomics will require
standardization of image acquisition protocols. Done with care, small animal
SPECT and SPECT-CT can facilitate the rapid translation of molecular advances
into clinical care.
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12.1 Introduction

Non-invasive in vivo imaging techniques have been used as biomarker of disease in
oncology, mainly involved in (i) pretreatment tissue characterization and moni-
toring tumor progression, (ii) therapy planning, and (iii) therapy response evalua-
tion, and follow-up. In this context, imaging has been generally based on basic
morphological criteria of tumor size and location, which are probably not influ-
enced in the early and potentially main relevant phases of modern cancer therapies.
However, current advances in molecular cancer biology, genetics, and imaging
technology shift imaging paradigms away from solely morphological imaging
toward molecular imaging MI, which is defined as the direct or indirect assessment
of spatial and/or temporal distribution of physiologic, metabolic, and cellular or
molecular processes within tissues in vivo especially with the development of
high-field MR imaging [39].

Besides detection, (differential) diagnosis, and staging of neoplastic tissue during
disease progression, tissue characterization with MI techniques also enables the
assessment of therapeutically relevant biological properties such as metabolism,
proliferation, hypoxia, angiogenesis, apoptosis, and gene and receptor expression of
tumors. Such features are related to important hallmarks of cancer [42] and
themselves targets for modern treatment strategies. Thus, thorough evaluation of
biological tumor characteristics may impact the currently morphology-based
treatment planning and help to improve future therapeutical strategies. Therefore,
it is of great importance to assess changes in cancer biology in response to a specific
therapy early on during the course of treatment, even before apparent changes in
morphological imaging become visible. This will allow timely adjusting potentially
ineffective treatment concepts that may be expensive and largely impacting on
patients’ quality of life. Consequently, MI will likely contribute to the realization of
concepts of modern individualized medicine.

Animal models of cancer have ever played an important role in oncological
research. Current and future MI developments have been and will be almost
exclusively tested and optimized in preclinical studies. With the development of
novel experimental tumor models based on recent developments in molecular
biology and genetics [113, 152], their value for the evaluation of new therapeutic
concepts, ongoing methodological developments, and underlying imaging princi-
ples is constantly growing.

Investigation of physiologic, metabolic, and cellular or molecular processes
in vivo in experimental tumor models can be performed non-invasively with a
variety of small animal imaging modalities, which all have their inherent strengths
and weaknesses. Here, we will focus on magnetic resonance imaging (MRI) and
spectroscopy (MRS) that are widely accessible and clinically well established, thus
allowing fast translation of experimental imaging findings into clinics.

In the first chapter, we will comment on the use of experimental animal models
of cancer and associated challenges for imaging. We introduce basic principles,
values, and limitation of MRI/MRS as MI modalities. Finally, we present
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applications in preclinical cancer research, indicating the high potential of MI to
non-invasively assess information on hypoxia, angiogenesis, apoptosis, gene
expression, metabolism, and cell migration in tumors.

12.2 Experimental Models of Cancer

Oncological studies in human patients confront strict ethical regulations and are
time- and resource-intensive often with shortages of sound scientific evidence.
However, in vitro cell culture and biochemical assays usually may not adequately
reflect in vivo conditions. The use of clinically relevant animal tumor models as
workable surrogates for human patients represents an important step in translational
research bridging the gap between cell laboratory and clinical application. In the
European Union, approximately 99% of laboratory animals used in 2011 in the field
of cancer research were mice (94%) and rats (5%) (European Commission 2013).
Consequently, a variety of animal tumor models in mice and rats exist in experi-
mental oncology [91, 113, 125, 152]. They possess rather widely differing features
such as growth pattern (diffuse over body vs. single solid lesion), dignity (less
differentiated malignant tumor with infiltrating growth and raised metastatic
potential vs. well-differentiated benign tumor with expanding growth and encap-
sulation), vascularity (highly vascularized vs. avascular), and incidence of spon-
taneous necrosis. Primary tumors (malignant or benign) can be spontaneously
formed or artificially induced by chemicals, ionizing radiation, and genetic engi-
neering, whereas secondary tumors (only malignant) can be created as allografts
(from the same species) or xenografts (across different species; most often from
human to animal) by cell suspension inoculation or tissue piece implantation.
Xenograft tumor models may successfully be established only in
immune-suppressed animals. Tumors may grow ectopically (in an unusual place),
such as most subcutaneous tumor models, or orthotopically (in the usual position),
like lymphoma in spleen. However, available animal models are still discussed
rather controversially for their capabilities in efficient cancer therapy development
[34, 56, 113, 152]. Although ectopic human tumor xenograft models of non-small
cell lung and ovarian cancers may predict phase II clinical trial performance of
cancer drugs, they have not yet proven to be general predictors of clinical outcome.
This might be due to various variables impacting on outcome of therapeutic
experimental models: site of implantation, growth properties of xenograft and size
at treatment initiation, agent formulation, scheduling, route of administration and
dose, and the selected endpoint for assessing activity. In studies of antiangiogenic
or anti-vascular and immunotherapeutical strategies, the targeted structures of
interest in xenografts are predominantly of host origin. They are also less useful for
assessment of anti-metastatic strategies since subcutaneously implanted tumors
generally do not metastasize. Animal models using orthotopically implanted tumors
may be more appropriate [113, 125, 126]. Due to these shortcomings, there has
been much interest in genetically engineered models, in which genes of interest can

12 Preclinical Applications of Magnetic Resonance … 407



be selectively overexpressed, additionally inserted or deleted in all cells or only in a
specific tissue compartment and/or developmental stage [104, 113, 125]. Such
sophisticated models are able to produce orthotopic primary tumors that closely
mimic human cancer. However, the use of artificial promoters which drive trans-
gene expression can influence the affected cell type, vary the expression based on
genetic background, and decrease cellular heterogeneity, which, in turn, can affect
tumor progression and metastasis [125].

Although the ideal experimental cancer model that can reliably predict the extent
of clinical efficacy has not yet been identified, selection of models suiting the
desired research purpose may finally be achieved by thoroughly taking into account
the specialties and features of present tumor models [113]. If particular abnor-
malities of human cancer are sufficiently represented, experimental tumor models
can still be valuable for in vivo proof-of-principle of new therapeutic concepts such
as target identification, optimization of pharmaceutically tractable molecules,
selection of lead candidates for clinical evaluation, optimization of scheduling, and
combination with other drugs to guide clinical development and to study acquired
drug resistance (and its circumvention). Furthermore, it can be used to develop new
imaging concepts such as tracer and contrast agent development, visualization and
quantification of biological tumor properties, and validation of non-invasive cancer
biomarkers. For many applications, it will be critical to incorporate pharmacolog-
ical and toxicological considerations as well as mechanistic concepts of tumor
induction, progression, and metastasis. Some models may be even more suited for
diagnostic rather than therapeutic assessments. Molecular imaging can promote
development of improved animal models and anticancer agents by providing a
time- and labor-efficient way of non-invasively evaluating effectiveness of novel
treatment strategies to identify most promising candidates for clinical application.
In contrast to biomarkers circulating in blood or tissue sampling, non-invasive
imaging biomarkers may more efficiently sample tumor heterogeneity and thus
impact on the proposed treatment scheme. Conversely, new insights in cancer
biology may also stimulate the development of innovative imaging approaches.

12.3 Small Animal Molecular Imaging

Imaging experimental models of cancer in small animals requires special consid-
eration of their altered morphology and physiology with respect to humans.
Selected morphological and physiological characteristics of mice, rats, and humans
are summarized in Table 12.1 [147]. In order to obtain comparable resolution—
related to body size—as in human imaging, voxel dimensions need to be scaled
down in small animal imaging by a factor of approximately 10 (in every spatial
direction), which will result in 1,000-fold less signal. This has led to the devel-
opment of dedicated scanners, which are particularly designed to meet small animal
imaging needs. With current advances in clinical scanner and detector technology,
small animal imaging can successfully be performed using clinical scanners too
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[8, 147]. Dedicated small animal scanners typically present better imaging per-
formance, but their clinical counterparts can compete in many applications and
warrant a better availability and potential translatability of experimental imaging
methods into clinics. Nevertheless, applications with ultrahigh-resolution require-
ments, as well as advanced functional imaging are usually restricted to dedicated
scanners exclusively.

Most widely used modalities in molecular imaging include PET, SPECT, MRI,
and MRS, which are clinically well established. Optical imaging [40] is also very
powerful in experimental molecular imaging but clinically less relevant except for
surgical guidance. Other modalities like ultrasound [59, 160] and computed
tomography [25] are progressively developing MI capabilities.

12.4 Magnetic Resonance Imaging and Spectroscopy

Magnetic resonance (MR) techniques rely on the behavior of nuclei in strong
magnetic fields under the influence of radiofrequency (RF) waves. To be actively
exploited with MR, isotopes must possess a nuclear spin (e.g., hydrogen (1H),
carbon (13C), fluorine (19F), sodium (23Na), and phosphorus (31P)). In living sub-
jects, the protons (1H) of water and lipids are the primary signal source, whereas
other isotopes are less abundant, and thus more difficult to assess. In a magnetic
field, protons act as little bar magnets. According to Boltzmann distribution, they
tend to orient themselves parallel (spin up) and anti-parallel (spin down) with
respect to the direction of the externally applied magnetic field, respectively,
thereby building up a net equilibrium magnetization. Typically, the number of
excess spins in energetically more favorable parallel alignment is in the order of 10
in one million at clinically relevant field strengths. Additionally, spins precess at a
frequency proportional to magnetic field strength, which is known as Larmor fre-
quency. Excitation of spins with a sequence of RF pulses at the Larmor frequency
disturbs the thermal equilibrium spin distribution and temporarily promotes spins to
the high-energy anti-parallel alignment. This tilts overall magnetization away from
the static magnetic field direction, thus decreasing longitudinal and increasing
transverse magnetization components. Relaxation of excited spins to their thermal

Table 12.1 Selected characteristic morphological and physiological values for mouse, rat, and
human (reprinted with permission of Informa Healthcare from [147])

Mouse Rat Human

Body mass (g) 20–40 250–400 70,000

Blood volume (ml) 1.5–3.2 15–28 6,000–7,000

Brain size (mm) 6 10 105

Heart mass (g) 0.1 1 300

Heart rate (min−1) 630 330–480 60–80

Breathing rate (min−1) 163 66–114 12–18
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equilibrium state is governed by realignment with the main magnetic field (B0) and
recovery of longitudinal magnetization (T1 relaxation) as well as dephasing due to
local and global field inhomogeneities and decay of transverse magnetization (T2

*

relaxation). RF waves sent out during relaxation are detected with specialized coils
and amplified to form the MR signal.

In MRI, spatial information of each voxel within the imaging volume is encoded
in the signal by application of magnetic field gradients during and in between RF
pulses and signal reception. From raw data, an image is reconstructed using Fourier
transformation. Since relaxation times differ among tissues, MRI can be predomi-
nantly weighted by proton density, T1 or T2

* relaxation time, depending on timing of
RF pulse excitation, and signal detection. Additionally, sophisticated MR tech-
niques enable the generation of contrast based on diffusion or perfusion of nuclei.

MRS utilizes the fact that spins resonate at slightly different frequencies
(chemical shift) depending on different nuclear shielding by electrons due to the
molecular chemical environment. This is expressed in a spectrum of resonance lines
stemming from endogenous as well as exogenous substances, thus enabling the
investigation of molecular composition of tissues and metabolism of pharmaceu-
ticals. The most commonly used nucleus in MRS is 1H. It offers the best sensitivity
and spatial resolution but also necessitates the suppression of highly abundant water
and lipid signals in order to detect metabolites. MRS enables the detection of
metabolites, amino acids, and lipids, among other biomolecules, in tumors of live
mouse models of cancer [20]. Other nuclei used in MRS comprise 19F, 23Na, 31P,
and 13C. Especially, 19F is nearly as sensitive as 1H and has no endogenous
physiological background, thus offering straightforward molecular identification.
The features of spatial resolution of MRI and spectral resolution of MRS can be
combined in magnetic resonance spectroscopic imaging (MRSI), which is able to
generate spatially resolved maps of tumor metabolic markers for cancer diagnosis,
metabolic phenotyping, and characterization of tumor microenvironment [20].

MR techniques offer the advantages of not exposing subjects to ionizing radi-
ation, thus enabling repeated measurements, high spatial and temporal resolution,
and high imaging flexibility with various contrast mechanisms (e.g., T1, T2

*, proton
density, diffusion, perfusion) for excellent tissue characterization. MR techniques,
including imaging, functional MRI, and spectroscopy, are able to assess morpho-
logical, physiological, functional, and metabolic information in one session.
However, MR is expensive and demands a rather high level of expertise. Due to
safety considerations, MR is not amenable for some subjects. Most inauspicious for
molecular imaging with MRI is the inherently low sensitivity in the micro- to
millimolar range as compared to PET. Therefore, it is essential to employ efficient
signal amplification strategies.
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12.4.1 Contrast Agents

Contrast agents (CAs) are being continuously developed and employed as signal
amplifiers to overcome the inherently low sensitivity of MRI [122]. CAs may be
either (i) targeted to directly image molecular and cellular processes (MI in its
strictest sense) [15], (ii) activated to generate contrast only in response to changes in
their physical environment to indirectly image underlying biological processes [26,
77], or (iii) non-targeted to image surrogate biomarkers of function and physiology
(MI in its broadest sense) [54]. Strategies to modify contrast in proton MRI are
based on alteration of T1 and T2 relaxation times, proton density, and nuclear
polarization, respectively. Alternatively, CAs based on non-proton nuclei like 19F
can be used to produce MR signal without physiological background.

T1 contrast agents most commonly incorporate paramagnetic ions, e.g.,
gadolinium (Gd), manganese (Mn), and lead to positive signal enhancement in T1-
weighted imaging by locally increasing the longitudinal relaxation rate (R1 = 1/T1)
of water protons. Sensitivity of commercially available Gd-based small molecules,
e.g., Gd-DTPA (Magnevist®), Gd-DTPA-BMA (Omniscan®), and Gd-DOTA
(Dotarem®), is typically in the millimolar range [122], which precludes direct
imaging of molecular receptors with typically nanomolar abundance. Nevertheless,
they are extensively used to assess functional and physiological biomarkers of cancer
using dynamic contrast-enhanced MRI [54, 66, 84]). Unfortunately, commonly
applied small-molecule CAs are known to diffuse quickly from blood into extra-
cellular space for both normal and pathologic tissues. This can be overcome with the
use of macromolecular CAs [100], which cannot easily leak out of normal vascu-
lature. The apparent threshold in effective molecular weight with no measurable
leakage into normal tissue is between 194 and 323 kDa [24]. High sensitivity can be
attained by exploiting macromolecules or nanocarriers (e.g., micelles, microemul-
sions, liposomes) containing hundreds to thousands of Gd entities [6] (Mulder et al.
2006; Gore et al. 2009). For the detection of vascular endothelial growth factor
(VEGF) receptor with a small lysine-based dendron consisting of eight Gd-DOTA
units conjugated to a specific dimeric peptoid, the in vitro detection limit was in the
submicromolar range (790 nM) (De-Rodriguez et al. 2009).

T2
* contrast agents are usually iron oxide particles which typically result in signal

loss in T2
*-weighted images by dramatically increasing transverse relaxation rate

(R2
* = 1/T2

*) due to induction of strong local susceptibility differences. Iron oxide
nanoparticles are available with different magnetic properties and in various sizes,
e.g., superparamagnetic iron oxide (SPIO) nanoparticles (50–150 nm), ultrasmall
superparamagnetic iron oxide (USPIO) nanoparticles (20–30 nm), very small
superparamagnetic iron oxide particles (VSOP; 7–10 nm), microparticles of iron
oxide (MPIO; 0.35–1.6 lm), cross-linked iron oxide (CLIO) nanoparticles (30–
50 nm), monocrystalline iron oxide nanoparticles (MION), and magnetism-
engineered iron oxide (MEIO) nanoparticles, and are usually coated with poly-
mers or monomers that prevent aggregation and allow functionalization [72, 86].
They have been used as organ-specific contrast agent, for vascular characterization,
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tumor targeting, and cell labeling (Yan et al. 2007) [48, 86]. The detection threshold
of iron oxide agents is suggested in the submicromolar range [76] (Gore et al.
2009), but for SPIO-labeled cells even PET-comparable sensitivity in the pico- to
femtomolar range was reported [45, 46].

Reduction of total water signal (proton density) can be achieved with chemical
exchange saturation transfer (CEST) agents. This interesting and comparatively
new CA class relies on diamagnetic [139] or paramagnetic [149] compounds with
slowly exchanging protons, which possess a largely different resonance frequency
than protons of the bulk water pool. Irradiation at the resonance frequency of
exchangeable protons leads to a reduction of bulk water signal via saturation
transfer due to chemical exchange of protons from CEST agent and water pool.
Interestingly, CEST contrast can be turned on or off at will, since saturation transfer
can only occur, if exchangeable protons are irradiated at the proper resonance
frequency. The sensitivity of CEST agents is in the millimolar range for
low-molecular-weight small molecules and can be enhanced to micromolar con-
centrations with macromolecular compounds [6] (Gore et al. 2009).
Liposome-trapped CEST (LIPOCEST) agents increase sensitivity even up to sub-
nanomolar (90 pM) concentrations (Aime et al. 2005a). They can be designed to be
sensitive to glucose concentration [105, 155], lactate concentration [5], enzymatic
activity [17, 153], pH [4], or temperature [73, 156]. Additionally, the concept of
CEST contrast can be extended to simultaneously detect two CEST agents (Ali
et al. 2009b) or diamagnetic multi-label polypeptide CEST (DIACEST) agents [78]
at different resonance frequencies in the same region. This has been demonstrated to
work in phantoms (Aime et al. 2005b) [78], in vitro in labeled rat tumor hepatoma
cells (Aime et al. 2005b), and in vivo in a mouse model of mammary carcinoma
(Ali et al. 2009a). Thus, CEST agents bear a high potential for MI applications.

Thermal equilibrium of spin distribution (nuclear polarization) can be artificially
changed in favor of energetically lower state by hyperpolarization techniques which
results in huge signal enhancement (>100,000), thus enabling imaging with
non-proton nuclei like 13C (Golman et al. 2003) and 19F [67]. The half-life of
hyperpolarization is limited by T1 relaxation time. Hyperpolarized 13C-labeled
pyruvate and its metabolites lactate and alanine could be successfully imaged
in vivo in rat tumors using MRSI [20].

An alternative to generate contrast in MRI is the utilization of nuclei other than
1H. 19F appears to be especially suited since it is nearly as sensitive as 1H and lacks
endogenous physiological background signal while featuring 100% natural abun-
dance. Several fluorine-containing agents ranging from small molecules to
nanoparticulate assemblies are used in 19F MRI and MRS to derive information on
various subjects including pH, tissue oxygenation and hypoxia, metabolism,
inflammation, and cellular imaging [2, 30, 93, 97]. To obtain detectable signals,
sufficient amounts of the fluorinated probe must be administered, but care must be
given to avoid physiological perturbations or toxic side effects.
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12.4.2 Dynamic Contrast-Enhanced MRI

Dynamic contrast-enhanced (DCE)-MRI serially monitors signal intensity after
intravenous administration of CA using either T2

*- or T1-weighted sequences [54].
On the one hand, T2

*- or dynamic susceptibility-contrast (DSC)-MRI can be used
within first few seconds after contrast bolus injection to observe the transient
first-pass effects of contrast agent, i.e., initial rapid drop and fast subsequent
recovery of signal intensity. On the other hand, T1-weighted DCE-MRI is used to
observe the extravasation of CA from vascular to interstitial space over several
minutes. Pharmacokinetic modeling of the dynamic signal change can provide
useful hemodynamic parameters of tumor vasculature including tumor perfusion,
vascular permeability, and blood volume [66].

Measurements of tumor microvasculature with DCE-MRI have been correlated
with prognostic factors (e.g., tumor grade, metastatic potential) and with recurrence
and survival outcomes. DCE-MRI parameters were found to be associated with
common angiogenesis markers (e.g., microvascular density (MVD), VEGF
expression), thus indicating the enormous potential of DCE-MRI as non-invasive
biomarker for tumor detection and characterization, monitoring tumor response to
anticancer therapies that affect angiogenesis or perfusion, and outcome prediction
[54]. In human lung tumor xenografts, the effects of antiangiogenic treatment on
tumor vasculature were evaluated in vivo using DCE-MRI. Treated tumors showed
decreased contrast uptake and transfer constant on day 7 of treatment, which was
associated with significant growth retardation and lower MVD compared with
controls [89]. DCE-MRI with intravascular macromolecular CA in breast and
prostate cancer xenograft models of different metastatic potentials revealed higher
blood volume and permeability in metastatic tumors, which also matched VEGF
expression [146]. The assessment of vascular endothelial leakiness using new
PEG-core, (Gd-DOTA)-conjugated macromolecular contrast agents proved appli-
cable for the differentiation of human breast cancer from normal soft tissue [24].

12.4.3 Steady-State Susceptibility-Contrast MRI

Steady-state susceptibility-contrast (ssSC) MRI after application of CA allows the
assessment of vessel morphology and blood volume [131]. Intravascular CAs
induce long-range field perturbations that extend into tissues and increase transverse
relaxation rates R2 and R2

*. These effects are differently expressed in spin-echo- and
gradient-echo-type MRI in dependence on vessel size. Thus, from measured
changes in relaxation times (DR2 and DR2

*) induced by CA injection, maps of vessel
size index and additionally fractional blood volume can be estimated. CAs with
high T2

* relaxivity (e.g., SPIO) increase induced changes in transverse relaxation
rates, which allows assessing smaller vessel size differences. In comparison to
DSC-MRI, steady-state methods offer the potential of a higher signal-to-noise ratio,
and thus a higher spatial resolution.
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This imaging approach can be used to assess differences in morphology of
neoplastic and normal vessels and response to therapies directed to tumor vascu-
lature. In a rat glioma model, vessel size imaging revealed larger mean vessel size in
tumors than in surrounding normal brain, which was correlated significantly with
histological data [132]. Another study [66] showed that it is possible to extract VSI
data and DCI data simultaneously from a multiparametric imaging approach using
Gd-based CA (Fig. 12.1).

In GH3 prolactinoma and RIF-1 fibrosarcoma grown in mice, ssSC MRI with a
blood pool CA could correctly identify the larger blood volume (fourfold) and
capillary size (twofold) in GH3 tumors in agreement with histological analysis of
MVD, perfused MVD, and perfused vessel fraction. In two rat glioma (C6 and
RG2) models, repeated SPIO-enhanced MRI of blood volume fraction and vessel
size index indicated significantly different microvascular evolutions during tumor
progression between the two models. These results were in good agreement with

Fig. 12.1 Exemplary T2‐weighted RARE image (a) and corresponding segmentation (b), VSI
(c), and Ktrans map (d) of one animal of the control. Regions of necrosis (N2+N1) are white in T2‐
weighted RARE images and yellow in the segmented map. Viable tumor is shown in red (V1) in
the segmented images and in blue (V2). N1 is shown in orange and is mostly found around N2,
illustrated in yellow [66]
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histology-derived vascular parameters (MVD, vascular fraction), expression of
angiogenic factors (VEGF, angiopoietin-2), and activities of matrix metallopro-
teinases (Valable et al. 2008). Repeated injection of SPIO particles as CA did not
affect the physiological status of animals and the accuracy of MR estimates of
microvascular parameters. In melanoma tumors overexpressing platelet-derived
growth factor, thus leading to enhanced blood vessel pericyte coverage, ssSC MRI
with USPIO particles revealed a significant reduction in vessel size index compared
to control melanoma, which was validated histologically by the presence of sig-
nificantly smaller, and more punctate blood vessels [109]. In colon carcinoma
mouse models, steady-state MRI with intravascular paramagnetic or superparam-
agnetic CA demonstrated highly sensitive and early reduction of tumor blood
volume in response to antiangiogenic treatment with a VEGF receptor tyrosine
kinase inhibitor, concomitant to increased apoptosis of tumor and endothelial cells,
and decreased vascular density [63] (Reichardt et al. 2005). In a squamous cell
carcinoma tumor model, a strong decrease of blood volume 4 days after antian-
giogenic treatment initiation was observed, which was in line with MVD assess-
ment [55].

12.4.4 Diffusion-Weighted MRI

Diffusion-weighted imaging (DWI) assesses the random translational (Brownian)
motion (diffusion) of water molecules in tissues. Generally, MRI sequences are
made sensitive to diffusion through application of a pair of strong magnetic field
gradients, which induce a controlled position-dependent spread of resonance fre-
quency. The first gradient is used to encode initial spin position, while the second
gradient encodes final position. Diffusion leads to an imbalance of dephasing effects
due to the first and second gradient. This, finally, results in signal attenuation due to
incomplete spin rephasing. The amount of diffusion weighting in final MRI signal
depends on gradient parameters (strength, duration, separation) which are collec-
tively summarized in the b value. From a series of differently diffusion-weighted
images, diffusion can be quantified by means of apparent diffusion coefficient
(ADC). Reduced diffusion leads to less dephasing and appears bright on DWI and
dark on ADC maps.

DWI is sensitive to tissue microstructure on a cellular level including cellularity,
presence and integrity of membranes, extracellular matrix composition, interaction
with intracellular elements, and water distribution between intra- and extracellular
space [19, 95, 98]. Additionally, perfusion in capillaries, ducts, and interstitial space
may also impact DWI leading to deviations from monoexponential signal decay,
DCI and VSI. As an example, Fig. 12.1 shows the parameter maps of a tumor in a
murine glioma xenograft model.

Pathological processes or therapeutic interventions that alter tissue microstruc-
ture and microcirculation affect water mobility, and thus are accessible by DWI.
The basic principle of cancer detection and therapy response monitoring with DWI
is schematically illustrated in Fig. 12.2. Normal appearing non-diseased tissue
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shows up with low cell density and exhibit comparatively free water diffusion (high
ADC) (a). During tumor progression enhanced cell and matrix proliferation lead to
increased tissue cellularity (b) which becomes obvious in reduced diffusion (lower
ADC) of water molecules through these pathologically changed areas. Corre-
spondingly, changes in tissue microstructure in response to successful therapy
(c) usually result in increased diffusion (higher ADC). This can be detected with
DWI and quantified by ADC before any detectable change in size occurs (Pickles
et al. 2006). DWI has indicated its potential as imaging biomarker in oncology in
tissue characterization and differentiation, therapy response monitoring, and out-
come prediction.

DWI has been used in tissue characterization for improved detection of small
(<1 mm) prostate tumors in a transgenic mouse model [120] and nodal staging with
less false-positive results than PET/CT [92]. It may potentially differentiate among
benign and malignant primary and metastatic lesions with fewer false-positives for
active inflammatory lesions than PET (Mori et al. 2008) [150], identify viable and
necrotic tumor regions [28, 124, 154] and discriminate tumor recurrence, and
post-therapeutic tissue change (Asao et al. 2005) [134]. A very important potential
application of DWI is to monitor early tumor response to treatment [81, 95].
Successful applications have shown early effects on ADC in various tumor entities
in response to chemotherapy, as shown in Fig. 12.3 (Reichardt et al. 2009),
chemoradiotherapy [63], antiangiogenic treatment, anti-vascular therapy [129, 137],
and apoptosis-inducing antibody treatment [61]. An example for identification of
early response to therapy using DWI is presented in Fig. 12.3. In a human tumor

Fig. 12.2 Illustration of principles of cancer detection and therapy monitoring with DWI:
Progression from loosely packed (normal) tissue associated with high ADC due to comparatively
unrestricted diffusion (a) toward pathologically changed (cancer) tissue of high cellular density
leads to decreased ADC due to diffusion restriction (b). Successful cancer therapy leads to early
disintegration of cells, and thus less restricted diffusion (c). This is reflected by an increasing ADC,
already before changes in morphological size criteria become obvious
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Fig. 12.3 a T2-RARE images of tumors at three different time points of the therapy (0, 24, and
72 h). b Corresponding T1 images with color-coded ADC maps of the complete tumor. Shown are
the ADC measurements at different time points of the therapy given as overlay image. The color
bar is indicating ADC values (�10−3) (Reichardt et al. 2009)
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xenograft model, we observed a significantly higher ADC in tumors receiving
chemotherapy in a high dosage versus tumors receiving a low dosage.

Furthermore, DWI has been evaluated as prognostic biomarker of outcome.
Pretreatment ADC was indicative of survival in postoperative radiation therapy of
malignant supratentorial astrocytoma in patients [87] and in a colon carcinoma
mouse model treated with chemotherapy [112]. Early ADC changes were reported
to be predictive of survival in gene-dependent enzyme prodrug therapies in an
orthotopic animal model of high-grade glioma [41], combined anti-death receptor 5
antibody, and gemcitabine treatment in orthotopic pancreatic tumor xenografts [62],
and radiotherapy in rabbit VX2 tumor model [74].

The widespread implementation of DWI to assess cancer is currently challenged
by a lack of methodological standardization across instruments, data acquisition
protocols, and analysis methods between and among manufacturers, accepted
quality assurance standards and realistic phantoms as well as proper evaluation of
reproducibility, thus rendering multicenter studies practically unfeasible. In order to
assess reproducibility of DWI, Wolf et al. have designed a tissue-equivalent
phantom, which resembles T1, T2, and ADC of various tissues (Wolf et al. 2012a).
Using this phantom in different scanners at different centers revealed a high
inter-scanner ADC variability of 15% (range: 10–37%), while intra-scanner vari-
ability (assessed in the same scanner over several weeks) ranged between 3 and 6%
depending on the instrument. Additionally, the underlying biological principles of
DWI at the microscopic level are still only poorly understood. However, recom-
mendations on how to perform DWI in clinical cancer imaging [95] as well as
special advice on practical aspects of technical adaption and optimization of pro-
tocols for DWI of small rodents with tumors in clinical scanners have been pub-
lished [18].

12.4.5 Arterial Spin Labeling

An alternative to contrast-enhanced MRI for assessment of perfusion is arterial spin
labeling (ASL). Instead of exogenous CA, ASL utilizes endogenous contrast which
can be generated by magnetically inverting inflowing arterial blood prior to entering
the imaging plane. The small ASL signal change, obtained as difference of tag and
control experiment with labeled and unlabeled blood, respectively, is directly
related to absolute blood perfusion. ASL has been shown to correlate with blood
flow measures from 15O-water PET [151] and DSC-MRI [141] in normal brain
tissue. However, ASL is one of the more demanding MRI techniques associated
with potential issues including low sensitivity, inaccurate bolus preparation, and
complex flow quantification [38], which has been partly addressed in recent
methodological developments [79].

However, ASL perfusion imaging shows promising results for potential appli-
cation in tumor detection and monitoring of interventions. In experimental brain
tumor models, blood flow exhibited pronounced heterogeneity, corresponding to
MVD, with much higher blood flow in normal brain than in tumor periphery, and
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tumor core [123]. Changes in blood flow could be detected in animal models of
renal carcinoma [103], experimental glioma models in response to vasodilatation by
carbogen breathing [82], and inhibition of vascular endothelial growth factor [83],
as well as different animal strains [69]. Figure 12.4 shows an example for the
detection of absolute blood flow in a mouse tumor model, and the kidneys as
internal reference.

12.4.6 13C Hyperpolarization

Recent advances in the ability to detect cancer metabolism have generated con-
siderable interest among clinicians. However, until now the only imaging agent
regularly used in the clinic to assess metabolism is the glucose analog [18F]
fluorodexoyglucose (FDG), a positron emission tomography (PET) tracer that
reports on local glucose uptake in many cancers, inflammations, and other pro-
cesses (Kurhanewicz et al. 2019). While FDG PET has been an extremely suc-
cessful approach, it cannot assess downstream metabolism that is often important to
more fully understand cancer. Hyperpolarized magnetic resonance imaging (HP
MRI) provides a unique window into metabolic alterations based on its ability to
measure molecular transformations of the imaging agent. Until now primarily
13C-based Hyperpolarization is used for the characterization of tumor metabolism
and is on its path to its clinical translation (Kurhanewicz et al. 2019). Especially,
techniques using hyperpolarized 13C-labeled pyruvate infusion to monitor increased
glycolysis in cancer have the potential to improve the way MRI is used for
detection and characterization of cancer [43, 53, 96, 114]. The level of hyperpo-
larized [1–13C] lactate that is detectable after intravenous injection of 13C pyruvate
is correlated with cancer progression and is lower after therapy [68]. The exchange
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Fig. 12.4 Left: color-coded map of average blood perfusion values determined with PASL.
Right: the detected values for absolute blood perfusion in the subcutaneous tumor models were in
good correlation to literature values
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of hyperpolarized 13C between pyruvate and lactate has been used by Haris and
coworkers [43] to visualize prostate cancer. A study measuring the levels of
hyperpolarized 13C lactate in a transgenic prostate cancer mouse model showed that
the hyperpolarized lactate level was positively correlated with cancer aggressive-
ness and histological grading (Albers et al. 2008). Other studies detected the
absence of lactate production in mutant gliomas [16]. In a study with a mouse
lymphoma tumor model, hyperpolarized 13C glucose has been used to monitor the
glycolytic flux [111] to monitor therapeutic effects. A signal from
6-phosphogluconate could be detected which is generated through the PPP.
However, there was an obvious difference in the level of detected hyperpolarized
13C lactate when hyperpolarized 13C glucose was infused compared to the infusion
of hyperpolarized 13C pyruvate. Nonetheless, this method could provide a new way
to monitor the glycolytic flux and PPP activity in tumor.

Recently, a new technique to realize 13C hyperpolarization in aqueous solution
with Synthesis Amid the Magnet Bore and Dramatically Enhanced Nuclear
Alignment (SAMBADENA) was developed that could permit a higher polarization
at the time of detection at a fraction of the cost and complexity of external polar-
izers, as the hyperpolarization takes place inside the animal scanner in direct
conjunction with the animal bed. This development is particularly promising in
light of the recently extended portfolio of biomedically relevant para-hydrogen
tracers and may lead to new diagnostic applications [53, 114].

Finally, it has been shown that the tissue pH can be mapped through hyperpo-
larized MRI [33]. Since there are a lot of pathological changes associated with pH
changes, monitoring the pH in vivo can provide useful information about the tissue
pathological stage. A pH map that can be generated non-invasively by targeting
conversion of the injected hyperpolarized 13C-labeled bicarbonate to hyperpolar-
ized carbon dioxide in tumor tissues [33]. As pH changes in a tumor can be related
to treatment efficacy, the monitoring of the tumor pH is well suited for the design of
effective cancer treatment protocols. Furthermore, by using hyperpolarizing tech-
niques the treatment response can be monitored very time efficient and a more
effective treatment could be initiated based on this observation.

12.5 Applications

12.5.1 Metabolism

Tumors, generally, present severely altered metabolic properties compared to
normal tissue. Increased metabolism of glucose, amino acids, nucleosides, and
lipids and their changes may be exploited to image neoplastic disease, and monitor
cancer treatment. MRS can be used to repeatedly and non-invasively study meta-
bolism of tumors in vivo [11]. It can detect several metabolites in one measurement
without prior specification, particularly phospholipid metabolites (e.g., phospho-
monoesters, phosphodiesters, choline/phosphocholine, glycerophosphocholine),
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bioenergetic metabolites (e.g., creatine/phosphocreatine, nucleotide triphosphates,
inorganic phosphate), and glycolytic metabolites (e.g., glucose, glutamine/
glutamate, lactate). Tumors, typically, show characteristic metabolic features in
1H and 31P MRS (e.g., high levels of phosphomonoesters, phosphodiesters, total
choline), which are often reversed on successful treatment with chemo- or radio-
therapy and currently considered as biomarkers for tumor diagnosis, staging, and
clinical response monitoring [11]. High glucose consumption and lactate production
in tumors can be monitored in preclinical models of cancer with 1H and 13C MRS
[145]. Preclinical studies have demonstrated the potential of spectroscopic mea-
surements to non-invasively detect the action of new therapeutic agents [11].
A limitation associated mostly with 31P and 13C MRS is their low sensitivity, which
leads to long data acquisition times and poor spectral resolution. In this respect,
MRS benefits from high magnetic field strength offered by dedicated small animal
scanners. Alternatively, hyperpolarization of exogenous probe molecules could
greatly enhance sensitivity and enables in vivo metabolic imaging of tumors
(Golman et al. 2006). Additionally, MRI with a PARACEST agent may provide
metabolic maps of glucose over a range of physiologic interest (Zhang et al. [155]
b). MRSI finally has the potential to detect and evaluate tumor metabolic markers
for cancer diagnosis, metabolic phenotyping, and characterization of tumor
microenvironment [20].

12.5.2 Hypoxia

Hypoxia is a characteristic pathophysiological property of many cancers, com-
monly arising as regions of low oxygen concentration as a result of increased
oxygen consumption in neoplastic tissue and/or inadequate oxygen supply [135]. It
is associated with an aggressive tumor phenotype, risk of invasion and metastasis,
treatment resistance, and poor prognosis [127, 143]. Knowledge of oxygenation
status of tumors may help to improve tumor therapy and select patients that may
benefit from novel therapy options or eventually exclude patients with limited
chance of cure from more invasive therapeutic strategies [13, 144].

MRI and MRS may contribute to hypoxia imaging by several approaches
including BOLD MRI, 19F MRI/MRS of fluorinated substances, and indirectly
lactate imaging, respectively [127] (Padhani et al. 2007).

Since BOLD MRI is sensitive to the oxygenation status of hemoglobin in per-
fused blood vessels, which might not generally be the case in tumor vasculature, it
reflects more the effects of acute hypoxia [10]. Therefore, only qualitative but no
direct correlation between R2

* and tissue pO2 was found [31], and knowledge of
blood volume distribution is necessary to correctly infer tissue oxygenation status
from R2

*. However, changes in R2
* can be used to measure changes in tissue pO2

upon vasomodulation. This technique has been demonstrated to predict radiother-
apeutical response in rodent tumors [110]. BOLD contrast may be confounded by
blood flow effects, which may be uncoupled from static R2

* effects (Howe et al.
2001).
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19F MRI can be used to assess tissue oxygenation using perfluorocarbons and
fluorinated nitroimidazoles [107]. Perfluorocarbon reporter molecules may deter-
mine absolute oxygen levels with estimated precision of 1–3 mm Hg in the crucial
low oxygen tension range (<5 mm Hg) (Zhao et al. 2003). Perfluorocarbons display
temperature-dependent transverse relaxation rates (R1) that linearly relate to pO2

(Yu et al. 2005). Importantly, R1 of perfluorocarbons is essentially independent on
pH, carbon dioxide, paramagnetic ions, common proteins, mixing with blood or
emulsification, and dilution. They may be introduced by direct intratumoral
injection or systemic application of biocompatible emulsions, thus providing
oxygen levels consistent with electrode and fiber optic measurements, while being
less invasive, covering multiple locations simultaneously and allowing sequential
assessments (Yu et al. 2005). Measurements after systemic application of
perfluorocarbon emulsions may be subject to flow effects, represent only the most
well-perfused areas in tumor periphery, and require large injection volumes since
most material is sequestered in the reticuloendothelial system, which may lead to
adverse side effects [94]. Instead, most successful approaches used intratumoral
injections of perfluorocarbons that exhibit only a single resonance line (e.g.,
hexafluorobenzene), thus maximizing signal-to-noise ratio, and pO2-sensitive R1

across the entire range of oxygenation, including anoxia, hypoxia, normoxia,
hyperoxia, and even hyperbaric [127]. In analogy to PET, 19F-labeled nitroimida-
zoles have been evaluated to assess hypoxia by 19F MRS. 19F-TFMISO was sug-
gested as a potential MR hypoxia marker [101]. On the other hand, 19F-EF5 could
not be evaluated as a valid MR indicator of hypoxia [50]. Additionally, these
approaches generally require large amounts of reporter molecule to be present in the
region of interest, which may be associated with adverse side effects. Upon
chemical trapping in hypoxic cells, multiple 19F-labeled species (including
macromolecular) with individual chemical shifts may be generated contributing to
poor signal-to-noise ratio, which necessitates long acquisition times. Moreover,
retention of 19F-labeled nitroimidazoles did not demonstrate clear correlation with
tissue pO2 in analogy to their analogs for PET and histology.

Due to limited clinical availability of 19F imaging capabilities, proton imaging of
silanes for tissue oxygen levels (PISTOL) has been proposed as an alternative [65].
The reporter molecule hexamethyldisiloxane (HMDSO) exhibits strong
hydrophobicity, high oxygen solubility, low toxicity, ready availability, inertness,
and most importantly oxygen-sensitive T1 relaxation. Its single resonance line is far
away from water and fat signal, and thus can be readily detected after water and fat
suppression to interrogate tissue oxygen level after direct intratumoral injection.

Lactate accumulates in tumors as a consequence of hypoxia. Lactate levels have
been indicative of metastasis and survival and may provide metabolic classification
of tumors that might lead to improved prognosis in clinical oncology [136]. Lactate
can be quantified non-invasively in an animal model of glioma for therapy moni-
toring by 1H MRS [22] and Lactate Chemical Exchange Saturation Transfer
(LATEST) [27], which may, therefore, represent (although not directly) tissue pO2.
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12.5.3 Angiogenesis

Angiogenesis is a critical requirement of cancer progression. Tumors reaching a
few millimeters in size need an increased supply of oxygen and nutrients, which
activates the development of new vasculature characterized by aberrant vascular
structure, altered endothelial cell–pericyte interactions, abnormal blood flow,
increased permeability, enlargement of vessel diameter, basement membrane
degradation, thin endothelial cell lining, increased number of endothelial cells,
decreased number of pericytes, and delayed maturation. The process of angio-
genesis generally encompasses several mechanisms like sprouting angiogenesis,
intussusceptive angiogenesis, recruitment of endothelial progenitor cells, vessel
cooption, vasculogenic mimicry, and lymphangiogenesis [47]. It is regulated by a
variety of pro- and antiangiogenic factors, of which avb3 integrins and VEGF, and
its receptors are considered key regulators (Ferrara and Kerbel 2005) [80].
Angiogenesis has become an important therapeutic target, mainly directed against
either existing tumor blood vessels (vascular disrupting agents), or tumor blood
vessel development (antiangiogenic agents) (Ferrara and Kerbel 2005) [7, 57]. MI
may explore new molecular measures of biological response based on targeting
molecules selectively expressed by angiogenic vessels. In addition, morphological
and functional imaging biomarkers of tumor vasculature (e.g., blood flow, blood
volume, vessel permeability, vessel size, vessel density) may also be promising for
therapy evaluation [9, 58, 90].

Current MR approaches in angiogenesis imaging rely mainly on indirect
imaging of biomarkers of vascular morphology and function and targeted imaging
of avb3 integrin, respectively.

Non-targeted imaging with advanced MRI techniques like ASL, BOLD MRI,
DCE-MRI, and ssSC MRI can be used to indirectly characterize angiogenic tumor
vasculature and treatment-related changes of vascular function [9, 58, 90].
High-resolution MR angiography allowed non-invasive characterization of intra-
tumoral vasculature. Vessels diameters down to 100–200 lm can be visualized
accordingly in clinical scanners using optimized instrumentation and long scan
times. ssSC MRI can quantify vessel size and blood volume and changes due to
angiogenesis or therapy. A multiparametric approach has combined microscopic
MR angiography and ssSC MRI blood volume mapping to simultaneously provide
high-resolution 3-D information on morphology, in vivo microvascular architec-
ture, and hemodynamic response, which can be used to monitor changes in
microvasculature [75]. DCE-MRI, preferably with macromolecular CAs, can be
used to assess vascular permeability, which develops as an immediate consequence
of VEGF stimulation. In DCE-MRI in an experimental tumor treatment model,
fractional plasma volume and transendothelial permeability decreased significantly
in response to treatment with anti-VEGF monoclonal antibody using macro-
molecular CA but did not change significantly using low-molecular-weight CAs
[133]. Additionally, DCE-MRI and ASL can monitor blood perfusion and blood
flow during angiogenesis or in response to antiangiogenic treatment. In human lung
tumor xenografts, DCE-MRI could evaluate the effects of antiangiogenic treatment
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on tumor vasculature, which was associated with growth retardation and lower
MVD compared with controls [89]. In rat glioma models, ASL and ssSC MRI
showed significant change in tumor blood flow and blood volume in dependence on
VEGF expression levels [83]. Perfusion changes in response to vasomodulation can
be used to probe vascular maturation with BOLD MRI, which revealed
pericyte-dependent changes in function of perfused tumor vasculature under nor-
mal, hypercapnic, and hyperoxic conditions in a mouse melanoma model [109].

Targeted MRI of angiogenesis for the most part explored binding of RGD-linked
nanoparticles to avb3 integrins [14]. In human melanoma tumor xenografts,
angiogenic vasculature could be successfully detected and characterized in vivo
with positive MRI contrast using avb3 integrin-targeted paramagnetic nanoparticles
[116] and paramagnetically labeled micelle-coated quantum dots (Mulder et al.
2009a), which additionally allowed fluorescence imaging. Alternatively,
RGD-conjugated USPIO nanoparticles showed efficient targeting of avb3-integrin
and were able to non-invasively distinguish between tumors with different integrin
expressions [157]. A bimodal 64Cu-DOTA-labeled RGD-conjugated iron oxide
probe showed efficient integrin binding in vitro and delivery to glioblastoma in vivo
with both MRI and PET [71]. This probe combines high sensitivity of PET and high
spatial resolution of MRI, which will become increasingly important with the
ongoing development of combined PET/MRI technology. In squamous cell carci-
nomas with up-regulated microvasculature, 19F diffusion-weighted MRS has been
used to detect specific binding of integrin-targeted perfluorocarbon nanoparticles,
while selectively suppressing background 19F signal from unbound, freely circu-
lating nanoparticles [140]. We believe that 19F MRI/MRS will develop into a viable
alternative to current standard MR measures, if 19F imaging capabilities will
become more broadly available (which is currently only rarely the case, especially
with clinical equipment). Targeted MRI of VEGF receptors is currently hardly
performed. However, in 2010, there was a study reporting on the detection of
increased VEGF receptor 2 expression in vivo in a rat glioma model using
CLIO-conjugated anti-VEGF receptor 2 antibodies, which were specifically
retained in tumor tissue as evident from signal loss in T2-weighted MRI and his-
tological evaluations [130].

Additionally, magnetically labeled stem/progenitor cells, which are known to
migrate to areas of active angiogenesis [80], have been used to assess neovascu-
larization in tumors with MRI. For example, MRI has demonstrated the incorpo-
ration of SPIO-labeled endothelial progenitor cells in tumors at sites of active
angiogenesis a few days after systemic administration (Arbab et al. 2006; Schindler
et al. 2010).

12.5.4 Cellular Imaging

With advances in cell-based therapies, such as the use of stem cells to replace
defective cell populations or to deliver therapeutic agents [21] (Kosztowski et al.
2009), non-invasive detection and tracking of transplanted or transfused cells
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in vivo become increasingly important [1]. Cellular imaging may contribute to the
understanding of the current role of certain cell populations in disease and repair
processes and help to guide further developments. For example, endothelial pro-
genitor cells are known to migrate to areas of active angiogenesis and contribute to
neovascularization [80]. Cancer stem cells have attracted much of recent scientific
interest in cancer therapy [64]. Given the current progress in molecular and cellular
imaging, non-invasive in vivo detection of cancer stem cells as potential therapeutic
targets may ultimately come into reach (Hart and El-Deiry 2008).

Although MRI is limited by inherently low sensitivity compared to PET, it is the
most widely applied modality for in vivo cellular imaging [48, 60] (Reichardt et al.
2008), since it offers high-resolution anatomical imaging with excellent contrast. In
order to visualize cells against the background of host cells and to increase sensi-
tivity, MRI-based cellular imaging generally requires labeling of cells with CAs.
Incorporation of CA into cells can be achieved with several strategies (e.g., trans-
fection, electroporation) without adverse effects on cell proliferation, differentiation,
and migration or cell toxicity (Bulte 2006) [48]. CAs used for cell labeling comprise
mainly SPIO nanoparticles, but also paramagnetic Gd chelates, CEST agents, or
fluorine-containing compounds have been used. However, cellular labeling with
exogenous substances may lead to label dilution upon cell division and disables
differentiation between dead and live cells, thus limiting their potential for long-term
non-invasive monitoring of cell therapy. A viable alternative may be reporter genes
that encode for proteins specifically influencing MR contrast [37, 48].

Cell labeling with SPIO leads to signal loss in T2
*-weighted MRI. Sensitivity

comparable to PET was reported [44]. Detection limits of SPIO-labeled cells are
currently in the range of 100–500 cells down to single cells in non-clinical dedi-
cated animal scanners at high field [86]. For example, the trafficking of dendritic
cells (DC) through ipsilateral lymph nodes (Fig. 12.5) can be monitored in a mouse
model after the dendritic cells had been labeled externally and implanted (Reichardt
et al. 2008).

Equivalently, SPIO-labeled AC133+ progenitor cells could be detected at 3 days
after intravenous injection to traffic to sites of tumor angiogenesis in glioma
xenografts (Arbab et al. 2006). SPIO-labeled and genetically transformed AC133+
progenitor cells were found to accumulate in subcutaneous breast cancer xenografts
after intravenous administration and selectively express human sodium iodide
symporter gene at tumor site, indicating that such multifunctional cells can be used
as both cellular probes and gene carrier systems for cancer treatment [102].

SPIOs could be used not only to track cells in vivo but also to investigate the
migration of bacteria in a mouse model for GvHD, indicating that they play a role in
GvHD-related tissue damage [118].

Although paramagnetic Gd chelates lead to positive contrast, due to the rela-
tively lower sensitivity, large amounts of intracellular Gd-CA are needed. It was
suggested that with clinically approved CAs of low relaxivity about 109 Gd com-
plexes per cell [3] or cellular Gd concentrations exceeding 50 lM are required to
provide sufficient contrast for MRI visualization. In a phantom, the detection limit
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of cells labeled with a Gd chelate was estimated to approximately 2,000–3,000
cells [23].

With the recent rise of immune therapy, the tracking of immune cells in vivo is
getting increasingly important [117]. In this context, understanding how the
immune system affects cancer development and progression has been one of the
most challenging questions in immunology. Research over the past two decades has
helped explaining why the answer to this question has evaded us for so long. It has
been found that the immune system plays a dual role in cancer: It can not only
suppress tumor growth by destroying cancer cells or inhibiting their outgrowth but
also promote tumor progression, either by selecting out tumor cells that are more fit
to survive in an immunocompetent host or by establishing conditions within the
tumor microenvironment that facilitate tumor outgrowth. Immunotherapy in cancer
is using antibodies, cytokines, or immune cells to activate the immune system to

Fig. 12.5 MRI and IFM demonstrate migration of SPIO+DC from the injection site toward
cervical lymph nodes day 8 after BMT. a i.m. injection of luc+SPIO+CD11c+ cells in the right
proximal leg 1 h after BMT (C57B/6!BALB/c). Trafficking is monitored by MRI using the
three-dimensional FLASH sequence on the indicated days in the cervical region (upper row) and
lower extremities (lower row). The thin arrow indicates signal disruption within the right leg
injection site (IS) within the muscle tissue (TS) and the bold arrow indicates signal disruption
within the cervical lymph node (cLN) region. Experiments were repeated two times. b Detection of
Fe within the cervical lymph node (black arrow) of an animal receiving local SPIO+CD11c+ cells
in the right proximal leg as indicated by Prussian blue stain. Counterstained with Hematoxylin,
original magnification � 400 (Reichardt et al., Copyright 2008. The American Association of
Immunologists, Inc.)
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strengthen the defense for destruction of tumor cells. Immune cells can be affected
by cytokines such as interferon or by antibodies (ABs) to exert an antitumoral
effect. For example, immunization against cancer is attempted with injections of
specific tumor antigens or activated immune cells (dendritic cells or T cells).
Antibodies can activate a variety of immune cells including monocytes and T cells.
This leads to a massive infiltration of activated immune cells into the tumor and
lymph nodes (Postow et al. 2011). CD40 is expressed in dendritic cells, B cells, and
macrophages and is required for their activation. So when treated with stimulating
anti-CD40 ABs, cytotoxic T cells and B cells are activated. Anti-CD40 ABs are
being tested in clinical trials. On the other hand, the PD-L1 surface molecule shuts
down T cells and serves as a self-protection of the body’s own cells from the
immune system. Some tumors also express PD-L1 and thus prevent destruction by
the immune system. Blockade of PD-L1 with an AB increases the number of T cells
and cytokine production (which in turn can cause infiltration of macrophages) in the
tumor (Iwai et al. 2005). Anti-PD-L1 ABs are in clinical trials, e.g., in bladder
cancer [99] and kidney cancer (Tykodi et al. 2014). Common to all immunother-
apeutic approaches is the lack of information about the migratory pattern and
activity of those cells once they are activated. Perfluorocarbons (PFC) are taken up
by monocytes in vivo after intravenous (i.v.) injection. Thus, PFC injection can
serve as a tracer for immune cell tracking as these PFCs can be detected with 19F
MRI [1, 121, 128]. The 19F nucleus is very sensitive for MR imaging. Therefore,
the signal from the exogenous tracer can be detected and localized with high
sensitivity if 19F cell loading and the number of cells in the region of interest are
sufficient. Additionally, MRI-detectable 19F is virtually absent in the body. Exter-
nally supplied 19F-containing substances can, therefore, be detected with high
sensitivity as there is no background signal from the body. PFCs are commercially
available. Ideally, they are coupled to fluorescence dye, which allows detection of
the tracer in the excised tissue with optical imaging. 19F MRI in combination with i.
v. injected PFCs may serve as a tool for detection of inflammation and for moni-
toring of immunotherapies.

Externally PFC-labeled dendritic cells were used in a mouse tumor model to
track their migratory patterns [12]. Immune cells were also detected ex vivo in a
mouse tumor xenograft model using a combined PFC i.v. fluorescent contrast agent
approach (Balducci et al. 2013) [142].

12.6 Summary and Outlook

MI aims at understanding biological processes of cancer in vivo at the levels of
compartments, organs, tissues, cells, or molecules. It has been proven in preclinical
experiments as a powerful tool in cancer characterization and treatment monitoring,
mainly facilitated by tremendous developments in imaging technology, and contrast
agents. MRI has in many aspects highlighted its potential as MI modalities. MRI is
still challenged by its inherently low sensitivity, but efficient signal amplification
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strategies are pushing limits forward toward higher sensitivity. Especially, the use
of integrated MRI scanner technology in combination with multifunctional imaging
probes seems to be very promising for the future. In addition, probe development
may concentrate on multi-purpose agents that combine diagnostic and therapeutic
functionality, thus enabling theranostic imaging.

MI has changed the way we are looking at tumors and shifts imaging paradigms
away from classical morphological measures toward functional assessments, thus
finally leading to personalized treatment of patients. Preclinical experiments in
animal models have provided numerous diagnostic agents and imaging approaches.
These possibilities need to be selected and translated to clinical practice to diagnose
disease and to monitor treatment. The selection of suitable experimental imaging
methodology needs to be based on sound scientific rationale, substantial and
immediate impacts on patient care, and easy accessibility to patients and referring
clinicians. Considering these factors, MRI will continue to be one of the dominant
molecular imaging modalities for clinical imaging in near future. Furthermore, the
successful translation into clinical applications will require thorough clinical vali-
dation of methods and careful correlation with established prognostic markers,
standardization and active interdisciplinary collaboration among basic researchers,
imaging experts, and referring clinicians. Thus, higher investments in the quality of
clinical studies are necessary. To better realize the potential of new developments
for clinical translation already in an early preclinical stage, improved in vitro
models and animal models of disease that closely represent patient requirements are
highly needed. Currently available genomic information of species can be used to
develop animal models that better recapitulate human disease at both the pheno-
typic and the genomic levels. Despite all challenges, MI is already approaching
clinical reality.
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Nomenclature

2D Two-dimensional
3D Three-dimensional
ACT Adoptive T cell therapy
BLI Bioluminescence imaging
BRET Bioluminescence resonance energy transfer
CCD Charged-coupled device
cRGD Cyclic arginine–glycine–aspartic acid
CXCR4 CXC-Motiv-Chemokine receptor 4
DOX Doxorubicin
DR5 Proapoptotic receptor death receptor 5
ECM Extracellular matrix
EGFR Epidermal growth factor receptor
EPR Enhanced permeability and retention
ER Endoplasmic reticulum
FGS Fluorescence-guided surgery
FITC Fluorescein isothiocyanate
FLIM Fluorescence lifetime imaging
FLuc Firefly luciferase
FRI Fluorescence reflectance imaging
FTI Fluorescence transillumination imaging
GFP Green fluorescent protein
GLuc Gaussia luciferase
GPCR G protein-coupled receptor
hASCs Human subcutaneous adipose tissue stem cells
HIF Hypoxia-inducible factor
hMSCs Human mesenchymal stem cells
ICG Indo-cyanine green
LLC Lewis lung cancer
MICAD Molecular Imaging and Contrast Agent Database
MMPs Matrix metallopeptidases
MRI Magnetic resonance imaging
MSOT Multispectral optoacoustic tomography
NFAT Nuclear factor of activated T cells
NIR(F) Near-infrared (fluorescence)
OAI Optoacoustic imaging

440 J. Napp et al.



OVA Ovalbumin
PBLs Peripheral blood lymphocytes
PCA Protein fragment complementation assay
PDGFR Platelet-derived growth factor receptor
PEG Polyethylene glycol
PKA Protein kinase A
PSA Prostate-specific antigen
QY Quantum yield
RFP Red fluorescent protein
RLuc Renilla luciferase
SLNs Sentinel lymph node(s)
SNR Signal-to-noise ratio
SPCD Single-photon counting detector
SPR Surface plasmon resonance
TILs Tumor-infiltrating lymphocytes
TME Tumor microenvironment
TNF Tumor necrosis factor
TRAIL Tumor necrosis factor (TNF)-related apoptosis-inducing ligand
UV Ultraviolet
VEGF Vascular endothelial growth factor
Vluc Vargula luciferase

13.1 Introduction

The spatiotemporal determination of molecular events and cells is important for
understanding disease processes, especially in oncology, and thus for the devel-
opment of novel treatments. Equally important is the knowledge of the biodistri-
bution, localization, and targeted accumulation of novel therapies as well as
monitoring of tumor growth and therapeutic response. Optical imaging provides an
ideal versatile platform for imaging of all these problems and questions. While each
of the three modalities presented here—bioluminescence, fluorescence, and
optoacoustic imaging—has its advantages and disadvantages, they serve numerous
applications, of which only a few are named here:

• Detection and monitoring of targeted proteins for providing information on
biodistribution, accumulation, and specificity of imaging probes and therapies.

• Monitoring of cell trafficking or cell migration such as stem cells or
T-lymphocytes.

• Tracking of tumor growth, cancer cell metastasis, migration, and invasion.
• Monitoring of therapeutic response.
• Visualization of enzymatic activity such as proteases.
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• Visualization of physiologic changes in tissues, such as hypoxia.
• Localization and trafficking of proteins through different cellular compartments

using fluorescent reporters fused to proteins of interest.
• Monitoring of gene expression using DNA-binding responsive elements.

At the same time, fluorescent and bioluminescent optical imaging modalities are
simple, less expensive, more convenient, and more user-friendly than other imaging
modalities and thus often the first choice for preclinical imaging in oncology. Due
to the general safety of optical imaging, in particular, fluorescence and optoacoustic
imaging, a major advantage of these modalities is the possibility of longitudinal
studies which are most valuable in efficacy and pharmacokinetic studies.

The field of optical imaging has recently received a further boost with the
development of novel optical probes. The list of fluorescent probes is steadily
growing and competing with novel more sophisticated applications such as acti-
vatable probes, fluorescent nanoparticles as well as sensing probes, which have
significantly increased both the sensitivity and specificity of detection and assess-
ment of biological processes in vivo.

This chapter will introduce the principles of fluorescence, bioluminescence, and
optoacoustic imaging and will provide appropriate examples of how these modal-
ities have shaped the in vivo preclinical research of cancer.

13.2 Fluorescence Imaging

13.2.1 Principles of Fluorescence

Fluorescence is the property of certain molecules (fluorophores, fluorochromes,
or fluorescent dyes) to absorb light or other electromagnetic radiation at one
wavelength and to emit light at another (Fig. 13.1). Thereby, the absorption of the
photon of energy (hm) transfers the molecule to the excited electronic singlet state.
The excited state of a fluorophore is characterized by a very short half-life, usually

Fig. 13.1 Jablonski diagram
of absorbance, non-radiative
decay, and fluorescence
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in the order of a few nanoseconds, after which the molecule returns to the ground
state emitting a photon of usually lower energy and consequently longer wave-
length. The average time, which a molecule spends in the excited state, is called
lifetime and is specific for each fluorophore.

Usually, a molecule does not absorb and emit only one particular wavelength,
but a whole range of wavelengths that can be represented in the form of absorption
and emission spectra with bandwidths and maxima specific for each particular
fluorophore. The difference between the maximum excitation and emission is ter-
med Stokes shift, after Sir George Stokes, who first described this phenomenon in
1852 (Fig. 13.2). The Stokes shift is a distinct characteristic of each fluorophore. In
fluorophores with very small Stoke shifts, excitation and emission wavelengths
greatly overlap and the emitted fluorescence is difficult to distinguish from the
excitation light. A large Stokes shift is therefore usually preferred for in vivo
imaging.

The process of fluorescence is not very efficient and not every absorption event
ends up in an emission of the photon. The efficiency of the fluorescence is described
by the quantum yield (QY; U), a parameter, which is defined as the number of
times a specific event occurs per photon absorbed by the molecule. The QY ranges
from 0 (non-fluorescent molecule) to 1 (100% efficiency). Another parameter that
describes the efficiency of the fluorescence process is the molar extinction coef-
ficient (e), which defines how strongly a molecule absorbs light at a given wave-
length (per molar concentration). The intensity of fluorescence output per
fluorophore is proportional to the product of the extinction coefficient (at the rel-
evant excitation wavelength) and the fluorescence QY.

Fluorescence is a “cyclic” process, meaning that a molecule can be repeatedly
excited after the light emission unless it is destroyed, e.g., because of prolonged
exposure to the excitation source or due to exposure to high-intensity excitation
light. This irreversible destruction of the fluorophore is called bleaching or
photobleaching.

Fig. 13.2 The difference
between the maximum
emission and excitation
wavelengths is termed Stokes
shift
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All cells contain endogenous fluorophores, which become fluorescent when
excited with the suitable wavelength. This charsacteristic is generally called
autofluorescence and is one of the major drawbacks of in vivo fluorescence
imaging. Among autofluorescent tissue components, NADPH and flavins are the
most common, but also other structures such as some lipopigments or aromatic
amino acids (tryptophan, tyrosine, and phenylalanine) and extracellular tissue
components with a high content of collagen and elastin demonstrate measurable
levels of autofluorescence [87]. Most of these molecules absorb and emit ultraviolet
(UV) or visible light, hampering fluorescence imaging in this light spectrum.

Furthermore, light passing through tissues undergoes absorption and scattering.
As already mentioned, the majority of tissue components absorb short-wavelength
UV and visible light, meaning that longer wavelengths are more favorable for in vivo
applications.

Photon penetration into living tissue is highly dependent on the absorption and
scattering properties of tissue components [31]. The major tissue absorbers are
hemoglobin and water, but the lowest absorption occurs in the near-infrared
(NIR) region at 650–950 nm, a wavelength region called “optical window” [144].
At wavelengths longer than 950 nm, absorption by water and lipids increases again,
but at the same time, the tissue autofluorescence decreases, making the wavelength
range between 1000 and 1350 nm, the so-called “second optical window”,
particularly favorable for in vivo imaging (Fig. 13.3). Optical imaging at this
wavelength has been slowed down by the lack of sensitive and low-cost detectors,
but with the recent progress in technology and the development of appropriate
fluorescent probes the second optical window offers a tremendous new opportunity
for sensitive in vivo fluorescence imaging of small animals [119].

Fig. 13.3 First and second NIR windows for optical imaging. Effective attenuation coefficient (on
a log scale) corresponding to absorption and scattering from oxygenated blood, deoxygenated
blood, skin, and fatty tissue are plotted versus wavelength [119]
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13.2.2 Fluorescence Imaging Technologies

In general, fluorescence imaging requires a light source and a detector, both of
which have to match the absorption and emission spectra of the fluorescent
molecule or the fluorophore. A simple lamp or a laser can serve as a source of light,
while the emitted fluorescence can be detected with an appropriate camera, such as
a low-noise charged-coupled device (CCD) camera, or with a photomultiplier tube.
In the majority of in vivo imaging systems, the light source and the detector are
placed in a dark box that usually also contains an animal holder and anesthesia
equipment.

The question of which kind of imager to buy or build is dependent on many
factors, and users should carefully consider these before making a choice. Variables
include the type of application (planar or tomographic), the animal species and
numbers, the disease model and questions to be answered, the dyes and type of
probe to be used, sensitivity of the system, flexibility (multiple and upgradable
filters and lasers for instance), ease of use and, last but not least, the price.

Fluorophores can either be expressed endogenously, by genetically modified
cells or organisms, or can be applied extrinsically, e.g., in the form of dyes attached
to the molecule of interest (antibody, peptide, enzyme, etc.), dye-loaded nanopar-
ticles, quantum dots, etc. [145]. This enables a wide range of applications including,
for example, the assessment of the location and dynamics of gene and protein
expression, or of molecular interactions, but also the analysis of the biodistribution
of applied probes, monitoring of drug release, or analyte sensing (e.g., O2 or pH) in
cells and tissues. Especially the use of probes/labels that absorb an emitting NIR
light allows for relatively high penetration depths of up to *2 cm.

In vivo fluorescence imaging can be performed as planar (two-dimensional, 2D)
or tomographic (three-dimensional, 3D) approaches. While planar imaging is rel-
atively simple and measures the fluorescence intensity over the body surface,
tomographic imaging requires more complex reconstruction of raw data by a model
algorithm, delivering additional information about the depth of the fluorescence
signal within the object. Planar fluorescence imaging can be performed either in
epi-illumination, also called fluorescence reflectance imaging (FRI), or in transil-
lumination mode, known as fluorescence transillumination imaging (FTI).

13.2.2.1 Fluorescence Reflectance Imaging (FRI)
In FRI, the source of excitation light and the detector are located on the same side of
the object or subject (Fig. 13.4 upper panel). The buildup is thus simple and does
not require any special animal table or holder. As the excitation light is strongly
absorbed and scattered by tissues, the intensity of the excitation light rapidly decays
with increasing depth, meaning that deeper located fluorophores will be less excited
than the ones near the surface. At the same time, fluorescent signals derived from
deeper locations will also be more absorbed and scattered than those on the surface.
As a consequence, the acquired signals are dominated by surface-near fluorescence
events and deeper signals appear more diffuse than those near the surface. The
largest disadvantage of the FRI approach is the fact that the autofluorescence from
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subsurface tissues will be more excited and thus better detected than possible
deeper located fluorescent signals, consequently strongly contributing to
surface-weighted images.

13.2.2.2 Fluorescence Transillumination Imaging (FTI)
In FTI, the excitation light source and the detector are located on opposite sides of
the object or subject (Fig. 13.4 lower panel). The advantage is that, in contrast to
FRI, the fluorescence generated within the body dominates the overall measure-
ment, since the autofluorescence generated from the skin and blood vessels on the
excitation side needs to penetrate the whole animal before detection, reducing
overall autofluorescence [101]. However, FTI has some restrictions: (i) the animal
holder must be transparent at least to the particular light used and (ii) the emitted

Fig. 13.4 Principle of optical fluorescence imaging techniques that can be used for whole-body
fluorescence imaging. The upper panel shows epi-illumination geometries: a broad beam
illumination with wide-field camera detection; b raster-scan illumination with wide-field camera
detection, c raster-scan illumination and detection. The lower panel shows the corresponding
transillumination configurations d–f: different possible set-ups of transillumination techniques. Not
shown in the figure are configurations optimized for tomography imaging and fiber-based planar
configurations. Figure taken from Leblond et al. [61], with permission from the Journal of
Photochemistry and Photobiology/Elsevier
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light needs to travel through the remaining dimension of the animal. Therefore,
transillumination cannot be applied for larger animals.

13.2.2.3 Fluorescence Tomography
In planar fluorescence intensity maps, which are typically overlaid with photo-
graphic images of the subject, detected signals are often surface-weighted and
deeper signals appear weaker and distorted due to the absorbance and scattering of
light. Furthermore, fluorescence sources within the body of the animal can be
shielded by other organs/structures lying in the path of the light between source and
detector. This means, with a 2D approach, it is impossible to determine if a detected
weak fluorescence signal is related to a low near-surface concentration of the
fluorescent dye or from a high concentration of the fluorescent probe located deeper
in the body, restricting a reliable quantification of the data (Fig. 13.5).

Tomographic fluorescence approaches are obviously advantageous since they
allow the assessment of the location/depth of the signal source within the tissue and
therefore provide more quantifiable data. However, especially due to the strong
light absorption by biological samples, generation of reliable 3D NIR fluorescence
(NIRF) images is far less straightforward as with other tomographic imaging
modalities and requires information about the tissue composition. Based on this,

Fig. 13.5 Limitations of planar fluorescence imaging for data quantification: a deeply located
small target with a bright fluorescent probe (left) will appear larger and less bright due to light
scattering and absorption than the same target/probe located near the surface and will possibly
deliver similar results as a large target detected with a low-fluorescent probe at a subsurface
location (right)
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light propagation models for specific samples are developed and complex algo-
rithms are then applied to calculate the distribution of fluorescent sources within the
tissues.

3D fluorescent images can be produced by either rotating a single detector
around the subject, or by combining multiple images from different detectors placed
around the subject, or by using a tomographic approach based on transillumination
[96, 100, 126].

13.2.3 Optical Domains

13.2.3.1 Intensity Domain
Imaging in the intensity domain is the simplest form of fluorescence imaging. Here,
the whole animal is illuminated with a broad beam constant intensity light source
and the emitted light is detected with a low-noise CCD, both equipped with
appropriate filters to meet the excitation and emission wavelengths of the fluor-
ophore. In the classical approach, NIRF imaging devices operate in the intensity
domain by simply integrating the measured fluorescence signal over a certain time
interval, and the output is fluorescence intensity.

The fluorescence intensity depends non-linearly on the excitation wavelength
and the spectral properties of the fluorophores are usually known before the
experiment. Since the intensity measured on the surface is the sum of all intensities
from all the sources in the animal body, decoupling methods that allow a separation
of different signals (e.g., endogenous and injected fluorophores) are necessary. One
possibility to do this is “spectral unmixing”, where the spectral characteristics of
different sources are analyzed and used to decouple signals from different sources
(Fig. 13.6).

13.2.3.2 Time Domain
Time-domain imaging is a particular mode, which allows the assessment of
fluorescence lifetime. In contrast to intensity domain imaging, in time-domain
imaging, the subject is illuminated with short laser pulses. After each single exci-
tation pulse, the first photon response is measured using time-resolved detectors (for
instance, with “single-photon counting detector” SPCD or “fluorescence lifetime
imaging” FLIM detectors) and is used to calculate the fluorescence lifetime [100].
In contrast to conventional imaging, in which the whole animal is usually illumi-
nated at once, in lifetime imaging, the measurement is performed by raster mode
scanning of the desired area. The arrival of photons can be depicted for each
individual measurement point as a function of time, in form of the so-called
photon-time-of-flight histogram (an average time, which a photon needs to reach
the detector, after an excitation pulse). This information enables the calculation of
the fluorescence decay time, also termed fluorescence lifetime. Since the emission
of fluorescence is a statistic process, the evaluation of the fluorescence lifetime
requires time-resolved and repeated measurements as well as the use of pulsed laser
diodes, resulting in higher costs and increased acquisition times.
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Fluorescence lifetime imaging offers two major advantages. Firstly, the lifetime
of fluorescent probes, although sometimes influenced by the environment (e.g., pH)
usually clearly differs from the lifetime of autofluorescent sources. Secondly, the
lifetime parameter is independent of the intensity, making the interpretation of
weak signals more reliable. It should be noted though that lifetime data usually
contain a mixture of probe-derived and (various) endogenous lifetimes, making
two-component models for lifetime calculation more reliable.

Fig. 13.6 Spectral unmixing
of two dyes with defined
emission spectra. a Dye
spectra. b The average
spectrum of the experimental
sample containing a mixture
of the two dyes. The unmixed
spectra show quantitative
fluorophore contributions.
The data was acquired using
an MAG Biosystems SpecEM
spectral imaging system.
Adapted with permission
from Photonics Media
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An example of using time-domain imaging to decouple probe-derived signals
and autofluorescence has been shown by Napp et al. [94]. The group analyzed
fluorescence lifetimes in different regions of the body before and after the injection
of Cy5.5-labeled tumor-targeting antibody into mice bearing orthotopic pancreatic
tumors and detected two different lifetimes. The first one corresponded to the
in vitro measured lifetime of the Cy5.5 probe and was detected over the tumor area
only in the probe-injected mice, while the second lifetime was much longer and was
detected over the gastrointestinal tract in both naive and probe-injected animals and
thus assumed to be an autofluorescence component. Setting lifetime gates which
removed the second, longer lifetime, allowed for visualization of NIRF-antibody
specific signals (Fig. 13.7).

Fig. 13.7 An example of lifetime imaging for improved detection of probe-derived fluorescence.
A mouse bearing an orthotopic pancreatic tumor was scanned either before (A; native scan) or
24 h after (B) injection of fluorescence-labeled tumor-targeting antibody (MT-Ab*Cy5.5). Upper
panels show unprocessed intensity maps, middle panels show photon-time-of-flight histograms
used for lifetime calculation, and lower panels show intensity maps after lifetime gating. For the
areas over the gastrointestinal tract, lifetimes exceeding 2.5 ns were measured in both the native
scan and the scan after injection of the specific probe. Therefore, these signals were considered as
autofluorescence. After application of the probe, additional signals with a lifetime of 1.7 ns (red
line) were detected over the primary tumor which were defined as probe-derived. After narrowing
the lifetime gate to 1.5–2.0 ns (lower panel), only the specific fluorescence over the tumor area
remained on the intensity maps. Adapted with permission from [94]
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The following section supplies a selection of in vivo applications of 2D
fluorescence imaging in the field of oncology. These examples are by no means
complete, but merely intend to provide the reader with an idea of how and to what
extent this 2D optical imaging method can be useful for preclinical studies.

13.2.4 In Vivo Applications of Fluorescence Imaging

In vivo fluorescence imaging is unequivocally the most versatile visualization
modality, due to its ease of use, low costs as well as high sensitivity and relatively
high spatial resolution. It has become especially attractive for the noninvasive
preclinical assessment of disease development, progression, and therapeutic effi-
cacy for a wide range of pathologies [4]. The development of appropriate low-cost
clinical instrumentation is ongoing, and the design and clinical approval of novel
targeted probes have already promoted the translation into the clinic.

13.2.4.1 Imaging of Tumors
Cancer research is one of the largest application fields for fluorescence imaging.
Here, it is routinely applied to unravel molecular mechanisms underlying the dis-
ease, to obtain information about tumor progression, or about specific processes of
interest such as the localization of certain proteins/tumor markers or the assessment
of enzymatic activity of tumor-relevant enzymes in vivo. Furthermore, it is used to
assess noninvasively the biodistribution, binding kinetics, toxicity, and effects of
various compounds such as therapeutic drugs, or to track various cell types over
time.

Activatable Probes
A major disadvantage of fluorescence imaging is the limited penetration depth and
the relatively low and depth-dependent spatial resolution. As tumors are often
located deep within the body (unless it is a tumor of the skin), they are usually
difficult to image. The choice of highly specific probes and good controls is
therefore crucial to overcome a weak signal, i.e., sensitive probes with little
background and high specificity to cells or molecules are needed. Accordingly,
smart probes have been the tools of choice for many researchers, in particular,
protease-activatable probes because they are only activated at the site of interest.
Proteolytic enzymes are frequently overexpressed in tumors, where they play a role
in metastasis formation, invasion, and angiogenesis. Additionally, they are
expressed at an early stage of tumor formation and therefore represent an attractive
target for both diagnostic and therapeutic approaches in oncology. The visualization
of the enzyme activity of matrix metallopeptidases (MMPs) in tumors in combi-
nation with planar fluorescence imagers has, for example, been applied by Lee et al.
[62]. A convincing example of multimodal imaging using bioluminescence,
macroscopic in vivo fluorescence, and in vivo confocal laser microscopy was
presented by von Burstin et al. by imaging early-stage pancreatic tumors in com-
bination with commercially available cathepsin and MMP-sensitive probes [140].
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A similar multimodal approach targeting MMPs was applied to target and resect
orthotopic glioma [64]. A recent example of a prodrug-type, MMP-2-targeting
nanoprobe was reported for the specific detection of several different tumor entities
[142]. Noninvasive detection of epidermal growth factor receptor (EGFR) inhibi-
tion on colon tumorigenesis using the commercial activatable NIRF Probe ProSense
was limited to large tumors [24].

Furthermore, Weissleder and other groups have published several reviews on the
use of monitoring protease activities in optical imaging of cancer [26, 76].

Sensing Probes
With the gradual realization, that tumors interact with the extracellular matrix
(ECM), blood vessels, and immune cells in their environment and that this tumor
microenvironment (TME) is crucial for tumor development, invasion and metas-
tasis, the detection of physiological changes that take place in the TME and also in
the tumors, became a target of novel smart probes. A good example of the use of
such smart probes in oncology is the detection of hypoxia. Hypoxia is a typical
feature of advanced solid cancers, and hypoxic tumor cells are more resistant to
radio- and chemotherapy [139]. A recent example of hypoxia detection was pre-
sented by Zheng et al., who used a highly sensitive and specific two-component
probe, of which the first component, a NIR phosphorescent iridium (III) complex,
was quenched by oxygen in normal tissues but turned on at the reduced oxygen
level in tumor tissues, allowing hypoxia deep tissue imaging with minimal back-
ground interference. The second component was a hydrophilic poly
(N-vinylpyrrolidone) (PVP) polymer that improved tumor retention time via the
enhanced permeation and retention effect [153].

In an impressive approach by Conway et al., dual intravital imaging facilitated
live tracking of moving hypoxic regions in different pancreatic ductal adenocarci-
noma mouse models. The combination with a hypoxia-activated prodrug simulta-
neously alleviated hypoxia-induced resistance [19]. In earlier work, an
oxygen-dependent degradation protein probe was used for the in vivo detection
of hypoxia-inducible factor (HIF) activity, a master transcriptional regulator for
adaptation to hypoxia, employing bimodal imaging of fluorescence and biolumi-
nescence [58] and our own group used nanoparticles doped with an oxygen-sensing
dye to monitor hypoxic areas of a subcutaneous pancreatic AsPC-1 adenocarcinoma
[93].

Using FRI, pH-sensing probes have also been utilized to differentiate cancer
from healthy tissue. An example of measuring extracellular pH was provided by
Loja et al. [71]. In the same year, we showed that a fluorescent probe which is
activated by the acidic pH of HER2-positive breast tumors is able to achieve a more
specific signal than an “always-on” Alexa Fluor 647-conjugated HER2 probe
(Fig. 13.8) [82].

Theranostic Probes
Fluorescence imaging is, furthermore, an ideal method to optimize targeted
strategies to different tumor entities before entering the clinic. In fact, the field of

452 J. Napp et al.



so-called theranostics, i.e., the combination of diagnostic and therapeutic approa-
ches, has rocketed with the advent of nanosized drug delivery systems.

As an example, methods to improve the solubilization of poorly water-soluble
drugs, such as glycol chitosan nanoparticles for paclitaxel, have been explored by
2D fluorescence imaging and found to be promising carriers for paclitaxel delivery
in cancer therapy [113].

As early as 2004, Shah et al. coupled the regulation of a therapeutic protein,
Tumor Necrosis Factor (TNF)-Related Apoptosis-Inducing Ligand (TRAIL) with
the activation of an herpes simplex virus (HSV)-1-specific NIRF probe by engi-
neering an endoplasmic reticulum (ER)-targeted-TRAIL that is retained in the ER,
where it is inactive until selectively released by the HSV-1 viral protease. In vivo
FRI was thus used to monitor gene delivery by systemic administration of an NIRF
probe activated by the protease [116].

A recent study by Li et al. showed the development of an activatable theranostic
nanoplatform that was able to delineate the tumor in real time with NIRF signals
during surgery, and at the same time mediated intraoperative targeted photothera-
peutic treatment to eliminate unresected ovarian cancer sites [68].

In vivo fluorescence imaging has therefore reached a new level of sophistication
by using probes which not only target biomarkers but can be simultaneously used as
therapeutic drugs. Diagnosis, monitoring, and treatment of the disease can hereby

Fig. 13.8 An example of improved tumor-imaging specificity using a pH-sensing probe. KPL-4
breast tumor-bearing mice were imaged using an epi-fluorescence imaging system in a ventral
position before (prescan) and 1 to 72 h after i.v. injection of the tumor-targeting pH-sensing probe
(a; pH-Her) and a control always-on probe (b; Alexa-Her). In the mouse that received pH-Her,
probe-derived signals are mainly detected in the tumor (characterized by low pH), while the probe
present in the circulation is not activated and therefore does not affect the detection of
target-derived fluorescence. In the mouse that received Alexa-Her, probe-derived signals are
obtained in the tumor as well as the background Adapted with permission of [82]
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be achieved by employing a single probe. Several recent reviews are available that
discuss the current advances in tumor theranostics [6, 39, 105, 125].

13.2.4.2 Imaging of Apoptosis
Apoptosis is a highly regulated form of cell suicide that plays a significant role in
the maintenance of tissue homeostasis. One of the characteristics of growing tumors
is their capability to escape the apoptotic death, and various therapeutic concepts
are being developed, that target receptors or ligands to promote cancer cell death
while sparing normal cells. In this context, noninvasive and longitudinal detection
of apoptotic events is especially valuable for assessment of treatment efficacy in
preclinical settings, but it would also be of enormous benefit in the clinic for the
improvement of patient management.

One of the key players in the apoptosis process is Annexin V, which is a small 35–
36 kD calcium-dependent protein that specifically binds to phosphatidylserine. In
healthy cells, phosphatidylserine is located in the inner membrane and inaccessible to
Annexin V binding, but it translocates to the outer leaflet of the membrane upon
induction of apoptosis. Application of fluorescent Annexin V conjugates provides a
quick and straightforward method for identification of early stages of apoptosis in
living animals, but also in cells or tissues, albeit with the drawback of some
false-positive signals from necrotic cells. An early example of imaging of apoptosis
as a sign of tumor response to chemotherapy was published by Petrovsky et al., who
used Annexin V with a NIRF label to detect gliosarcoma and lung carcinoma in
female nu/nu mice with an FRI system [107]. Alternatively, small fluorescent
molecules binding to phosphatidylserine or phosphatidylethanolamine like PSVue®
or duramycin may be applied, which in comparison to Annexin have better tissue
penetration and thus their accumulation is less dependent on the vascular integrity.

Another approach is to monitor specific apoptosis signaling molecules such as
caspases. In this context, Lee et al. proposed a new apoptosis nanoprobe (Apo-NP)
that efficiently delivers chemically labeled, dual-quenched caspase-3-sensitive
fluorogenic peptides into cells, allowing caspase-3-dependent strong fluorescence
amplification. This probe was used to image both apoptotic cells in real time and at
high resolution and monitoring therapeutic efficacy of apoptotic drugs in cancer
treatment [63]. A similar approach was used by Bullock et al., who used a small
membrane-permeable and caspase-activatable fluorescent peptide for in vivo
visualization of apoptosis in colorectal cancer [15].

There are a number of publications that introduce other novel NIRF-labeled
probes which were assessed for their ability to detect cell death in animal models
[83, 120]. Most of these are published in the Molecular Imaging and Contrast Agent
Database (MICAD), an online source of scientific information regarding molecular
imaging and contrast agents (under development, in clinical trials or commercially
available for medical applications) that have in vivo data (animal or human) pub-
lished in peer-reviewed scientific journals (“Molecular Imaging and Contrast Agent
Database (MICAD) [2004]—PubMed—NCBI”, 2004).
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Two potential targets for tumor therapy via induction of apoptosis are the
TNF-related apoptosis-inducing ligand (TRAIL) and its proapoptotic receptor death
receptor 5 (DR5). In subcutaneous xenografts in mice, Zhou et al. showed that in vivo
NIRF imaging of death-inducing ligand–receptor interaction was consistent with the
apoptosis readout, which they evaluated by imaging NIRF-labeled Annexin V and
ex vivo tumor tissue-activated caspase-3 staining [154]. In vivo molecular imaging of
TRAIL receptor expression correlated with the response to TRAIL therapy and an
apoptotic response in vivo [47]. Jiang used fluorescently labeled TRAIL conjugates
for in vivo monitoring of TRAIL delivery to subcutaneous A549 tumors, as a
pre-evaluation study before testing the efficacy of a TRAIL/DOX (Doxorubicin, an
intracellular‐acting small‐molecule drug) co‐delivery system.

Single-cell imaging of retinal ganglion cell apoptosis was demonstrated with a
cell-penetrating, caspase-activatable peptide probe in an in vivo glaucoma model
[10]. However, fluorescence imaging was then performed on ex vivo retina using a
fluorescence stereomicroscope.

An update of in vivo imaging of apoptosis in oncology has been given by
Vangestel et al., highlighting that NIRF imaging shows great potential in small
animal imaging, but its usefulness for in vivo imaging in humans is limited to
superficially located structures in the human body [138].

13.2.4.3 Imaging of Angiogenesis
Angiogenesis is a key biological process not only in cancer but also in many other
clinically relevant diseases, such as atherosclerosis or autoimmune diseases.

The simplest setup for noninvasive imaging of tumor vascularization in animal
models is the general visualization of blood vessels, which can easily be achieved
by using non-targeting blood pool imaging agents. The requirements for such a
contrast agent are relatively simple: it has to have a sufficient blood half-life and
low extravasation. There are multiple such contrast agents commercially available.
A simple example of in vivo imaging with blood pool contrast agents for visual-
ization of vessels and a highly vascularized tumor is shown in Fig. 13.9 [82].

A pioneering role in the combinatorial use of fluoresce“nt optical tomography
and intravascular probes for the determination of vascular volume fraction in
subcutaneous as well as in deeply located tumors was provided by the Weissleder
research group. They imaged the natural course of angiogenesis as well as reliably
monitored its inhibition as dose response to antivascular endothelial growth factor
antibody [90].

Furthermore, Backer et al. employed a single-chain vascular endothelial growth
factor (VEGF)-based NIRF probe to detect angiogenic vasculature by planar
fluorescence imaging in Balb/c and SCID/NCr mice. The fluorescent signal
received was matched with the bioluminescent signal from a luciferase-expressing
orthotopically grown mammary adenocarcinoma [7].

Some of the most important molecules in the process of angiogenesis in general
and in neoangiogenesis of neoplastic tissues are the cell adhesion molecules,
integrins, with aVb3 being a key player. Imaging approaches using NIRF-labeled
probes that take advantage of the high integrin-targeting efficacy of the cyclic
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arginine–glycine–aspartic acid (cRGD) peptides have been reviewed by Cai et al.
[16]. Several groups have later used this approach, for instance, by multimodal
imaging of mouse mammary tumors or glioblastoma xenografts [28, 70, 81].

Another method for quantifying tumor angiogenesis is the assessment of
microvessel density based on CD105 staining, which is an independent prognostic
factor for survival in patients with most solid tumor types. Yang et al. recently
showed that an NIRF-labeled human/murine chimeric anti-CD105 antibody
(TRC105) was able to specifically recognize CD105 on 4T1 murine breast tumors
and showed significantly stronger signal intensities than the controls [149]. The
authors suggest that this probe may be used in the clinic for imaging tumor
angiogenesis within the lesions close to the skin surface, tissues accessible by
endoscopy, or during image-guided surgery.

13.2.4.4 Cell Tracking
Three major applications of optical imaging have to be mentioned in the field of cell
tracking: in vivo visualization of cancer cell migration within the lymphatic system,
T cell tracking, and stem cell migration.

These areas have benefited enormously from new optical devices and more
specific probes. However, most of these applications use microscopy, in particular,
intravital microscopy. Important work in this regard has been achieved by

Fig. 13.9 Visualization of tumor vascularization using a blood pool contrast agent. a NIRF image
acquired 1 h after intravenous injection of the contrast agent into a nude mouse bearing a
subcutaneous glioblastoma xenograft. Strong fluorescence is measured over the tumor (T) indi-
cating high vascularization. Two large tumor-supplying vessels show strong fluorescence (arrows).
b High-resolution anatomical scan, performed by flat-panel volume computer tomography, 90 s
after intravenous application of 150 ll iodine-containing blood pool agent confirmed the
localization of the same two large blood vessels (arrows) detected in (a), and also shows smaller
tumor vessels (pink). c Macroscopic image of the same mouse confirms the presence of the two
large vessels (arrows) Adapted with permission of Napp [82]
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Kobayashi and colleagues, who simultaneously visualized the migration of quan-
tum dot-labeled melanoma cells and the lymphatics using optically labeled den-
drimers in vivo [54]. For further information on intravital microscopy, we would
like to refer to several reviews [41, 97, 109].

Whole-body reflectance or transillumination fluorescence imaging is rather
difficult for cell tracking, as the resolution achieved by these techniques is too low
to distinguish individual cells. However, a study by Eisenblätter et al. was able to
visualize and quantify early inflammatory processes by tracing the migration of
fluorescence-labeled murine macrophages in a cutaneous granuloma model by FRI
[29]. The same modality was used to demonstrate that immunotherapeutic natural
killer cells labeled with fluorescent nanocrystals can be employed for the effective
tracking of injected therapeutic cells and their therapeutic effect using optical
imaging technology [69].

T cells are increasingly studied in the context of cancer immunotherapy. Genetic
modification of T cells usually aims at the improvement of their homing properties
to the tumor site for increased efficacy. In vivo fluorescence imaging was applied to
track such modified T cells in various preclinical settings. Foster and colleagues
labeled, for example, Epstein–Barr virus-specific T cells with the NIRF dye
IRDye800CW by simple co-incubation of cells with the dye, which bound to T cell
surface proteins without affecting T cell function. These cells were then applied
in vivo, to visualize their migration to the tumor site. Homing of the labeled T cells
to the tumor was demonstrated by the increased fluorescence intensity over the
tumor area following intravenous injection [30]. A similar experiment was
described by the group of Weissleder, who labeled T cells with the NIR dye VT680
and followed their accumulation in tumor and lymph nodes by in vivo FMT [129].

13.2.4.5 Imaging of Autofluorescence
For a long time, autofluorescence was considered as a major drawback of in vivo
fluorescence imaging, because it often impairs the detection of specific,
probe-derived signals, especially in the visible wavelength range. However, since
some of the autofluorescent sources can be assigned to specific tissue structures or
molecular events, autofluorescence can indeed be actively chosen for in vivo
imaging with the great advantage that it does not require any fluorophore injection
or expression by cells/organisms. This makes autofluorescence imaging especially
attractive for clinical translation. Studies have thus already shown that
autofluorescence has a high potential to minimize unnecessary biopsies or even to
define margins of a lesion during surgical procedures.

Yet, the method suffers from the well-known drawback that fluorescence in
general is only measurable at the surface, after it travels through the tissues. Since
autofluorescence is relatively weak and usually has low contrast and less specificity
than fluorescent dyes, only exposed structures, such as oral tissues, skin, or gut, are
suitable for this kind of imaging approach.

Pathophysiological processes such as cancer can influence the amount and
distribution of endogenous fluorophores in autofluorescent proteins, thus allowing a
certain degree of distinction between healthy and diseased tissue by means of
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autofluorescence measurement [33]. Huang et al. found that, by using
autofluorescence microscopy, differences in the clinically measured autofluores-
cence spectra between normal and cancerous colonic tissue were mainly due to
thickening of the tumor mucosa, resulting in a reduced submucosa fluorescence
contribution, as well as due to increased hemoglobin absorption in tumor tissue
[42].

The distinct autofluorescence properties of healthy and cancerous tissue have
already been exploited in several human tumor entities, such as colon cancer [117],
oral neoplasms [45], skin cancer [13], and cervical lesions [147]. These studies
suggested that autofluorescence signals can indeed be used for noninvasive tumor
diagnostics and for the detection of tumor margins.

In vivo NIR autofluorescence imaging has also been employed for the detection
of cutaneous melanins in human skin [38]. The study suggested that NIR
autofluorescence detection could be useful for the diagnosis and clinical evaluation
of melanomas. Combined with other techniques, such as Raman spectroscopy, NIR
autofluorescence spectroscopy was even more useful [42].

As early as 2000, Delank et al. attempted autofluorescence-based endoscopy of
laryngeal cancer. The group found that this approach exceeded the sensitivity of
white-light endoscopy and microscopic laryngoscopy. However, the method was
not specific for laryngeal cancer but resulted in false-positive signals due to
inflammation, hypervascularization, and edema [22]. Other endoscopic procedures,
such as those for diagnosis of colorectal cancers [91] and bladder cancers [72], have
benefited from the use of autofluorescence.

13.2.4.6 Intraoperative Fluorescence Imaging
For a long time, fluorescence imaging was restricted to preclinical research but has
recently found its way into the clinics. One of the most promising clinical appli-
cations of NIRF and at the same time one of the most notable advances in surgical
oncology is image- or fluorescence-guided surgery (FGS). For the excision of
tumor lesions, surgeons used to rely mostly on their experience, visual examination,
or palpation. FGS now offers the advantage of fluorescence labeling of tumor
tissues and other structures such as lymph nodes to help navigate during the sur-
gical intervention.

The principles of intraoperative fluorescence imaging are the same as for the
above-described FRI.

The multispectral strategy has to allow for color imaging and simultaneous
sensitive fluorescence detection. The camera system should consist of a CCD for
sensitive fluorescence detection and two separate cameras for the detection of
intrinsic fluorescence and color. Thus, data are acquired in parallel by all cameras so
that color, light attenuation images, and fluorescence images are simultaneously
collected [136].

While dozens of different fluorescent labels are used in preclinical routine, only a
very few of them are approved for application in humans [37]. Among them is
indo-cyanine green (ICG) which is the most common clinical label used for intra-
operative discrimination of malignant from benign breast lesions or identification and
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staging of sentinel lymph nodes, but also for other applications such as intraoperative
angiography or lymphography [110, 115]. ICG is a non-specific probe which accu-
mulates in tumors only due to the leaky vasculature and due to the enhanced per-
meability and retention (EPR) effect. Furthermore, it suffers from a rapid liver
clearance and fairly poor quantum yield. Imaging in the visible light spectrum, using
a fluorescein isothiocyanate (FITC)-coupled imaging probe, has also been described
[132, 136], but these have the well-known disadvantage of autofluorescence. Thus,
there is a great need for the development of novel specific tumor labels in the NIR for
FGS [5]. New handheld devices have also been developed and clinically used [86, 88,
134].

13.2.4.7 Conclusion
Two-dimensional optical fluorescence imaging is a valuable asset for the preclinical
assessment of disease development, progression, and therapies for a wide range of
oncologic pathologies. Its most important advantages are the possibility for in vivo
evaluation at a relatively low cost, the versatility of probes available, and a fairly
high sensitivity. Its main limitation, the low tissue penetration, can be improved by
the use of NIRF probes. By using activatable probes, lifetime imaging, and mul-
timodality instruments, 2D fluorescence imaging is not only a very valuable tech-
nique for preclinical use in small animals but may have a significant contribution to
endoscopy or surgery. With the increasing development of 3D techniques, 2D
optical imaging may eventually become the lesser used option of the two.

13.3 Bioluminescence Imaging

Bioluminescence is the general ability of living organisms to produce light. The
light is generated via a biochemical reaction in which chemical energy is converted
into light, meaning that bioluminescence is a form of chemiluminescence.

The reaction depends on two major components: (1) a substrate, which is an
oxidizable organic molecule, generally called “luciferin” and (2) an enzyme cat-
alyzing the reaction, which is specific for different organisms, generally “lu-
ciferase”. Some luciferases may also require cofactors such as Ca2+, Mg2+, or
ATP. During the reaction, luciferin is oxidized by molecular oxygen yielding an
excited state intermediate that releases light photons upon relaxation to the ground
state to become a nonreactive product and CO2. This means that, in contrast to
fluorescence, the release of photons during the bioluminescence process does not
necessitate any external light source for excitation and the light emission continues
until all the available luciferin is oxidized (Fig. 13.10).

In nature, bioluminescence has been found in almost all major taxonomic
groups, e.g., bacteria, hydrozoa, siphonophores, fungi, insects such as click beetle
or firefly, various types of fish such as lanternfish, anglerfish, or dragonfish, and
many others. Production of light provides various adaptational advantages to the
host and serves important ecological roles and functions. The most common ones
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are offence (e.g., hunting or prey attraction), defense (e.g., camouflage or distrac-
tion), and communication (e.g., sexual attraction). Interestingly, approximately 80%
of luminescent organisms are marine species [36].

Different species or groups of organisms developed different luciferin–luciferase
systems with different light emission characteristics adapted to their ecological
needs. For example, as the water absorbs red-yellow-green light more than blue
light, the majority of marine bioluminescent organisms emit blue light, while the
terrestrial ones emit rather longer wavelengths from green to red.

13.3.1 Basics of Bioluminescence Imaging

Bioluminescence imaging (BLI) utilizes the naturally occurring process of biolu-
minescence to study various molecular processes in vivo. As luciferases are not
expressed by ordinary model organisms such as mice, they need to be artificially
introduced into the cells/tissues in form of reporter gene constructs, while the
substrate necessary for the reaction is usually delivered by systemic injection
shortly before the imaging experiment. Typically, the luciferase gene is cloned
under the control of a specific promoter and is delivered into the cells using plasmid
or viral transfection or transduction of cells. Luciferase-expressing cells can be then
followed in vivo using an ultra-sensitive CCD camera (Fig. 13.11).

BLI is relatively simple to perform and enables longitudinal monitoring of the
localization and serial quantification of a variety of biological processes throughout

Fig. 13.10 Generalized bioluminescence reaction

Fig. 13.11 In vivo bioluminescence imaging (BLI) experiment. Left: A reporter gene, encoding
for the enzyme luciferase is incorporated into the genome of a model organism. Middle: The
substrate luciferin is injected directly before the imaging experiment. Right: The light is measured
using a highly sensitive CCD camera
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the course of disease. Furthermore, since mammalian tissues lack intrinsic biolu-
minescence, a remarkably high signal-to-noise ratio can be achieved by BLI.

Many of the bioluminescent systems occurring in nature have been isolated,
cloned, and characterized, and some of them have been further modified to adapt
the biochemical properties of their light emission to biomedical needs. The most
common reporter gene systems utilize luciferases from firefly (Photinus pyralis) or
from coelenterates, sea pansy (Renilla reniformis), and marine copepod (Gaussia
princeps), while the bioluminescent bacteria utilize a very unique system, not found
in any other species (Fig. 13.12).

Firefly luciferase (FLuc) is a monomeric protein of 61 kDa, found in the
light-emitting organ of the firefly Photinus pyralis, and emits greenish-yellow light
with a peak at 562 nm. In addition to the substrate beetle D-luciferin, which is a
benzothiazole, FLuc requires ATP and magnesium as cofactors to produce light.
FLuc is characterized by an extremely high QY of *48%, which is defined as the
ability to produce a photon from a single reactant molecule [99]. The reaction
catalyzed by FLuc is the so-called “glow-type” luminescence reaction, which

Fig. 13.12 The chemistry of the most common bioluminescent reporters. Modified from [8, 14]
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means that the enzyme and the substrate react slowly to emit a stable glow lasting
over several minutes or hours. These characteristics make FLuc especially attractive
for in vivo imaging.

Renilla luciferase (RLuc) is a monomeric protein of 36 kDa. In contrast to
FLuc, the reaction catalyzed by RLuc does not require any cofactors and the
catalyzed oxidative decarboxylation of the substrate coelenterazine results in
emission of blue light of 480 nm. It also has a much lower QY of only about 6%,
which, together with the blue emission, makes it less suitable for in vivo imaging
[12]. Furthermore, the reaction catalyzed by RLuc is a flash-type reaction that
occurs very quickly within seconds or minutes to emit a single, brief flash of
luminescence.

Similar to RLuc, Gaussia luciferase (GLuc) also catalyzes a flash-type biolu-
minescent reaction that does not require any cofactors, but the substrate coelen-
terazine. With 19.9 kDa, GLuc is the smallest luciferase known and emits blue light
of 480 nm with a broad emission spectrum extending to 600 nm and with an
intensity at least 200-fold higher than that of FLuc. GLuc is naturally secreted and
thus an optimal luciferase system for in vitro assays based on analysis of cell media.

Bacterial luciferase (Lux) is a unique luciferase that has been found in biolu-
minescent bacteria (Photorhabdus luminescens; Vibrio harveyi). In contrast to
eukaryotic luciferases, Lux is a heterodimer consisting of two homologous sub-
units, designated as the a- and b-subunits. It catalyzes the production of light
through oxidation of a long-chain fatty aldehyde in the presence of oxygen and
reduced riboflavin phosphate. The Lux operon is a unique bioreporter system
organized in a cassette of five genes (luxCDABE) that not only express the two Lux
subunits, but also genes coding for the fatty acid reductase complex responsible for
synthesizing fatty aldehydes for the luminescence reaction. This means that bacteria
do not require the addition of exogenous substrate as they generate their own
substrate. The bioluminescence QY of bacterial luciferase is approximately 10–16%
but they are rarely expressed in mammalian cells [14, 84]. The codon-optimized
version of this luciferase expressed in mammalian cells has been recently proposed
for in vivo imaging but it is less robust than firefly luciferase [18].

13.3.2 Factors Affecting BLI

In the past decades, BLI has increasingly become a method of choice for nonin-
vasive monitoring of biologic phenomena in living cells or in animals. However,
several aspects have to be considered before planning, analyzing, and quantifying a
BLI experiment.

As bioluminescence depends on the presence of the enzyme expressed by living
cells, but also on other components such as oxygen and the exogenously admin-
istered luciferin, the measured light emission will not be a true representation of
luciferase activity if any of these components is limited. Furthermore, the reaction
kinetics in animals will also depend on the substrate delivery and therefore also on
the route of substrate administration (intravenous, intraperitoneal). This means that
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the measured bioluminescence intensity varies depending on the time after substrate
injection, with a signal increase during substrate distribution in the animal body, a
specific maximum (e.g., for firefly luciferase the reaction peaks *10–12 min after
injection of luciferin; Fig. 13.13a,c) and a slow decrease as the substrate is con-
sumed. In addition, large bioluminescent tissues (e.g., tumors) will obviously need
more substrate and will utilize it faster than smaller tissues (Fig. 13.13b,d).
Therefore, to achieve comparable results, the optimal time for BLI (the time
between injection of the substrate and the start of measurement) as well as the
optimal dose of administered substrate should be standardized for each study.

As only viable cells express the enzyme and as oxygen is required for the
bioluminescent reaction, the presence of necrotic or hypoxic areas within the
tissues will also have an effect on the measured bioluminescence intensity. This can
be an issue, e.g., when tumor progression is assessed in response to treatment in
preclinical animal studies. Decreasing bioluminescence intensity could be an
indicator of a decreasing tumor size but it could also be caused by the presence of

Fig. 13.13 The kinetics of the bioluminescence reaction differs depending on the size of the
tumor. a–b Mice with (a) large and (b) small orthotopic pancreatic tumors were injected with the
same amounts of luciferase, and imaged with BLI over time, showing bioluminescence intensities
correlating with tumor sizes. While the mouse with large tumor shows a relatively fast increase in
the measured bioluminescence intensity which peaks at 12–13 min after substrate injection, most
probably due to a limitation in luciferin, (c) the bioluminescence of the mouse with small tumor
also increases but reaches a long-lasting plateau (d) (Napp, unpublished data)
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hypoxic areas in still-growing or not-shrinking tumors, which potentially contain
“quiescent” cells and low oxygen levels leading to reduced bioluminescence
intensities.

Penetration depth also has an impact on bioluminescence intensity, since light
in general, and especially visible light emitted by the majority of bioluminescent
reporter systems, is strongly absorbed by tissues. Furthermore, light is scattered by
tissues and the tissue geometry (e.g., presence of bones, scars, vessels) will have an
additional impact on the scattering. This means that BLI always results in
surface-weighted images, where subsurface structures appear smaller and brighter
while deeper structures appear larger but less intense.

Taken together, one has to consider that the simple quantification of the light
emission usually does not provide accurate information but only delivers semi-
quantitative information of the biological process.

Also, the choice of an appropriate promoter can be a crucial parameter for
obtaining reliable data, as the promoter will regulate transcriptional activity of the
luciferase gene construct and therefore the efficacy of the bioluminescence reaction.
Typically, for experiments involving cell tracking or monitoring of tumor growth,
constitutive promoters, such as CMV, CAG, or SV40, are used, aiming at a strong
constant expression of the reporter gene construct. However, it has been shown that
the transcriptional activity of such promoters is not always constant and can be
modulated, e.g., by the cell cycle.

When using BLI for monitoring the expression of a particular gene, the luci-
ferase reporter is typically cloned under the control of the gene of interest; its
expression should reflect the expression of the gene of interest. The insertion per se
though can affect regulatory processes and transcriptional activity in the cells,
which also needs to be taken into account when designing BLI experiments.

13.3.3 Genetically Engineered Luciferases, Modified
Substrates, and Multicolor Reporter Systems

Although Gausia, Renilla, and firefly luciferases are still the most commonly
applied luciferases for BLI, novel discoveries, and research on new luciferase genes
and genetic variants as well as novel modified substrates have emerged over the
past decades. Research especially aims at improved bioluminescence in terms of
higher sensitivity, as well as optimized, preferentially NIR emission that allows for
improved tissue penetration and increased light emission. Furthermore, the devel-
opment of multicolor reporter systems is of growing interest, since multiplex
imaging allows simultaneous visualization of different processes in the same ani-
mal, such as multiple molecular events, molecular interactions, or different cell
types, reducing the number of animals used per experiment.

Simultaneous in vivo monitoring of two or more genes expressing different
luciferases requires readily distinguishable signals with intense emission and
preferentially narrow emission spectra. Here, the most common combination of
luciferase systems for dual-color imaging is based on firefly and Renilla luciferases,

464 J. Napp et al.



which require two different substrates (luciferin and coelenterazine, respectively)
exclusively for the corresponding luciferase. Furthermore, it has to be considered
that the kinetics of light production are distinct, with the Rluc reaction peaking
quickly and the Fluc reaction being slower and resulting in a longer lasting lumi-
nescence. BLI of different molecular events using Fluc and Rluc can either be
acquired sequentially in separate imaging sessions, after separate injections of
luciferin and coelenterazine, or after simultaneous injections of the two substrates,
using multiple image acquisitions of the different reaction kinetics as an additional
parameter to separate the reporter protein signal [12].

New optimized luciferases with red-shifted emission offer an improvement in
two- or multicolor BLI. The group of Löwik et al. described, for example, a
red-emitting codon-optimized mutant of Fluc, called Ppy RE8 that has been used in
combination with the green click beetle luciferase, CBG99 for dual-color imaging.
Here, both luciferases share a single substrate, luciferin, but show distinct emission
peaks with a peak emission at 618 nm for Ppy RE8 luciferase and a peak around
540 nm for the click beetle luciferase. Multi-wavelength image acquisition and
application of spectral unmixing algorithms achieved good separation and reliable
quantification of the dual bioluminescence signals in a mixed population of cells
in vitro and in vivo [85].

Multi-reporter/multicolor imaging is more challenging, since it requires a
combination of three or more different luciferase systems with efficient expression
of comparable expression levels, well-separable emission spectra, and preferentially
each enzyme having also an individual substrate. A triple-color BLI has been
achieved by multiplexing a codon-optimized Vargula luciferase (Vluc) together
with Gluc and Fluc. Vluc is a luciferase from cypridina ostracods habituating
Japanese waters, Vargula hilgendorfii. It is a 62 KDa protein naturally secreted
from cells. It oxidizes the substrate vargulin, resulting in the emission of blue light
at 462 nm. Combination of the Vluc, Gluc, and Fluc with the corresponding sub-
strates vargulin, coelenterazine, and luciferin, respectively, for sequential imaging
allowed monitoring of three distinct cellular phenomena in the same biological
system [75].

In addition to the optimization of the existing luciferases via various mutation
strategies in order to obtain red-shifted light emission and brighter luminescent
probes with improved expression in mammalian systems, luciferases can also be
fused to fluorescent proteins, resulting in the expression of chimeric constructs
capable of intramolecular bioluminescence resonance energy transfer (BRET).
Briefly, in BRET the luciferase serves as a donor, while the fluorescent protein acts
as an acceptor and allows to tune the bioluminescence spectrum toward NIR [55].
Interestingly, BRET is a naturally occurring phenomenon found, for example, in the
jellyfish, Aequorea. Here, the bioluminescent protein aequorin is associated with
the green fluorescent protein (GFP), which accepts the energy from green-emitting
aequorin, thus shifting the emission to produce green light.

Various BRET systems have been introduced aiming especially at NIR shift of
the emission for deeper tissue penetration and improved QY for high detection
efficiency, but also at tuning of the bioluminescence spectra for simultaneous
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multicolor imaging of multiple events [128, 131]. Attempts in obtaining NIR
emission in longer wavelengths are still rare though, and the most BRET systems
emit in the range of *600 nm [150]. Recently, a NIR BRET imaging platform
reaching *300 nm blue-to-NIR shift (400–717 nm) has been described. The
platform is based on a fusion protein between a modified Rluc and the red
fluorescent protein iRFP, and an array of 18 novel coelenterazine derivatives
serving as substrates for the reaction [98].

13.3.4 Applications of BLI

13.3.4.1 Imaging of Cancer
Imaging of cancer and cancer-related events are the most common applications of
BLI. In the simplest form, bioluminescent tumor cells are transplanted subcuta-
neously or orthotopically into the host animal, and their location and tumor growth
and progression are tracked over time. Different orthotopic tumors such as brain
[48], prostate [73], breast [46], colon [108], pancreatic [34], bladder [137] and
hepatic tumors [114], lymphoma [27] or melanoma [21] have already been visu-
alized with BLI. Thus, in addition to functioning as a quantitative measure for cell
number, BLI also provides information on cell viability within the tumor mass.
Furthermore, BLI is routinely applied in the development of novel therapies and
assessment of their efficacy, tracking of tumor stem cells or transformed adult cells,
as well as assessment of events leading to malignant transformation. These appli-
cations are important preclinical approaches in the process of drug discovery and
optimization. Since BLI is a very sensitive method, a few hundred or even dozen of
cells are usually sufficient to produce well-detectable signals in vivo. The use of
engineered, highly efficient luciferase systems allows for even more sensitive
detection, showing that even a single tumorigenic cell can be visualized in vivo
under optimal conditions [43, 51].

In more sophisticated experimental setups, transgenic animals are produced,
where luciferase is set under the control of a cell- or tissue-specific promoter, or a
promoter whose activity is strictly related to specific cancer cellular processes.

The group of Jenkins et al. cloned, for example, the FLuc gene under the control
of the human prostate-specific antigen (PSA) promoter and achieved specific and
robust expression in the prostate glands of transgenic mice. This PSA-Luc mouse
was used not only to noninvasively image SV40 T antigen-induced prostate
tumorigenesis in vivo over time but also to assess tumor response to androgen
ablation, allowing also for rapid identification of individual animals that were
capable of sustaining tumor growth in the absence of androgen [73].

A similar approach was applied to noninvasively assess the onset, growth, and
progression of brain tumors, using a transgenic mouse model (Ef-luc). In this
model, the luciferase gene was encoded under the promoter of human E2F1, a gene
that is only active in proliferating cells. Treatment of the mice with chemothera-
peutics such as inhibitors of either the platelet-derived growth factor receptor
(PDGFr) or the mammalian target of rapamycin (mTOR) led to a reduction of E2F1
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promoter activity and could be measured in vivo by the decrease of biolumines-
cence intensity [133].

Furthermore, Cre-dependent bioluminescent reporter mice ubiquitously
expressing conditional (Cre/Lox) luciferase transgene were developed and applied
to image spontaneously arising tumor burden. Crossing of those mice with
Cre/LoxP-dependent models of cancer drives the expression of luciferase in cells
that have undergone Cre-mediated recombination. This allows for specific imaging
of tumor-related events such as the number and size of spontaneously arising
tumors. Such a model was, for example, applied for longitudinal noninvasive
visualization of lung tumorigenesis after crossing the reporter mice with transgenic
mice, specifically expressing conditional oncogenic Kras in lung epithelial cells
[74]. In a Cre-dependent mouse model of glioblastoma, crossing the mice with the
reporter strain allowed for specific monitoring of tumor initiation and progression
with BLI over time [146].

Lung cancer progression and lung metastasis have been studied using Lewis
lung cancer (LLC) cells labeled with GFP and luciferase reporter [122]. It was
shown that bioluminescence is detectable from day 24 after intravenous LLC cell
injection with an intensity correlating to the number of metastases. The same model
was used to study malignant pleural effusion, showing that also in this model,
bioluminescence intensity correlates with the number of tumors and BLI can be
applied as an indicator of tumor burden.

Although studies involving bioluminescent bacteria are mainly performed in the
context of infectious diseases, recently, it has been shown that if administered
systemically, bacteria are naturally capable of homing to the tumors and can
potentially be applied for efficient DNA or drug delivery into cells or neoplastic
tissues. Following this hypothesis, several bioluminescent bacterial strains were
imaged in tumor models in order to systematically analyze their homing and
therapeutic potential. Min and colleagues showed that genetically modified biolu-
minescent E.coli strains can be applied to visualize the process of bacterial tumor
targeting, to quantify bacterial growth noninvasively in target tissues, and to
monitor bacterial migration in real time in different mouse models of cancer. They
showed that in mice with colon carcinoma or breast cancer, intravenously applied
bacteria distributed to the liver early after injection but subsequently migrated to
tumor sites, where they remained throughout the course of imaging up to 12 days
[87].

A similar approach was used by Cronin and colleagues, who additionally per-
formed dual-reporter imaging to co-localize bacteria and neoplastic tissues. This
study implemented FLuc-expressing subcutaneous tumor xenografts and
non-pathogenic bioluminescent bacterial strains: E.coli Bifidobacterium breve and
Salmonella typhimurium, each expressing the Lux operon. In vivo BLI showed
specific co-localization of bacterial Lux and tumor-derived FLuc bioluminescence,
pointing to the potential of non-pathogenic bacteria as vectors for the delivery of
anticancer therapies [20].
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13.3.4.2 Imaging of Cancer-Related Inflammation
and the Immune System

It is well known that cancer is closely linked to the process of inflammation, and the
related molecular events and functional link are being intensively investigated.

Epidemiologic studies have shown that chronic inflammation can predispose
individuals to various types of cancer, and the inflammatory microenvironment
promotes the development of tumors by triggering the proliferation and survival of
malignant cells, angiogenesis, and metastasis. Furthermore, inflammatory processes
can affect adaptive immune responses and alter the response to chemotherapeutic
treatments, all extensively reviewed elsewhere [80].

One of the factors that play a relevant role in tumor-related inflammation is
NF-kB (nuclear factor “kappa-light-chain-enhancer” of activated B cells). Carlsen
and colleagues developed a transgenic mouse model that expresses luciferase under
the control of NF-jB. They showed that these mice can be used for real-time
in vivo imaging of NF-jB activity in live animals, in the context of tumor-related
inflammation, but also other inflammatory disorders such as rheumatoid arthritis
[17].

Rauch and colleagues developed an even more sophisticated mouse model, in
which the bioluminescence emission was coupled to the malignant transformation
and development of spontaneous lymphoma. The group applied these mice for
imaging of spontaneous tumor development, showing that microscopic
intra-epithelial lesions precede the onset of peripheral subcutaneous tumors,
proving that the model can be used to study the association of inflammation and
tumor initiation processes [111].

13.3.4.3 Tracking of Immune Cells/T Cell Imaging
Anticancer immunotherapies that emerged in the recent decade aim at priming the
immune system to recognize and destroy tumor cells. Adoptive T cell therapy
(ACT) is a powerful approach that relies on the infusion of tumor-specific T cells.
For this purpose, tumor-infiltrating lymphocytes (TILs) are isolated directly from
the tumor, expanded, and then re-injected in the patient, taking advantage of the
natural tumor-homing properties of TILs. In a more sophisticated form, the
so-called CAR-T cell therapy, patient-derived T cells are isolated from the blood
(peripheral blood lymphocytes, PBLs). Since PBLs show less or no tumor-homing
properties, they are genetically modulated to express tumor-recognizing receptors
and thus gain the capacity to distinguish tumor from healthy tissue, before being
expanded and re-injected into the patient. T cell therapies have emerged as a
powerful and potentially curative therapy for several cancers and have been
extensively reviewed by [106].

However, while very promising and already clinically available for treatment of
leukemia, adoptive T cell therapies for solid tumors are still under development. To
study the course and the efficacy of such therapies in solid tumors, Na and col-
leagues generated a transgenic mouse model which allows for simultaneous in vivo
BLI of migration and activation of T cells with a nuclear factor of activated T cells
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(NFAT)-dependent click beetle luciferase (imaging of activation) and a constitutive
Renilla luciferase (imaging of migration) [92, 130].

The same model was used recently by Kleinovink and colleagues to follow T
cell localization and activation in vaccine-draining lymph nodes of ovalbumin
(OVA)-vaccinated mice. They showed that the system can be applied in
non-cancerous experimental models to study the location and functional state of T
cells [53].

13.3.4.4 Stem Cell Tracking
Stem cell therapy is an emerging strategy aiming at repair response and regener-
ation of damaged, dysfunctional, or diseased tissues by applying stem cells. The
therapeutic efficacy depends on the in vivo behavior of the transplanted stem cells,
including their migration, tissue-specific accumulation, long-term survival, mor-
phological differentiation, or generation of the repaired tissues. For all of these, BLI
is a valuable tool both in vitro and in vivo. For example, Allen and colleagues used
BLI for long-term in vivo monitoring of subcutaneous hydrogel scaffold transplants
loaded with luciferase-expressing human mesenchymal stem cells (hMSCs) and
showed that the bioluminescence signal remained predictive of live cell number for
at least a week [3]. Luciferase-expressing hMSCs were applied to study stem cell
tropism in tumors and inflammatory sites and to determine conditions under which
those cells selectively engraft in sites of inflammation. Using BLI, the group could
demonstrate not only specific homing of hMSC to injured sites in wounded mice,
but also accumulation at the sites of tumor development in mouse breast carcinoma
xenografts [50].

Studies have also been conducted aiming at the improvement of stem cell
homing to the desired sites, such as infarcted areas or tumors, which can be
achieved for example by overexpression of certain molecules on the stem cell
surface. One such factor is CXC-Motiv-Chemokine receptor 4 (CXCR4), which has
been shown to improve the migratory capacity of stem cells in vitro. In vivo, BLI
studies confirmed that intravenous infusion of MSCs overexpressing CXCR4
increased their ability to home to the tumor [49].

In a non-cancerous context, BLI was used to determine the survival and
migration of an intramyocardially injected regenerative cell population derived
from human subcutaneous adipose tissue stem cells (hASCs) in an experimental
model of myocardial infarction. Long-term BLI demonstrated that injected hASCs
engrafted and persisted in the myocardium for at least 10 weeks [9].

Numerous reviews have been published, describing applications of BLI to track
transplanted cells, such as stem cells or cancer cells, and to follow their fate [25,
104].

13.3.4.5 Imaging of Protein–Protein Interactions
Imaging of protein–protein interactions typically utilizes the so-called split luci-
ferases, in which the enzyme is expressed as two independent N-terminal and
C-terminal fragments (NLuc and CLuc, respectively), which on their own are
enzymatically inactive. Only when both are close enough to form an active protein,
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the bioluminescence reaction will be catalyzed and light emission takes place. By
fusing such split luciferases with interacting proteins, the visualization of the
restored luciferase activity and thus the bioluminescence intensity will be a measure
of the protein–protein interaction.

Stefan and colleagues designed such a Renilla luciferase (Rluc)-based method for
investigation of dynamic protein complexes which they called protein fragment
complementation assay (PCA). This assay was successfully applied for G protein-
coupled receptor (GPCR)-induced disassembly of protein kinase A (PKA) regulatory
and catalytic subunits, a key effector of GPCR signaling, allowing for accurate
measurements of live changes in protein complex assembly and disassembly as well
as cellular imaging and dynamic localization of protein complexes [123].

A similar approach was used to measure the activity of the serine/threonine
kinase Akt, which is a mediator of mitogenic and antiapoptotic responses. The
group applied split-luciferase-based BLI imaging to monitor quantitatively and
dynamically Akt activity in response to activation or inhibition pathways in mouse
tumor xenografts [152].

The application of split luciferases for preclinical imaging of cancer-related
processes has also been reviewed elsewhere [59].

13.3.5 Bioluminescence Imaging Versus Fluorescence
Imaging

Fluorescence and bioluminescence imaging are two optical imaging modalities
which are routinely applied to study cancer and a number of non-cancerous diseases
in preclinical settings. Due to the different origins of the light emission process,
each method has a number of advantages and disadvantages which have to be
considered before choosing the appropriate system.

First of all, in bioluminescence, the energy to excite the electrons derives from a
chemical reaction while exogenous illumination is necessary for fluorescence to
excite the electrons to a higher energy level, leading to photon emission during the
electrons’ return to their ground state. The exciting photons contribute greatly to
tissue autofluorescence by exciting endogenous fluorophores. Therefore, back-
ground levels in BLI are extremely low, and the signal-to-noise ratio (SNR) can be
very high. By comparison, fluorescence imaging often suffers from strong
autofluorescence signals, which can even exceed the detection of the specific event.

Another advantage of BLI over fluorescence imaging is its high sensitivity,
because of its independence of excitation photons. In fluorescence imaging, exci-
tation photos need to travel through the tissue, where they undergo absorption and
scattering before they reach the target. As a consequence, only a small amount of
the applied photons will indeed reach the target, negatively affecting the detection
efficacy. In bioluminescence, the light is produced directly at the target, making the
light emission much more efficient. Furthermore, BLI offers much better quantifi-
cation accuracy due to the light production by an enzymatic reaction occurring only
in live cells.

470 J. Napp et al.



However, the major drawback of BLI is the necessity of genetic modification of
the host to express luciferases, which are normally not present in the genome of
model organisms. As a consequence, this imaging modality will never find appli-
cation in humans.

Another important drawback of both in vivo optical imaging modalities,
resulting from light attenuation (absorbance and scattering) in biological tissues, is
the poor spatial resolution with increasing depth and the generally limited pene-
tration depth. Therefore, other optical imaging technologies have to be chosen when
aiming at deep tissue imaging.

13.4 Optoacoustic Imaging

Optoacoustic imaging (OAI; also called photoacoustic imaging) is a technology
based on detection of acoustic waves, which occur in response to the absorption of
light photons by molecules. This phenomenon of sound generation by light, the
so-called photoacoustic effect, was first described in 1880 by Alexander Graham
Bell in his pioneering work on a device called “photophone”, a prototype of what
we now know as wireless communication [11].

During OAI, tissues are illuminated with short laser light pulses of a specific
wavelength causing photons to propagate diffusely inside. When the wavelength of
the applied light meets the spectroscopic characteristics of an absorber molecule
within the tissue, the light photons are specifically absorbed, causing a brief ther-
moelastic expansion of the absorber molecule. This in turn leads to the formation of
a transient pressure, which distributes through the tissues in form of spherical
acoustic waves with an ultrasound frequency that can be detected on the body

Fig. 13.14 The general principle of OAI. Absorption of the energy of a pulsed laser light by
chromophores within the tissue (blue) leads to a short thermoelastic expansion of the absorber.
This process generates acoustic waves which distribute through the tissue and can be measured
with an ultrasonic transducer and reconstructed as a 3D image
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surface with ultrasound transducers and then analyzed to produce 3D images. These
basic principles of OAI are illustrated in Fig. 13.14.

OAI relies on the absorption of light for signal generation and the detection of
ultrasound waves for signal acquisition and thus combines advantages of both
fluorescence and ultrasound imaging.

OAI offers an increased penetration depth in comparison to fluorescence imaging,
because it uses light only for the signal generation, but acoustic waves for signal
detection. Light photons of different wavelengths, especially those in the visible
range, are intensely absorbed by the tissue components. Furthermore, light is
strongly scattered within the tissues, which dramatically reduces the resolution of
optical imaging with increasing depth. In contrast, the scattering of ultrasound waves
in tissue is approximately two to three orders of magnitude weaker than optical
scattering. This means that sound waves can propagate much greater distances than
photons without losing their original direction. Therefore, OAI allows much higher
spatial resolution in deep tissues and improved penetration depths of several cen-
timeters when compared to traditional fluorescence imaging [148]. At the same time,
OAI clearly exceeds the soft tissue contrast of ultrasonic imaging allowing for
improved specificity and higher contrast/excellence of structure differentiation and
surpasses the spectral tuning of optical imaging. This is because the differences
between the absorbance of light by various tissue components/chromophores are
typically much higher than those of the acoustic waves. In addition, when compared
to ultrasound imaging which does not provide certain physiological parameters, OAI
enables label-free imaging of endogenous chromophores supplies, for instance,
highly specific information on blood oxygen saturation. Finally, OAI sustains the
advantages of both imaging modalities (ultrasound and fluorescence) of being
harmless (non-ionizing, noninvasive) and easy to use.

In general, two types of molecules can serve as source of contrast for OAI:
(a) endogenous absorbers such as hemoglobin, melanin, water, and lipids or
(b) exogenous contrast agents.

Each of the absorber molecules has its own absorbance spectrum with an ideal
wavelength for optimal targeting. Single-wavelength OAI can be applied to detect a
particular chromophore molecule, such as the distribution of a contrast agent in live
mice based on the signal intensity. However, in most cases, the detected signal is
only semiquantitative, as it is influenced by background signals unrelated to those
derived from the contrast agent and the measurement is therefore prone to error.

As molecules such as hemoglobin or melanin differ in their absorption charac-
teristics, they can usually be easily resolved using the different excitation wave-
lengths. The simplest spectroscopic method involves measurements at two optical
wavelengths. The ratio between the twomeasured optoacoustic signals can be used to
estimate the ratio between two defined tissue components, e.g., oxygenated and
deoxygenated hemoglobin to define tissue oxygenation status or to measure the
activation state of an activatable contrast agent. Here, the major limitation is that only
two absorbers can be resolved. An alternative technique requires a reasonable esti-
mation of the anticipated absorbers within the tissue and a multi-wavelength exci-
tation. Each pixel of the measurement is excited at different wavelengths and then
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correlated to the spectrum of one selected absorber. The method does not necessarily
reflect true values as the assumption that one pixel contains only one single absorber
is incorrect in the majority of cases. Finally, a spectroscopic approach can be applied,
by which tissues are illuminated with a number of wavelengths using, for example, a
tunable laser. Each pixel is treated as a combination of different absorbers, and linear
models are used to estimate the relative contribution of each absorber to the overall
spectrum. This method is the most accurate as tissues always contain a combination
of different absorbers, but it requires well-designed and reliable algorithms and good
knowledge of the spectra of the major tissue components [135].

In each aforementioned method, the choice of optical wavelengths is critically
important. The unique spectral features of each absorber must be captured by a
discrete set of wavelengths. Information on tissue composition, i.e., relative con-
centrations of (de)oxyhemoglobin, water, lipid, or an injected imaging agent, can be
calculated by combining photoacoustic data acquired at multiple wavelengths.

13.4.1 Modes of Action

OAI has two general modes of action. The first one is based on the focusing of an
ultrasonic transducer, which can be either simply focused on one plane and results in
two-dimensional images or combined with time-resolved recordings of the pressure.
With the knowledge of the speed of sound, the time-varying detected ultrasound
signals can then be reconstructed to three-dimensional images, supplying information
about the spatial origin of the optical absorption. This particularly requires perfect
time synchronization between the laser pulses used for signal generation and the
acquisition times of the transducer in order to ensure accurate localization of the
event. As the transducer is positioned on a single plane, it only records part of the
spherical wavefront, leading to a loss in image contrast. The second mode of action is
called optoacoustic tomography. Here, typically a large diameter laser beam is
applied to achieve a larger field illumination of the tissue. The use of NIR light adds
to the deeper penetration and light scattering within the tissue, facilitating a relatively
homogenous tissue illumination where the photons can reach most absorber mole-
cules. Scanning is achieved either by mechanical moving of a focused ultrasound
transducer over the tissue or by using multiple transducers arranged around the tissue
(Fig. 13.15). The latter usually requires a more complex image reconstruction, similar
to that for X-ray tomography, and therefore also longer image-generation times, but at
the same time it offers more control over the data acquisition [135].

13.4.2 Sources of Contrast

As mentioned above, OAI can be performed either using the endogenous tissue
contrast obtained from physiologically specific absorption of endogenous chro-
mophores or by applying exogenous chromophores which target specific structures
or processes in the body.
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The major tissue absorbers are melanin, hemoglobin, water, and lipids
(Fig. 13.16). Hemoglobin is of particular interest as the oxygenated and deoxy-
genated hemoglobin differ in their absorbance spectra. This not only allows for the
detection of the general tissue vascularization or (micro-)circulation within the area
of interest, but also provides information about the tissue oxygenation, allowing to
distinguish between hypoxic, normoxic, or hyperoxic areas or to quantify hemo-
globin oxygenation within single vessels in real time.

Fig. 13.15 Operation modes in OAI. Left: The classical approach, where a single transducer is
located at a fixed position which therefore records only a part of the emerging ultrasonic waves
(dashed circles). Right: Tomographic approach, where either a single transducer is rotated around
the tissue or multiple transducers arranged in a circular array surrounding the tissue are used for
data acquisition in a manner comparable to X-ray tomography

Fig. 13.16 Absorption
coefficient spectra of
endogenous tissue
chromophores at their typical
concentrations in the human
body: oxyhemoglobin, red
line; deoxyhemoglobin, green
line; water, blue line; lipids,
yellow lines; melanin, brown
line; and collagen, black line.
Data from http://omlc.ogi.
edu/spectra/ [143]
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Next to the intrinsic chromophores, genetically encoded fluorophores can be
used as a source of contrast for OAI, since fluorescent proteins are typically strong
light absorbers and therefore capable of generating optoacoustic signals. However,
the majority of genetically encoded fluorescent proteins, such as GFP or red
fluorescent protein (RFP), absorb and emit in the visible spectrum, where the light
penetration is hindered by an extremely high absorption by water and hemoglobin,
limiting the use of genetically encoded fluorescence reporters. In recent years,
several red-shifted fluorescent proteins have been developed with OAI-optimized
absorbance spectra. Alas, the in vivo detection of the majority of GFP-like
fluorescent proteins often suffers from limited photostability and low efficiency in
the generation of photoacoustic signals, restricting their application. Still, the use of
OAI based on reporter gene detection may be of benefit where the application of
extrinsic chromophores is unwanted and the intrinsic ones do not deliver the desired
information [143].

In general, all fluorescent molecules can be used as optoacoustic reporters as all
of them are capable of absorbing photons. However, an optimal contrast agent for
OAI should fulfill the following criteria. First, the molecule should have a high
molar extinction coefficient (e), which is a measure of how strongly a chemical
species or substance absorbs light at a particular wavelength. At the same time, it
should have a low QY, which is a measure of photon emission efficiency as defined
by the ratio of the number of photons emitted to the number of photons absorbed, in
order to maximize the non-radiative conversion of light energy to acoustic waves.
This means that all the fluorescent molecules, which are relatively poor contrast
agents for optical imaging, due to the low QY, are the most optimal sources of
contrast for OAI. A sharply peaked absorbance spectrum, although not mandatory,
is also advantageous for OAI, as it allows for spectral distinction between different
signal sources.

A peak absorption in the NIT range offers another advantage for the OAI.
Although, in general, both visible (*400–650 nm) and NIR (650–950 nm) light
are suitable as a source of contrast in OAI, the visible light is predominantly
absorbed by the intrinsic chromophores and the use of NIR light will maximize the
penetration depth.

The optimal contrast agent should also have a high photostability, in order to
ensure stable signals upon light irradiation. Furthermore, similar to fluorescence
imaging agents, the OAI probe needs to fulfill certain biological properties in order
to ensure the specific detection of the anticipated event. It means that it either has to
selectively recognize a specific biological target, or it has to accumulate in a desired
tissue, e.g., at the tumor site, due to the EPR effect or it has to be specifically
activated via a physiological or pathophysiological process. Furthermore, the OAI
probe needs to have high biocompatibility, no, or negligible toxicity and circulation
times which are sufficient for binding/accumulation/activation [143].

13.4.2.1 Hemoglobin
Hemoglobin is one of the major absorbers in mammalian tissues and therefore one
of the most valuable intrinsic contrast agents for OAI. OAI of hemoglobin can, for
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example, be applied for the detection and characterization of vasculature, e.g., in
longitudinal imaging of (tumor-) angiogenesis.

At shorter wavelengths, ranging in the visible spectrum, hemoglobin is the major
tissue absorber, with the absorbance of at least two orders of magnitude higher than
the other tissue absorbers such as water or lipids (see Fig. 13.16). At the same time,
melanin, which has even a higher absorption coefficient than hemoglobin, espe-
cially in the NIR range, remains localized to some specific regions such as skin and
retina and, therefore, usually does not affect the measurement of hemoglobin much.
In this way, precise information about the total hemoglobin concentration within
tissues can be obtained at shorter wavelengths.

As the two forms of hemoglobin have very similar molar extinction coefficients
at *580 nm, measurements at this wavelength allow the detailed depiction of the
(micro-) vasculature but no information about the oxygenation [151]. Similar
depiction of the vasculature can be achieved by measuring the optoacoustic signals
at 800 nm, where the oxygen binding does also not affect the absorbance coefficient
of hemoglobin (see Fig. 13.16).

Malignant tumors are characterized by disorganized and dense vasculature.
Therefore, simple hemoglobin-based OAI can often be used for the detection of
tumors by distinguishing them from healthy less vascularized tissue with
homogenous vessel structure. Such approaches have already been applied for the
detection of breast tumors in human patients. An initial study revealed higher
intensity regions which were attributed to the vascular distribution associated with
cancer [79].

Kruger and colleagues developed a breast photoacoustic mammography
(PAM) system. The device is a tomographic setup, based on multiple detectors
surrounding the tissue and allows for imaging of even large breasts of more than 1.5
L with a penetration depth of >5 cm and submillimeter spatial resolution [56].

Since photoacoustic imaging is noninvasive and harmless, longitudinal studies
can be performed to assess tumor neovascularization or even to determine the time
point when the tumor switches to malignancy. This has been shown by Siphanto
et al., who monitored the formation of tumor vessels in subcutaneously transplanted
tumors in rats. Using OAI, the onset of neovascularization could be observed as
early as 3 days after transplantation [118].

As the hemoglobin changes its molecular and electronic structure upon oxygen
binding, the two hemoglobin isoforms, oxyhemoglobin and deoxyhemoglobin,
differ in their absorbance spectra (see Fig. 13.16). Thus, OAI can also be applied
for the assessment of the oxygenation status/hypoxia levels of tissues or even of
particular vessels. For this purpose, oxyhemoglobin and deoxyhemoglobin are
treated as the dominant absorbing compounds, and their relative concentrations are
calculated on the basis of their molar extinction spectra from spectral measurements
of the total absorption coefficient. This requires the acquisition of an optoacoustic
signal using at least two wavelengths at which each compound emission dominates,
although multi-wavelength measurements are obviously better to obtain more
reliable results.
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Oxygenation levels in healthy tissues range between 95% and 100% in the
arteries and 60% and 80% in the veins [40]. Tumors have usually higher oxygen
consumption rates than the surrounding tissues. Especially, fast-growing tumors
develop low-oxygenated hypoxic areas in the tumor center, due to the insufficient
neovascularization and the increased oxygen consumption. Hypoxic tumors are
often more resistant to therapies and associated with poor prognosis. Therefore,
assessment of the oxygenation levels within the neoplastic tissue can be an
important prognostic parameter. In this context, Mallidi and colleagues showed that
tumor oxygenation levels measured with OAI can be a surrogate marker for pre-
dicting treatment efficacy and tumor recurrence. In this study, they applied pho-
todynamic therapy to mice with subcutaneous tumors and measured oxygenation
levels with OAI before and after therapy. They showed that only the responder
group showed strong changes in tumor oxygenation by 24 h post-therapy, while the
non-responsive mice had continuously constant tumor oxygen levels [78].

The recent advances in the measurement of oxygenation levels in tumors have
also been reviewed elsewhere [66].

13.4.2.2 Melanin
As already mentioned, melanin is one of the endogenous chromophores, which can
be utilized for OAI. It is a natural pigment produced by melanocytes located for
example in the deeper layer of the epidermis but also in the eyes or some areas of
the brain. Due to its function, melanin is an extremely effective absorber of light, as
its main purpose is to protect the organisms against UV-induced damage.

Melanoma is a form of skin cancer that develops from the pigment-containing
cells, the melanocytes. Although it is not the most common one, melanoma is
undoubtedly the most dangerous of all skin cancers as it is prone to metastasize
early into the lymph nodes, brain, or other organs. Due to the high melanin content,
melanoma and its metastatic nodules can efficiently be detected and characterized
using OAI.

The group of Oh et al. applied, for example, microscopic OAI to detect sub-
cutaneously transplanted B16 skin melanoma cells in nude mice as early as 4 days
after the transplantation, when the transversal size of the tumor was in submil-
limeter range. By applying double-wavelength optoacoustic microscopy and the
combination of visible and NIR light for signal generation, they were able to
distinguish melanoma tissue from the blood vessels due to the large difference in
the absorption coefficients of light in melanin and in blood [102]. With NIR light
(excitation 764 nm), the absorption of melanin is much higher than the one of
blood, so that the photoacoustic signals from the blood vessels were far below the
noise level of the system and only melanin, but not blood could be measured
exactly from the images. In contrast, epidermal and the tumor-nourishing vascu-
lature could be almost exclusively depicted with visible light (584 nm), as pho-
toacoustic signals at this wavelength from the blood vessels were around 1.5–2.5
times higher than those from the melanoma. Here, the total blood content was
assessed as at this wavelength since measurements with visible light are insensitive
to hemoglobin oxygenation. Combining the two images from these two spectral
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regions reveals the 3D morphology of both the melanoma and the surrounding
vasculature [102, 151].

Another question for which melanin-based OAI can be applied is the identifi-
cation of melanoma-positive sentinel lymph nodes, either before/during the resec-
tion, or during the biopsy examination to determine the presence of metastatic tissue.
Stoffels et al. applied multispectral optoacoustic tomography (MSOT) to image
sentinel lymph nodes (SLNs) ex vivo and to determine their metastatic status in
melanoma patients. The subsequent spectral analysis allowed the quantification of
melanin signal throughout the SLN and excellent correlation between intact pho-
toacoustic melanin detection and localization of metastatic cells by histology [124].
Finally, it was also shown that melanin-based OAI can be used to detect circulating
melanoma tumor cells with a sensitivity of one cell per mL of blood [32].

A major problem that melanoma patients face is the development of brain
metastases, resulting in a very poor prognosis and a poor median survival of 4–
5 months. Therefore, an early detection and characterization of brain metastases is
crucial for the selection of an appropriate therapeutic approach and the patient’s
overall survival. As the melanoma brain metastases, similar to the primary tumors,
contain high levels of melanin, they can be easily visualized using OAI based on
the endogenous melanin contrast. Lavaud et al., for example, applied multispectral
(680–924 nm) transcranial OAI for the noninvasive examination of B16F10 mel-
anoma brain metastases in nude mice. Subsequent spectral unmixing analyses of the
spectroscopic data revealed the presence of melanin in tumor-bearing brains and
allowed the visualization of tumor nodules. Furthermore, the unmixing of oxy- and
deoxyhemoglobin spectra enabled the characterization of the oxygen distribution in
the tumor and to visualize hypoxic areas near the tumor center [60].

Staley and colleagues applied a similar approach, in which they used photoa-
coustic microscopy to monitor growth of melanoma-derived brain metastasis over
the course of the disease (two weeks). They were able to detect tumors of sub-
millimeter size and monitor their growth through the skull [121].

13.4.2.3 Lipids
Absorption of light by lipids is in general lower than the one by melanin or
hemoglobin. However, the lipids’ absorption spectrum is very different from that of
other tissue components and shows several characteristics which can be exploited
for OAI. Lipids exhibit several absorption peaks, the most prominent one is the
strong and sharp absorption peak at 1210 nm, together with the weaker absorption
peaks at 920 and 1040 nm. At the same time, the absorbance of melanin and
hemoglobin are reduced at longer wavelengths, which makes the 1210 nm peak
especially optimal for the in vivo detection of lipid-rich structures.

Lipid imaging can be applied, for example, for the detection and characterization
of arteriosclerotic plaques adding valuable information to the already existing
diagnostic techniques. Vulnerable plaques, which are particularly susceptible to
disruption causing acute coronary events, are described as those having a thin
inflamed fibrous cap over a very large lipid core. Lipids, therefore, can be utilized
as an endogenous contrast agent to reveal the plaque’s vulnerability. This can be
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assessed, for example, by applying low-invasive intravascular OAI, which requires
the insertion of the imaging probe into the vessel of interest such as a coronary
artery. Here, spectroscopic imaging has already been shown to provide highly
detailed information about the tissue composition, e.g., to outline fat deposits and to
discriminate between the normal arterial areas, lipid-rich artheriosclerotic plaques,
atheromas, and those which contain other components such as fibrous or calcified
compounds [44].

13.4.2.4 Exogenous Probes
Aside from endogenous contrast agents, a diversity of exogenous contrast agents or
targeted probes can be applied for OAI, providing additional contrast and valuable
information about the disease-specific events. Such probes include fluorescent dyes,
liposomes, polymeric nanoparticles, gold or carbon nanoparticles, nanodroplets, or
quantum dots, which can be conjugated to antibodies or ligands to image
disease-specific receptors that do not provide OAI contrast per sē [135].

Fluorescent Dyes
NIR-absorbing dyes such as ICG or IRDye 800/IRDye 800 CW are the most
common dyes used for OAI, both with a relatively narrow absorbance peak around
800 and 780 nm, respectively, and thus easily distinguishable from endogenous
chromophores, especially oxy and deoxyhemoglobin. Both dyes are particularly
interesting for OAI as they are already applied for various applications in clinical
practice and would thus have great potential for clinical translation.

ICG is a non-specific probe, which distributes through the vasculature and
accumulates in tumors or inflammatory sites due to the EPR effect. It has short
clearance times and is extracted fast by the liver into bile juice. Clinically, ICG is
applied as an intraoperative fluorescence contrast agent, e.g., for the visualization of
lymph or blood vessels during angio- or lymphography, for example, in liver
surgery to measure hepatic blood flow or during reconstructive microsurgery, yet all
of them with strongly limited penetration depth [2]. In contrast, it has been shown
that using OAI, ICG can be reliably detected in biological tissues at tissue depths
exceeding 5 cm, which increases the potential field of clinical application [57]. In a
mouse model, ICG-based OAI has already been applied to measure the extrava-
sation in tumors noninvasively and in real time and has been shown to have a high
potential to facilitate the early detection of changes in vascular permeability during
cancer therapy [103]. In combination with (polyethylene glycol) PEG, added to
increase the circulation times, ICG has been used to perform angiography of rat
brains, significantly improving the contrast between vessels and the surrounding
tissues [141].

IRDye 800 is increasingly gaining clinical attention, especially during
fluorescence-guided surgical interventions. Similar to ICG, IRDye 800CW is a
suitable contrast agent for OAI because of its spectroscopic characteristics, but at
the same time, it has the advantage of an improved conjugation capability. This
means that the dye cannot only be used for perfusion studies or the assessment of
passive accumulation in tissues but also for molecular analyses, e.g., of target

13 Optical and Optoacoustic Imaging 479



expression or drug biodistribution. In combination with an integrin-targeting probe,
it has been applied for OAI of orthotopically transplanted glioblastoma [65].

Our group has recently published a study in which we used cRGD peptide
labeled with a fluorescent dye, IRDye800CW, for the perioperative detection of
pancreatic tumor nodules. cRGD peptide specifically targets integrins, which are
overexpressed in various cancer types and are playing a key role in the early phase
of tumor angiogenesis and in tumor cell migration. We showed that the applied
probe can be visualized with both planar fluorescence imaging, allowing for the
general assessment of tumor location, and OAI, allowing for precise visualization of
particular tumor nodules located deeply within the mouse body (Fig. 13.17) [95].

Nanoparticles
Nanoparticles are currently the largest class of OAI contrast agents. These include
gold-, carbon-, and polymer-based nanoparticles, quantum dots, or even contrast
agents used in other imaging modalities, such as microbubbles or iron oxide
particles.

Nanoparticles can have different forms and sizes. One of the biggest advantages
of nanoparticles is their tunable surface properties that can be adapted, e.g., to
increase circulation times, modify stability and reduce toxicity, or achieve molec-
ular targeting. Furthermore, nanoparticles have large surface areas; hence, numer-
ous targeting moieties can be attached per particle, increasing the probability of
target binding. Depending on their composition, nanoparticles can also be loaded
with drugs, dyes or other substances and used for their delivery and for simulta-
neous monitoring of distribution and/or release.

Fig. 13.17 OAI for visualization of orthotopic pancreatic tumors in mice. a Left: Three selected
transversal slices performed 6 h after intravenous injection of cRGD-IRDye800CW, showing the
detection of pancreatic tumor nodules. Right: Corresponding planar fluorescence image of the
same mouse showing the location of the three transversal slices. b Verification of the in vivo
recorded optoacoustic data (left) to the anatomical structures (Cyro) and fluorescence images
(Fluo) of the cryosliced mouse. Yellow arrows: tumor nodules, K-kidneys, B-bladder, S-stomach,
orange line subcutaneous tumor mass at the scar [95]
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However, due to their size nanoparticles have the disadvantage that they often
accumulate in the reticuloendothelial system for long periods, resulting in possible
long-term toxicity and thus restricting their clinical application.

Plasmonic nanoparticles of different forms, including nanoshells, nanorods, and
nanocages, usually made of gold, represent a particular group of nanoparticles and
are promising contrast agents for OAI. Here, the signal generation is based on the
surface plasmon resonance (SPR) effect that takes place when light (electromag-
netic waves) interacts with the conduction electrons on the nanoparticle surface.
This interaction causes the resonant oscillation of conduction electrons and leads to
an optical absorption that is several orders of magnitude higher than the absorption
of organic dyes. The great advantage of using SPR nanoparticles is the tunable
optical absorption, which is dependent on the size and shape of the gold
nanoparticles and can easily be adapted to the biomedical need. A disadvantage of
plasmonic nanoparticles is their possible deformation upon long-term irradiation
which can affect their absorption properties. Furthermore, similar to other
nanoparticles they can also show long-term toxicity. Nevertheless, plasmonic
nanoparticles have already been applied in different settings, e.g., for OAI of
imaging of cancer, atherosclerotic plaques, brain function, or image-guided therapy
[67].

Mallidi et al. applied gold nanoparticles targeting the epidermal growth factor
receptor (EGFR) for highly selective and sensitive detection of EGFR-expressing
cancer cells in mice [77]. Similarly, antibody-conjugated gold nanorods were
developed for specific detection of tumor nodules [1]. Gold-plated carbon nan-
otubes conjugated to antibody targeting lymphatic vascular endothelial hyaluronan
receptor-1 LYVE-1 have been shown to detect heterogeneities in lymphatic vas-
culature such as those in tumors and to measure changes in response to treatment
with therapeutic agents [52].

Quantum dots are also interesting contrast agents for OAI. Sun et al. introduced
titanium sulfonate-black phosphorus quantum dots that efficiently accumulate in the
MCF-7 tumor xenografts in mice and showed a high potential for application as
efficient optoacoustic agents in bio-imaging of cancer [127]. Ding and colleagues
presented recently another interesting theranostic system, in which quantum dots
were used simultaneously as an optoacoustic contrast agent for monitoring the
delivery and as a therapeutic agent for photothermal/photodynamic combined
cancer treatment [23].

Iron oxide nanoparticles are particularly interesting for OAI of cancer, because
they were originally developed as contrast agent for MRI and are thus already
approved for use in patients. In a rat model of prostate cancer, superparamagnetic
iron oxide nanoparticles were used for ex vivo staging of lymph nodes. However,
although the group observed a good correlation of the optoacoustic data with
metastatic involvement measured by MRI and histology, proposing OAI as
potential valuable tool for nodal staging, the application of iron oxide nanoparticles
suffers from low optoacoustic contrast, reducing their optoacoustic detection in vivo
[35].
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13.5 Summary

The main field of application of OAI is undoubtedly in preclinical cancer research.
Here, both endogenous and applied chromophores are commonly used as a source
of contrast for the identification of tumor nodules and metastatic spread, for the
assessment of the efficacy of therapeutic interventions, detection of metastatic
lymph nodes, or characterization of tumor status and vascularization.

As the penetration of light into the tissue is limited by the absorbance of light
photons by endogenous absorber molecules—reaching a maximum penetration
depth of a few centimeters—the clinical application of OAI will remain restricted to
the detection and characterization of surface-near structures or endoscopic proce-
dures, such as the detection of lesions in the gastrointestinal tract, bladder, or
possibly also prostate (transrectal) and ovaries (transvaginal). Nevertheless, as the
technique uses non-ionizing radiation and is capable of utilizing endogenous tissue
contrast to provide various information about disease-relevant events, its clinical
use is versatile and clinical translation is relatively simple and therefore wanted.
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14.1 Introduction

Specific accumulation of radioactive tracers can provide insights into physiological
processes within a body. Even more meaningful information can be gathered when
radioactivity is assessed in a tomographic manner, which also provides information
on tumor heterogeneity. These imaged processes comprise functional, metabolic,
cellular, and molecular activities. These data can be obtained in a longitudinal
manner, enabling evaluation of changes over time. Nuclear medicine approaches to
do so comprise single-photon emission computed tomography (SPECT) and
positron emission tomography (PET). Both of these methods are already widely
used in the field of oncology in the clinical scenario. However, preclinical studies
are indispensable for developing new imaging paradigms and understanding the
biology underlining specific processes, as preclinical setups harbor potentials of
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image validation by ex vivo analyses. Those are only exceptional in the clinical
situation. Here, we will focus on small animal PET. Aspects covering preclinical
SPECT are described in the chapter “Preclinical SPECT and SPECT-CT”.

PET relies on exogenous application of a positron-emitting substance. During
the radioactive decay, a proton is converted to a neutron, while also a positron (e+)
is released. The positron undergoes an annihilation reaction with a nearby electron
(e−), resulting in the emission of two high-energy photons (c-rays, 511 keV each)
which are emitted in exactly opposing directions. The simultaneous detection
(within a few nanoseconds) of this pair of photons by the detector allows the
determination of the line of incidence (also called line of response) facilitating the
reconstruction of the source of radioactivity. The degree of the two emitted photons
is not always exactly 180°, based on the residual momentum of the positron and the
electron at the time of annihilation. This non-colinearity (± 0.25°) and also the fact
that the positron particles travel a certain distance in tissue before the annihilation
reaction (positron range, depending on the radionuclide and its energy spectrum)
lead to limitations in the maximal achievable spatial resolution [10, 30].

There is no depth limitation in the detection of c-rays. The half-life of the
isotopes used for PET can differ from minutes (e.g., 15O: 2 min, 11C: 20 min) to
hours (68Ga: 68 min, 18F: 110 min) or days (124I: 4.2 d). Importantly, PET provides
a very high detection sensitivity down to picomolar concentrations—which is about
two to three orders of magnitude higher than for SPECT [39]. Hence, the amount of
the radioactive substances applied is very low (tracer principle), and there is almost
no interference with normal regular processes underlying the tracer accumulation or
the body physiology.

In this chapter, we will give an overview of small animal PET imaging with
regard to (i) challenges, and its applications in oncology in the fields of (ii) tumor
characterization, (iii) therapy response evaluation, and (iv) therapy development.

14.2 Challenges of Small Animal PET

There are several aspects that have to be considered when applying small animal
PET imaging, especially with respect to potential transfer of results to humans. First
of all, the size of animal models is smaller than the size of humans. This bears
technical challenges, as a spatial resolution of *1 cm, which is usually achieved
with clinical scanners, is not suitable to image processes within mice or rats. For
this need, dedicated small animal PET cameras have been developed, which have a
spatial resolution of *1 mm [58]. One example of a small animal PET scanner is
depicted in Fig. 14.1.

The reduced blood volume of rodent models in comparison to humans also has
implication on the volume that can be injected into the animal. These volumes are
generally regulated by national institutions, such as the USDA in the US or the
GV-SOLAS in Germany. Especially in the context of small animal PET imaging,
this is of importance. The half-life of the radiotracers employed for PET is in general
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relatively short. Due to the radioactive decay, the amount of the tracer might have to
be increased for animals injected at a later time point. This does not only affect the
total volume, which can impact pharmacology or physiology, but also the amounts
of solvents like ethanol increase, potentially resulting in undesirable side effects.

Upon that, breathing and heart rate, as well as metabolism differ between
humans and rodents. Consequently, the distribution of radioactive tracers might
differ between species. The biodistribution of 3’-Deoxy-3’-18F-Fluorothymidine
(18F-FLT) may serve as an example. This thymidine analog visualizes cellular

Fig. 14.1 Example of a small animal PET camera and a respective animal cradle. Depicted is a
combined PET/MR system. Most modern preclinical PET cameras allow arrangement of the
narcotized mouse on an animal bed equipped with respiration, heartbeat (ECG), and temperature
control
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proliferation. Due to differences in thymidine levels in blood as well as in thymidine
metabolism, the biodistribution of 18F-FLT also differs. For example, accumulation
of 18F-FLT in the liver is low in dogs compared to humans [47] and the biodis-
tribution in mice was reported to vary in different strains [32]. This does not imply
that results obtained in animals cannot be transferred to patients. However,
species-specific differences might have to be considered.

To obtain sufficient PET image quality, image acquisition has to occur in the
range of minutes. While this is no issue in adult patients, which can lie still in a
scanner for this period of time, this is a challenge in small animal imaging. There
are approaches to perform PET imaging in awake rodents [62]. However, in gen-
eral, the animals are immobilized by means of narcosis. The narcotic agent can
potentially interfere with blood flow, tissue oxygenation, body temperature, and
metabolism of an organism and hence with the distribution of a tracer. This has
been well studied with 18F-FDG. For instance, warming of anesthetized animals
diminishes accumulation of this tracer in brown fat tissue [16], and the choice of
narcosis affects insulin levels. This in turn regulates blood glucose concentrations
and consequently 18F-FDG uptake [27]. Figure 14.2 shows a mouse undergoing an

Fig. 14.2 Choice of narcosis affects distribution of 18F-FDG in a C57/BL6 mouse. Images show
two 18F-FDG PET studies of the same mouse where each PET acquisition was performed under
isoflurane narcosis 50–60 min after injection of 10 MBq 18F-FDG. In the first example (left panel),
18F-FDG injection and biodistribution took place under isoflurane anesthesia, while the mouse was
positioned on a heating mat. In the second example (right panel), 18F-FDG was injected
intraperitoneally (i.p.) in an awake mouse. Coronal and sagittal planes focusing on the heart are
shown here. Note the increased 18F-FDG uptake of the myocardium under isoflurane narcosis (red
arrows), resulting from altered glucose metabolism and effects of the narcotic agents on perfusion
[11]. Brown fat (yellow arrow) is not visible in the PET images if the mouse was warmed during
the tracer uptake period [16]. The increased activity of skeletal muscles of awake mice is reflected
by increased 18F-FDG uptake (green arrows)

496 S. Schelhaas



18F-FDG PET scan under different narcotic conditions. These data show that it is
important to carefully consider animal handling conditions and keep them constant
during the course of an experiment. Also, hypothermia of the animals must be
avoided and fasting can be an important issue when dealing with 18F-FDG.

A further issue that has to be considered when performing preclinical PET is
radiation exposure, especially when serial imaging in combination with CT is
performed. The whole-body dose of a single PET scan is in the range of 0.06–
0.9 Gy for mice and 0.01–0.27 Gy for rats [17]. Radiation doses resulting from CT
scans highly depend on the instrument settings and range from 0.017 Gy–0.78 Gy
[8]. These values are not negligible, taking into account that the lethal dose for 50%
of a population 30 d after whole-body irradiation (LD50/30) is in the range of 5 Gy
for mice [19]. Exact values vary with mouse strain and age. Gene expression can
already be altered with doses as low as 0.2 Gy [2]. Hence, effects of PET/CT
imaging on experimental outcome cannot be excluded.

The setup of the infrastructure for small animal PET imaging might be chal-
lenging. This method requires positron-emitting isotopes. Hence, especially when
using short-lived radiotracers, a nearby cyclotron and the respective radiochemistry
have to be localized in close proximity. Furthermore, the equipment is very
expensive, and there is a need for the setup of a radioactive control area. Last but
not least, the logistics of the animals might be a hurdle, especially when performing
longitudinal studies. Many research institutes are depending on a central animal
facility. Due to hygiene and in general legislative restrictions, and also due to
radiation limits, transport of animals back to this central facility is not always
possible. Consequently, adequate animal housing might have to be implemented
within the institution.

One additional hurdle in small animal PET imaging is the choice of the animal
model. As it is a model, it is in itself artificial and can resemble the situation in a
human being only to a limited extend. One also has to keep in mind that therapies
that address issues of the host organism, such as vascularization or the immune
system, might act differently in rodents and other animals. For oncology research,
there exist various mouse tumor models [13, 41]. Most commonly, xenograft
models are used. For these, tumor cells, mostly originating from human cancers, are
cultivated in vitro and transferred to an immunocompromised mouse, either
ectopically (mostly subcutaneously), orthotopically (in the usual position, like
gliomas in the brain), or systemically. These tumors are less heterogeneous than
patient cancer tissues. However, this also makes animal experiments more repro-
ducible than results obtained from more heterogeneous samples. Moreover, the cell
lines can be genetically modified, enabling the evaluation of the importance of
specific genes for tumor development or tracer accumulation. The microenviron-
ment of tumor xenografts does not quite resemble the clinical situation, especially
in the case of subcutaneous tumor implantation. Patient-derived xenograft
(PDx) models, which are directly originating from clinical tumor samples, are
supposed to more closely resemble the heterogeneity observed in patients. For most
of these models, the use of immunocompromised mice is necessary, as the host
immune system would successfully fight the cancer. Allografts (cells derived from
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the same species) can be implanted in a similar manner, and the host can be
immunocompetent.

In the clinical scenario, the potential of malignant tumors to spread and form
metastases is in general associated with a poor prognosis. The differentiation level
of metastasized tumor cells often differs from the primary tumor, thereby compli-
cating the choice of an adequate therapy. To mimic and investigate the metastatic
behavior of tumors in a preclinical setting is challenging. Injection of tumor cells
into the bloodstream does not resemble metastasis-initiating steps. When working
with primary tumors, these are in general growing so fast that the animal has to be
sacrificed before metastases are detectable. One possible approach is to surgically
remove the primary tumor and follow the metastases in the upcoming weeks [6].
There also exists a range of genetic engineered mouse models (GEMMs) of cancer
in immunocompetent mice. In many instances, these more closely resemble the
nature of human cancers, ranging from tumor initiating steps to metastasis forma-
tion [25].

14.3 Tumor Characterization

Assessment of tumor biology is a crucial step in understanding the disease and
developing novel therapies. What is the vascularization state? Is there an overex-
pression of a specific antigen? These questions might arise and be of fundamental
importance for the success of a diagnostic or therapeutic approach. Consequently,
characterization of a tumor in a non-invasive manner by means of PET can provide
information on metabolic modifications of a cancer over time and can aid in
deciding for a treatment paradigm. Especially when employing multiple modalities,
profiling of a tumor is possible. In general, features of cancers, which could
potentially be imaged, are mostly related to the hallmarks of cancers, as summa-
rized by Hanahan and Weinberg [20].

In the clinical setting, PET imaging does have a prominent role in detection,
diagnosis, and staging of tumors. For preclinical models, tumor detection and
follow up in itself might be of less value than in the clinic, as in most instances the
localization is known, and the size itself can be assessed by more easily accessible
methods, such as CT. However, tracers used for clinical cancer diagnostics do in
one way or another also provide information on characteristics of tumors.

The rate of aerobic glycolysis in tumors is generally high due to the Warburg
effect [51, 53]. Hence, tumors make use of glucose from the extracellular space and
consequently take up glucose analogs, such as fluorodeoxyglucose (18F-FDG).
18F-FDG is the most commonly used PET tracer for clinical molecular imaging and
has applications in detection, staging, and therapy response assessment. Also in the
preclinical setting, it has been used for the analysis of tumor engraftment or
metastasis detection. Figure 14.3 shows 18F-FDG PET images of a mouse with
subcutaneous tumors. PET visualizes the growth of the tumor over time in terms of
metabolic tumor volume (MTV), which parallels tumor volumes as assessed by
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ultrasound (US). In this experimental setup, maximal tracer uptake (expressed as
percent injected dose: %IDmax/ml) is mostly unaffected by tumor growth, while
average tracer uptake in the tumor (here expressed as %IDmean/ml) is decreasing
with increasing tumor size. The latter is related to an increase in necrosis within the
tumors, which is visible on the PET images. Hence, these data show that the mode
of data analysis should be wisely chosen.

Not only (anaerobic) glycolysis, but many metabolism pathways are deregulated
in cancers. Consequently, a range of tracers have been developed to visualize pro-
cesses such as amino acid transport (L-[methyl-11C]methionine (11C-MET) or
O-(2-[18F]fluoroethyl)-L-tyrosine (18F-FET)), fatty acid synthesis (11C-acetate),
membrane phospholipid synthesis (11C-choline), or proliferation (18F-FLT) [31, 54].

The vasculature is of crucial importance for delivery of nutrients and oxygen to
tissues. In the case of tumor development, as soon as the tumor reaches a size of a
few millimeters, there is a need for the development of new vasculature, which is
characterized by increased permeability, increased vessel diameter, and delayed
maturation [4]. As angiogenesis might be an attractive target for tumor therapy,
there is a need to non-invasively monitor the angiogenic state of a tumor. Key
regulators are avb3 integrins and the vascular endothelial growth factor (VEGF).
avb3 integrins are upregulated during angiogenesis. Small peptides containing an
arginine–glycine–aspartic acid (RDG) sequence are ligands of avb3 and might serve
as lead structures for avb3 targeting tracers, such as 18F-FRGD2 [61]. Also, radi-
olabeled VEGF has been successfully employed to monitor the vascularization in a
preclinical setup [7]. The perfusion itself can be assessed by tracers like H2

15O [3].
Vascularization has an impact on the oxygen level within tumors. Oxygen

consumption of tumors is generally high, whereas the oxygen supply might be low,
potentially resulting in hypoxic conditions within a tumor. Hypoxia is associated

Fig. 14.3 18F-FDG PET imaging to monitor tumor growth. Coronal planes of 18F-FDG PET
images of a nude mouse harboring four subcutaneous U87 glioblastomas are shown here at
different days (d) after tumor implantation. Tumor volumes as measured by ultrasound (US) are
increasing during the course of time, which is also reflected in the metabolic tumor volume
(MTV) assessed on the PET images. The amount of central necrosis visible on the PET images is
increasing during tumor growth, resulting in decreasing mean radiotracer uptake

14 Applications of Small Animal PET 499



with tumor aggressiveness, risk of metastasis formation, or treatment resistance
[49]. Hence, imaging of hypoxia might be helpful for tumor characterization and
therapy decisions. 18F-labeled nitroimidazoles are reduced to reactive intermediary
species binding to intracellular proteins in hypoxic cells. 18F-FMISO
(18F-fluoromisonidazole) is the most widely used hypoxia imaging agent, which
accumulates in tissue when pO2 < 10 mm Hg [36].

Characterization of a tumor by means of PET can be helpful in patient stratifi-
cation. In a recently published study, Sun et al. designed a radiotracer (N-
(3-chloro-4-fluorophenyl)-7-(2-(2-(2-(2-18F-fluoroethoxy) ethoxy) ethoxy) ethoxy)-
6-methoxyquinazolin-4-amine, 18F-MPG) that targets a specific mutation in the
epidermal growth factor receptor (EGFR). Non-small cell lung cancer models with
varying mutations in this receptor showed comparable accumulation of 18F-FDG,
whereas uptake of 18F-MPG was in line with the specific EGFR mutation and with
response to treatment with the tyrosine kinase inhibitor gefitinib in lung cancer.
After this successful preclinical validation, the authors demonstrated that this tracer
facilitates clinical treatment decisions [48].

14.4 Evaluation of Therapy Response

PET has the potential to monitor therapeutic effects, ideally before morphological
changes in tumor volume are visible. This is because PET can directly visualize
processes within a cancer that ultimately can result in a rest in tumor growth or even
a morphological shrinkage of the tumor. These processes include tumor prolifera-
tion, cell death, and energy metabolism. Therapies might target cells outside a
cancer such as the vascularization or immune cells that can also be visualized by
PET. Hence, looking beyond the tumor might also provide information on thera-
peutic effects.

The most widely used PET tracer 18F-FDG has successfully been applied in a
range of preclinical studies monitoring therapy response [23]. Reduction in glucose
metabolism appears to be a good predictor for treatment response, also in the
clinical setting. However, uptake of this tracer is not tumor-specific, as it also
accumulates in inflammatory lesions. Tumor therapies can cause massive cell death,
which in turn initiates an inflammatory response similar to a wound-healing process
[40]. These recruited immune cells might result in a transient increase in 18F-FDG
uptake, masking a potential reduction of the glycolytic activity of the tumor [5, 18].
Hence, there is a need for more tumor-specific tracers to evaluate treatment
response.

Many tumor therapies have an anti-proliferative effect. Hence, visualization of
tumor proliferation is an approach that can be applied to a range of treatment
strategies. One of the key steps in tumor cell proliferation is the synthesis of novel
DNA strands. Consequently, radiolabeled DNA building blocks might be employed
for imaging proliferation. As thymidine is exclusive for DNA (and not RNA), it can
be employed for imaging of tumor proliferation. While 11C-thymidine has only a

500 S. Schelhaas



short half-life and is rapidly degraded in vivo, 3’-deoxy-3-18F-fluorothymidine
(18F-FLT) shows superior imaging qualities. It has been used in a range of pre-
clinical and clinical studies, demonstrating a reduction in tracer uptake after therapy
in line with treatment response and/or changes in immunohistochemical markers of
proliferation [44]. However, when therapeutic agents interfere with the thymidine
de novo pathway [28, 42] or compete with thymidine for cellular uptake [46],
changes in tracer uptake are uncoupled from changes in proliferation. This
demonstrates that a detailed understanding of the mechanism of tracer and drug
accumulation is indispensable for an understanding of treatment-induced changes in
PET images. Especially this detailed understanding can be gained with preclinical
analyses, as imaging findings can easily be corroborated by ex vivo analyses. This
is not only true for changes within the solid tumor. Proliferation might also be
affected in hematopoietic organs (bone marrow and spleen). Many therapies exert a
transient myelosuppressive effect. This effect, and subsequent recovery, is visible
on 18F-FLT PET scans, not only in the preclinical setting [45], but also in the
clinical scenario [29]. Hence, one should also pay attention to regions outside of the
tumor, as the whole-body imaging method PET can show a whole lot more than a
single lesion.

Tumor therapy often induces apoptosis, a form of cell death, which is accom-
panied by a range of morphological and biochemical alterations, such as phos-
phatidylserine (PS) externalization, caspase-3 activation, DNA degradation, and
cellular shrinkage. These targets harbor potential for molecular imaging. When
imaging caspase activation, the tracer has to be able to cross the cell membrane, due
to the intracellular localization of the target. Isatin-5-sulfonamide (18F-ICMT11) is
one example of a PET radiotracer targeting activated caspase-3 [34]. Alterations
occurring on the cell surface of cells undergoing apoptosis can be detected, e.g.,
with 2-(5-fluoro-pentyl)-2-methyl-malonic acid (18F-ML-10) [14] or with radiola-
beled annexin V [38, 57]. However, reports on treatment monitoring with cell death
tracers are limited, implying that this is a field that needs further improvement.

14.5 Therapy Development

What is the anatomical distribution of a specific therapeutic agent? Does it accu-
mulate within a primary tumor or metastases? Next to the therapy-induced impact
on the tumor biology, these are questions that can potentially be answered by PET
and they are of special interest in preclinical evaluations of novel treatment
approaches.

Drug delivery systems, like liposomes or nanoparticles, can be designed in a way
to contain a PET radioisotope [9]. Drugs might also be directly labeled with a
radionuclide. 11C-labeling of DNA-intercalating agents was helpful in preclinical
evaluation of the most promising candidates for future clinical applications [35].
Mathematical modeling of tissue distribution from dynamic PET scans can provide
further information on free concentrations or clearance from plasma to tissue [33].
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However, blood concentration (plasma input function) of the radiotracer has to be
known for accurate quantitative analysis, usually derived from arterial blood
sampling, which is challenging in rodents due to their limited blood volume.
Image-derived input functions can serve as an alternative.

When analyzing the distribution of a radiolabeled drug, one has to keep in mind
that the radiolabel might affect the drug in terms of activity, affinity, or pharma-
cokinetics. Moreover, the distribution within a body also depends on the concen-
tration of a specific agent. Hence, larger concentrations than tracer amounts are
necessary for reliable predictions.

Also, cells might be used for the therapy of cancers. For instance, stem cells can
be employed to deliver therapeutic agents [12, 60]. Non-invasive detection and
tracking of these applied cells can provide information on the accumulation of the
cells and therewith the therapeutic agent. For all cell tracking approaches, it is
crucial to verify that the labeling does not interfere with the mode of action of the
cells. For instance, proliferation or activation patterns can potentially be altered.
These issues have to be evaluated beforehand, which is usually done by in vitro
assays. Cell tracking also holds great promise for immunotherapies, which employ
the host immune system to detect and fight the cancer. This approach might make
use of cells that are infused into the subject (adoptive cell transfer). These cells can
be visualized by PET by different means [15, 59]. They can be labeled directly with
a radioactive agent, such as 64Cu-pyruvaldehyde-bis(N4-methylthiosemicarbazone)
(64Cu-PTSM) [1] or 89Zr-Oxine [43]. These approaches are relatively easy and
straightforward. However, they have the drawback that the cells can only be tracked
for a limited period of time, due to the limited radioactive half-life of the tracers.
But even when employing long-lived radioactive isotopes, the radioactivity can leak
out of the cells and will be diluted when cells are dividing.

Specific tracers can also aid in visualizing cells. These tracers might target cell
surface-specific molecules, e.g., 64Cu-radiolabeld anti-CD4 and anti-CD8
cys-diabodies targeting T cells [50] or radiolabelled interleukin-2 (IL-2) targeting
the corresponding IL-2 receptor (CD25) highly expressed on activated T cells [21].

The use of reporter genes is an alternative approach to visualize externally
transfused cells. For this purpose, the cells have to be genetically manipulated to
express the respective gene, which triggers the accumulation of radiotracers. This
gene might code either for an enzyme (such as herpes simplex virus thymidine
kinase (HSV-TK) accumulating 9-(4-18F-fluoro-3-hydroxymethylbutyl)guanine
(18F-FHBG)), a transporter (e.g., sodium iodide transporter, NIS, accumulating
18F-tetrafluoroborate (18F-BF4)), or a receptor (e.g., dopamine D2 receptor, accu-
mulating 3-(2’-18F-fluoroethyl)spiperone (18F-FESP)) [56].

Reporter gene approaches can also be applied in the context of gene therapies.
For this purpose, DNA encoding for a therapeutic gene is combined with a DNA
encoding for an imaging gene. Hence, cells expressing the gene of interest can be
visualized by imaging. By this means, it can be evaluated if the gene therapy vector
reaches its target specifically and the gene delivery protocol can be optimized in

502 S. Schelhaas



terms of route of application, timing, or dosing [52]. In a theranostic approach,
Jacobs et al. showed that HSV-TK expression as determined by 18F-FHBG PET
correlates with glioma response to ganciclovir therapy, a prodrug activated by
HSV-TK [22]. The imaging gene, as well as the therapeutic gene, can also be
controlled by regulatory elements, allowing visualization of specific inducible
processes [55].

14.6 Multimodal PET Imaging

One of the major drawbacks of PET is the fact that no morphological information is
provided by this method, making the localization of signals challenging. For this
reason, PET is often performed in combination with computer tomography (CT).
Upon that, (pre)clinical PET-MR scanners are on the rise. The morphological
information can aid in the definition of regions of interest (ROIs) used for quantifi-
cation and facilitate the exact measurement of organ sizes. CT and MR can not only
provide information on anatomy, but they can also aid in attenuation or motion
correction and also report on other molecular processes, such as cell death, as
described in detail in the respective chapters. This complementary information not
only stands for its own, but a direct overlay of these images provides useful infor-
mation on tumor biology. By performing simultaneous PET-MRI, the group of
Pichler demonstrated that areas of high 18F-FLT overlap with areas of fast contrast
agent enrichment in T1-weighted MR images, representing viable tumor regions as
identified by immunohistochemistry [24]. Moreover, coregistration of PET and MR
images acquired in the same imaging session allows for voxel-wise comparison of the
data obtained by these two modalities as demonstrated in Fig. 14.4. PET has recently
also been used in combination with ultrafast ultrasound, allowing the simultaneous
coregistration of tumor vasculature with metabolism during tumor growth [37].

Fig. 14.4 Coregistration of PET and MR images allows identification of relationships between
the different modalities on a voxel-wise basis. T2-weighted MR image (left panel) allows detection
of a subcutaneous Colo-205 tumor implanted subcutaneously on the right shoulder in a CD1 nude
mouse on an anatomical level. The apparent diffusion coefficient (ADC) determined by
diffusion-weighted MRI shows variability of water diffusion, as an indicator of cell death. In
this tumor, ADC negatively correlates with proliferation determined by 18F-FLT PET (Pearson
correlation coefficient = –0.50, P < 0.0001)
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14.7 Conclusion

As the incidence of oncological diseases is on the rise, due to the increasing age of
our population, there is a need for a mechanistic understanding of the processes
underlying tumor development and therapies. PET imaging is a valuable tool to
non-invasively and longitudinally monitor tumors and treatment-induced changes
on a functional level, facilitating personalized cancer therapies. Preclinical exper-
iments are helpful in defining novel imaging or therapy approaches, especially as
in vivo results can be corroborated by ex vivo analyses. There is still a need for
improved animal models, better reflecting the situation in patients. The future in
preclinical PET imaging will most likely be largely influenced by advances in
(automated) image analysis, comprising also the analysis of advanced features by
means of radiomics [26] and the mathematical modeling in a holistic approach
(systems biology).
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15.1 Introduction

Ultrasound is a cost-effective imaging technology that offers high spatial resolution,
portability, and lack of irradiation [19]. The most commonly used ultrasound
contrast agents for functional and molecular contrast-enhanced ultrasound (CEUS)
are microbubbles. They consist of an echogenic gas core encapsulated by a stabi-
lizing shell of proteins, lipids, or biopolymers [35]. Next to microbubbles,
nano-sized contrast agents like liposomes, nanobubbles, and phase-changing
nano-droplets are described. For molecular CEUS, contrast agents are decorated
with site-specific ligands, such as antibodies or peptides [39] to examine receptor
expression of a specific marker [77]. The ligands can be attached directly to the
microbubble shell either covalently or by use of a spacer. Another alternative is the
biotin–avidin binding system, which is often preferred in preclinical applications as
any biotinylated ligand can be attached just by mixing with streptavidin-coated
microbubbles. However, they cannot be used in humans due to their high
immunogenic potential [48].

After intravenous injection, molecular microbubbles bind to their specific target
and can be detected in the late-phase enhancement. For quantification of themolecular
signal, several techniques were developed like the destruction-replenishment, sensi-
tive particle acoustic quantification (SPAQ), and dwell-time imaging.

Since microbubbles are not able to extravasate from the vascular system due to
their size of 1–8 µm, target receptors for molecular CEUS have to be present in the
tumor vasculature [35]. In tumor imaging, the most common markers for molecular
CEUS are related to neoangiogenesis and include the vascular endothelial growth
factor receptor-2 (VEGFR2) and avb3 integrin. Besides angiogenesis, intravascular
targets related to inflammation can be assessed, like E-selectin, Thy-1, and B7-H3.
Numerous preclinical studies confirm the ability of molecular ultrasound to detect
angiogenesis and inflammation, to longitudinally monitor receptor expression
during tumor growth, and to assess therapy responses. Recently, the first
VEGFR2-targeted phospholipid microbubble agent was applied in clinical trials.
Promising results were obtained regarding patient safety and the detection of
malignant lesions in the prostate, ovary, and breast.

Finally, ultrasound contrast agents can be used as drug delivery systems to
increase the drug accumulation in tumors. The application of ultrasound pulses
facilitates triggered drug release from the contrast agent. Furthermore, sonoper-
meabilization and sonopermeation of the tissue enable a better accumulation of
drugs in the tumor.

The present chapter introduces the composition of different ultrasound contrast
agents and explains how they can be modified to enable molecular imaging. Fur-
thermore, multiple preclinical and clinical applications with regard to tumor
imaging are described. In the final part, the use of ultrasound contrast agents as
theranostics is discussed.
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15.2 Ultrasound Contrast Agents

In the late 1980s, first attempts were made to image blood vessels in tumors with
color Doppler ultrasound [4]. However, for detailed investigations of microvessels,
Doppler ultrasound is limited since slow blood velocities cannot be assessed at
clinically applied frequencies and frame rates. To overcome this limitation, the
blood contrast can be enhanced by contrast agents [16]. Ultrasound contrast agents
create a distinct acoustic impedance mismatch with surrounding tissues, resulting in
an increased ultrasound reflection [39]. For molecular ultrasound investigations, the
contrast agent is decorated with a site-specific ligand. Although microbubbles are
the most commonly used ultrasound contrast agent class with a size of 1–8 µm,
they are not able to leave the vasculature. As a consequence, only targets inside the
blood vessels can be reached. Therefore, nano-sized contrast agents like liposomes,
nanoparticles, nanodroplets, and nanobubbles have been designed and evaluated for
functional and molecular ultrasound imaging (Fig. 15.1). However, their detection
with conventional ultrasound methods is often much more difficult due to their
lower acoustic reflectivity [19].

15.2.1 Microbubbles

The first contrast agents for ultrasound imaging were free air bubbles produced by
agitation of saline solution to generate contrast in ultrasound examinations only of
the right heart, as these bubbles were not able to cross the pulmonary capillary bed
[37]. The encapsulation with a stabilizing shell protects the microbubbles from
immediate destruction in the lungs and, therefore, facilitates CEUS in the whole

Solid nanoparticle
20 - 100 nm

PLA nanobubble
20 - 200 nm

PFC nanodroplet
200 - 400 nm

Liposome
65 nm - 10 µm

Microbubble
1 - 8 µm

Gas core

Gas core

Liquid core

Liquid core

Polylactic
acid shell

Phospholipid 
monolayer

Phospholipid 
monolayer

Phospholipid 
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Fig. 15.1 Different types of ultrasound contrast agents
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body. Furthermore, the shell can be engineered to prevent gas leakage and aggre-
gation [19], optimize pharmacokinetic properties [35], and enable ligand attachment
[27, 54]. Depending on the chemical composition of the shell, microbubbles can be
divided into soft-shell and hard-shell microbubbles.

Soft-shell microbubbles usually consist of a thin palmitic acid or lipid mono-
layer. In this regard, Levovist® are air-filled microbubbles stabilized by a matrix of
galactose and palmitic acid. The contact with blood plasma dissolves the galactose
matrix and releases palmitic acid-coated microbubbles [37]. Phospholipid
microbubbles represent the most used type of contrast agent for ultrasound imaging.
They can be easily produced and enable the incorporation of different lipid head-
groups or post-production bioconjugation [36]. In this regard, additional poly-
ethylene glycol (PEG) coatings were reported to further prevent microbubble
aggregation (Deshpande et al. 2010). Furthermore, they have a good stability and
echogenicity, and several phospholipid-based contrast agents are approved for
clinical use [37].

In comparison to soft-shell microbubbles, hard-shell microbubbles consist of a
stiffer shell made out of proteins or polymers. Protein-based microbubbles are
produced by sonication of heat-denatured proteins, mostly albumin [36]. Next to
proteins, hard-shell microbubbles can be produced by cross-linking of
polylactide-derived or cyanoacrylate polymers. They have a very high in vivo
stability and provide a higher echogenicity in high-intensity ultrasound applications
[49].

The echogenic gas core of microbubbles is composed of air or perfluorochem-
icals (PFCs) like perfluorobutane, perfluoropropane [17], or octafluoropropane [37].
Since the PFC gas core is hardly water-soluble and not metabolized in the body, it
enhances the stability of the microbubbles and prolongs their circulation time from
seconds to minutes compared to air-filled microbubbles [35].

Independently of their composition, microbubbles typically have a size of 1–
8 µm and are, therefore, not able to leave the vascular system. This can be
advantageous on the one hand, as they do not accumulate unspecifically in the
interstitial space. On the other hand, the application of targeted microbubbles is
restricted to molecules present in the vasculature [35].

15.2.2 Liposomes

Echogenic liposomes (ELIPs) for contrast-enhanced ultrasound examinations have
a size range of 65–10 µm [24]. They consist of a lipid bilayer made of phos-
phatidylcholine (PC), cholesterol, phosphatidylethanolamine (PE), or phos-
phatidylgylcerol (PG) [30], and an aqueous core [59]. Their echogenicity is enabled
by various air inclusions in the bilayer [59]. In general, liposomes with higher
saturated lipids emit a longer ultrasound signal than those with unsaturated lipids.
ELIPs can be used as drug delivery systems by enclosing hydrophilic or lipophilic
drugs inside the ELIPS that can be released at the desired target site after ultrasound
stimulation [33].
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15.2.3 Nanobubbles

Nanobubbles have a diameter of less than 1 µm. They typically consist of a
polymer or phospholipid shell, stabilized by tensides, and a core that can be gaseous
(e.g., perfluorocarbons) [79], liquid or solid [72]. Although nanobubbles can be
used to detect targets outside the vasculature, they still have a poor in vivo stability
[79], and they are too big to easily overcome biological barriers. One method to
increase their stability without affecting their flexibility is the incorporation of a
cross-linked polymer to phospholipid-based nanobubbles in order to reduce the gas
core diffusion [52].

15.2.4 Phase-Change Nanodroplets

Phase-change nanodroplets have a size of 200 nm–1 µm [46], can leave the vas-
culature, and are suitable tracers for the lymphatic duct [73]. They are usually made
out of a perfluorocarbon or perfluoropentane core [46] with an organic or inorganic
shell (e.g., PLGA) [73, 79]. Nanodroplets can be synthesized from commercially
available micron-sized particles through condensation with increased surrounding
pressure or decreased temperature [79]. Phase-change nanodroplets keep their shape
and size (diameter) until they are exposed to a high-energy pulse induced by
ultrasound waves. In their liquid state, they are almost invisible to ultrasound
imaging [25]. After the pulse, the droplets change their state from liquid to a
gaseous phase, vaporize into microbubbles, and can then be detected by ultrasound
[79].

15.3 Active and Passive Targeting

The retention of an ultrasound contrast agent at a target site can be induced by
passive and active targeting strategies [18]. In this regard, passive targeting
describes the retention of contrast agents at a target site due to their physico-
chemical properties. One modification to enable passive targeting can be the
incorporation of negatively charged phosphatidylserine in the shell of phospholipid
microbubbles to promote attachment to activated leukocytes [44]. Here, instead of
directly targeting inflammation-related markers, the leukocyte adhesion to activated
endothelium is detected (Fig. 15.2a) [18]. Passive targeting can be used for the
detection of vascular inflammation regarding plaques or thrombi as well as for the
detection of sentinel lymph nodes or liver lesions [18].

For active targeting (Fig. 15.2b), the shell of the contrast agent needs to be
decorated with a ligand. The ligand, e.g., a peptide or antibody, is attached to the
surface of the contrast agent via covalent or non-covalent bonds [39]. Afterwards,
the microbubble can bind to specific receptors [19, 34].
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15.4 Ligands for Molecular CEUS

Ligands for molecular CEUS should have a high target specificity and affinity as
well as high mechanical and chemical stability. Furthermore, no immune or
physiological reactions should be induced by the modified contrast agent [18].

Ligands can be attached either non-covalently or covalently. One of the most
popular and strongest non-covalent coupling strategies is the avidin–biotin inter-
action. Avidin, a 66 kD glycoprotein, is bound to the microbubble shell facilitating
the attachment of any biotinylated ligand [36] (Fig. 15.3a). Advantages of this

a

b

Targeted microbubble

Tumor cell

VEGFR2 αvβ3-Integrin E-Selektin

Blood vessel

Microbubble

Activated leukocyte

Receptor

Activated endothelium

Fig. 15.2 Passive and active targeting strategies, a Passive targeting of inflammation with
microbubbles binding to activated leukocytes b Active microbubble targeting of receptors that are
overexpressed on activated tumor endothelium

a b Covalent bond

Ligand

Ligand

Streptavidin

Biotin

c Intermediate molecule

Ligand

Fig. 15.3 Strategies for the attachment of binding moieties to the microbubble surface. a Binding
of a biotinylated targeting ligand to streptavidin on the microbubble surface, b Covalent binding of
the targeting ligand to the microbubble, c Covalent binding of the targeting ligand to an
intermediate molecule at the microbubble surface
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technique are the high stability and selectivity of the biotin–avidin bond and the
high application flexibility as many molecules are available in a biotinylated form
[37]. However, due to the high immunogenicity of (strep)avidin in patients, its use
is restricted to preclinical applications [23].

The preparation of targeted contrast agents for clinical use can be achieved by
covalently binding the ligand to the microbubble surface (Fig. 15.3b). In this
regard, proteins are most commonly coupled to a free carboxyl or maleimide group
on the microbubble surface. Through chemical activation, the carboxyl group forms
an active ester, which in turn reacts with a ligand amino group, resulting in an
amide bond. Since the amide bond can lead to random binding of the targeting
moiety to the microbubbles and thus, to reduced targeting efficacy, maleimide
groups are preferred for covalent bonds. Therefore, a thiol group of the ligand is
coupled to a free maleimide group on the microbubble shell via thioether bonds
resulting in directed coupling, which enables a high microbubble affinity to the
targeted receptor [65].

To further increase the binding efficiency of targeted microbubbles, a poly-
ethylene glycol (PEG) spacer arm can be used to create a distance between the
ligand and the microbubble shell of up to 30 nm (Fig. 15.3c). Furthermore, the use
of an intermediate spacer improves microbubble adhesion and retention at the
receptor as shown for BR55 microbubbles [65].

The most commonly used ligands for molecular ultrasound imaging are anti-
bodies and peptides [12, 30]. Antibodies are available for many intravascular tar-
gets [6]. Especially monoclonal antibodies from the immunoglobin-c (IgG) family
have been used for cell surface receptor targeting [23]. However, their production is
cost-intensive, and they carry the risk of being immunogenic [23]. Alternatively,
affibodies can be used as targeting moieties. These small, synthetically produced
proteins derive from the immunoglobulin G-binding domain of protein A and
belong to the class of antibody mimetics. They have proven promising as targeting
moieties of nanobubbles and nanoparticles, to which they were conjugated via
biotin–avidin or covalent bonds [72]. Peptides are an even smaller and cheaper
alternative, and in particular the RGD sequence, generating probe specificity to
avb3 integrin, has been popular in the molecular imaging field. Table 15.1 provides
an overview of the most commonly used molecular CEUS contrast agents and their
shell and core composition.

15.5 Detection of Targeted Contrast Agents

A prerequisite for sensitive ultrasound contrast agent detection is a high contrast to
the tissue background. Compared with other ultrasound contrast agents,
microbubbles have the highest acoustic impedance difference to their surrounding
tissue and therefore can be detected with highest sensitivity [12]. Ultrasound pulses
with a low mechanical index and alternating positive and negative pressure cause
the microbubbles to contract and expand. This oscillation is non-linear, and the
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resulting microbubble-specific signal can be determined by harmonic imaging,
respectively, contrast-specific scan modes [1]. The general modes of microbubble
detection are described in Chap. 4. The present chapter focuses on the detection and
quantification of bound microbubbles for molecular imaging.

Except for dwell-time imaging, molecular imaging is usually performed 5–
10 min after microbubble injection, when most of the microbubbles are bound to
the target and freely circulating microbubbles are almost cleared from the blood-
stream [35].

15.5.1 Dwell-Time Imaging

A nearly real-time method for the detection of bound microbubbles was introduced
by Pysz et al. in 2012 and relies on the measurement of the microbubbles dwell time
in the acoustic field [55]. First, a baseline value is acquired for each pixel in the area
of interest before microbubble injection. Then, the change of acoustic intensities
after microbubble injection is measured over a defined time period. Microbubbles
are considered as bound if their detected signal is present for more than 80% of the
acquisition time at the same location. Then, the percent coverage area is deter-
mined, that is, the percentage of voxels in the field of view, where a bound
microbubble was present [55].

Table 15.1 Most commonly used molecular CEUS contrast agent compositions

Category Shell Filling Ligand Target

Microbubbles Streptavidin-coated
lipid shell

Perfluorocarbon Antibody avb3 integrin
VEGFR2 [61]

Streptavidin-coated
lipid shell

Perfluorocarbon Peptide avb3 integrin
[70]

Streptavidin-coated
PBCA

Air Antibody avb3 integrin
[50]

PBCA Air Peptide E-selectin [62]

Albumin, avidin Perfluoropropane Antibody Endoglin [38]

Lipids (DSPC,
DSPE, PEG2K)

Perfluorobutane Peptide Nucleolin [76]

Lipids (PEG) Perfluorobutane Antibody SFRP2 [64]

Nanobubbles Lipids (PEG) Octafluoropropane Antibody CA-125 [29]

Liposome Lipids and
Rhodamine

Deionized water and
air inclusions

Antibody ICAM-1 [31]

PCD
(Phase-change
droplets)

Lipids Perfluoropentane Folate
(Vitamin)

Folate receptor
[46]

GGNPs
(Gas-generating
nanoparticles)

PLGA CaCO3 Peptide Neuroblastoma
[40]
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15.5.2 Destruction-Replenishment Imaging

The destruction-replenishment technique was introduced in 1998 by Wei and col-
leagues [68] for the quantification of tissue perfusion [7]. For signal quantification of
bound microbubbles, two sets of real-time images are needed. The first set is taken in
the late-phase enhancement, approximately 5–10 min after the microbubble injec-
tion [35]. Here, the detected signal results from the tissue, bound and remaining
freely circulating microbubbles. Subsequently, an ultrasound pulse with a high
mechanical index (MI) is applied [7], which leads to fragmentation of all
microbubbles in the acoustic window (Fig. 15.4). The acquisition of a second set of
images, recorded directly after the destructive pulse, detects the signal from the tissue
and freely circulating microbubbles reperfusing the tumor. The signal intensity
(SI) of bound microbubbles is then indicated by the difference between the mean SI
of the first set of images and the mean SI of the second set of images [35].

15.5.3 Sensitive Particle Acoustic Quantification (SPAQ)

Sensitive particle acoustic quantification (SPAQ) is a 3D technique that was
introduced in 2005 by Reinhardt et al. and is able to quantify microbubbles within a
whole tumor [57]. For SPAQ, the transducer has to be moved in a defined step size
over the tumor during a destructive Doppler scan [35]. The destruction of
microbubbles generates a strong non-linear signal, known as loss of correlation,
which is interpreted as a strong movement and detected by Doppler imaging. The
first destructive pulse destroys microbubbles in a broad slice, while in the following
measurements only destruction of microbubbles in the non-overlapping volume
defined by the step size is detected (Fig. 15.4). With SPAQ, a quantification of

Fig. 15.4 Destruction-replenishment microbubble detection. Signal intensity difference before
(a) and after (b) a destructive pulse represents signal from bound microbubbles (c); SPAQ:
Initially microbubbles are destroyed in a broad slice (d), while destruction of microbubbles in
subsequent measurements only occurs in the non-overlapping volume defined by the step size (e)
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bound microbubbles in a whole tumor volume is possible, which makes the
approach particularly suitable to characterize tumors with a heterogeneous receptor
expression [36].

15.6 Preclinical Applications

Molecular targets for ultrasound imaging using microbubbles must be located on
the endothelium, as microbubbles are not able to leave the vasculature due to their
size of 1–8 µm. Furthermore, the target expression on the endothelium should be
low under physiological conditions, whereas pathological alterations, like tumor
growth, should lead to an upregulation of the target molecule. Several targets of
angiogenesis and inflammation have been identified and tested for molecular
ultrasound imaging.

15.6.1 Imaging Angiogenesis

Angiogenesis, one of the hallmarks of cancer [28], describes the formation of new
vessels from previously existing vessels. Physiologically, angiogenesis plays a
crucial role in embryogenesis and is essential for wound healing. The fact that in
most tissues angiogenesis is almost absent makes it a promising target for tumor
detection and characterization.

15.6.1.1 Vascular Endothelial Growth Factor Receptor 2
The most prominent marker in molecular ultrasound imaging of tumor angiogenesis
is the vascular endothelial growth factor receptor-2 (VEGFR2). The binding of
vascular endothelial growth factor to VEGFR2 leads to activation of a signaling
cascade, which results in the enhancement of endothelial proliferation and migra-
tion [14]. In various preclinical molecular ultrasound studies, VEGFR2 targeting
has been successfully used to specifically and sensitively detect angiogenesis in
tumor models, e.g., of pancreas [56], colon [6, 66], ovary [11, 71], prostate [63],
and breast [3, 8] in various animal species including mouse [8, 56, 71], rat [63], or
hens [11].

Next to the detection of tumor angiogenesis, molecular ultrasound imaging
targeting VEGFR2 enables a discrimination of differently aggressive breast cancer
subtypes [13]. In this regard, Bzyl and coworkers compared highly aggressive,
estrogen-independent (MDA-MB-231) and low-aggressive, estrogen-dependent
(MCF-7) breast cancer xenografts by functional and molecular ultrasound imaging.
The degree of vascularization and angiogenesis measured by ultrasound imaging
was in accordance with results obtained by immunofluorescence analyses. Impor-
tantly, it was found that the molecular information regarding angiogenesis dis-
criminated both tumors better than the information about the vascularization.
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Furthermore, Deshpande and coworkers longitudinally evaluated different tumor
models of breast, ovarian, and pancreatic cancer regarding the expression patterns
of three angiogenic markers (VEGFR2, endoglin, and avb3 integrin) during tumor
growth. Molecular ultrasound imaging enabled the longitudinal, non-invasive
evaluation of molecular expression profiles in different tumor models, and, there-
fore, in the regulation of tumor angiogenesis [20].

The ability of molecular ultrasound to longitudinally track receptor expression
during tumor growth opens the possibility to monitor antiangiogenic treatment
responses. Zafarnia and coworkers applied VEGFR2 targeted microbubbles to
assess the response of desmoplastic breast tumors in mice to either nilotinib,
anti-VEGFR2 antibody DC101 (inhibition of angiogenesis), or a combination of
both. Surprisingly, nilotinib inhibited vessel maturation and lead to enhanced
angiogenesis and tumor growth. In line with this, molecular ultrasound imaging
revealed an increase in VEGFR2 expression in nilotinib-treated tumors. In contrast,
DC101 treatment decreased VEGFR2 expression and tumors treated with a com-
bination of both substances showed a VEGFR2 expression similar to untreated
control tumors. These findings matched well with immunohistochemical analyses
and confirmed the ability of VEGFR2-targeting microbubbles to detect the tumors’
response to therapy sensitively and accurately [75].

The same type of microbubbles was used to simultaneously assess a functional
(tumor perfusion) and molecular (VEGFR2 expression) information from squamous
cell carcinoma bearing mice treated with an anti-VEGF antibody. This study
showed that the first-pass kinetic of VEGFR2-targeted microbubbles is not affected
by early binding of microbubbles to the receptor. Therefore, first-pass analysis can
be used to determine tumor perfusion, while the late accumulation phase provides
the molecular information. Furthermore, antiangiogenic therapy effects could be
detected earlier and more distinctly by the molecular compared to the functional
ultrasound parameters [10] (Fig. 15.5).

The combination of functional and molecular imaging was also applied in a rat
model of colorectal adenocarcinoma treated with the multi-tyrosine kinase inhibitor
regorafenib. The reduced perfusion and VEGFR2 expression in regorafenib-treated
animals correlated well with DCE MRI data, postprocessed using a
two-compartment-model, and the immunohistochemical analyses, respectively [22].

15.6.1.2 avb3 Integrin
Another promising marker for the detection of angiogenesis with molecular ultra-
sound imaging is avb3 integrin, a member of the integrin family of heterodimeric
surface glycoproteins. avb3 integrin plays an important role in tumor growth [5] and
metastasis by mediating cell adhesion to components of the extracellular matrix and
influencing the proliferation and survival of cells. avb3 integrins are highly
expressed on the activated endothelium during angiogenesis, whereas quiescent
endothelial cells only show a weak expression [35]. In this regard, several studies
used avb3 integrin-targeted microbubbles successfully for the detection of tumor
angiogenesis in different preclinical tumor models like glioma [21], ovarian [20,
71], breast [5, 67], liver [74], or skin [50] cancer.
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The detection of avb3 integrin expression can be facilitated with different kinds
of ligands. In this regard, Ellegala and colleagues used contrast-enhanced ultra-
sound with avb3 integrin-targeted microbubbles to image angiogenesis in athymic,
malignant glioma (humane U87MG)-bearing rats. For this purpose, a highly avb3
integrin affine polypeptide (echistatin) was bound to the microbubbles. Longitu-
dinal ultrasound investigations showed an increasing avb3 integrin-targeted
microbubble signal within the tumors over two weeks. The signal was most pro-
nounced at the tumor periphery, the place with the highest avb3 integrin expression,
which correlated with immunohistochemistry [21].

Fig. 15.5 Simultaneous assessment of functional and molecular information from squamous cell
carcinomas in nude mice. a First-pass analysis of BR55 and postprocessing with maximum
intensity over time (MIOT) in B20-treated (anti-VEGFR2 antibody) and control tumors. Data are
presented as median and IQRs. * = p < 0.05. b From day 4 of therapy on, B20-treated tumors
show a significantly decreased amount of bound BR55 microbubbles compared with untreated
tumors. Results are presented as difference in US imaging signal before and after application of a
destructive pulse. Data are presented as median and IQRs. * = p < 0.05, ** = p < 0.01.
c Representative US images of control and B20-treated squamous cell carcinomas at day 14 of
therapy before and after injection of BR55 microbubbles show a higher peak enhancement in the
control tumor compared with the B20-treated tumor. The late enhancement (8 min after
microbubble injection) shows a higher signal of bound BR55 microbubbles in control tumors that
disappears after application of a destructive pulse. Arrows indicate tumor margins. Bar = 1 mm
(reproduced with permission from [10] ©RSNA Radiology, 2014)
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Other studies used different peptides to explore the potential of avb3 integrin
targeting for tumor angiogenesis detection. Willmann and coworkers tested
disulfide-constraining cystine knot peptides coupled to perfluorocarbon-filled
microbubbles for targeted molecular ultrasound imaging of human ovarian ade-
nocarcinoma xenograft tumors in mice. There, the imaging signal of microbubble–
knotting peptide combinations in the tumor was even higher than the signal emitted
by larger microbubble–antibody combinations [70]. Another study performed by
Anderson et al. in a murine mammary carcinoma model showed similar results,
when microbubbles were conjugated with avb3 integrin affine arginine–glycine–
aspartic acid (RGD) [5].

In addition, avb3 integrin-targeted microbubbles can be used to longitudinally
assess vascular responses to therapy. In this regard, Palmowski and coworkers
successfully evaluated avb3 integrin-targeted microbubbles to detect acute radio-
therapy effects. In rat prostate tumors, a single 16 Gy irradiation with carbon ions
resulted in enhanced avb3 integrin expression, while tumor perfusion hardly
changed [51]. Therapeutic effects of bevacizumab on 2LMP breast cancer in mice
was examined by Sorace and colleagues using triple-targeted molecular ultrasound
microbubbles (antibodies against avb3 integrin, P-selectin, and VEGFR2).
Although no changes in tumor size could be detected three days after bevacizumab
injection, molecular ultrasound imaging indicated a decrease in microvessel den-
sity. Hence, molecular ultrasound imaging can be used to obtain information about
the early therapy response even before a change in tumor size occurs [61]. How-
ever, the need of investigating molecular information and vascularization in concert
to distinguish between vascular regression and changes in the molecular expression
of angiogenesis markers at the endothelium has to be noted [50].

15.6.1.3 Endoglin
Endoglin is a marker of tumor-related angiogenesis and neovascularization. It is
expressed and up-regulated on proliferating endothelial cells and serves as an
accessory receptor for the transforming growth factor-beta (TGF-b). Several studies
showed the suitability of this angiogenesis marker for the detection of tumor neo-
vascularization in mouse glioma xenografts [45] and the longitudinal monitoring of
receptor expression in breast, ovarian, and pancreatic cancer in mice [20]. Further-
more, it could be applied successfully to monitor therapy response of mouse mela-
noma to sorafenib treatment [41] andmouse pancreatic tumor response tomonoclonal
antibody (VEGF) alone or in combination with gemcitabine therapy [38].

15.6.2 Further Molecular Targets

Next to these well-known markers of tumor angiogenesis, several less-known
markers related to angiogenesis were successfully evaluated by molecular ultra-
sound imaging. The expression of secreted frizzled-related protein-2 (SFRP-2) was
captured in tumor vessels of murine angiosarcoma [64]. In addition, neuropilin-1
[77] and nucleolin [76] could be visualized on murine breast cancer vasculature.
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Furthermore, inflammation-related markers, like E-selectin, B7-H3, or the thy-
mocyte differentiation antigen 1 (Thy-1), have been targeted in tumors using
molecular ultrasound imaging (Table 15.2). Of those, E-selectin was most com-
monly addressed. In this regard, Fokong and coworkers developed microbubbles
decorated with a peptide that specifically targets E-selectin, an important mediator
for the adhesion of leukocytes that is involved in tumor metastasis and progression.
In line with this, significant binding of E-selectin targeted microbubbles was found
in human ovarian carcinoma xenografts [26]. Using the same microbubbles, Spivak
and colleagues performed a dosing experiment aiming to reach the microdose range

Table 15.2 Overview of currently used markers for molecular ultrasound imaging with micro- or
nanobubbles

Contrast agent Marker Pathway Cancer
model

Microbubbles VEGFR2 Endothelial proliferation and
migration, angiogenesis

Pancreatic [38, 56]

Ovarian [11, 71]

Prostate [63]

Breast [3, 8, 13, 75]

Squamous cell
carcinoma [10]

Colon [6, 22, 66]

Skin [50]

Integrin Cell movement, leukocyte adhesion,
angiogenesis

Glioma [21]

Ovarian [20, 70]

Breast [5, 20, 61, 67]

Liver [74]

Prostate [51]

Skin [50]

Pancreas [20]

Endoglin
(CD105)

Tumor growth, metastasis,
angiogenesis

Pancreatic [20, 38]

Ovarian [20]

Melanoma [41]

SFRP2 Angiogenesis Angiosarcoma [64]

Neuropilin-1 Angiogenesis Breast [77]

Nucleolin Synthesis and maturation of ribosomes Breast [78]

E-selectin Inflammation Ovarian [26, 62]

Thy1
(CD90)

Nerve regeneration, metastasis,
inflammation, apoptosis

Pancreatic [2]

B7-H3
(CD276)

Tumor immunology, inflammation Breast [9]

Nanobubbles CA-125 Tumorgenesis, proliferation Ovarian [29]

Phase-shift
nanoparticles

Folate
receptor

Tumor cells Ovarian [43]

Nanoparticles SHP2 Tumor cells Thyroid [32]
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in human carcinoma xenografts of the ovary and epidermis in mice. Although the
microdose range could not be achieved, changes in E-selectin expression after
antiangiogenic treatment in human ovarian carcinoma xenografts in mice could be
captured with microbubble doses of 7 � 107 microbubbles/kg body weight [62].

15.6.3 Nanobubbles and Nanoparticles for Preclinical
Molecular Ultrasound Imaging

In contrast to microbubbles, whose application is restricted to the vascular com-
partment, nano-sized contrast agents can leave the vasculature and, therefore, reach
molecular targets outside the blood vessels.

15.6.3.1 Nanobubbles
In 2017, Gao and colleagues demonstrated targeting of the cancer antigen 125
(CA-125) with antibody functionalized nanobubbles in positive OVCAR-3
tumor-bearing mice. Ca-125, a protein located in mesothelial cells, is involved in
tumor proliferation and tumorigenesis. The study showed a high tumor accumu-
lation of the targeted nanobubbles, increased retention, and an enhanced ultrasound
signal [29].

15.6.3.2 Phase-Shift Nanoparticles
Phase-shift nanoparticles represent a compromise between microbubbles that have a
high echogenicity and nanoemulsions that can leave the vascular bed [43]. An
ultrasound-triggered phase transition of the nanoparticles leads to a microbubble in
the tumor tissue and enables the detection via ultrasound. In a recent study by Li
and coworkers, liquid perfluorohexane nanoparticles with a size of 280 nm and
encapsulated by poly lactic-co-glycolic acid were investigated. Perfluorohexane has
a low boiling point and can, therefore, undergo the phase transition with
low-intensity focused ultrasound. These particles were decorated with a
folate-targeting group as many epithelial-derived tumors show an overexpression of
the folate receptor. They show the ability of their nanoparticles to undergo the phase
shift and performed in vivo competition with free folic acid to verify specific
accumulation in ovarian cancer xenografts that were also confirmed by fluorescence
histology [43].

Another approach to overcome the penetration limitations of microbubbles by
using phase-changeable perfluorocarbon nanoparticles focused on the targeting of
Src homology 2 domain-containing phosphotyrosine phosphatase 2 (SHP-2) in
thyroid tumors. PLGA nanoparticles encapsulating perfluoropentane were decorated
with an SHP-2 binding antibody. Their ability to undergo low-intensity-focused
ultrasound induced phase transition and their binding specificity to human thyroid
cancer xenografts could be verified [32].
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15.7 Clinical Application

Currently, BR55 is the only molecularly targeted ultrasound contrast agent that
received the Investigational New Drug Approval from the US Food and Drug
Administration. The phospholipid-based microbubble is filled with a mixture of
perfluorobutane and nitrogen and functionalized by incorporation of a kinase insert
domain receptor (KDR)-targeting phospholipid heteropeptide into the microbubble
shell [53]. The peptide has a high specificity to KDR, also known as human
VEGFR2, which was introduced previously in this chapter.

Prior to the application in patients, BR55 was extensively tested in preclinical
settings to demonstrate its potential for tumor characterization [13, 53, 56, 63] and
therapy response evaluation [75, 78] in animal models of prostate [63], breast [13,
53, 75] and colon [56, 78] cancer in mice [13, 75, 78] and rats [53, 63].

In 2017, Smeenge and coworkers reported on the first application of BR55 in
humans. In this phase 0 study, the feasibility and safety of BR55 to detect prostate
cancer in patients was investigated [60]. BR55 showed a good safety profile as no
serious adverse events occurred, and malignant lesions were detected with a high
accuracy and in good correlation with histopathology.

Another study carried out by Willmann and coworkers used BR55 to assess
KDR expression in focal ovarian and breast lesions of patients [69]. Here, only few
mild to moderate self-resolving adverse events were found that were related to the
microbubble injection. They claim that these adverse events were comparable to
those occurring in controlled clinical trials using non-targeted microbubbles
approved by the US Food and Drug Administration. Furthermore, the results from
KDR-targeted molecular ultrasound imaging matched well with KDR expression of
focal ovarian and breast lesions evaluated with immunohistochemistry (Fig. 15.6).

A recently completed clinical trial tested the efficacy of BR55 to detect prostate
cancer prior to radical prostatectomy using volumetric ultrasound imaging (Clini-
calTrials.gov identifier: NCT02142608). However, the outcome is not yet open to
the public.

These promising results of first-in-human proof of concept trials show the
diagnostic potential of molecularly targeted ultrasound imaging and should stim-
ulate further research on the exploration of this non-harming imaging modality as
an alternative or complementary tool to other molecular imaging modalities dis-
cussed in this book.

15.8 Targeted Ultrasound-Mediated Drug Delivery

Besides their diagnostic application, microbubbles can be used to enhance thera-
peutic effects by mediating a transient permeabilization of cell membranes. This is
caused by the oscillation of microbubbles as a response to ultrasound pressure
waves. In this context, stable cavitation occurs when ultrasound is applied at low
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intensities, whereas high ultrasound intensities lead to inertial cavitation that can
result in the destruction of microbubbles [42].

Sonopermeabilization can be used to temporarily open biological barriers to
improve drug delivery to tissues. The term sonopermeation describes the use of
contrast-enhanced ultrasound to locally increase perfusion and tissue permeability.
This can be of special interest for opening of the blood–brain barrier, which pre-
vents the entrance of substances from the blood into brain tissue. There are many
interesting studies on sonoporation ongoing using clinical scale ultrasound contrast
agents [58]. However, it needs to be mentioned that this paragraph only considers
applications with targeted microbubbles.

In this context, Chang and coworkers investigated cationic microbubbles carrying
a suicide (pHSV-TK) and a reporter gene (red firefly luciferase gene). Additionally,
the microbubbles were decorated with an anti-VEGFR2 antibody to target the vas-
culature of rat glioma. The application of focused ultrasound leads to a strong
oscillation of bound microbubbles resulting in permeabilization of the blood–brain
barrier to enable trans-vascular gene delivery. At the same time, a disintegration of
the microbubbles into nanometer-sized fragments enables the introduction of DNA
into perivascular cells. They showed an increased gene concentration in the target
cells and a reduction of tumor growth. However, a limitation of this method is the
difficulty to transfect tissue beyond the vasculature since the gene delivery primarily
occurs in cells with direct contact to microbubbles [15].

Fig. 15.6 Assessment of KDR expression in focal ovarian lesions of patients. Upper panel:
Endometrioid carcinoma in a 50-year-old woman: the transverse endovaginal B-mode ultrasound
image of the right ovary shows a 5.2-cm-large mixed cystic and solid lesion (yellow
arrows = solid lesion) that also shows a strong imaging signal 13 min after intravenous injection
of BR55. KDR expression on the tumor-associated neovasculature (CD31-positive, red arrows)
was confirmed by immunohistology. Lower panel: Benign serous cystadenofibroma in a
65-year-old woman: the transverse endovaginal B-mode ultrasound image of the right ovary
presents a 4.8-cm-large, mixed cystic and solid ovarian mass (yellow arrows = solid lesion) with
only minimal background signal after injection of BR55. Immunohistochemistry shows only
minimal KDR expression (green arrow) on CD31-positive vasculature. Scale bar immunohisto-
chemistry images: 100 mm (reproduced with permission from [69] ©American Society of Clinical
Oncology)
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A possibility to overcome the limited penetration of microbubbles into the tumor
tissue could be the use of phase-changeable nanoparticles as drug delivery systems.
In this regard, Liu and coworkers established nanodroplets with a liquid
phase-changeable perfluoropentane core and a shell composed of cholesterol and
phospholipids with conjugated folic acid. Furthermore, the nanodroplets were
loaded with superparamagnetic iron oxide nanoparticles (to be visible in MRI and
photoacoustics), and the anticancer drug 10-hydroxycamptothecin was incorpo-
rated. The passive (enabled by the small particle size and extravasation through
leaky tumor vessels) and active (enabled by targeting to folic acid receptor)
accumulation of nanodroplets in murine ovarian cancers could successfully be
visualized by MRI and photoacoustic imaging. Furthermore, low-intensity-focused
ultrasound induced the phase transition of accumulated nanoparticles in the tumor
into microbubbles that resulted in an enhanced echo intensity in ultrasound mea-
surements. The release of drugs from the phase-changeable nanoparticles during the
phase transition resulted in enhanced tumor growth inhibition compared to treat-
ment with the drug alone [47].

Although both approaches are showing promising results, there are still many
open questions regarding the ability of the contrast agents to overcome biological
barriers inside the tumors, the biological processes induced at the cell membrane,
and the most effective therapy protocol.
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16.1 Introduction

As the field of oncology is expanding, new processes are revealed, and many more
questions arise. Investigation at subcellular resolution is not possible in the clinical
setting, and therefore a preclinical platform is needed. This is offered by the use of
immortalized cell lines where cellular and molecular dynamics can be investigated.
However, it is often criticized that such cell lines resemble the clinical malignant
tissue only to a limited extend. To address this issue, the use of small animals has
been increasingly employed in oncology studies. This includes the use of wild but
also transgenic species, modified to investigate the effect of different factors in
oncological development or processes. Sample analysis can be done using
molecular techniques, such as western blots, HPLC, mass spectroscopy, or through
visualization using microscopy.

Imaging of tissue or cells with subcellular resolution is important for delineating
molecular processes. Techniques that offer this kind of information include optical
microscopy techniques (wide-field fluorescence, confocal laser scanning micro-
scopy—CLSM, super-resolution microscopy—SRM, and two-photon laser scan-
ning microscopy—TPM), and electron microscopy techniques (TEM, AFM, SEM,
etc.). In this chapter, we will review only advanced optical fluorescence techniques
since they are minimally invasive or non-invasive and require minimal sample
preparation. Moreover, as it will be shown below, some of these techniques can be
also applied in vivo offering a unique tool for investigating tumour dynamics and
processes.

A plethora of techniques that offer resolution around 1 lm or better and are
fluorescence-based is available. Each of them offers unique advantages. We will
review the potential of each technique and highlight their strengths. These tech-
niques include confocal laser scanning microscopy (CLSM), light-sheet microscopy
(LSM), two-photon microscopy (TPM), and super-resolution microscopy
(SRM) techniques.
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16.2 Fluorescence and Labelling

Fluorescence-based microscopy techniques use the phenomenon of fluorescence as
contrast mechanism. Fluorescence occurs when an excited molecule transitions
from the first excited electronic state to the ground electronic state by emitting a
photon. There are also other de-excitation mechanisms which are radiationless;
therefore, they do not contribute to fluorescence. In fluorescence-based microscopy
techniques, molecules with high fluorescence rates are used. In such techniques
usually, excitation is accomplished with a laser line. A typical Jablonski diagram of
de-excitation transitions of the microscopy techniques described in this chapter is
depicted in Fig. 16.1. Traditional bright-field microscopy, as the one used for
histopathologic examination of tissue slides, relies on the phenomenon of absorp-
tion or scattering for contrast. This limits the number of contrast agents, as
absorption spectra are generally broad and overlap, and additionally out of focus
signal significantly blurs the image. In fluorescence, emission spectra are generally
narrower, since only two electronic states are involved in the process. As a result, it
is easier to control excitation and detection, by using a specific excitation wave-
length for each fluorophore and selecting only a small wavelength bandwidth for
detection. In this way, three or more fluorophores can be combined in a single
sample and the excitation of each fluorophore can be controlled independently.
Conventional wide-field fluorescence microscopy is not reviewed in this chapter as
it offers lower axial resolution compared to the other techniques.

In microscopy, fluorescence is used to increase contrast. In order to achieve this
contrast, the structure under investigation, e.g. a protein, DNA, has to be labelled
with a fluorescent marker. To achieve this, several methods for labelling have been
developed.

Fig. 16.1 Jablonski diagram of the molecular transitions of fluorophores in different microscopy
techniques
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16.2.1 Chemical Labelling

In this case, a molecule, a peptide, or a chemical agent in general that is shown to
preferentially bind to a specific structure is used for direct labelling. When the
chemical agent is not fluorescent itself, it is conjugated to a fluorescent dye.
Examples of such agents include DAPI and Hoechst, commonly used for nuclear
staining. Other examples are specific mitochondrial dyes (such as Mitotracker,
TMR, or JC-1, the latter with fluorescence colour depending on mitochondrial
membrane potential), actin dyes (such as phalloidin or SiR-actin), or membrane
dyes (such as DiI, WGA, and MemBrite). This kind of labelling is relatively easy
and usually requires a single step of incubation, after which the labelled structure
becomes visible on a dark background.

16.2.2 Immunofluorescence

Immunofluorescence staining involves the use of antibodies that target specific
proteins in the cell. The primary antibody can be linked to a fluorescent probe
directly. More commonly, a secondary antibody carrying the probe (usually organic
dyes) is used to target the unlabelled primary antibody. In the case of using secondary
antibodies, more than one secondary antibody can bind to the primary antibody,
therefore increasing the fluorophore density, and thereafter signal. The advantage of
antibody labelling is that any structure in the cell can be specifically labelled. The
disadvantage, however, is that it can only be performed on fixed samples. Antibody
labelling, in general, is a multistep process that requires fixation, permeabilization,
and staining of the sample, and several washing cycles in between. In intact tissues
and living animals, the antibodies cannot penetrate deep enough. They can certainly
not enter intact cells, allowing only labelling of external targets.

To address issues concerning the size of conventional antibodies especially in
applications of super-resolution microscopy, new generation of markers has been
developed. These include affibody proteins [1], which are small synthesized pep-
tides designed to target a specific protein, and antibody fragments [2], which are
engineered to retain the targeting properties of the full antibody but be smaller in
size. One could also consider chromobodies as an example of this type of staining,
since the cell is transfected with the heavy chain fragment of a lama antibody to a
specific protein. Such staining agents can either be conjugated to a fluorophore or
be followed by an additional step of secondary labelling, similar to classical
immunostaining.

16.2.3 Fluorescent Proteins

In this case, the DNA of the host is modified to express a fluorescent protein
(FP) such as green fluorescent protein (GFP), and yellow fluorescent protein
(YFP) in the target structure. This can be achieved temporarily by transfecting the
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cell with a plasmid that contains the FP’s DNA. Transfection efficiency can vary
due to competing mechanisms in the cell and as a result transfection efficiency can
vary significantly from cell to cell. To address this issue, the DNA of the host can
be modified permanently to express the FPs. The later method is more challenging
to achieve but offers more reliable results. It can be performed on cell lines or even
small animals such as mice, rats, and zebrafish. FPs are not as bright as organic
dyes; however, they are expressed specifically on the desired target (e.g. a protein
like LaminA, Actin). Furthermore, since they are expressed naturally by cells, FPs
are optimal for live-cell imaging.

In more advanced applications where signal intensity is important for applica-
tions, such as live-cell imaging or single-molecule microscopy, the so-called SNAP
[3], Halo-, and CLIP-tag methods can be used [4]. These are self-labelling enzymes
which can be fused to a target protein and can covalently bond to a labelled ligand.
The advantage of this method is that organic dyes can be used for ligand labelling,
which are brighter than FPs.

16.2.4 Photo-Switching Dyes

Photo-switching dyes are used in super-resolution techniques. SRM techniques rely
on their ability to drive the dye in states that are fluorescent—the ON state—and
states that are non-fluorescent—the OFF state—in a controlled manner [5]
(Fig. 16.1). This includes dyes that can reversibly photoswitch between an OFF and
ON state (such as cis-trans isomerization of FPs, or dyes in the presence of strong
reducing solutions [6]), dyes that irreversibly photoswitch from an OFF state to an
ON state, and dyes that are irreversibly photoconverted from one fluorescence state
to another red-shifted fluorescence state. Their emission state can be controlled, and
the emission from a single molecule can be recorded independently of neighbouring
molecules. This method provides a detailed and high-resolution “map” of each
fluorophore. Such dyes are commonly used in PALM/STORM-related techniques.

16.3 Fluorescence Microscopy Techniques

In this chapter, we will discuss the most frequently used microscopy techniques in
oncological research. We refer to Fig. 16.2 for a detailed schedule of the individual
setups.

16.3.1 Confocal Microscopy

Confocal laser scanning microscopy (CLSM) was conceptualized in the late 60s;
however, it became widely applicable in the late 80s and early 90s. Developments in
laser technology and electronics allowed the construction of electronic microscopes.
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Combined with the use of a high intensity collimated light source—the laser—and
multiple electronic systems that could be synchronized and controlled by a computer,
this allowed the production of high-resolution tomographic images. Nowadays,
confocal microscopy is a standard technique for light microscopy facilities [7].
Contrast is based on fluorescence and any conventional dye (using the labelling
techniques described above) can be used for imaging. A pinhole is used to reject the
out of focus light and restrict the axial dimensions of the section being imaged. Such
detection requires high levels of signal, since signal mainly form the focal spot that is
mainly collected; therefore, in practice modern bright dyes that are less sensitive to
photobleaching are favoured. Typically, resolution in confocal microscopy is around

Fig. 16.2 Schematic overview of different fluorescence microscopy techniques. a Confocal
microscopy, the sample is scanned with a laser source and fluorescence is detected by a photon
detector PMT. Out of focus light is rejected by the pinhole (P). b Two-photon microscopy, a
pulsed near-infrared laser source is scanning the sample and a PMT is detecting the signal.
c Light-sheet microscopy, a sheet of light excites the sample from the side and a perpendicularly
positioned objective lens is collecting fluorescence to form the image on the CCD or sCMOS
camera. d STED, it is a confocal-based method where additionally a depletion beam is scanning
the sample along with the excitation beam. e SMLM, activation and excitation beams are used at
different frequencies and intensities to drive molecules stochastically in and out of the fluorescence
state. f SIM, a diffracting element is used to create a striped illumination pattern at the focal point.
This pattern is rotated, and subsequent images are post-processed
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250 nm in XY and 700 nm in axial dimension. Confocal microscopy can be used for
imaging of any type of cell process in culture, in both fixed and living cells. It can also
be used as an alternative to histopathology, where biopsies can be imaged immedi-
ately after removal in order to define tumour margins and type [8]. The advantage is
the 3D sectioning and higher resolution compared to conventional wide-field
microscopy. Contrast and resolution of confocal images can be further improved by
post-processing based on deconvolution algorithms. This technique is very efficient
in reducing noise and enhancing contrast of subtle structures, therefore increasing
resolution, especially in “noisy” images [7].

16.3.1.1 Limitations
Confocal microscopy uses visible light for excitation. Visible light has low pene-
tration depth; therefore, thicker tissues cannot be visualized. Penetration depends on
the sample absorption and scattering properties, and typically is in the 50–100 lm
range. At deeper layers, out of focus fluorescence cannot be rejected anymore, due
to scattering, and images become blurry. Another limitation is the number of
fluorescent probes that can be used. Commonly, three different probes can be used
without complications, using sequential imaging. Use of more probes is possible,
though the risk of fluorescence cross-talk from one channel to the other increases.
Because it is a scanning technique, it is slower compared to conventional wide-field
fluorescence. To increase scanning speed resonant scanners can be used, which can
acquire images at video rate (30 frames per second-fps) with good signal-to-noise
ratio (SNR). Another application which can increase acquisition speed is the
spinning disc confocal. In this case, instead of scanning the laser beam over the
sample, two discs, one containing microlenses and the other individual pinholes, are
rotated in tandem to scan the sample, and the image is projected on a camera such
as a CCD or sCMOS. Spinning disc offers high-speed scanning, but resolution is
inferior to classical CLSM due to pinhole cross-talk.

16.3.2 Light-Sheet Microscopy—LSM

Light-sheet microscopy (LSM) or selective plane illumination, a technique recently
introduced [9, 10], has received a lot of attention. Light sheet, instead of using the
same path for excitation and detection as in CLSM and TPM, uses a thin sheet of
light to excite a layer of the sample. Another objective placed perpendicular to the
excitation light sheet is used to collect the generated signal. By doing so, the entire
illuminated (and excited) section of the sample can be used to collect signal from.
Since there are full field excitation and image formation, LSM is very fast. Its
resolution is mainly dependent on the thickness of the light sheet, typically being in
the 1–2 lm range. The extension of the light sheet over which it can maintain a
relative homogeneous thickness defines the maximum field of view, typically
around 0.5–1 mm. LSM typically offers less resolution compared to CLSM and
TPM, but it is much faster (several frames per second) and allows imaging of large
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fields of view. However, samples need to be transparent, for example, embryos
(such as drosophila, zebrafish), and small organoids, and cleared organs [11].

Recently, super-resolution variations of LSM, such as lattice light sheet, have
been reported, which offer reduced field of view and penetration depth but are
significantly fast [12]. Also, a non-invasive in vivo application was presented,
which gives promise for further development of the intravital application of the
technique [13]. This opens up the potential for intravital imaging also in oncology
with very high-resolution and video-rate acquisition.

16.3.2.1 Limitations
Because of its orthogonal excitation detection geometry, LSM poses limitations on
the objectives that can be used and on the sample positioning in the microscope. In
routine applications, resolution is inferior to that of CLSM or TPM; therefore, if the
structure of interest is below the 1 lm range, super-resolution techniques will have
to be preferred instead. Additionally, penetration depth can be a concern; therefore,
if the tissue is not transparent, either naturally (embryos) or by clearing, penetration
is limited in the 50–100 lm range depending on the sample.

16.3.3 Two-Photon Microscopy

Two-photon microscopy (TPM) (also referred to as two-photon excitation,
two-photon laser scanning, multiphoton, or non-linear microscopy) was invented in
the early 90s [14]. Its development was facilitated by the presence of very fast
laser-pulsed systems (80 MHz) able to deliver very short pulses in the range of
hundreds of femtoseconds with high enough intensity. Because light scattering and
absorption in biological samples for the near-infrared laser sources (usually 740–
860 nm) used in two-photon microscopy is much lower than that for the visible
spectrum, near-infrared light can penetrate deeper. This property allows high-
resolution imaging deep in tissue sections, organs, and organisms in vitro and
in vivo. The actual penetration depth depends on the optical properties of the tissue
and can range from 200 lm [15] in skin up to 1 mm in brain [16]. Additionally, due
to the fact that excitation takes place only in the focal plane, a pinhole is not needed.
Therefore, detectors can be placed closer to the sample and as a result detection can
be more efficient. Like confocal microscopy, it is a scanning technique and again
similar to confocal can produce 3D images. Resolution in TPM on very thin
samples, such as cells or surface of tissues, is worse than confocal due to the longer
excitation wavelength used. However, at deeper layers, confocal resolution worsens
significantly due to scattering, while in TPM resolution is less affected (since
fluorescence originates from the focal spot), so as a result resolution of TPM
becomes better compared to confocal at deeper layers. Since in TPM excitation only
takes place in the focus of the objective, photobleaching and photodamage are
overall less compared to that in confocal microscopy. However, photobleaching
rate can be significantly higher in the focus, compared to confocal, due to non-linear
processes [17].
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Typically, in TPM, objectives with lower numerical aperture (0.8–1 NA) and
low magnification (20X) are used. Such objectives offer bigger field of view (500–
700 lm), have longer working distances (2–8 mm), and are water immersion. This
facilitates the application of tissue imaging where deeper penetration is needed,
water immersion is more compatible with tissues, especially when doing intravital
imaging, and capturing as more as possible of bigger morphological structures is
required. Resolution for such objectives is around 500 nm in the lateral plane, and
1.5 lm in the axial direction.

Another advantage of TPM is that it can effectively excite and detect endoge-
nous fluorophores as well as image collagen in the extracellular matrix based on the
second harmonic signal (SHG). There are several natural fluorophores in tissue such
as keratin, melanin, NDH, FAD, collagen, and elastin. These can be used to
visualize tissue, which is usually termed as autofluorescence. In TPM, many probes
and/or autofluorescent structures can be excited with a single wavelength (for
example, 800 nm). This in contrast to the sequential imaging needed in CLSM.
This is especially relevant in intravital imaging or in imaging in living cells. When
considering intravital applications the advantage is that instead of UV light that
would be required for one-photon excitation, such as in confocal microscopy, a
near-infrared source is used which is not damaging DNA. Additionally, the SHG of
collagen is commonly used as a label-free method to image the extracellular matrix
(collagen). Another tissue element that can emit SHG is striated muscle; however, it
is not usually relevant in oncology.

Several reviews already exist on this topic [18–23]. In this section, we will
review the most important applications.

16.3.3.1 Limitations
TPM can efficiently excite autofluorescent molecules of the samples but when
exogenous labelling is used, autofluorescence can be a problem as it adds an
unwanted fluorescence background. Protocols to decrease autofluorescence back-
ground have been proposed [24], but they do not apply for every tissue and are not
applicable in vivo. Due to the NIR wavelength used for excitation, resolution is
lower compared to CLSM.

16.3.4 Super-Resolution Microscopy Techniques

Key contributors to the development of super-resolution techniques have been
awarded the Nobel prize in chemistry in 2014. The most common techniques are
simulated emission depletion (STED), photo-activatable localization microscopy
(PALM), stochastic optical reconstruction microscopy (STORM), and structured
illumination microscopy (SIM).
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STED

STED is a confocal-based technique that additionally employs a depletion beam
(usually in the red-infrared spectrum) to eliminate fluorescence emitted around the
central point of excitation. This reduces the excitation region leading to improved
resolution [25]. Resolution can be tuned by adjusting the depletion beam intensity
according to the fluorophore, and the sample’s properties. In biological specimens,
resolution can be down to 70 nm in XY- and Z-directions. Since it is
confocal-based method, it can offer sectioning capabilities and 3D imaging up to
50 lm in the sample, especially with refractive index correction objectives. Also,
compared to other super-resolution techniques, it is fast (20 images per second in
resonant scanner mode) and no post-processing is needed. Consequently, it can be
used to study dynamic processes in living cells. Resolution in STED depends on the
intensity of the depletion beam. Therefore, resolution can be tuned according to the
desired resolution or the (bleaching) properties of the fluorophore.

16.3.4.1 Limitations
In STED, two laser beams are applied, one in the visible spectrum for excitation and
another in the red-infrared spectrum for depletion. Usually, high levels of light are
used for the depletion. This can lead to fast photobleaching of the sample.
Therefore, dyes that are very photostable and bright are needed. Furthermore, an
absolute prerequisite is that the probe does not absorb at the depletion wavelength.
Imaging deeper sections of the sample are possible; however, penetration depth is
similar to that of confocal and limited to 50–100 lm depending on the sample
properties.

16.3.5 Single-Molecule Localization Microscopy—SMLM

Single-molecule localization microscopy (SMLM) techniques, such as PALM [26]
and STORM [27], rely on determining the exact localization of a fluorophore in the
sample. This is achieved by means of stochastic excitation of a subset of fluor-
ophores. Comparing with conventional fluorescence microscopy, fluorescence still
takes place, but a “dark state” (a state from which the fluorophore cannot fluoresce)
is also involved in the fluorophore transitions. In a typical SMLM experiment, all
fluorophores are in a “dark state” and then with low-intensity light a subgroup is
activated and transitions to the “bright state” in which the molecule can transition
between the singlet electronic states and emit fluorescence as depicted in Fig. 16.1.
After the fluorophore has emitted sufficient photons for accurate localization tran-
sition to the “dark state” or can be permanently turned off by photobleaching. It is a
repetitive process, until all fluorophores have been sufficiently interrogated. The
resulting image is a map of the localization of the fluorophores. Resolution depends
on the density of the fluorophores and on the number of photons collected.
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The density should be chosen in agreement with the size of the structure to be
imaged. A pitfall in this case is that when the density is too high, the simultaneous
activation of fluorophores within the same diffraction-limited volume can take
place, resulting in artefacts. Also, dyes have limitations on the number of photons
that they can emit before entering a non-fluorescent state. The typical resolution that
can be achieved is in the range of 20–50 nm. Several variations of these techniques
have been developed to improve speed, specificity, photon collection efficiency,
and resolution

16.3.5.1 Limitations
SMLM techniques are rather slow; acquisition of a single final image is in the order
of seconds in modern setups. This severely hampers the imaging of fast processes in
living cells. Furthermore, only images up to a depth of 1 lm can be made (using
special cylindrical lenses), excluding visualization of processes and morphology
deeper in cells. Finally, only certain types of dyes in combination with dedicated
mounting methods can be used.

16.3.6 Structured Illumination Microscopy—SIM

In structured illumination microscopy (SIM) [28, 29], the sample is illuminated
with a pattern of alternating bright and dark stripes. This pattern is usually created
by using a diffractive mask, or by using a spatial light modulator (SLM). This
pattern is then rotated, and the acquired images are post-processed. This method of
illumination creates the so-called Moiré fringes, highlighting sub-diffraction fea-
tures. With post-processing of the images, the high spatial frequency components of
the image (higher order details) are extracted, and consequently resolution is
improved up to twofold (*120 nm). Further improvement in resolution can be
achieved by modifications to this technique, i.e. Saturated SIM (SSIM) [30, 31].
Resolution improvement is limited compared to other super-resolution techniques,
but advantages of SIM are that there are no specific requirements for the dye
selection, so any conventional dye is adequate. Additionally, since excitation light
is usually low in intensity, photodamage and photobleaching are reduced. SIM is
most commonly applied to wide-field microscopes, but application to scanning
microscopes is also possible. It can also be used for in vivo studies; however,
images will require post-processing to extract super-resolution.

16.3.6.1 Limitations
Image acquisition involves the acquisition of several sequential images of the same
region. When imaging dynamic processes, this can be an issue if the acquisition
time is larger than the period of the process investigated. Moreover, images need to
be processed in order to construct the final image, which increases the total imaging
time and the processing needs of this technique. Resolution improvement is limited
to up to twofold which is not as high as the other SRM techniques offer (STED:
70 nm, SMLM: 20 nm).
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16.4 Applications

16.4.1 Confocal Microscopy

CLSM is one of the most common microscopy techniques used in life science,
found in most research institutes. It has been used in numerous studies studying the
molecular basics of cancer. The major advantages are that it can provide
high-resolution tomographic images of cells and subcellular compartments. For
example, it has been used for investigating tumour initialization and analysing stem
cell dynamics where it was shown that evolution of malignant mutations is not
deterministic and that also the environment can affect their evolution [32]. Confocal
microscopy was also used to investigate the kinetics of tumour cells and the effect
on DNA damage. It was shown that tumour cells can reshape in order to migrate
through very small openings, and even though nuclear envelope can rapture during
this process and sustain DNA damage, they have repair mechanisms [33]. Another
example includes the use of confocal microscopy to investigate the cell renewal of
cancer stem cells on organoids developed from patient cells and implanted on mice
[34]. The parameters leading to tumour regression were also visualized with CLSM.

Similar to the CLSM method based on fluorescence, a sister technique based on
reflection (Reflectance CLSM) from tissue has been developed. This method has
found applications that are closer to the clinical setting as no staining is required,
since signal originates from the reflectance signal of the tissue itself. It has been
particularly useful in clinical applications of imaging skin lesions [35, 36]. Another
example is the use of these techniques for imaging breast needle core biopsies [37]
which could provide an alternative to the classical histopathologic investigation of
biopsies (Fig. 16.3).

16.4.2 Light-Sheet Microscopy—LSM

LSM microscopy with tissue clearing techniques was used to image whole solid
tumours with high resolution [38]. The phenotype and heterogeneity of solid tumours
were visualized in terms of vascularization and vessel thickness. Moreover, cancer
pattern heterogeneities regarding E-cadherin, N-cadherin, vimentin, and CD34 were
also visualized. What was also important was that the tissue used was paraffin
embedded and deparaffinized for imaging and afterwards reparaffinized for storage
and future re-evaluation. This approach has the potential of more accurate identifi-
cation of phenotypic patterns which can be discerned better in the 3D image com-
pared to the 2D images of histopathology [39] (Fig. 16.4). Targeting at the diagnostic
advantages that LSM can have over conventional histopathology, it was used to
image thick histological sections (0.4 cm) of tissue. The advantages were that thick
tissue slices could be imaged very fast, and structures of interest were not distorted
due to lm slicing, as it could happen with conventional histopathology [40].
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16.4.3 Two-Photon Microscopy

16.4.3.1 Ex Vivo
Two-photon has been used to elucidate tumour molecular processes in various
organs. It has often been used to compare histopathological results of standard H&E
staining with those of TPM. Usually, TPM imaging is based on endogenous signal

Fig. 16.3 Confocal images of cancer stem cell (LGR5-CreER) tracing in organoids. Cells have
been modified to express different fluorescent proteins—nGFP (green), EYFP (yellow), CFP
(cyan), and RFP (red). The results of treatment with tamoxifen after 3 days (upper row) and after
28 days (bottom row) are visualized. A number of clones have decreased after 28 days. Scale bars
first, second, and fourth column: 50 lm, third column: 100 lm. Adapted from [34]

Fig. 16.4 LSM images of cleared human tumour sample. CD34 immunolabelling reveals the
vasculature. In the zoom inset vessels are colour coded for different thicknesses (x, y, z indicators
80 lm). On the right, the entire reconstructed tumour sample with vessel thickness colour coding
(x, y, z indicators, 100 lm). Adapted from [39]
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of the tissue. Spectral properties that differentiate in malignant tissue are used for
tumour identification and delineation. Examples include imaging of colorectal
cancer tissue [41] where identification was based on nuclear size and collagen
intensity, healthy bladder mucosa, and carcinoma in situ [42], where morphological
and spectral emission differences between healthy and malignant lesions were
identified, and in breast cancer [43]. Common findings in these cases were that
nuclear morphology is irregular in malignant tissue, extracellular matrix organi-
zation is disrupted by tumour cells, and often spectral shifting is observed.

16.4.3.2 Metabolic Imaging
One of the advantages of endogenous fluorophore imaging is the ability to monitor
the metabolic state of cells. This has been successfully used to monitor differences
in metabolic activity of various grade cancer cells. The technique is based on
measuring the autofluorescence levels of coenzymes that play key roles in the
respiratory chain of cells, such as nicotinamide adenine dinucleotide (NADH) and
flavin adenine dinucleotide (FAD) [44–46]. Cells produce energy in the form of
ATP mainly through oxidation–reduction (redox) reactions, where NADH and
FAD are involved. NADH and of FAD are autofluorescent, also under two-photon
excitation at 740 nm and 820 nm, respectively [47]. Since they have distinct
spectral emissions profiles, they can be separated, and their contribution measured.
The ratio of their fluorescence intensities can be used to calculate the redox state of
a cell. Increased ratio of FAD over NADH is associated with oxidative activity,
whereas decrease of this ratio is correlated with glycolytic activity. These properties
have been used to evaluate redox level in epithelial precancer cells [44] and breast
cancer [48].

Other studies have focused on the fluorescence decay characteristics of NADH
and FAD. More specifically, the reduced form of NADH fluoresces with a char-
acteristic fluorescence lifetime depending on whether it is bound to a protein or free.
The free form of NADH has a short fluorescence lifetime (0.4–0.8 ns) and is often
associated with glycolytic activity. The bound form has a longer fluorescence
lifetime (2–4 ns) and is associated with oxidative phosphorylation. The oxidized
NAD+ is not fluorescent. FAD is autofluorescent in a different emission range and
when bound to a protein has a short fluorescence lifetime (0.8 ns), whereas when
free has a long fluorescence lifetime (2.0 ns).

Changes in the mean lifetime of NADH have been observed in cancerous and
precancerous cells [44] (Fig. 16.5), the proliferative state of the cell [49], the dif-
ferentiation pathway of stem cells [50], or the cell response to toxic agents [51].
These reports suggest that the mean NADH lifetime is associated with the metabolic
state of tissue. Since in cancer metabolism shifts towards anaerobic glycolysis (the
Warburg effect), it is expected that this shift would be reflected in NADH lifetime.
This technique has been used to identify precancerous epithelia [44], changes in
bladder carcinoma in situ [42], and malignant skin lesions [52].
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16.4.3.3 Multiphoton Imaging of Skin
Skin, as it is the outermost human organ, is easily accessible for non-invasive
imaging with TPM. For this reason, TPM has been particularly applied in imaging
skin lesions in model organisms, such as mice [53] and ex vivo human biopsies
[54], and later in human skin in vivo [15, 55].

In vivo application poses several limitations, most significantly the restricted use
of light intensity in the order of 20–40 mW and absence of compatible in vivo
labels. Skin imaging is therefore based completely on endogenous fluorophores.
Luckily enough, there are several endogenous fluorophores present in skin [56, 57].
Most abundant are keratin, melanin, NADH, FAD, and lipofuscin in the epidermis,
collagen, and elastin in the dermis. Detection of the endogenous signal is adequate
to visualize cells and subcellular components, such as mitochondria. Usually, cell
nuclei are identified as dark regions, since they don’t exhibit autofluorescence,
inside a bright autofluorescent cytoplasm. In the dermis, SHG from collagen and
fluorescence from elastin offer a detailed view of the extracellular matrix mor-
phology. Melanin is brightly fluorescent and can also be visualized in melanocytic
skin lesions. Stratum corneum contains significant amounts of keratin and also
lipofuscin. Changes in the morphology of skin lesions compared to normal skin, but
also spectral and fluorescence decay properties of individual fluorophores, are used
to identify and diagnose skin lesions. Advances in speed have allowed mesoscopic
imaging of skin lesions [58] (Fig. 16.6).

TPM has been applied in imaging skin tumours, such as squamous cell carci-
noma [59], basal cell carcinoma [60–62], and melanoma [63]. It was also shown
that imaging of mitochondrial dynamics could be used for diagnosis of early-stage
malignancies in vivo, based on the differences in mitochondria organization pat-
terns [52] (Fig. 16.7).

Fig. 16.5 a Redox ratio (FAD/NADH), b mean NAD lifetime, and c mean FAD lifetime of
normal low-grade and high-grade precancer endothelial cells. Z-axis indicates depth inside the
tissue. Adapted from [44]
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Fig. 16.6 TPM images of human skin. Colour coding green: autofluorescence from cells, blue:
collagen. Left: Images of skin at different depths. Close to the surface keratin is well visible
(green), and some cellular components are less visible (green punctuate) while deeper dermal
papillae (blue) become visible. Scale bar is 200 µm. Right: A wide-area field of view
(3.1 � 2.5 mm2) of dermo-epidermal junction, the region where skin folds are deep enough to the
level of papillary dermis. Scale bar is 0.25 mm. Adapted from [58]

Fig. 16.7 Morphological and functional differences are detected in in vivo endogenous TPEF
images of normal and cancerous human epithelia. Adapted from [52]
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16.4.3.4 Intravital Imaging with Two-Photon Microscopy
The ability for deep penetration and relatively reduced photodamage/
photobleaching has made TPM the technique of choice for intravital imaging of
small rodents such as mice and rats. Its potential applications in intravital imaging
have been recognized since early times [64]. It can be used in a non-invasive way
when imaging external organs such as skin, but for imaging non-superficial organs
a certain degree of invasiveness is required. A general protocol requires that the
animal must be anaesthetized, where subsequently a minimal surgical intervention
to expose the organ of interest follows. Such organs can be the bladder [65], the
carotid [66], the gastrointestinal tract [67], and others [68]. A more elaborate
method to monitor a region of interest for longer periods is to attach a glass window
on the region of interest. Especially in the field of brain imaging, a cranial window
is permanently attached to the scalp of mice and multiple imaging session can be
performed over the course of several months [69], and even in freely moving
animals [70] (Fig. 16.8).

One consideration when imaging intravitally is motion artefacts and speed.
Traditional scanning methods with frame rates above 1 frame per second (fps) are
too slow for acquiring static images. One has to consider the normal breathing
patterns of the animal, as well as the cardiovascular pulsing. To overcome this
problem without significant improvement in speed, the solution of triggered
imaging has been suggested, where a monitor observes both heart rate and
breathing rate and at appropriate time the trigger to image is sent [71]. Although this
technique is practical, it is not real time and is not fast enough. Another method to
overcome this problem is to increase the scanning speed. In this regime, there are
two solutions: (a) use of a resonant scanner and (b) use of multi-spot beam [72, 73].
Resonant scanners are very fast galvo-scanners operating at a fixed speed which can
acquire images with video rate [74] and higher. This has allowed intravital imaging

Fig. 16.8 TPM intravital imaging of gastrointestinal tract. The organ is exposed and mounted on
an optical window, while the animal is anaesthetized. This can also be done with windows for
tumour imaging. Adapted from [67]
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with very good results. One consideration is that noise levels are high; therefore,
this has to be compensated by using high concentration of dyes, and/or increasing
excitation intensity. The use of hybrid detectors certainly reduces noise levels and is
favoured when available. The other possibility of going faster is to use the
multi-spot beam. In this case, the single laser beam is divided into many beams,
typically 8–64 beams, which scan the sample simultaneously, therefore reducing
scanning time 8–64-fold. In multi-spot TPM, instead of a point detector such as a
PMT, a camera is used to collect the spatially separated signal. Cameras have a
higher detection efficiency (or quantum efficiency—QE) compared to PMTs
(Camera QE: *90%, PMTs QE: *40%). However, going deeper usually is
accompanied by higher degrees of scattering and as a result signal from adjacent
beams are detected. This introduces artefacts and limits the achievable resolution
deeper in tissues.

Tumour growth is dynamic and takes place at variable rates and with different
mechanisms [75, 76]. To elucidate the dynamics of these processes, an in vivo
model is crucial. Several applications using in vivo environments by either using
engineered tissue or small animal have been reported. To image the dynamic
growth of cancer and invasion, Koehl et al. developed a modified skin-fold chamber
model for orthotopic implantation in mice and subsequent injection of a solid
cancer cell pellet [77]. They were able to monitor a slow and linear pre-angiogenic
tumour growth phase at the beginning which was followed by rapid growth
afterwards. They used an additional laser line at 1100 nm for imaging a
near-infrared dextran variant which was helpful in separating its signal from EGFP
to DsRed2. They were able to image vessels, cellular morphology, and nuclear
states. Dondossola et al. using TPM and an imaging window investigated the
osteolytic progression of cancer tumours on mice models and reported on the
reduction of osteoclast kinetics and osteolysis, with no effect on tumour growth
after bisphosphonate treatment [78]. Studies on cancer tissue such as on breast
cancer [79, 80], cancer cells in vivo [81, 82], murine cutaneous squamous cell
carcinoma [83], glioblastoma [84], tumour microcirculation [85], and melanoma
cells [86] have been reported on intravital imaging. Several pathways for cell
migration and therapy have been investigated with intravital TPM [87, 88].

16.4.3.5 Second Harmonic Generation Imaging of Collagen
SHG is an efficient label-free method for imaging collagen [89]. Apart as a contrast
for visualizing the extension of extracellular matrix in connective tissue, the evo-
lution and morphological alterations of collagen matrix have been shown to cor-
relate with tumour growth and metastasis [18, 90]. Such changes involve collagen
synthesis, increases in organization, and compaction of collagen fibres and change
in their diameter. Such changes have been observed in different malignancies, and
several quantification tools [91] have been proposed which could be useful for
future diagnostic purposes and possibly automatic classification.
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16.4.3.6 Higher Order Fluorescence and Harmonics
In the field of non-linear microscopy, the applications of three-photon excitation
and third harmonic generation have been explored [92]. The advantage of
three-photon excitation is that a more red-shifted laser line is required (*1200 nm),
which allows deeper penetration inside tissues, while the emission profile of
fluorophores does not change. However, higher intensities are required, and pho-
tobleaching rate can become significant. Third harmonic generation offers contrast
on refractive index changes. Therefore, it provides contrast on interfaces in tissue
with change in refractive index, such as the presence of membranes, blood cells, fat,
and tissue layers. Together, this technique combined with TPM and SHG provides a
full arsenal of tools for imaging tissue with as many details as possible [93, 94]. In
practice, this allows for label-free imaging of tumour cells, red blood cells, mac-
rophages, adipocytes, connective tissue, and the surrounding microvasculature of
tissue and tumour microenvironment. Three-photon imaging has allowed imaging
even through intact skull [95], and short femtosecond pulsed lasers optimized for
exciting GFPs and RFPs have been demonstrated for deep tissue imaging [96]
(Fig. 16.9).

Fig. 16.9 Large field of view image (1.5 � 1.5 mm2) of label-free multi-harmonic image of
in vivo rat mammary tumour microenvironment. Colour coding, Green: SHG (collagen fibres),
Magenta: THG (from interfaces- membranes); Yellow: two-photon excited fluorescence (mainly
FAD in cells); Cyan: three-photon excited fluorescence (mainly NADH in cells). Connective tissue
appears green, macrophages appear cyan with a magenta boundary and can also be identified by
their morphology, tumour cells appear yellow with magenta boundary and within tumour regions
magenta punctuate originating from tumour-associated vesicles are visible. Scale bar: 100 µm.
Adapted from [94]
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Another application to increase penetration depth and speed is wide-field two-
[97, 98] and three-photon excitation [99]. Wide-field illumination ensures increased
speed (frame rates of 100 Hz), since the sample is not scanned but illuminated in a
similar manner as in wide-field microscopy. The apparent advantage in speed,
however, is offset but reduced axial resolution, but in application such as optoge-
netics where speed is more important, compromise in resolution is welcome. The
combination with three-photon excitation can increase penetration depth to 700 lm
[99] without photodamage.

16.4.3.7 Endomicroscopy
So far, the potential and requirements of TPM have been described in detail. The
potential of in vivo use has been demonstrated in small animals and in human skin
imaging. If the technique were to be translated to the clinical setting, a miniatur-
ization process is necessary. For this reason, efforts to convert this method to
endomicroscopy have been made. The main difficulty has been the miniaturization
of the lens and scanning head. In modern applications, this was achieved by the use
of the gradient-index (GRIN) lens [57], where gradients in refractive index are used
to focus light. Although this offers a compact solution for TPM, it poses a problem
because chromatic aberration is significant between excitation and emission light.
More recently, custom-made miniature lenses that can integrate diffractive elements
[100, 101] (Fig. 16.10) have been proposed to compensate for aberrations. Scan-
ning is performed in the miniaturized probe tip by using a piezoelectric ceramic
tube [102, 103].

Fig. 16.10 Tip of a fibre-optic scanning two-photon endo-microscope. a The tip includes a
piezoelectric element (PZT) for circular scanning, a miniature objective and is around 2 mm wide.
b Anaesthetized mouse during endomicroscopic imaging. c TPM image of kidney, red
autofluorescence, green collagen—SHG. d Same as in c but larger field of view, 450 lm. Scale
bars, 50 lm. Adapted from [100]
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16.4.4 Super-Resolution Microscopy

Several applications investigating oncological molecular process in this new range
of resolution have been reported [104]. Resolution is very much improved in
STED, but this is accompanied with reduced field of view and penetration depth.
Therefore, STED is optimal when imaging molecular processes in subcellular level
on cell cultures of primary or immortalized cell lines. In cancer research, some
examples include imaging of ovarian cancer cells [105], rectal cancer [106]
(Fig. 16.11), metastasizing cells [107], or the visualization of vimentin collapse
[108] which is correlated with reduced cancer cell stiffness.

SMLM techniques have also been used in oncology studies. They constitute an
obvious super-resolution alternative to confocal microscopy as they share similar
limitations of sample thickness but offer one order of magnitude improved reso-
lution. CLSM resolution is *200 nm while with SMLM it can be 20 nm. SMLM
was effectively used to re-image archived formalin-fixed paraffin-embedded sam-
ples of breast cancer tissue. This technique was used to investigate ultrastructural
features of mitochondria and nuclei, not visible with conventional techniques [109]
(Fig. 16.12). This method holds potential for investigating already archived tissue
samples that could be used for investigating new parameters in diagnostic
procedures.

SIM has also been used in oncology research. As with previous techniques, it
has also been used in imaging biopsy tissue section of benign and malignant tissue.
In a study on prostate cancer tissue slides, it was shown that application of fast

Fig. 16.11 Imaging of deparaffinized tissue slices of breast cancer tissue with conventional
wide-field microscopy a and b, confocal c–d, e, f Magnified insets from c and f. g and h further
magnification of (e), (f) Adapted from [106]
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staining with acridine orange can produce images with similar contrast to that of
Haematoxylin and Eosin (H&E). Such images feature super-resolution and addi-
tionally mosaics of the entire tissue section is possible with video-rate acquisition
[110] (Fig. 16.13).

16.4.5 Multimodal Techniques

All these fluorescence-based techniques can offer new insight to different processes
in the oncology field, but they can also be combined with another
fluorescence-based technique to improve resolution or penetration or be combined
with methods based on different contrast mechanisms.

In the field of skin imaging, confocal microscopy was combined with optical
coherence tomography [111] (OCT), in a hand-held implementation [112], to detect
margins of basal cell carcinoma in vivo, with the possibility of translating this
technique in the clinic for diagnostic purposes. Two-photon microscopy was
combined with coherent anti-Stokes Raman spectroscopy (CARS) a
scattering-based method that can offer good visualization of lipids, for imaging
tumour microenvironment and tracking of tumour cells and margins [113].

TPM was further combined with SIM. This combination offers the advantage of
deeper penetration of the TPM beam and improved resolution offered by SIM. This
multimodal technique was further combined with multifocal excitation in order to
increase the speed of acquisition. This resulted in fast imaging with super-resolution
of thick scattering samples such as C. Elegans embryos, Drosophila Melanogaster
larval salivary glands, mouse liver tissue, and fast process in live zebrafish embryos
[114–116].

Fig. 16.12 SMLM images of HER2-positive cancer cells. The protrusions of the extracellular
membrane are better visible in the SMLM images. From left to right increasing magnification
insets (scale bars from left to right 10, 4, 1 to 1 lm). Last image in right is the conventional
confocal microscopy image. Adapted from [109]
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TPM microscopy has been also combined with optoacoustic imaging [117].
Two-photon images can be overlaid with optoacoustic images, resulting from the
ultrasound signal due to the absorption of light at the focus of the objective, and
offer contrast on vasculature and melanoma cells in vivo [118]. Such hybrid
applications combine the advantages of TPM in deep penetration and high reso-
lution with increased detection efficiency at deeper layers of tissue (Table 16.1).

Fig. 16.13 SIM images of prostate cancer tissue section. a Wide-field and b the same section
with SIM. Increase contrast is achieved with acridine orange staining. Magnified insets of b in d–g
c and d areas of normal skeletal muscle and fibrous stroma. f and g depict areas of malignant
glands. d and f SIM images. e and g H&E staining. Adapted from [110]
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16.5 Conclusion

Developments in advanced optical microscopy are fast. A whole plethora of
techniques, all with their specific advantages, disadvantages, strongholds, and
applications, is already available. Undoubtedly, new developments will come up,
such as the combination of expansion and super-resolution microscopy. What we
hope to have clarified is the enormous potential of advanced optical microscopy,
both in fundamental research and in a more (pre)clinical setting. In that respect,
especially interesting is the translation of these techniques to the clinic, e.g. by
using micro-endoscopy or microscopy-at-the bedside. It definitely is worthwhile to
look beyond gold standards and broadly applied techniques towards new
developments.
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17.1 Introduction

Single Photon Emission Computed Tomography (SPECT) is widely used in the field
of Nuclear Medicine for various purposes. The most important diagnostic applica-
tions nowadays are skeletal imaging using Tc-99m-labeled polyphosphonates,
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assessment of cardiac perfusion using Tc-99m-MIBI, and thyroid imaging using
Tc-99m-pertechnetate. Additionally, SPECT is frequently applied for the confir-
mation of desired tracer distribution under I-131 therapy or the diagnosis of diseases
of the neuronal system like Tc-99m-HMPAO for epilepsy or I-123-FP-CIT for
dopamine transporter function.

Fig. 17.1 Illustration of several image degrading effects based on simulated SPECT projection
data. a perfect image, no degrading factors. b added photon attenuation, especially deep organs
such as bladder appear at lower intensities. c added photon scatter, effect is noticeable as slight
blurring, e.g., at the edge of bony structures. d realistic spatial resolution, depending on the activity
distribution, counts are distributed outside (spill-out) or integrated into (spill-in) a
region-of-interest. e realistic photon count level and noise

566 P. Ritt and T. Kuwert



Another established field of application is the individualized dosimetry for, e.g.,
I-131, Y-90, or Lu-177 labeled antibody therapies. For this purpose, an exact
representation of the radioactive substance is especially desirable, which leads to
the need of absolute quantification with SPECT. This process is compromised by
photon scatter [1–3], photon attenuation [4–7], and partial volume artifacts [8, 9]
(see Fig. 17.1 for an overview of image degrading effects). Thus, the following
chapters are focused on SPECT/CT instrumentation, correction techniques of the
aforementioned effects, and additional steps that are necessary for quantitative
accurate absolute quantification in clinical application.

17.2 Quantitative SPECT/CT

SPECT allows the visualization of the distribution of radioactivity within the human
body. The modality is widely used for clinical purposes (for more details, see the
articles by, e.g., Bockisch et al. [10] or Schulthess et al. [11]). SPECT also holds the
promise to exactly quantify the concentration of radioactivity within a given volume
in absolute units, e.g., as kBq/ cm3. This process is heavily compromised by photon
scatter [1–3], photon attenuation [4–7], and partial volume artifacts [8, 9]. In SPECT,
technical progress in that regard has been considerably slower than in PET. Various
reports point to its lack of quantitative abilities [12–14].

In the present chapter, we outline the recent progress in that field for SPECT/CT.
A simplified diagram of the image formation chain for quantitative SPECT is given
in Fig. 17.2 for the purpose of orientation. We will begin with the reconstruction

Fig. 17.2 Illustration of a simplified image formation chain. The image of the true activity
distribution is influenced by several effects, namely, attenuation, scatter, partial volume, and
motion. The SPECT reconstruction, along with possible corrections for those effects, results in a
measured, 3-dimensional count distribution. By calibration, the count distribution can be translated
into a measured activity distribution. Image adapted from [122]
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methods that nowadays incorporate many corrections mentioned in the latter
paragraphs. We will then focus on scatter and partial volume artifacts: In each of
these paragraphs, a short explanation of the underlying physical effect and an
overview of the appropriate correction techniques are given. In addition, we will
briefly introduce an easy calibration technique.

Please note: In the following, it has to be assumed that the kinetics of the
radioactive tracer of interest are slow with respect to the imaging time. If this is not
true, significant quantification errors are very likely to occur and other approaches
(e.g., dynamic SPECT) should be considered [15].

17.2.1 SPECT/CT Instrumentation

Modern SPECT devices are based on the gamma camera principle by Hal Anger
[16, 17]. Its main components are a collimator, a scintillation crystal (mainly NaI),
which is read out by photomultipliers, and subsequent electronics. The unit of these
components is commonly referred to as detector. The detector itself is mounted onto
a gantry, which allows movements of the detector head. For SPECT, nowadays the
application of dual detector head cameras can be considered as the standard, single
or triple detector head cameras are more uncommon (Fig. 17.3).

The SPECT camera setup is completed by the patient bed and computers for the
data processing.

Fig. 17.3 Examples of SPECT/CT Systems. Image adapted from [123]. Upper left—GE
Discovery NM/CT 670, two gamma camera heads here configured at 90° combined with a CT
System. Upper right—Philips BrightView XCT, two gamma camera heads with a flat-panel
detector. Lower image–Siemens Intevo, two gamma camera heads combined with a CT system
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Image spatial resolution is in the following defined as the full width half max-
imum (FWHM) of a point source. In SPECT, it is mainly limited by collimator
performance. SPECT utilizes absorptive collimation to identify the direction of the
photon line-of-response (LOR). Positron emission tomography (PET), for example,
uses electronic (coincidence) collimation to identify the LORs. Only a little fraction
of the gamma quanta that reach the collimator surface pass through it. As a con-
sequence the detection efficiency of SPECT when compared to PET (see, e.g.,
Cherry et al. [18] p. 340) is diminished to a large extent. It is important to notice
that there is always a trade-off between spatial resolution and detection efficiency in
SPECT. The collimators are typically designed with the maximum allowable res-
olution in order to partially compensate for the limited detection efficiency.

The achievable spatial resolution is also influenced by the detectors’ intrinsic
resolution defined as the spatial resolution of the detector without a collimator. The
detectors of most clinical SPECT systems are made of a single crystal plate of NaI,
which acts as scintillator and illuminates an array of photomultipliers. The intrinsic
resolution of the detector depends on the photopeak energy of the radionuclide used
and the crystal thickness of the NaI. Higher gamma quantum energy allows a better
intrinsic resolution due to the higher light output of the scintillation. Larger crystal
thickness increases intrinsic resolution. This is a consequence of the broader spread
of the scintillation light before it exits the crystal and is detected with the
photomultipliers.

In recent years, alternatives to the Anger camera have been introduced into
clinical practice. Solid-state detectors, relying on materials like, e.g., cadmium
telluride (CdTe) and cadmium zinc telluride (CZT) convert the gamma photons
directly into electrical signals and offer better performance when converting gamma
photons to electrons; this leads to an increased energy resolution (*5% vs. *10%
at 140 keV) as compared to the Anger technique [19]. Additionally, the linear
attenuation coefficient of CZT is slightly higher than that of NaI (* 3 cm−1

vs. * 2 cm−1 at 140 keV), which could potentially lead to an increased sensitivity
[18], although this benefit is often foregone when it is decided, for economic
reasons, to limit the thickness of the semiconductors. In fact, the considerable
advantages in terms of the photon sensitivity (regularly reported to be 4–8 times
higher) and resolution [20] of these cameras are achieved through changes to
features other than just the detector material, e.g., through special geometries,
adapted collimation, and pixelated detectors [21].

Typical SPECT detectors have an intrinsic spatial resolution in the range of 3–
5 mm for Tc-99m. However, the image resolution for the whole SPECT system
depends mainly on the collimator design and the source-to-collimator distance. For
parallel-hole collimation of Tc-99m and typical source-to-collimator distances, it
ranges from 7 to 15 mm FWHM. This is considerably higher than that seen in PET
(2–5 mm FWHM). By using other collimator geometries, e.g., (multi-) pinhole,
even lower spatial resolution than in PET can be achieved [22]. Branderhorst et al.
[23], for example, obtained sub-millimeter (FWHM) resolution for their small
animal SPECT camera for Tc-99m. However, these collimator geometries nowa-
days seem to be used more frequently for small animal studies than in clinical

17 Quantitative SPECT/CT—Technique and Clinical Applications 569



practice. An in-detail description on collimator geometries can be found in [18]. An
improved spatial resolution of the imaging system helps to avoid partial volume
effects.

The SPECT/CT is a combination of a SPECT camera and an X-ray computed
tomography (CT). SPECT and CT are in these systems installed in sequential order,
attached to a common gantry with just one patient bed.

This setup helps to solve two major problems, registration and attenuation
correction, of multi-modality imaging at the same time, as will be discussed in the
following chapters.

17.2.2 Registration of Multimodal Images

In typical systems, SPECT and CT data acquisition is performed sequentially:
Usually, SPECT is carried out first, followed by CT. The patients are transferred by
a table movement from one modality to the other. A huge advantage of this pro-
cedure is that the patient is scanned by both modalities in roughly the same position.
SPECT and CT thus are acquired in good approximation at the same patient
position. Together with the information of the parameters of the table movement
between both acquisitions, this can be used to facilitate a precise assignment
between functional (SPECT) and anatomical (CT) images. This so-called “hardware
fusion” is, in general, superior to retrospective fusion with regard to image align-
ment. The registration accuracy of the hardware fusion reaches 1–2 mm for organs
which are not affected by respiratory movement [24]. However, the registration
accuracy for organs that are affected by respiratory movements is reported to be
significantly higher 5–7 mm) [25]. Partially, this is caused by differences in
acquisition time between the modalities. While a SPECT scan usually takes 10–
30 min and spans over a lot of respiratory cycles, a CT scan often is acquired in one
phase of the respiratory cycle only. Nevertheless, in order to minimize misalign-
ment, the CT should be acquired in a resting expiratory position [26].

17.2.3 Attenuation Correction of SPECT

SPECT images are heavily affected by the effect of photon attenuation (see
Fig. 17.4).

The probability PDet for gamma quanta emitted at d
!

for reaching a detector at

position D
!

(under the assumption that it is emitted in the proper direction) is
calculated according to Eq. 17.1:

PDet ¼ expf
Z

~D

~d

�lð~rÞd~rg ð17:1Þ
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The line integral covers the path of the radiation from its origin through the
object, to the location of its detection (see Fig. 17.5 for a simplified illustration).

For SPECT imaging, the probability depends on the (unknown) location of the
decay ~d and on the linear attenuation coefficients lð~rÞ of the object.

For the correction of the attenuation effect, the spatial distribution of the
attenuation coefficients of the examined object for the photon energy of the used

Fig. 17.4 A reconstructed SPECT image of simulated bone scintigraphy (Tc-99m). In the
simulation, photon attenuation could be either simulated or omitted. The image with realistic
photon attenuation (right side) shows a relative overestimation of the activity at the rim of the
patient and an underestimation at the center when compared to the image without photon
attenuation (left side)

Fig. 17.5 A simplified illustration of the detection of a decay event: The signal from the decay at
position ~d is lowered by photon attenuation. The amount of attenuation depends on the spatially

non-constant linear attenuation coefficients lðrÞ! and on the distance between the detector and the

decay, ~D�~d
�

�

�

�

�

�
. Image adapted from [122]
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radionuclide needs to be known. The distribution of attenuation coefficients (called
attenuation map) can be generated through a simple transformation of a transmis-
sion scan. First, the transmission images need to be converted to the attenuation
factors valid at the effective energy of the emission scan (140 keV for Tc-99m);
then, they need to be corrected for the spatial registration between the emission and
transmission images. The resulting attenuation map can, for example, be integrated
into the reconstruction step in order to correct for photon attenuation.

Before the introduction of hybrid SPECT/CT devices, radionuclide
(source-based) transmission measurements (e.g., using Gd-153, Tc-99m, or
Ba-133) were used for obtaining the attenuation map.

With the availability of SPECT/CT hybrid devices, and with their ability to
perform highly correlated high quality X-ray CT transmission scans, it is nowadays
the clinical standard to use these scans not only for fused viewing, but also for
attenuation correction. The CT scans are obtained in Hounsfield units. These units
have to be converted to the linear attenuation coefficients valid at the respective
photon energy of the radionuclide, which is for, e.g., Tc-99m 140 keV.

In some cases, patient motion could occur between the emission and transmis-
sion acquisitions in a hybrid system. This can lead to artifacts in reconstructed
attenuation-corrected images, which in turn could lead to false readings of the
corrected SPECT images. A manual post-registration could help to prevent such
artifacts [27].

Still, the methods that rely on the segmentation of contours in SPECT can be
sufficient for SPECT quantification in “easy” anatomies like the brain. Neverthe-
less, the attenuation correction by SPECT/CT has become the clinical standard and
is, in general, highly recommended. Attenuation and other corrections are obliga-
tory for accurate quantification with SPECT/CT, which will be discussed in the
following chapter.

17.2.4 Image Reconstruction

Image reconstruction is the technique used to transform the measured 2-D pro-
jection data into a 3-D activity distribution. In contrast to CT, which often employs
analytic techniques like back projection, iterative reconstruction techniques prevail
in SPECT. For a review of the different algorithms, see [28].

Most iterative techniques rely on mathematical models which assume a linear
dependency of the image f (vector with elements fj representing the voxels of the
activity distribution) and the projection data p (vector with elements pi representing
detector pixels) via the system matrix A. Each element Aij describes the probability
that a photon originating from voxel j is detected at pixel i. The projection data thus
can be expressed as a multiplication of the system matrix A by f (Eq. 17.2):

Af ¼ p ð17:2Þ
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The most common iterative techniques are the ML-EM algorithm and its
accelerated version, OS-EM. ML-EM was first applied to SPECT in 1984 [29, 30].
Its relatively high computational requirements (compared with filtered back pro-
jection) delayed its widespread use until the late 1990s. It is based on the fact that
the image f consists of Poisson-distributed random variables and it seeks to max-
imize the likelihood of the observed data given the source f. The well-known update
rule of the iterative ML-EM algorithm is given in Eq. 17.3.

f newj ¼ f oldj
P

l
alj

X

i

aij
pi

P

k
aikf oldk

ð17:3Þ

Besides explicit Poisson-noise modeling, an important additional advantage of
ML-EM is its capacity to implement the crucial attenuation and scatter corrections
and to model the collimator-detector response (CDR) directly into the reconstruc-
tion. While the attenuation and scatter corrections model the interaction of the
photons with the imaged object, the latter represents their interaction with the
detection system (collimator, crystal, and electronics). The most important com-
ponents of the CDR are: (a) the intrinsic response that is caused by scatter occurring
in the crystal itself and the uncertainty of the position estimation of the detected
photon, (b) the geometric response which represents a distance-dependent spatial
resolution caused by the finite bore length and width of the collimator, (c) scatter in
the collimator itself, and (d) septal penetration when photons are detected after
passing through the walls of the collimator holes.

The CDR is commonly assumed to be Gaussian and modeled as such in the
reconstruction. In general, it is reported that this leads to significantly improved
image quality [31–33]. The importance of CDR compensation was shown in a large
multi-center study [34] that compared a variety of advanced SPECT/CT recon-
struction algorithms for cardiac phantoms and found considerable improvements in
image quality. The study used the full width at half maximum (FWHM) of the wall
thickness of the left ventricle as a measure of the spatial resolution and reported a
significant reduction relative to FBP (on average 22.0 mm FWHM) for OS-EM
without CDR modeling (20.6 mm FWHM) and with CDR modeling and correc-
tions for scatter (16.2 mm FWHM). Similar trends in favor of the advanced
reconstruction techniques are reported for other image quality metrics like contrast
and background homogeneity. Additionally, several studies found that with itera-
tive reconstruction techniques, the acquisition time or patient dose could be reduced
by a factor of up to two, for example in cardiac [35, 36] and skeletal examinations
[37].

Still, it is clear that the Gaussian modeling approach has only limited precision
since significant differences between the model and the real CDR can be found,
especially in regions on the edge of the geometric response. There, the Gaussian
model systematically underestimates the number of detected counts. Additionally, a
rotationally invariant function like the Gaussian cannot express the contours found
in real CDRs which mimic the shape of the collimator bore. Multiple solutions have
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been proposed for further improving the modeling: MC simulations can be used to
calculate the CDR during reconstruction [38] or prior to reconstruction [39]. In later
approaches, a set of distance-dependent CDRs is calculated, stored and then used in
the iterative reconstruction. Other approaches rely on more sophisticated mathe-
matical models and fit their free parameters to a set of point source measurements
[40]. Nevertheless, Gaussian modeling is the method that is applied in most clin-
ically available tools.

17.2.5 Scatter Correction

Scatter is another factor which degrades the quality of SPECT images, although its
correction is somewhat less important [41] than the corrections for the
collimator-detector response or for photon attenuation. However, since very accu-
rate technical solutions for these latter problems are already available in clinical
practice, scatter remains a major limiting factor of the image quality and quanti-
tative accuracy of current SPECT systems, particularly when using isotopes with
complex emission spectra. There exist numerous techniques for scatter correction;
describing them all is beyond the scope of this article, but an extensive review can
be found in [42].

The Compton Effect is the dominant process for scattering of photons in the
patient and in the collimators at clinically relevant energies in Nuclear Medicine.
Coherent scattering, an interaction between the photons and atoms or molecules,
which is another phenomenon capable of deflecting photons from their original
direction, is important only for energies below 50 keV. With Compton scattering,
the photon transfers part of its energy to an electron and should be detected at lower
energies in an ideal detector with perfect energy resolution. In a real detector, the
uncertainty of energy determination limits the detectable energy loss. In general, the
amount of energy loss depends on the scatter angle. The result of this relationship is
that scattered photons are often detected at locations unrelated to their initial tra-
jectories, leading to a loss of information about the activity distribution being
imaged. The proportion of scattered photons in a particular acquisition is object
dependent but can be rather high. One study reports that the ratio of scattered to
unscattered photons in myocardial Tc-99m imaging is typically 0.34 [43]. The
amount of Compton scatter originating in the collimators is most likely negligible
for 140 keV Tc-99m imaging but increases with increasing energy and thus is
considerably higher for I-131 at 364 keV [44]. In order to minimize the amount of
scatter and to exclude photons that do not originate from the decay of the respective
radionuclide, energy windows around the photopeak of interest are applied. Nev-
ertheless, due to the limited energy resolution of SPECT detectors and the typical
width of the photopeak windows, a considerable amount of scattered photons is still
recorded.

A very common approach in clinical routine is based on utilizing dual-[1], triple-
[45], or even multi-energy [2] windows. The additional scatter energy windows are
placed below and/or above the photopeak energy window. Additional projections
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are acquired at those windows simultaneously to the image at the photopeak
window. Subsequently, for each pixel of the projections at the photopeak window,
the amount of scattered radiation can be estimated from the scatter window images.
This amount is subtracted from the projections or incorporated in the iterative
reconstruction.

This underlines the fact that additional techniques are necessary to account and
correct for scatter. First, the amount of scattered photons in the photopeak window
needs to be estimated. Here, two paradigms are possible: estimates based on
directly measured data or estimates based on modeling. The most common
approach, i.e., that of measuring the counts in multiple additional energy windows
[1, 45] adjacent to the photopeak window, belongs to the former paradigm. For the
triple energy window (TEW) technique, the scattered photons in the photopeak can
be calculated according to Eq. 17.4 for every pixel. Here, ns are the counts of the
pixel that were scattered and nl, nu are the measured counts in the lower and upper
scatter windows. The widths of the photopeak, the lower scatter, and upper scatter
window are denoted by wp, wl, and wu.

ns ¼ nl
wl

þ nu
wu

� �

� 1
2
wp ð17:4Þ

The calculated amount of scattered photons is then incorporated into the image
reconstruction. This can be achieved in multiple ways. The simplest approach is to
subtract the counts from the photopeak window. However, it was found [46] that
incorporating the amount of scatter directly into the forward projector in the
maximum likelihood expectation maximization (ML-EM) algorithm is a superior
approach in terms of image quality and quantitative accuracy. This is to a large
extent explained by the high amount of noise in the scatter window data which is
due to the generally low count number in these windows.

As an extension of the TEW method, so-called spectral models can be applied.
Such methods try to improve the accuracy and the noise properties of the scatter
estimates via a finer sampling of the energy distribution of the photons that reach
each detector pixel. Ideally, one would record the energy of each photon individ-
ually (list-mode acquisition). With this information, models that predict the amount
of scatter in the photopeak window could be estimated with good confidence and
low noise [47]. Despite the high accuracy of these methods, to the best of our
knowledge, no scientific studies in this field have been published in recent years.
However, we assume that such approaches might attract renewed interest if
list-mode acquisitions become routinely available on commercial SPECT systems.

Scatter estimation and correction with the help of full Monte Carlo (MC) simu-
lations has been a trend in research in recent years. These simulations are supported
by the availability of faster computational hardware and the development of
accelerated versions of the MC algorithms [48]. Two important prerequisites for
these simulations are the estimates of the spatial distributions of the radioactive
source and of the probability that scatter occurs. For this reason, MC simulations
are usually carried out in each step of the iterative SPECT reconstruction, since the
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source distribution is not known a priori and is therefore updated at each iteration
[49]. The probability that scatter occurs can be estimated using transmission scans
of the object, which are readily available with SPECT/CT systems. Drawbacks of
these methods are the still comparatively long calculation times and the inability to
account for photons that originate from outside the camera’s field of view. A faster
method that relies on partial MC simulations and approximated scatter patterns is
called effective source scatter estimation [50].

However, despite the availability of very sophisticated scatter correction meth-
ods, the estimation of scatter by either TEW or DEW (the dual energy window
approach that neglects upper scatter) and its correction in the ML-EM or in the
ordered subset expectation maximization (OS-EM) algorithm is still the standard
approach in clinical SPECT.

17.2.6 Partial Volume Correction

Partial volume effects are caused by the limited spatial resolution of the SPECT
device. Radioactivity concentration in regions of interest (ROI) in structures smaller
than approximately 2–3 times of the FWHM is mis-quantified: The activity in ROIs
of that size is either under- or over-estimated, depending on the combination of
“spill-in” and “spill-out” effects. Spill-in means that activity from outside the ROI
or structure due to the limited spatial resolution is integrated (added) to the activity
inside the ROI: The activity inside the ROI is erroneously increased. Spill-out
implies that the activity of the ROI or structure is distributed over its borders (again
due to limited spatial resolution) and therefore “lost”: The activity measured inside
the ROI is then underestimated.

Most importantly, the degree of the partial volume effect depends on the system
resolution of the imaging system relative to the size of structures in which activity is
to be quantified. Patient motion can be another cause for increased partial volume
effects, especially in clinical settings.

The approaches for a correction of the partial volume effect are divided into two
groups: Approaches that are based on additional information from images (e.g., CT
and MR) of the structures in question and methods that work solely on the emission
images.

If only the average activity concentration in a sufficiently large object is of
interest, like, e.g., in organ-based dosimetry, one simple way of compensating the
partial volume effect is by careful definition of the region/volume of interest
(ROI/VOI) for the evaluation of the activity. As mentioned above, the counts
registered by the detector are distributed over an area which is larger than the
physical extent of the object of interest. Thus, for “hot“ objects in a comparably
“cold“ background, one could dilate the VOI over the actual physical extent as
given by CT and partially recover the counts otherwise lost due to spill-out. The
extent of dilation should be carefully chosen based on the target-to-background
ratio and the spatial resolution of the SPECT acquisition. The accuracy of this
method is varying strongly, depending on the activity distribution that surrounds the
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VOI. Alternatively, for large objects that can be assumed having homogenous tracer
uptake, one could draw a smaller spherical VOI, in a sub-region unaffected by
partial volume effect and extrapolate to the whole VOI [51, 52].

Another common and still simple post-reconstruction approach in the latter
group is founded on measurements with physical phantoms, simulation studies, or
theoretical derivations: As outlined by Hoffman et al. [53] and Kessler et al. [8]
recovery coefficients (the ratio of apparent activity concentration to true activity
concentration) for simple geometries (e.g., spheres, discs, and cylinders) can be
measured or estimated and consequently be used to calculate corrected values for
the amount of radioactivity in those structures. Several groups report that this
successfully improves quantification accuracy [5, 9, 54]. However, a limitation of
this approach is its applicability to only simple geometries; in general, the
radioactive distribution in a patient will not follow this assumption. Another method
is the deconvolution-based partial volume correction: Seo et al. [55] report with
their implementation an accuracy of 10% for In-111 in lesions with a volume of
down to 8 ml.

Every technique that results in an improved spatial resolution of the imaging
system helps to avoid or lower the influence of the partial volume effect. For
example, some methods that are described in the Image Reconstruction paragraph
which incorporate information about the collimator-detector response function will
improve the systems spatial resolution to some extent and therefore can be inter-
preted as partial volume correction technique. For example Hutton et al. [56] report
improved accuracy for the simulated Mathematical Cardiac Torso (MCAT) phan-
tom for their implementation of the detector-response modeling into the ML-EM
and OS-EM reconstruction.

The other group of methods utilizes structural and anatomical information in the
form of segmented images from another imaging modality (CT, MR, and US) for
partial volume correction. The segmentation itself can be done in a fully automatic
fashion or by manually outlining ROIs. The simple methods rely on multiple
two-class segmentation (regions with activity and regions without activity). Pre-
torius et al. [57], Da Silva et al. [58], and Tang et al. [59] apply this approach to
co-registered myocardial CT images on the MCAT phantom and are able to obtain
improved visual characteristics as well as a higher quantitative accuracy of the
corrected SPECT data.
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A more complex method is based on the geometric transfer matrix (GTM),
which was first applied by Rousset et al. [60, 61] on brain PET studies: It basically
can handle any desired number n of regions, in which the activity distribution is
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assumed to be homogenous. The observed activity ti of a tissue class i is modeled as
a linear combination of the true activities Tj of all other tissues classes j = 1…
n. The spatial definition of those regions is done by segmenting (automatically or
manually) CT or MRI images. The matrix components xij describe the regional
transfer coefficients: The diagonal terms represent the spill-out of the regions; the
off-diagonal terms define the spill-in from other regions. The xij can be modeled on
basis of the definition of the regions and the point spread function of the SPECT
system. As soon as all the components xij are known (full-rank transfer matrix) the
true activities Tj can be computed by solving the linear equation defined in
Eq. 17.5.

Du et al. [62] compare variants of the GTM approach to uncorrected images in a
physical brain phantom for Tc-99m; they find a substantial reduction of the bias
caused by the partial volume effect. Soret et al. [63] studied the effect of the GTM
correction on I-123 using a physical brain phantom and segmentation of CT images.
They found an underestimation of up to 50% when compared to the true activity
concentration for uncorrected images and small structures (e.g., putamen). The
application of the partial volume correction leads to an overestimation of about
10%, which is a significant improvement.

17.2.7 Calibration

SVol ¼ R

VVOI � cVol � exp
T0 � Tcal
T1=2

� ln 2
� �

� Tacq
T1=2

� ln 2
� �

� 1� exp � Tacq
T1=2

� ln 2
� �� ��1

ð17:6Þ

An important requirement for quantitative accurate SPECT is the determination
of the system volume sensitivity SVol (Eq. 17.6). This is needed for the calibration
of the scanner to absolute values and typically obtained by a correlation of mea-
sured results to a calibrated well counter. This process is standardized and its
description can be found in detail, for example, in the NEMA protocols [64]. Its
principle is briefly outlined in the following: In order to avoid partial volume
effects, a large cylindrical phantom with known activity concentration cVol is
scanned with the SPECT system. Subsequently corrections for attenuated and
scattered photons are applied and a large VOI with volume VVOI is defined in the
reconstructed image. T0 is the start time, Tacq the duration of the acquisition. T1/2 is
the half time of the used radionuclide, Tcal the time of the activity calibration, and
R represents the counting rate measured in the VOI. Finally, based on Eq. 17.4, a
calibration factor, which allows conversion from detected counts per second to
Becquerel is calculated.

This calibration factor is specific for every radionuclide as well as for different
intrinsic detector sensitivities and collimators. It is possible and in some cases
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beneficial to have count rate dependent calibration factors. Reasons for this are
thought to be non-linearities of the detector at the different count rates and dead time
effects at high activities. Those effects will be stronger for higher energy radionu-
clides (e.g., I-131). Dewaraja et al. [65] report about dead time and pulse pile-up
effects for the SPECT quantification of therapeutic activities of 2–6 GBq I-131.

Another important development for SPECT was the commercial introduction
and availability of SPECT/CT systems and reconstruction workstations which
provide images in quantitative units (often Bq/mL) as output. For most of these
systems, one first needs to determine a proper calibration factor which is then
applied in the image reconstruction. One exception is the xSPECT Quant technique
introduced by Siemens Healthineers [66]. It relies on NIST-traceable quantitative
sources and currently offers quantitative capabilities for the radionuclides (Tc-99m,
I-123, In-111, and Lu-177. This promises to minimize the variability of quantitative
data obtained at different centers/hospitals and helps to standardize quantitative
SPECT, which could be advantageous for multi-centric studies.

17.3 Quantitative Accuracy

Based on 21 evaluated studies from the literature [67–87], average quantitative
errors of 3.8 ± 0.8%, 6.6 ± 1.4%, 5.5 ± 1.7%, and 9.4 ± 2.0% (all mean ± s-
tandard error) were reported for Tc-99m, Lu-177, I-131, and PET (Fig. 17.6). The
accuracy for Lu-177 and I-131 appears to be lower than for Tc-99m, which could be

Fig. 17.6 Overview of the results of 21 studies reporting on the quantitative accuracy of SPECT
and PET, separated by method and, in the case of SPECT, by radionuclide. Markers indicate the
average deviation between ground-truth and imaging-derived quantitative values, as reported by
the respective study. Additionally, mean values and standard error of the mean are provided for
each group
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due to higher scatter fraction, lower spatial resolution, and pulse pile-up. Generally,
quantitative accuracy in PET is in the same range, at least for sufficiently large
structures. Nevertheless, for smaller structures, PET will most likely achieve better
quantitative accuracy due to its higher spatial resolution. Generally, a quantitative
accuracy of within 10% error could be achieved.

17.4 Clinical Aspects of Quantitative SPECT

The literature on the clinical use of quantitative SPECT/CT is still scarce.
A Pubmed research using the key words “Quantitative SPECT/CT patients” con-
ducted end of March 2019 yielded altogether 168 hits. By screening this list and
disregarding, in particular, papers dealing primarily with methodological issues, we
identified 33 original publications that reported the use of quantitative SPECT/CT
for predominantly clinical purposes. This database was complemented by some
other evidence found in less formalized literature searches as basis for the subse-
quent review. In 2010, it was first shown that a commercially available SPECT/CT
system has the potential to quantify regional radioactivity concentrations in absolute
units [82]. At this point in time, quantitative SPECT/CT had to recur to research
protocols, accessible only in specialized institutions. In 2015, SPECT/CT hybrid
systems allowing for true quantitative SPECT/CT have become commercially
available. Since then, a moderate number of papers dealing with this topic have
been published (Fig. 17.7a). As a variety of clinically relevant SPECT/CT exam-
inations exists, it is also not surprising that the topics addressed by these publica-
tions are heterogeneous as well (Fig. 17.7b): Quantifying radioactivity
concentration in the skeleton has been the most frequent indication, followed by the
use of quantitative SPECT/CT for dosimetry and its application to thyroid disease.

Fig. 17.7 Results of a PubMed search using “quantitative SPECT/CT patients” as keywords.
a provides the number of papers found per year of publication, b the number of papers found per
organ system examined
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Calculating normal ranges for different skeletal sites would, in principle,
improve the diagnosis of osseous disease. Directly after development of the
methodology, Cachovan et al. measured the radioactivity concentration in spon-
gious bone of the vertebral bodies of women injected by
Tc-99m-methylendiphosphonate for routine bone scintigraphy, reporting a value of
48.15 kBq/ml [88]. This translated into standardized uptake values (SUV) of
approximately 6, corresponding in magnitude to SUV values reported for
F-18-fluoride-PET/CT of approximately 5 [89]. Arvola and coworkers could
demonstrate a highly significant correlation between SUV values determined in
osseous structures by F-18-fluoride-PET/CT and those of SPECT/CT with
Tc-99m-HDP [90]. As yet, normal ranges determined in sufficiently large groups of
subjects have, however, not been published. Nevertheless, several authors have
reported the use of SUV values to differentiate between benign and malignant
skeletal foci of prostate cancer with the goal to determine total tumor burden in
automated approaches: Umeda and coworkers, e.g., performed receiver operation
characteristic (ROC) analyses and reported an SUV threshold of 7 for this purpose
[91]. Kuji et al. demonstrated that osseous metastases of prostate cancer could be
reliably differentiated from hot spots due to degenerative alterations on the basis of
their SUV values [92]. Quantitative skeletal SPECT/CT for diagnosing bone dis-
ease may also help in risk stratification for surgical treatment of accessory navicular
bones [93], in the diagnosis of transthyretin cardiac amyloid [94], and in the
evaluation of temporal mandibular joint disorder [95]. Evidence also exists with
regard to the potential value of quantitative skeletal SPECT/CT to evaluate painful
prostheses and the severity of osteoarthritis [96, 97].

The growth of bonemetastases is difficult to assess bymedical imaging. This is due
to the following methodological reasons: Osteolytic metastases usually lack clearly
defined borders, their size is, therefore, difficult to determine precisely on CT or MRI
images. Using these modalities, it is also not reliably possible to diagnose whether
sclerotic foci are still vital or represent healed and inactive disease. Bone scintigraphy
is, in principle, suited to provide information on at least the regression of malignant
skeletal foci, but changes in activity are difficult to assess by visual interpretation only:
Beck and coworkers demonstrated in a small group of subjects that visual evaluation
of changes in activity of bone metastases was erroneous in every third patient when
compared to quantitative SPECT/CT as the gold standard [98]. No paper has as yet
studied the value of quantitative SPECT/CT for monitoring the activity of bone
metastases. It is clear that in this context also the flare phenomenon will have to be
considered. A prospective study using F-18-fluoride-PET/CT to monitor response to
treatment in metastatic prostate cancer to the bone could, however, demonstrate a
strong correlation of PET response with progression-free survival [99]; this suggests
that skeletal SPECT/CT could be used analogously in the future.

Quantitative SPECT/CT holds some promise to improve dosimetry of molecular
radiotherapy. The increasing need for the latter arises from narrow risk-benefit
ratios encountered in the new therapies available in clinical nuclear medicine such
as those directed against metastatic neuroendocrine tumors or metastatic prostate
cancer. Until the development of quantitative SPECT/CT, dosimetry employed
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planar imaging only, often relying on the calculation of geometric means of organ
uptake to account for variations in the localization of organs and neoplastic lesions.
However, the accuracy of this approach is confounded by activity from overlying
organs. This restriction does not apply to quantitative SPECT/CT. using this
technology, Delprete and coworkers (2019) conceived a personalized protocol for
Lu-177-octreotate peptide receptor radionuclide therapy (PRRT), in which the
activity given to the patients was adjusted to deliver to the kidney the maximally
tolerable dose [100]. They could demonstrate that there was a median 1.26-fold
increase in the cumulated maximal tumor absorbed dose when compared to a
protocol in which fixed empirical doses would have been used. Dittmann and
coworkers compared the performance of planar scans and quantitative SPECT/CT
to calculate the lung shunt fraction before radioembolization of liver tumors [101].
In their paper, the lung shunt fraction determined using SPECT/CT was consid-
erably lower than that measured on planar images, potentially allowing the use of
higher doses in radioembolization of patients with significant shunting to the lung.
SPECT/CT approaches to dose calculation for radioembolization have been
reported also by other authors [102–104]. Therapy of prostate cancer using
Lu-177-labeled radioligands against the prostate membrane specific antigen
(PSMA) has entered the field quite recently [105] and might also benefit from the
increase in accuracy afforded by the use of SPECT/CT in dose calculation [106].
Clearly, the accuracy of internal dosimetry does not only depend on the accuracy in
the measurement of regional survival radioactivity concentrations, but also on other
factors such as the determination of the kinetics of the therapeutic radiopharma-
ceutical in normal organs and tumor deposits as well as on tumor-related factors
such as heterogeneity of uptake (for a review, see [107]). Furthermore, evidence of
higher quality would be needed before establishing personalized protocols of
molecular radiotherapy as routine clinical tools.

The determination of myocardial blood flow (MBF) in absolute units has been
the domain of PET/CT for many years. MBF measurement may improve the
diagnosis of coronary artery disease (CAD), in particular, when MBF is diffusely
decreased such as in three-vessel disease. Using dynamic quantitative SPECT/CT,
Klein and coworkers demonstrated that MBF could also be measured with this
technology [108]. Furthermore, subsequently, this group of researchers showed in a
small group of subjects that diagnostic accuracy was higher when MBF was
determined than when not [109].

The uptake of Tc-99m-pertechnetate (TcTU) by the thyroid gland provides
information on synthesis rates of thyroid hormones. Traditionally, this variable is
determined using planar scintigraphy. Lee and coworkers compared TcTU deter-
mined on planar scans with that obtained by quantitative SPECT/CT in a group of
50 subjects with various thyroid diseases [110]. They demonstrated a significant
overestimation of this variable by planar imaging due to its inability to differentiate
thyroid uptake from that in salivary glands and saliva. Researchers from the same
institution used quantitative SPECT/CT to differentiate destructive thyroiditis from
euthyroid patients and to diagnose Graves disease [111, 112]. In these papers,
quantitative SPECT/CT was not compared to planar imaging. It, therefore, remains
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unclear whether SPECT/CT offers clinical advantages over planar imaging with
regard to quantitation of TcTU.

Some evidence has been published on miscellaneous other potential indications
for quantitative SPECT/CT as well: So has this technology been employed to
calculate glomerular filtration rate from images of renal uptake of Tc-99m-DTPA
[113], obviating the need of blood radioactivity measurements. Furthermore,
decreases in lung perfusion caused by irradiation are now also amenable to diag-
nosis by quantitative SPECT/CT [114]. Other possible applications of this new tool
include the diagnosis of parathyroid adenomas [115], of salivary dysfunction [116],
of pheochromocytoma [117], and of Alzheimer’s disease [118].

Quantitative SPECT/CT is feasible, yielding acceptable accuracy. It constitutes a
new clinical tool in nuclear medicine. Evidence is accumulating suggesting its
clinical usefulness, but is still scarce for many potential applications. Particularly
interesting is the use of this new tool for dosimetry of molecular radiotherapy as
well as for monitoring response to therapy. It may also provide a basis for novel
automated approaches to image analysis and help in diagnosis as well as in stan-
dardization of the interpretation of clinical SPECT/CT images.

17.5 Summary and Outlook

The continuous development of SPECT and SPECT/CT over the past 50 years has
led to remarkable improvements in image quality and diagnostic confidence. The
most influential developments include, to name but a few, the realization of hybrid
SPECT/CT devices, the implementation of attenuation correction, and iterative
reconstruction techniques.

In recent years, some interesting approaches in detector technology have found
their way into commercial products. For example, some SPECT cameras dedicated
to specific organs use semi-conductive materials like CZT as detector material. It
has been shown that this could help to further increase the obtainable image quality.

New trends in the ongoing development of SPECT/CT are quite diverse. For
example, whole-body SPECT/CT images consisting of acquisitions from multiple
consecutive bed positions, similar to PET/CT, have begun to increase. Yet the
relatively long SPECT acquisition times (typically 15 min per bed position and 30–
45 min for the trunk), together with the increased radiation dose from the extended
CT field of view, are likely to hamper the routine application of these acquisitions
in clinical practice. Even though new reconstruction techniques already allow for
acquisition time reduction, in the future, new collimator and detector designs with
higher photon sensitivity could further support this development. Additionally, this
trend could be facilitated by the incorporation of low-dose concepts applicable to
CT like, for example, the use of iterative CT reconstruction in SPECT/CT.

As with PET, the availability of SPECT list-mode data could allow an enormous
gain of information. This information could be used to improve estimation and
correction of confounding factors like patient motion [119] and scattered radiation
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[120]. Unfortunately, to the best of our knowledge, such techniques are so far
available only for research and not for clinical use.

Another recent development has been the incorporation of additional informa-
tion obtained from the CT images into the SPECT reconstruction, in other words
the use of CT data for more than just attenuation correction and image fusion. This
development could lead to improved spatial resolution and reduced partial volume
effects. This technique has been commercially introduced for Tc-99m bone scans
only. However, it could be extremely useful with other tracers as well.

Another important aspect of SPECT/CT is the fact that the technique, like PET,
allows quantification of the amount of tracer in terms of Bq/mL or as a SUV.
Numerous publications have shown that absolute quantification is feasible [82, 88,
121]. This can be expected to further boost diagnostic confidence, e.g., for judging
the efficacy of a treatment through follow-up acquisitions from the same patient or
for improving dosimetry for radionuclide therapy [69].

The ever-increasing number of publications on SPECT/CT show that this
modality is of great clinical interest. New technical developments will strengthen
this trend and ensure that SPECT/CT remains the workhorse of nuclear medicine,
even when compared to other strong contenders like PET/CT or PET/MRI.
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18.1 Introduction

Optical imaging of head, breast, and skin, as well as of inner cavities of the human
body, e.g., bladder or colon, is a powerful diagnostic tool with high potential for
early detection of tumors. Besides the measurement of intrinsic tissue optical
parameters like absorption, scattering, hemoglobin (Hb) concentration, and blood
oxygen saturation, fluorescence imaging has attracted increasing interest in medical
diagnostics and therapy over many years now [72, 75, 102]. In particular, it plays an
important role for the increasing number of molecular probes developed to exploit
tumor-specific molecular targets and processes for optical imaging [3, 7, 56, 106].

When performing fluorescence imaging on superficial tissue structures, scatter-
ing of light in the tissue is of low importance, and wavelengths across the whole
spectrum of light can be applied to excite fluorescence of appropriate exogenous
contrast agents or endogenous markers. Typically, the tissue region of interest is
homogeneously illuminated with a laser or LED to excite the fluorophores, and a
sufficiently sensitive camera equipped with a long pass or bandpass filter for
blocking of the excitation light is employed to record the fluorescence images in
reflection. Often, this flat-field fluorescence imaging approach is combined with
white-light imaging, and the fluorescent tissue structures are overlaid on the con-
ventional color image. Besides endoscopes with a fluorescence detection channel,
several new research and commercial devices have been developed for flat-field
fluorescence imaging with the main focus on application for fluorescence-guided
open surgery of cancer and fluorescence-assisted sentinel lymph node detection
[19, 49, 86, 89, 92].

When deeper tissue layers have to be investigated, the strong scattering of light
in biological tissue plays an important role. Both, the excitation light and the
emitted fluorescence light are scattered multiple times and the corresponding optical
path lengths are significantly increased. To obtain a sufficient penetration depth of
the excitation light and a measurable fluorescence signal, excitation and emission
wavelengths have to fall into the so-called diagnostic window between approxi-
mately 650 and 1000 nm where light absorption of the tissue is moderate. Recent
developments in experimental methods have allowed to extend the application of
fluorescence imaging to diseases of highly scattering tissue such as breast cancer
[14, 36, 97], stroke [53], or rheumatoid arthritis [24]. These techniques offer ways
to translate corresponding probes for molecular imaging from preclinical research to
clinical application.

In the following, we discuss two applications for fluorescence-assisted clinical
diagnosis and therapy of tumors. As an example for imaging in highly scattering
tissue we review results on the detection of carcinomas in the female breast. We
focus on the nonspecific contrast agents indocyanine green (ICG) and omocianine
and report on a recently explored method to characterize differences in the
extravasation of ICG between malignant and benign breast lesions utilizing vessel
permeability. Then, we discuss first results with targeted and activatable probes
aiming at the reliable detection of tumor margins in breast surgery. As an example
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of superficial lesions, tumor detection in the gastrointestinal tract by fluorescence
endoscopy will be explained. We report on results with protoporphyrin IX which
acts as an endogenous specific target for malignancy. Finally, we briefly discuss
exogenous targeted and activatable probes for esophageal and colorectal tumors.

18.2 Fluorescence Imaging of Breast Cancer

Due to the high prevalence of breast cancer, many efforts are undertaken to develop
targeted contrast agents for early detection of this disease. Hereby, optical imaging
plays an important role in understanding the properties of the agent and its action on
the cellular level. By adding a fluorescent moiety to the carrier molecule of the
probe fluorescence imaging can be applied as a sensitive method to detect the probe
in the tissue. Basic investigations on new probes are often performed on small
animal models [9, 20]. Due to the small dimensions of such animal models, tumors
are easily accessible by optical methods, since they are situated directly on or close
to the tissue surface. Accordingly, simple wide-field fluorescence imaging is suf-
ficient for their detection. In contrast, optical imaging of a molecular contrast agent
in the human breast is much more challenging due to the drastically enlarged tissue
dimensions compared to a small animal breast tumor model.

Numerous investigations have shown that the human breast can be transillu-
minated by near-infrared light due to the low absorption of breast tissue in this
spectral range [35]. The challenge in generating optical images of the breast is the
separation of tissue absorption and fluorescence on one side and tissue scattering
properties on the other side. Compared to x-ray mammography and magnetic res-
onance (MR) imaging of the breast, optical imaging is not able to visualize mor-
phological characteristics in the breast with adequate spatial resolution. Instead,
important physiological properties of the tissue can be derived.

18.2.1 Basics of Breast Optical Imaging and Endogenous
Tumor Contrast

The original idea of optical mammography comprised the diagnosis of breast cancer
by exploiting endogenous contrast arising from differences in the total Hb con-
centration and the blood oxygen saturation (StO2) between carcinomas and the
surrounding healthy tissue. Near-infrared light is an almost perfect tool to determine
the tissue concentrations of oxygenated (HbO2) and deoxygenated hemoglobin
(HbR) since these two substances dominate the absorption of light in breast tissue
for wavelengths between about 650 and 900 nm. The expected higher concentration
of Hb is a direct implication of neoangiogenesis in the carcinoma. Accordingly, all
relevant in vivo studies confirmed the increased Hb concentration in breast carci-
nomas. On average, the increase was estimated to be about two to threefold with
respect to the surrounding healthy tissue [35].
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For blood oxygen saturation a decrease was originally expected for carcinomas
due to their high metabolic activity and the related demand on energy. This
expectation was supported by measurements of the O2 tension in breast carcinomas
[99] showing hypoxic behavior. In some studies on optical mammography, it was
concluded that the hypoxia could be seen from near-infrared measurements as well
[13, 64]. However, other clinical studies revealed that blood oxygen saturation is
not a characteristic biomarker for breast cancers. There are carcinomas with
decreased blood oxygen saturation as well as carcinomas with no characteristic
deviation of this parameter from the surrounding healthy tissue [35].

Besides oxygenated and deoxygenated Hb other tissue constituents with
absorption in the near-infrared were considered as possible biomarkers for the
detection of carcinomas. In particular, increased content of water [12] and collagen
[74] were reported for breast carcinomas. Furthermore, several groups could show
an increased scattering coefficient of breast carcinomas compared to healthy tissue
[35]. To assess the diagnostic potential of the endogenous contrast in breast optical
imaging it is necessary to evaluate the differentiation between carcinomas and
benign alterations. Corresponding investigations on arbitrary patient populations
revealed a limited specificity only [25, 31, 78], in particular, since many benign
tissue alterations show increased Hb concentration, similar to carcinomas. Whereas
the endogenous optical contrast seems to be insufficient for cancer diagnostic and
differentiation, it has high potential for monitoring the progress of neoadjuvant
chemotherapy. In this application, the shrinking of a known lesion prior to surgery
is studied by frequent observation of the Hb concentration [81, 91]. Another pos-
sible application of intrinsic near-infrared breast imaging is the assessment of tumor
risk by considering the tissue collagen content [87]. Also, several groups pursue
optical breast imaging as an adjunct modality to x-ray mammography [22], MR
breast imaging [64, 84] or ultrasound [100].

18.2.2 Contrast Agents for Breast Optical Imaging

To improve the diagnostic and differentiation of breast cancer, and, more recently,
to improve the detection of tumor margins during breast cancer surgery several
contrast agents have been investigated. Most of the diagnostic studies were per-
formed with ICG. This dye is clinically approved and well accepted as a safe
contrast agent in various clinical applications for many years. It is routinely used for
ocular fundus fluorescence angiography, for examination of the hepatic function
and cardiac output measurements [17, 61]. A newer application is the study of the
microcirculation in the human hand to diagnose rheumatic diseases [24, 82].
Besides these approved applications with intravenous injection, ICG has been used
in many studies on sentinel lymph node detection for various types of tumors where
it is directly injected into the tumor or the adjacent tissue [73, 109].

The spectral properties of ICG are almost perfect for the application in
near-infrared diffuse optical imaging, since it shows absorption around 760 nm and
fluorescence around 830 nm (in tissue). After intravenous injection, ICG binds
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immediately to plasma proteins and is distributed in the vascular compartment.
Since carcinomas are characterized by a locally increased vessel density, a higher
tissue concentration of ICG in the carcinoma compared to healthy breast tissue
should be detectable. After about 10 min of circulation ICG has been cleared from
the blood by the liver. Clinical studies that looked on the increased ICG concen-
tration during the circulation (vascular phase) are discussed in Sect. 18.2.3. A more
promising method is the detection of extravasated ICG that settled in the carcinoma
during the vascular phase. Corresponding investigations are discussed in
Sect. 18.2.4.

The research on new contrast agents for the diagnosis of breast cancer by optical
imaging has already been started at a time at which basic experimental concepts and
theoretical models for diffuse optical imaging of the human breast were still under
development [76]. In particular, fluorescence imaging systems for the breast were
not yet available. The agents were derived from ICG with the aims to overcome the
short plasma lifetime of ICG, its low fluorescence quantum yield, and its instability
in aqueous solution which all were considered as disadvantages for
fluorescence-assisted breast cancer detection [76]. Finally, the new dye omocianine
found the way to clinical trials [71, 97]. Compared to ICG, omocianine (also known
as TSC) has a weaker binding to plasma proteins and a higher fluorescence
quantum yield [68]. Furthermore, the absorption and emission bands are slightly
shifted to shorter wavelengths. Whereas ICG is washed out from the blood by the
liver within typically 10 min, omocianine remains in the blood vessels for more
than 24 h. Clinical results on this dye are presented in Sect. 18.2.5.

In the past, many efforts were undertaken to develop specific molecular probes to
improve early diagnosis and therapy of breast cancer [8, 9, 96]. Up to date, such
probes did not yet find application for breast cancer diagnostics by optical imaging.
A few molecular probes are currently under investigation in clinical trials on tumor
margin detection during breast cancer surgery [44, 61]. The probe
bevacizumab-IRDye800CW targets the vascular endothelial growth factor A
(VEGF-A) [88]. It is a conjugation of the therapeutic agent bevacizumab (Roche
AG) and the near-infrared dye IRDye800CW (LI-COR Biosciences Inc.). The
target protein VEGF-A is involved in tumor angiogenesis [1] and frequently
overexpressed in breast cancer [54]. The molecular probe EC17 (On Target Lab-
oratories LLC, West Lafayette, USA) targets the tumor-specific overexpression of
the folate receptor alpha [94]. It consists of a folate analogue conjugated to
5-fluorescein isothiocyanate (FITC) which fluoresces at 520–530 nm. Because of
this short wavelength EC17 seems to be preferably suited for imaging of superficial
structures. It was already investigated on several types of cancer [90].

LUM015 is a protease activatable probe that consists of a polyethylene glycol,
the near-infrared dye Cy5 (emission wavelength about 665 nm), and a fluorescence
quencher [107]. Cathepsins being overexpressed by tumors [105] cleave the probe
thus enabling tumor-specific fluorescence of Cy5. AVB-620 is another protease
activatable fluorescent probe [58]. It utilizes the increased proteolytic activity from
matrix metalloproteinases (MMPs) in tumors and the surrounding stromal
microenvironment. AVB-620 contains Cy5 and Cy7 fluorescent molecules. The
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intact agent shows fluorescence by Cy7. Its hydrolysis by MMPs results in a shift of
fluorescence emission to Cy5 [58].

Besides molecular probes, also the classical perfusion type contrast agents ICG
[90] and methylene blue [93] have been investigated in clinical trials for tumor
margin detection in breast surgery.

18.2.3 Breast Tumor Detection by ICG Using Vascular
Contrast

The first application of ICG in optical mammography was demonstrated by
Ntziachristos et al. [63] who compared ICG absorption contrast with Gadolinium
(Gd) enhancement in concurrently recorded MR images. Hereby, a time-domain
NIR imager with a fixed grid of source and detector optical fibers was implemented
into a 1.5 T MR breast imager with slight compression of the breast between two
parallel plates. The investigations comprised Gadolinium enhanced MR imaging of
the breast followed by optical imaging prior to, during, and after a bolus injection of
ICG. The optical measurements were restricted to the tumor region known from the
MR images. The increase in absorption at 830 nm observable about 3 min after
ICG bolus injection was reconstructed for a slice selected at the known tumor
position using a perturbation model of diffusion theory.

These absorption images showed good correlation to the structures with Gd
enhancement in the MR images for all three cases investigated. A 1 cm invasive
ductal carcinoma was optically visible by a local absorption increase of about
0.05 cm−1, and a 1.5 cm fibroadenoma by an absorption increase of about
0.03 cm−1. ICG induced absorption enhancement in other regions as well as for the
third case without a lesion did not exceed 0.025 cm−1. The authors discussed that
the ICG molecules (due to their binding to the large plasma proteins) behave like
macromolecules, and that extravasation of these macromolecules through leaky
tumor capillaries should be a slow process not yet being visible at the early time of
measurement. Accordingly, the absorption images are vascularization maps. As
discussed in Sect. 18.2.2, such maps have been recorded by several groups
exploiting the intrinsic Hb contrast. Ntziachristos et al. [63] suggested measure-
ments of ICG absorption over a longer time period to study ICG kinetics and to
possibly quantify vessel permeability as an additional feature for cancer
differentiation.

Intes et al. [42] used a single-wavelength continuous-wave optical imager to
measure the kinetics of an ICG bolus on three patients. The 2D circular tomo-
graphic arrangement of light sources and detectors was positioned around the freely
pending breast such that it covered the lesion position known from palpation.
A perturbation model was used to reconstruct 2D-maps of the absorption change
due to the ICG bolus. Figure 18.1 displays the ICG kinetics for the three cases
investigated.

The adenocarcinoma and the invasive ductal carcinoma are characterized by a
significantly slower inflow, and the invasive ductal carcinoma, in addition, by a
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strongly delayed washout compared to the healthy tissue reference data. The benign
fibroadenoma behaves similar to the healthy tissue. Obviously, the vessels in the
two carcinomas have an increased resistance to blood flow possibly arising from a
chaotic vessel structure in the carcinomas. The delay in the washout could be an
indicator for extravasation of the ICG-plasma protein macromolecules [42].

Rinneberg et al. [78] performed a study on ICG bolus kinetics on 11 patients with
breast cancer using a time-domain optical mammograph. Before bolus injection, the
positions of the carcinomas were determined by recording transmission optical
mammograms at 675 and 785 nm. Then, transmission at 785 nm was sampled
continuously at the tumor position and at two reference positions to observe ICG
inflow and washout. These measurements showed a strong patient-to-patient vari-
ation of the washout time. However, the temporal characteristics of the carcinoma
and the reference positions of the same breast were almost identical in each case.

Figure 18.2a shows an example of the absorption change induced by the ICG
bolus illustrating the higher ICG concentration in the carcinoma compared to the
two healthy tissue reference positions. To compare the temporal characteristic, the
three curves were normalized to the total Hb concentration at each position derived
from the intrinsic absorption maps at 675 and 785 nm. Figure 18.2b shows that the
normalized ICG absorption is essentially the same for the carcinoma and the
healthy references during the about 10 min long measurement time. This result
corresponds to the expectation that almost all ICG is contained in the vessels due to
the strong plasma binding. Similar ICG kinetics was obtained for the other 10 cases.
Hence, the carcinomas in this study did not show increased resistance to blood flow,
in contrast to the two carcinomas discussed in Fig. 18.1.

The signal-to-noise ratio in the measurement of ICG absorption is limited due to
the high intrinsic tissue absorption. Fluorescence imaging of ICG offers the
advantage of an almost background free measurement. On the other hand, the

Fig. 18.1 ICG concentration kinetics for three patients with breast tumors; case I: fibroadenoma
(diameter 1–2 cm), case II: adenocarcinoma (diameter 2–3 cm), case III: invasive ductal
carcinoma (size 4 cm � 3 cm); curves with markers: tumors, curves without markers: healthy
tissue of the suspicious breast (reprinted with permission from [42])
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fluorescence signal is expected to be small due to the low fluorescence quantum
yield of ICG in tissue making its detection challenging. The first successful
detection of ICG fluorescence on patients with breast cancer was reported by Corlu
et al. [14]. Using a frequency-domain parallel plate optical mammograph and 3D
reconstruction, the ICG concentrations were determined 10.2 min after bolus
injection. For the three patients with invasive ductal carcinomas investigated in this
study a 4:1–6:1 contrast of the ICG concentration between carcinoma and healthy
tissue was obtained whereas the contrast in the total Hb concentration was about
1.3:1 only. This result has been interpreted as an indicator for remarkable
extravasation of ICG around 10 min after bolus injection due to high permeability
of the tumor vessels for macromolecules [14].

The different studies with ICG discussed so far give a nonuniform picture about
the advantages of the contrast agent. Corlu et al. reported ICG extravasation about
10 min after bolus injection, whereas Rinneberg et al. got ICG contrast comparable
to Hb contrast at this time. And Intes et al. observed a remarkably delayed inflow of
ICG into malignant lesion. One case with a delayed ICG inflow was reported also in
a later study conducted by Poellinger et al. [70]. This delay was explained by

Fig. 18.2 Washout kinetics
of ICG for an invasive
carcinoma (size 2 cm) and
two (healthy) reference
positions with different
vascularizations in the same
breast; a absorption change
Dµa by ICG bolus,
b absorption change Dµa
normalized to local total Hb
concentration HbT
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histologically confirmed necrotic tissue in the tumor whereas the other lesions in
this study did not show such an abnormality. Since the study by Poellinger et al.
differs in several aspects from the investigations discussed above, it is presented in
detail in the next section.

18.2.4 Breast Tumor Imaging and Differentiation by ICG
Using Vessel Permeability

The clinical results discussed in the preceding section could not yet fully elucidate
the role of ICG extravasation. In general, due to its high binding to plasma proteins
ICG should act as a macromolecule. According to the enhanced permeability and
retention (EPR) effect [55] this macromolecule is expected to extravasate in a
malignant tumor, and to stay in the extracellular space for a longer time. In contrast,
vessels in the healthy tissue, and most likely in benign lesions, too, should not allow
extravasation of the macromolecules.

The above investigations hamper from the high absorption or fluorescence signal
of ICG circulating in the vessels. The promising way to get a signal from extra-
vasated ICG exclusively is a measurement with high fluorescence detection sensi-
tivity at a sufficiently late time when ICG has been totally washed out from the
vascular system. This way was pursued in the study by Poellinger et al. [70], already
briefly mentioned above. The device used in this study was designed to detect the
fluorescence of ICG as well as absorption and scattering properties of the tissue at
selected near-infrared wavelengths [36]. Figure 18.3 illustrates the block diagram.

Fig. 18.3 Block diagram of the PTB fluorescence mammograph developed by Hagen et al. [36]
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Images of the breast being gently compressed between two parallel glass plates
were generated within about 3–10 min by continuously moving source and detector
fibers in tandem across the tissue. Fluorescence of the contrast agent was excited by
a module with four synchronized picosecond diode lasers (wavelength 780 nm, 15
mW average power at the breast surface). The central detection fiber bundle was
bifurcated to guide the transmitted light to the fluorescence and the excitation
wavelength detection channels. Time-correlated single-photon counting ensured a
high light detection sensitivity. Fluorescence and excitation light information were
combined in a fluorescence ratio mammogram. Without this normalization (or an
appropriate reconstruction) fluorescent lesions appear with reduced contrast, or
contrast could even been canceled out due to the absorption of fluorescence photons
by the locally enhanced Hb in the lesion [36]. The optical mammograph was
equipped with six more detection fiber bundles and photomultipliers (not shown in
Fig. 18.3) to derive 3D information about the breast tissue and with four additional
picosecond diode lasers (660, 797, 934, and 1066 nm) for spectroscopic mea-
surements [34].

The device was used in a feasibility study on 20 patients with malignant and
benign lesions [70]. This study differed from the previous trials with ICG discussed
in Sect. 18.2.3 by two main points: (i) imaging of ICG extravasated from the blood
vessels was done at a late time when ICG has been completely washed out from the
vascular system, and (ii) ICG was injected by a combination of a bolus and a
20 min long infusion to elongate the interaction time with the vessels. Figure 18.4
summarizes the examination protocol of the study.

Mammograms of the suspicious breast were recorded at three different times:
(i) prior to application of ICG (native phase), (ii) two times during the infusion
period (when the dye was distributed in the blood vessels—vascular phase), and
(iii) two times starting about 20 min after the end of the infusion (when the dye had
been washed out from the blood by the liver—extravascular phase). During the

Fig. 18.4 Examination protocol; a temporal profile of ICG application, b monitored arterial ICG
concentration (finger clip) with labeling of the various phases of the examination and of the time
intervals of the five breast scans performed (data refer to the case in Fig. 18.5)
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examination, the plasma level of ICG was monitored by conventional transcuta-
neous pulse densitometry using a finger clip [36].

To demonstrate typical results of the approach, we consider two cases with
invasive ductal carcinomas, an older and a younger woman, and a third example
with a fibroadenoma as a benign tumor. The first case is a 72-years-old patient with
a histologically proven medium differentiated invasive ductal carcinoma with a
maximum extension of 1.6 cm in the right breast. Since the breast of this older
woman consisted mainly of adipose tissue, it was radiologically transparent, and the
carcinoma was clearly visible in the x-ray mammogram. Similarly, the breast is
highly transparent for optical radiation. Figure 18.5a, b shows the intrinsic
absorption maps at 660 and 797 nm recorded prior to the application of ICG. Data
refer to normalized photon counts in the so-called “late time window” of the
time-domain technique [33].

At 660 nm, the carcinoma is clearly visible at high contrast, at 797 nm it has a
contrast compared to the superficial blood vessels which appear as elongated
structures. Since 797 nm is close to the isosbestic point of oxy- and deoxyhe-
moglobin absorption, Fig. 18.5b is a qualitative map of the total Hb concentration,
i.e. the lesion has an increased Hb concentration as expected. The stronger tumor
absorption at 660 nm reflects a high concentration of deoxyhemoglobin, i.e. the
carcinoma is characterized by a decrease in blood oxygen saturation compared to
the surrounding tissue which is a sign of high metabolic activity. Figure 18.5c
shows the breast absorption at the excitation wavelength (780 nm) for the first scan
during the vascular phase. Now, absorption is enhanced by ICG which is distributed
in the vessels at this measurement time. According to the discussion in Sect. 18.2.3,
the mammogram gives the same information as the intrinsic absorption image at the

Fig. 18.5 Optical mammograms (case 1, craniocaudal view) of a 72-years-old patient with an
invasive ductal carcinoma in the right breast, indicated by the arrow; a intrinsic absorption at
660 nm (native phase), b intrinsic absorption at 797 nm, c contrast-enhanced absorption during
vascular phase, d fluorescence ratio mammogram of the vascular phase, and e fluorescence ratio
mammogram of the extravascular phase. The absorption mammograms (a–c) display normalized
reciprocal photon counts in a late time window
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nearby wavelength of 797 nm (cf. Fig. 18.5b) due to the strong binding of ICG to
plasma proteins.

Figure 18.5d shows the corresponding fluorescence ratio mammogram for the
vascular phase, and Fig. 18.5e displays the fluorescence ratio mammogram for the
second scan of the extravascular phase. For comparison, these two images are given
with the same grayscale. Bright structures in the mammograms indicate a locally
enhanced concentration of ICG. In Fig. 18.5d fluorescence can be seen at the site of
the (vascularized) carcinoma, as well as for the superficial blood vessels. The
visibility of the carcinoma is comparable to Fig. 18.5b, c. The fluorescence ratio
mammogram for the extravascular phase (Fig. 18.5e) displays the carcinoma with
the highest contrast due to extravasation of ICG and its retention in the carcinoma.
All other structures, that appear in the native phase absorption mammograms and
during the vascular phase, are suppressed now. It should be noted, however, that a
fluorescence background signal was obtained at all scan positions, which indicates a
low extravasation in all parts of the breast.

The second patient is a 51-years-old woman with a well-differentiated invasive
ductal carcinoma. The size given by histology was 1.1 � 1.0 � 0.8 cm3. The
suspicious lesion was found by ultrasound. The x-ray mammogram revealed dense
glandular tissue and showed only a poorly visible architectural distortion. The
expected position of the lesion in the optical mammograms was derived from
dynamic contrast-enhanced MRI measurements which showed the lesion at the
lateral side of the breast close to the chest wall. MRI offered a second lesion nearby,
which was histologically classified as low-grade ductal carcinoma in situ.

Figure 18.6a, b displays the absorption at 660 and 797 nm without contrast
agent (native phase). Both images show a lesion of strongly increased absorption in
the upper left part in accordance with the location expected from MR imaging.
However, the location differs between both wavelengths making a decision about
lesion visibility for the native phase difficult. As for the first case, the
contrast-enhanced absorption mammogram for the vascular phase (Fig. 18.6c) is
very similar to the intrinsic absorption mammogram at 797 nm. Figure 18.6d, e
displays the fluorescence ratio mammograms for this patient. Similar to case 1, the
image for the vascular phase is of flat contrast only when compared to the
extravascular phase. The latter mammogram clearly displays the strong enrichment
of the contrast agent at the expected tumor position. Besides the carcinoma, we
observe a moderate fluorescence signal from the tissue close to the chest wall in the
lower left part of the mammograms in Fig. 18.6d, e, and some contrast behind the
nipple position. Compared to the carcinoma, these regions did not essentially
change contrast from the vascular to the extravascular phase. The deviation of the
shape of the breast in Fig. 18.6e from the other mammograms is caused by slightly
different positioning of the breast during recompression for the extravascular phase
measurements. Therefore, the location of the lesion in Fig. 18.6e cannot be directly
transferred to the other mammograms.

The third case is an example of a benign lesion. The 52-years-old patient had a
fibroadenoma in her left breast, which was finally validated by histology. From
ultrasound examination, the size of the lesion was estimated as 1.8 cm � 1.0 cm.
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The x-ray image did not show any abnormality. For this patient, data were recorded
in the native phase at the excitation wavelength (780 nm, see Fig. 18.7a). It was
known from ultrasound that the fibroadenoma lies in the left part of the breast.
Having in mind that fibroadenomas often exhibit increased absorption due to an
increased hemoglobin concentration [21, 25, 77], its position most probably cor-
responds to the absorbing region in the left part of the breast, indicated by the arrow
in Fig. 18.7a. However, there remains some uncertainty in this decision. Similar to
the other two cases, the contrast-enhanced absorption mammogram for the vascular
phase in Fig. 18.7b shows the same structures as the intrinsic absorption mam-
mogram in Fig. 18.7a.

In Fig. 18.7c, d the fluorescence ratio mammograms for the vascular and the
extravascular phase are displayed. Apart from the blood vessels, which are only
visible in Fig. 18.7c, both images are very similar. Hence, the fibroadenoma does
not show any particular enrichment of ICG due to extravasation. This result cor-
roborates the expectation that the capillary walls in benign lesions are not suffi-
ciently leaky to allow enhanced extravasation of macromolecules.

Confirmed by the results on the other cases of the trial, the study has shown that
fluorescence images recorded in the extravascular phase enable the detection of
extravasated ICG, which offers a way to improve the specificity in breast cancer
detection by exploiting vessel permeability for macromolecules to differentiate
malignant from benign lesions [70]. Furthermore, this study enabled a comparison
of the permeability specific images with endogenous contrast optical mammograms

Fig. 18.6 Optical mammograms (case 2, craniocaudal view) of a 51-years-old patient with an
invasive ductal carcinoma in the left breast, indicated by the arrow; a intrinsic absorption at
660 nm (native phase), b intrinsic absorption at 797 nm, c contrast-enhanced absorption at 780 nm
during vascular phase, d fluorescence ratio mammogram for the vascular phase, and e fluorescence
ratio mammogram for the extravascular phase. The absorption mammograms (a–c) display
normalized reciprocal photon counts in a late time window
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of the same patients representing total Hb or deoxyhemoglobin distributions, and
with ICG enhanced vascular contrast mammograms. In this way, the advantages of
the permeability specific measurements could be convincingly demonstrated. Lar-
ger clinical studies are required to confirm the potential of the method.

The EPR effect is also considered for improving the specificity in MR imaging
of breast tumors. Gd-based contrast agents used in clinical routine act as small
molecules that non-selectively extravasate in tumors as well as in healthy tissue. To
obtain a more specific enhancement, several macromolecular contrast agents for
MRI are under development [16, 108]. Up to now no such agent became available
for clinical applications. A main problem is safety concerns related to the slow
excretion and high tissue accumulation of toxic Gd ions [23, 108]. In contrast, the
approved contrast agent ICG offers a safe way to exploit the EPR effect. However,
visualization of ICG in the breast by fluorescence imaging is hampered by the low
spatial resolution of diffuse optical imaging.

18.2.5 Imaging of Breast Cancer with Omocianine

The small molecular contrast agent omocianine was used in two pilot studies. One
study comprised the examination of 11 patients with a continuous-wave
(CW) fluorescence and absorption tomography system developed by Philips
Healthcare (Best, The Netherlands) [97]. This device uses a high-density

Fig. 18.7 Optical mammograms (case 3, craniocaudal view) of a 52-years-old patient with a
fibroadenoma in the left breast. The presumed position of the lesion is indicated by the arrow;
a intrinsic absorption at 780 nm (native phase), b contrast-enhanced absorption during vascular
phase, c fluorescence ratio mammogram for the vascular phase, and d fluorescence ratio
mammogram for the extravascular phase. Absorption mammograms display normalized reciprocal
photon counts in a late time window

604 D. Grosenick and C. Bremer



source-detector fiber system arranged around a cup unit for investigation of the
freely pending breast. Optical contact is supported by a matching fluid. Omocianine
was administered intravenously as a bolus. Four different doses were used with
three cases in each group (two cases for the highest dose). At the two lowest doses,
five out of six malignant lesions were detected in the reconstructed fluorescence
images whereby the missed lesion was out of the field of view. No lesions could be
seen in the two highest dose groups for which reconstruction was problematic due
to the non-negligible absorption of the contrast agent. Best lesion-to-background
contrast was obtained 8 h after injection ranging between 1.8 and 2.8. Figure 18.8
shows the reconstructed fluorescence image for a case with a 2.5 cm diameter
invasive lobular carcinoma. The result for the contralateral breast is given as well.

Besides the lesion (green arrow) other fluorescent structures are visible such as the
nipples of both breasts (red circles) and glandular tissue. The study showed that
glandular tissue generally exhibited an enhancement pattern similar to the carcino-
mas making a reliable detection of carcinomas with omocianine probably prob-
lematic. The authors concluded that target-specific contrast agents will be crucial to
translate fluorescence molecular breast imaging to clinical application [97].

The second study was a multicenter clinical trial with 52 patients who received
omocianine and 9 patients who got placebos instead [71]. Fluorescence and
absorption images of the freely pending suspicious breast were acquired with a
tomographic device from Imaging Diagnostics Systems, Inc. (Ft. Lauderdale, FL,
USA) using a vertically moveable ring arrangement of light sources and detectors.
Omocianine was administered at five different doses. The best performance was
obtained at a dose of 0.1 mg omocianine per kg body weight which was the highest
dose in the first study discussed above. All 7 malignant lesions were detected,
whereas the two benign lesions in this group did not show enhanced fluorescence.
However, the neighboring dose groups of 0.2 and 0.05 mg/kg yielded carcinoma
detection rates of about 50% only, and 1 false positive result each. Furthermore, the

Fig. 18.8 Reconstructed fluorescence images of a patient with an invasive lobular carcinoma
obtained 8 h after administration of omocianine; a left breast with carcinoma (green arrow) and a
reconstruction artifact at the chest wall (blue arrow), b right breast. The red circles indicate the
nipple positions (reprinted with permission from [97])
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time point of the best lesion contrast in this study showed a strong spread. On
average, the optimal detection time lay between 3 and 4 h compared to the stable
result of 8 h observed by van de Ven et al. There was a tendency for earlier imaging
time points for malignant in contrast to the visible benign lesions. Eventually, the
authors concluded the need for improvements in the technique and the development
of cancer-specific, targeted contrast agents [71].

The studies with omocianine revealed some preliminary technical problems that
limited the value of the results. These problems may be overcome by improving
data acquisition and reconstruction. However, both studies ended up with signifi-
cant limitations due to the nonspecific nature of this contrast agent. In comparison,
the contrast agent ICG has the advantage that the vessel permeability can be
exploited as a characteristic feature of malignant tumors.

18.2.6 Fluorescence-Guided Breast Cancer Surgery

During breast conserving cancer surgery, it is required to reliably recognize the
borders between tumor and healthy tissue. Commonly, surgeons have to rely on
visual inspection. Along with this technique, incomplete resections were reported
for 20–40% of the patients [69]. Near-infrared fluorescence imaging is a promising
technique to improve intraoperative tumor margin detection. Hereby, the fluores-
cent contrast agent should either actively or passively accumulate in the tumor, but
not in the surrounding healthy tissue.

The extravasation of ICG in carcinomas according to the EPR effect offers
potential to delineate tumor margins during surgery. As reviewed by Tipirneni et al.
[90], several clinical trials have been conducted to study the visualization of tumor
margins with ICG. However, no published data are available so far.

Tummers et al. [93] investigated the application of methylene blue for tumor
margin detection. Intraoperative fluorescence imaging was conducted with a
combined white-light and fluorescence detection system. Fluorescence was sear-
ched in the wound bed and on the surface of the resected specimens. Two out of the
24 cases in this study showed fluorescence at these locations after conventional
cancer resection. For both cases, histopathology finally confirmed positive resection
margins. As an example, Fig. 18.9 displays intraoperatively taken images for one of
these cases.

Overall, 20 out of the 24 resected carcinomas in this study contained methylene
blue as confirmed by fluorescence measurements after pathological bisection of the
specimens. In one of the remaining 4 cases without methylene blue enrichment
histology revealed positive resection margins, too.

The four molecular probes listed in Sect. 18.2.2 were investigated in exploratory
studies on tumor margin detection. The probe bevacizumab-IRDye800CW target-
ing the vascular epithelial grow factor VEGF-A was applied in a study on 20
patients [51]. Fluorescence and white-light images were recorded with a
custom-made device with an excitation laser at 750 nm and a high-end cooled
EMCCD camera for sensitive fluorescence detection. The contrast agent was
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administered intravenously at a microdose level. During surgery, fluorescence
images were recorded at several predefined time points. After tumor removal, the
surgical field was inspected again for fluorescence, and the excised specimens were
imaged, too. Histopathology identified two patients with incomplete tumor removal.
For both these cases, positive resection margins were visible in the fluorescence
images recorded from the tissue lumps directly after removal. However, no residual
fluorescence was seen in the wound bed. Final investigations on excised and sliced
specimens showed IRDye800CW fluorescence in 19 of the 20 carcinomas.
Microscopy revealed complete overlap of the molecular probe and VEGF-A
regions in 6 and adjacent location in 12 cases. In the remaining two cases
IRDye800CW and VEGF-A positions did not overlap.

The folate receptor alpha targeting agent EC17 was applied for intraoperative
imaging on 3 patients with breast cancer [94]. Images of the surgical field, the excised
specimens and of the wound bed were recorded with the Artemis fluorescence
imaging system (Quest Medical Imaging, The Netherlands) specially configured to
generate excitation light for EC17 at 490 nm. Tumor-specific fluorescence could be
observed during surgery for all three cases. However, autofluorescence of normal
breast tissue strongly hampered tumor identification. Autofluorescence was also
visible in fluorescence microscopy of the sliced tissue specimens. Nevertheless, clear
accumulation of EC17 in tumor cells could be seen here.

The activatable probe LUM 15 was investigated on 15 patients having either
breast cancer or soft-tissue sarcoma [107]. Fluorescence measurements were done
ex vivo on resected tissue samples whereby a significantly higher fluorescence was
observed for the tumors compared to normal tissue. The activatable probe
AVB-620 was applied in a study on 27 patients who underwent surgical excision of
breast cancer [95]. The probe was administered by an infusion 2–20 hours before
surgery. Fluorescence images were taken from the surgical field as well as from the

Fig. 18.9 a Resected breast cancer specimen, b wound bed after resection. Both images show
fluorescence from methylene blue (overlaid as green color) indicating incomplete cancer removal
(reprinted with permission from [93])
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excised specimens. The study demonstrated measurable changes between
tumor-positive and tumor-negative tissue classified by pathology.

In summary, the first results with specific molecular probes for breast cancer
applied on humans show tumor-specific fluorescence signals. Contrast seems not
yet sufficiently stable for a reliable detection of tumor margins during surgery, and
further research is required. Furthermore, it remains an open question, whether
molecular probes could help to develop fluorescence imaging toward a diagnostic
tool with high sensitivity and specificity for breast cancer. In fact, a highly specific
molecular probe will be suitable for only a small fraction of cancer entities, since
the pathology of tumor tissue differs widely among breast cancer patients.

18.3 Cancer and Early Malignancies
of the Gastrointestinal Tract

The characterization of breast tumors discussed in the preceding section requires the
use of near-infrared light in combination with advanced light detection techniques.
In contrast, tumors of the gastrointestinal (GI) tract are superficial lesions which can
easily be accessed in reflection geometry by light from the whole visible spectral
range. The conventional technique for the detection of premalignant changes and
early-stage carcinomas in the esophagus and the colon and rectum is white-light
endoscopy [28, 104]. Since patients with inflammations of the GI tract have a high
risk in the development of malignancies, they are advised to regularly undergo
surveillance examinations. However, the detection of lesions developing from
inflamed tissue is difficult since the mucosa appears flat in the endoscopic images.
Thus, for patients with ulcerative colitis about 30% of flat intraepithelial neoplasias
are not visible by conventional white-light endoscopy [80]. Similarly, the detection
rate of neoplasia for patients with Barrett’s esophagus is insufficient so far [101].

Over the years, enhanced optical imaging techniques have been developed for
GI endoscopy [39]. Narrowband imaging and autofluorescence imaging use
endogenous tissue contrast. Recent studies suggested that narrowband imaging does
not really improve neither the detection of esophageal neoplasia [29] nor the
detection of colorectal dysplasia [41, 52]. Likewise, autofluorescence imaging of
the esophagus was found to be of limited value only for early detection of lesions
[5, 29]. Chromoendoscopy uses a dye spray to improve lesion detection. First
studies with this technique demonstrated a 3–5-fold increase in the probability of
detecting colorectal dysplasia [40, 48, 83]. In 2015, chromoendoscopy became part
of a consensus statement on surveillance and management of dysplasia in inflam-
matory bowel disease [50]. In a recent study, Mooiweer et al. [60] assessed more
critically that chromoendoscopy of the colon does not yield enhanced performance
compared to white-light endoscopy.

Another advanced technique is confocal laser endomicroscopy which provides
microscopic details of the gastrointestinal mucosa in vivo [28, 30]. Studies on
patients with Barrett’s esophagus and with ulcerative colitis, performed in
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combination with chromoendoscopy using intravenous injection of fluorescein,
demonstrated high diagnostic accuracy [30], whereas a later study on patients with
Crohn’s disease showed a lower diagnostic yield [103]. Moreover, confocal laser
endomicroscopy yielded good or, at least reasonable, diagnostic accuracy for
investigations on patients with long-standing ulcerative colitis and with primary
sclerosing cholangitis associated inflammatory bowel disease [18, 79, 98]. A main
limitation of confocal laser endoscopy is that this technique is not suited for
investigation of the full hollow organ. It requires preselection of suspicious regions
by, e.g., white-light or chromoendoscopy, where it is then applied as a point
technique to improve diagnosis [39].

Similar to other organs, further improvements of performance and diagnostic
accuracy in endoscopy of the GI tract are expected by application of tumor-specific
molecular probes. In the following, we start with a discussion of 5-aminolevulinic
acid, which is transformed into protoporphyrin IX preferentially in tumor tissue.
Then we review recent results obtained with targeting peptides and antibodies, as
well as activatable probes.

18.3.1 Protoporphyrin IX as Tumor Marker

Protoporphyrin IX (PpIX) is a natural precursor in the synthesis of heme. Its
conversion to heme by insertion of a ferrous ion is catalyzed by the enzyme fer-
rochelatase. Tumor cells show an accumulation of PpIX which is assumed to be
caused by a reduced activity of ferrochelatase [26, 47] and a relative enhancement
of porphobilinogen deaminase activity [32]. The endogenous small molecule
5-aminolevulinic acid (5-ALA) acts as a precursor in the biosynthesis of PpIX.
When 5-ALA is additionally administered as an exogenous agent the synthesis of
PpIX is enforced and its accumulation in tumor cells is increased [43]. PpIX can be
made visible by fluorescence imaging using blue or green light for excitation.
5-ALA supported PpIX accumulation has been applied for investigations on oral
cancer [4], bladder cancer [11, 43], lung cancer [37], and skin cancer [15]. Also,
several studies were conducted on tumors of the GI tract.

Mayinger et al. [57] investigated 22 patients with known or treated malignant
and precancerous lesions of the esophagus. 5-ALA was orally administered with a
dose of 15 mg/kg body weight. Fluorescence and white-light endoscopy were
conducted about 6 h later. The fiberoptic endoscope was connected to a light source
capable of emitting violet-blue light, and a CCD camera for detection of the red
fluorescence light. In this study, 85% of the biopsy sites with histologically con-
firmed premalignant or malignant tissue exhibited PpIX fluorescence. In contrast,
only 25% of them were detected with white light.

The study by Brand et al. [6] aimed at differentiation between Barret’s mucosa
with and without dysplasia. 20 patients obtained 10 mg/kg of 5-ALA orally 3 h
before endoscopy of the esophagus. Fluorescence was excited with a wavelength of
400 nm from a dye laser, and fluorescence intensities were measured quantitatively
at 635 and 480 nm to account for PpIX and autofluorescence, respectively.
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By using the PpIX fluorescence intensity alone, high-grade dysplasia could be
distinguished from nondysplastic tissue with a sensitivity of 77% and a specificity
of 71%. Since the study showed a decreased autofluorescence intensity for nodular
high-grade dysplasia, too, Brand et al. calculated the fluorescence intensity ratio of
635 and 480 nm signals. In this way, high-grade dysplasia could be differentiated
from nondysplastic tissue with 100% sensitivity and 100% specificity. This result
demonstrates the necessity to consider the fluorescence of PpIX with respect to the
autofluorescence background. A similar approach was already successfully
demonstrated in a study on naturally accumulated PpIX in esophageal dysplasia
without additional administration of 5-ALA [67].

18.3.2 Time-Gated Fluorescence Imaging
of Protoporphyrin IX

Another approach to obtain a high sensitivity and specificity in dysplasia detection
of the esophagus and the colon is time-gated fluorescence imaging and spec-
troscopy. As demonstrated earlier for skin cancer, this method utilizes the
fluorescence lifetime as an additional parameter to improve the detection of PpIX
fluorescence versus the tissue autofluorescence background [15]. Figure 18.10
illustrates the main components of the research setup for time-gated fluorescence
endoscopy developed at the PTB [65].

The endoscope in this setup has two working channels. The first one contains an
optical fiber to guide the excitation light to the tissue. This fiber was also used to
collect fluorescence light from the tissue for spectral analysis. The second working
channel was equipped with an auxiliary image guide for the acquisition of fluores-
cence images by an intensified CCD camera. A bandpass filter in front of the camera
suppressed the excitation light. The image guide was fixed in such a way that nearly
the same field of view was covered by fluorescence and white-light images. The
excitation light pulses were generated by an optical parametric oscillator (OPO),
pumped by the third harmonic of a Q-switched Nd:YAG laser. Generally, the OPO
could be tuned between 410 nm and 2.2 µm. For the investigations on PpIX
fluorescence, a wavelength of 505 nm was chosen. The pulse duration was about
3 ns. After attenuation to the appropriate power, the light pulses were guided through
a dichroic beam splitter into the illumination fiber of the endoscope.

To record fluorescence spectra, the fluorescence light collected by the illumi-
nation fiber was guided through the dichroic beam splitter to a polychromator.
Similar to the intensified CCD camera for imaging, the cooled detector array of the
polychromator was equipped with an intensifier. This intensifier was opened for
20 ns after each laser pulse. Furthermore, an electrical delay enabled to start the
recording of fluorescence spectra either immediately or with a delay time of 20 ns
with respect to the excitation pulse. Figure 18.11 illustrates the differences in the
fluorescence spectra of normal mucosa and of a carcinoma of the colon obtained in
this way. Data were acquired about 2 h after topical administration of 5-ALA.
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Normal mucosa shows a broad and flat emission spectrum. When the delay of
20 ns is applied then the fluorescence emission is almost down due to the short
autofluorescence lifetime of about 3 ns [59]. The immediate spectrum of the car-
cinoma has the well-defined fluorescence peak of PpIX around 633 nm and a
second minor band at about 700 nm. Both are overlaid on the flat autofluorescence
background being similar to that of normal mucosa. The delayed spectrum is almost
free of the autofluorescence background, and the tumor-specific fluorescence bands
at 633 and 700 nm are clearly visible due to the longer fluorescence lifetime of
PpIX (about 16 ns [59]). In order to quantify the tumor-specific fluorescence, the
ratio R of the delayed fluorescence intensity at 633 nm and of the immediate
fluorescence intensity at 595 nm according to R = I(633 nm, 20 ns)/I(595 nm,
0 ns) can be utilized [59].

The time-gated laser-induced fluorescence endoscopy technique was applied in
clinical trials on the esophagus [65] and the colon [27, 66]. In both studies, 5-ALA
was topically administered to the patient about 2 h before the measurement. The
investigations on a total of 141 esophageal lesions showed that the above-defined
ratio R enables reliable differentiation of low-grade dysplasia from nondysplastic

Fig. 18.10 Typical scheme of a setup for endoscopic investigation of time-delayed fluorescence
of the gastrointestinal tract after topical application of 5-aminolevulinic acid
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mucosa in Barret’s esophagus. Furthermore, the higher performance of the
time-gated technique could clearly be demonstrated. Compared to screening
white-light endoscopy, dysplasia was detected at a 2.8-fold higher rate. In addition,
three early carcinomas were visible from the time-gated technique only [65].
Besides spectroscopic investigations, the time-gated technique can also be used to
take prompt and delayed fluorescence images of lesions together with white-light
images. Due to the short gate time, there is no significant background to the
fluorescence signal from the white-light source. As an example, Fig. 18.12 shows
the delayed fluorescence image of a carcinoma in the esophagus together with the
white-light image. The fluorescence image displays the carcinoma with its strong
PpIX signal almost free of autofluorescence background. The slight discrepancy
between both images in Fig. 18.12 is caused by the slow refreshment rate of the
fluorescence image (2 images/s). The images were processed in real time in order to
identify malignant spots in the white-light image for biopsy. Using this technique,
the number of biopsies could be decreased.

Fig. 18.11 Normalized
fluorescence intensity of PpIX
and autofluorescence
background in dependence on
wavelength. a Immediate and
time-delayed fluorescence
spectrum of a carcinoma
in vivo and b immediate and
time-delayed fluorescence
spectrum of normal mucosa
in vivo
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The study on time-gated fluorescence colonoscopy was conducted on 42 patients
with long-standing ulcerative colitis. Conventional white-light endoscopy with
4-quadrant biopsies detected invisible flat intraepithelial neoplasia in 3 patients, and
time-gated fluorescence endoscopy in 10 patients. With the time-gated fluorescence
ratio technique, dysplastic and nondysplastic mucosa could be discriminated with a
sensitivity and specificity of 73% and 81%, respectively [66].

Overall, the results on time-gated fluorescence endoscopy with PpIX as tumor
marker underline that this technique is superior to conventional white-light endo-
scopy. In particular, the detection limit is clearly improved after suppression of the
short lifetime tissue autofluorescence. As demonstrated on colorectal cancers and
their metastases, PpIX fluorescence can even be detected without amplification by
5-ALA administration [59]. However, time-gated fluorescence endoscopy requires
advanced detection systems together with pulsed lasers which are expensive and,
thus, hamper its translation to clinical routine.

5-ALA and PpIX have also been considered for the detection of other tumors,
including bladder cancer, glioma, and squamous cell carcinoma [43, 44]. Some
studies on the brain have shown that PpIX can accumulate in nonmalignant tissue,
too [44], making its specificity for malignant tissue questionable. Besides their
application in diagnostics, 5-ALA and PpIX play an important role in photody-
namic therapy [2].

18.3.3 Targeted Molecular Imaging in Gastrointestinal
Endoscopy

As for cancer in general, targeted molecular probes are also considered as a
promising approach for the early detection of tumors in the GI tract by fluorescence

Fig. 18.12 a Fluorescence image taken with 20 ns delay and b corresponding white-light image
of an esophageal carcinoma
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measurements. The targeted antibody bevacizumab-IR800CW and the activatable
peptide LUM015 which have both been applied for fluorescence-guided surgery of
breast cancer (cf. Sects. 18.2.2 and 18.2.6), are also investigated for the detection of
cancer in the GI tract. Bevacizumab-IR800CW, which targets the vascular epithelial
grow factor A, was applied in a study on 14 patients with Barrett’s esophagus
having known lesions [62]. For this study, the working channel of a high definition
white-light endoscope was equipped with a fiber bundle connected to a
custom-build fluorescence imaging setup with a 750 nm laser for fluorescence
excitation and a short-pass filtered white-light LED for the generation of overlay
images. Two cameras positioned behind a dichroic beam splitter were used to
acquire fluorescence and (short-pass restricted) white-light images simultaneously
in real time. Five patients received the agent through an intravenous bolus 2 days
before endoscopy, the other nine patients topically by spraying immediately before
fluorescence endoscopy.

Fluorescence imaging visualized 16 out of the 17 dysplastic and neoplastic
lesions detected by conventional white-light endoscopy. Hereby, the missed lesion
was not accessible, since its position at the gastric cardia could not be reached by
the separate fiber bundle due to bending restrictions. In addition, fluorescence
imaging found four more dysplastic and neoplastic lesions. As an example,
Fig. 18.13 displays images of an early adenocarcinoma that was seen exclusively
by fluorescence imaging. The smaller field of view in the overlay and the
fluorescence image compared to the conventional endoscopic image is caused by
the smaller aperture of the inserted fiber bundle. Compared to systemic adminis-
tration, the topical administration was found to give a slightly higher
tumor-to-background ratio of 4.30 ± 0.41. The high number of lesions found only
after administration of bevacizumab emphasizes the high potential of targeted
imaging for early detection of esophageal cancer.

Fig. 18.13 In vivo detection of an early esophageal adenocarcinoma by targeted imaging with
bevacizumab-IR800CW; a conventional white-light image without abnormality at the carcinoma
position (arrow), b overlay image with fluorescence indicated in green, and c fluorescence image
(reprinted with permission from [62])
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The probe LUM015 which is activated by cathepsins currently undergoes a
phase 1 clinical trial for assessing its safety and efficacy on patients with colorectal,
pancreatic, and esophageal cancers [44]. As part of this study, fluorescence signals
from specimens of resected tumors will be compared to histological findings
(clinical trial number NCT02584244, clinicaltrials.gov). Likewise, the lectin wis-
teria floribunda which has been labeled with fluorescein is currently being evaluated
in a phase 1 clinical trial for early detection of colorectal cancer. Lectins are
expected to specifically detect cell-surface glycans that are altered in cancer [44].

There are also several peptides under consideration for tumor detection in the GI
tract. Compared to antibodies, peptides have the advantages of lower costs and
limited immunogenicity. The peptide GE-137 shows specific binding to c-Met, a
protooncogene that encodes a transmembrane receptor tyrosine kinase to stimulate
tumor progression and metastases [10]. Fluorescence is emitted by the conjugated
dye Cy5. Intravenously injected GE-137 is well-tolerated in humans. A pilot study
using white-light and fluorescence colonoscopy has shown that GE-137 enabled
visualization of all 38 neoplastic colon polyps that were visible with white light.
Moreover, the detection of nine additional polyps demonstrated that GE-137 may
enable the detection of polyps missed by other techniques [10].

The specific peptides QRHKPRE and KSPNPRF are in the phase of first clinical
trials for safety and efficacy evaluation [44]. QRHKPRE is considered for colorectal
cancers. It binds to the epidermal growth factor receptor (EGFR) overexpressed in
epithelial cancers. The peptide KSPNPRF has undergone a clinical trial on eso-
phageal cancer. It targets the epidermal growth factor receptor 2 (Her2) which is
known to be overexpressed in colon and esophageal as well as several other
cancers.

Several peptides have been identified empirically using phage display by
screening against cancer [44]. The peptide VRPMPLQ was found to bind to pre-
malignant rather than normal colonic crypts [38]. Using confocal endomicroscopy
on 20 patients, a high tumor-to-background ratio of 17.9 ± 4.2 between adenomas
and normal colonocytes was found after topical administration. However, this
peptide has not yet been successfully applied in wide-field fluorescence endoscopy.
The suspicious sites for performing endomicroscopy were selected by white-light
endoscopy.

Sturm et al. [85] selected the peptide ASYNDA and labeled it with FITC for
fluorescence imaging. The peptide was investigated in a study on 25 patients with
Barrett’s esophagus having a history with biopsy-proven high-grade dysplasia of
esophageal adenocarcinoma. Suspicious regions were selected by white-light
endoscopy. The peptide was sprayed to the corresponding site by a catheter. After a
waiting time of 5 min an endomicroscope was placed in contact to take confocal
fluorescence images of the lesion and normal-appearing squamous mucosa. By
using a tumor-to-background fluorescence intensity ratio of 4.2 as threshold,
high-grade dysplasia and adenocarcinoma could be differentiated from normal
tissue with a sensitivity and specificity of 75% and 97%, respectively.

ASYNDA was used later by the same research group in a study with a multi-
modal wide-field endoscope [45]. Besides white-light images, this endoscope
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collected fluorescence images and reflectance images in an alternating manner at 20
frames per second. The reflectance measured with illumination at 540–560 nm was
used to normalize the fluorescence images in order to correct the shadowing of the
raw data due to the large acceptance angle in image acquisition. Figure 18.14 shows
a representative example of the three images for a region with a histologically
confirmed high-grade dysplasia. The dysplasia can already be seen in the raw
fluorescence image whereas Barrett’s esophagus and squamous epithelium are
almost free of fluorescence. In the lower part, some fluorescence from the gas-
troesophageal junction is visible. Using the normalized fluorescence images, sen-
sitivity and specificity for the detection of high-grade dysplasia and early
adenocarcinoma amounted to 76% and 94%, respectively.

The peptide KCCFPAQ was found to bind specifically to sessile serrated ade-
nomas of the colon [46]. It did not show any toxic effects in animals and patients.
KCCFPAQ was topically administered in a pilot study on 38 patients, having high
risk for colorectal cancer, or having a suspected unresected proximal colonic
polyp. Using wide-field fluorescence endoscopy, regions of sessile serrated ade-
nomas were found to have a 2.4-fold higher mean fluorescence intensity than
normal colonic mucosa. They could be distinguished with 89% sensitivity and 92%
specificity. As described above for wide-field endoscopy with ASYNDA, this study
used the same concept of fluorescence-to-reflectance ratio images to improve lesion
detection [46].

In summary, there is a growing number of molecular probes that has entered
clinical trials for the detection of carcinomas in the GI tract. In particular, the
antibody bevacizumab-IR800CW and the specifically binding peptide GE-137
could already reveal their high potential by visualizing lesions that would have been
missed by conventional white-light microscopy. Furthermore, the application of
molecular probes in confocal endomicroscopy could become a way for the evalu-
ation of suspicious regions without the necessity of taking biopsy samples.

Fig. 18.14 In vivo detection of a high-grade dysplasia in the esophagus by targeted imaging with
ASYNDA; a white-light image with several areas of Barrett’s esophagus (BE), a high-grade
dysplasia (HGD), squamous epithelium, and the gastroesophageal junction (GEJ); b fluorescence
image; and c reflectance image co-registered with the fluorescence image. The dashed line
indicates a cut through the lesion used for further analysis (reprinted with permission from [45])
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18.4 Outlook

The discussed results on molecular imaging of carcinomas in the breast and GI tract
underline the huge efforts undertaken to improve the early detection of cancer.
Promising results on optical detection and differentiation of breast cancer have been
obtained by exploiting the enhanced permeability and retention effect of solid
carcinomas using the nontargeted contrast agent ICG. Specific binding markers as
well as activatable probes have not yet been applied for breast cancer diagnosis,
although proposed more than 20 years ago. In part, this slow development could be
caused by the general limitations in optical imaging of the breast arising from the
diffusive nature of light propagation in tissue. The detection of small concentrations
of a tumor marker through several centimeters of tissue is a challenging task
requiring advanced and expensive fluorescence imaging techniques. Furthermore,
the spatial resolution of diffuse optical imaging will never be competitive with other
imaging modalities. However, structural features (requiring high spatial resolution)
are highly important for early clinical diagnosis of breast cancer.

The situation is different when the cancerous tissue in the breast has to be
visualized during surgery. In this scenario, the cancer tissue is directly exposed to
the surgical situs and optical imaging is the best-suited method for the surgeon.
Accordingly, there is significant progress in the development of molecular probes
for fluorescence-guided breast cancer surgery. Here we should expect the transla-
tion of molecular probes to clinical routine in the next future. This expectation is
supported by the increasing number of fluorescence imaging systems approved for
intraoperative use. However, the clinical development of highly specific molecular
probes is limited by the selectivity of these contrast agents making them (com-
mercially) relevant only for a defined subgroup of patients.

High-grade dysplasia and early carcinomas of the GI tract are superficial lesions
as well. Whereas the intrinsic tumor marker PpIX was of high interest over years,
molecular probes are more and more entering the field of GI tract imaging now.
Having the number of probes in mind, that is just in the phase of safety investi-
gations, we can expect that several probes will find their way into clinical routine
over the next years. These probes may considerably improve the early detection of
carcinomas in the GI tract. However, the same basic considerations concerning
clinical probe development as pointed out for breast cancer apply for GI tumors as
well.

Present results indicate that a tumor-to-background ratio in the order of 4:1 will
be realistic. Since this number is not big, we can expect that quantitative imaging
methods will become of high importance here. Similarly, the decision on tumor
margins will depend on threshold values. Overall, quantification in fluorescence
imaging might be an important step for the characterization of tumor grades as well
as for the reliable resection of tumors.
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19.1 Introduction

Molecular imaging with positron emission tomography (PET) using tumour-
seeking radiopharmaceuticals has gained wide acceptance in oncology with many
clinical applications. Since its first in vivo application in the 1970s [4, 55] the
glucose analogue 18-F-fluorodeoxyglucose (FDG) is the most common PET
radiopharmaceutical in clinical routine, especially in oncology. In vivo FDG acts
similar to glucose, but being trapped within the cells (‘metabolic trapping’) and not
being metabolised any further. Increased consumption of glucose is a characteristic
of most tumour cells and is mainly related to overexpression of the GLUT-1 glu-
cose transporters and increased hexokinase activity [102, 159]. FDG enables to
visualise regional glucose metabolism with high sensitivity but somewhat lower
specificity. Despite the high sensitivity of FDG PET/computed tomography
(CT) false-positive findings may occur due to physiologic processes such as brown
fat, colonic and gynaecologic activity, infectious and inflammatory processes and
rebound thymus hyperplasia. False-negative findings can occur, e.g. in the
assessment of brain lesions as a consequence of physiologically high glucose
uptake by surrounding normal brain. FDG accumulation can be assessed visually,
semi-quantitatively and quantitatively. The most commonly used technique is the
standardised uptake value (SUV): a semi-quantitative index of tumour uptake
normalised to injected dose and a measure of the total volume distribution, such as
the patient’s body weight.

The hybrid imaging modality PET/CT has been clinically introduced in the late
1990s. PET/CT imaging allows assessing molecular as well as morphologic
information at the same time. Nowadays, PET/CT represents a state of the art tool
for whole-body staging and re-staging in oncology within one imaging modality.
PET/CT outperforms PET or CT alone by improving lesion localisation and lesion
characterisation in oncology imaging.

19.2 Clinical Applications of FDG PET/CT in Oncology

This chapter provides an overview of the main clinical applications of FDG
PET/CT in oncology.

FDG PET/CT plays an integral role in diagnosis, staging and re-staging of
disease in oncology. In addition, there is increasing evidence that FDG PET/CT can
also significantly contribute to evaluation of therapy response, tumour control, and
prediction of prognosis in oncologic patients (for a review see Herrmann et al.
[65]). Conventional imaging modalities are of limited use to assess response to
therapy. FDG has been proposed as an imaging surrogate parameter of therapy
response. It provides highly reproducible quantitative parameters of tumour glucose
metabolism. Changes of tumour consumption can therefore be used to define
metabolic response to therapy. For this reason, FDG PET/CT was introduced for the
early sequential monitoring of tumour response of breast cancer in 1993 [158].
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FDG PET/CT can be used to assess response to therapy early and late in the
course of treatment. From the perspective of a clinician, it is very important to
differentiate non-responders to therapy early in the course of treatment (especially,
if several cycles of a therapy have to be applied, e.g. chemotherapy or
immunotherapy) in order to possibly change the therapeutic management. The
schedule for PET timing is always dependent on the type of tumour and the
treatment plan, often there is no standardised recommendation due to a lack of
(randomised, multicentre, prospective) studies. However, a baseline scan is indis-
pensable in any case, followed usually by a second scan after the first or second
cycle of therapy. Changes in FDG uptake between the pre-therapeutic and early
follow-up scan are used to predict histopathological response and patient outcome.
The standardised uptake value is the most widely used FDG PET parameter, and in
most studies relative changes (%) are calculated to quantify metabolic response.

Early therapy response as assessed by FDG PET/CT has shown promising
results in single-centre studies and should be evaluated in randomised, prospective,
multicentre trials in order to implement FDG PET/CT in clinical practice for this
concern in the future. In this context, standardisation of patient preparation, data
acquisition and processing, and data interpretation are important issues. In order to
establish criteria to assess therapy response with the help of PET/CT, e.g. PERCIST
criteria have been developed and implemented (PERCIST 1.0, PET Response
Criteria In Solid Tumours) [157].

In this chapter, special emphasis will be on the use of FDG PET/CT for therapy
response assessment being discussed in separate paragraphs for almost all of the
listed tumour entities.

19.2.1 Non-small Cell Lung Cancer (NSCLC) and Small Cell
Lung Cancer (SCLC)

19.2.1.1 Diagnosis, Staging and Radiation Treatment Planning
in NSCLC Patients

Lung cancer is the most common cancer and the leading cause of cancer-related
deaths worldwide [38].

Accurate diagnostic work-up and staging of NSCLC is mandatory with respect
to mediastinal lymph node involvement and distant metastases affecting therapy
management and prognosis. In particular, it is necessary to differentiate patients
with potentially curable and resectable disease at early stages from those, who are
not suitable for radical surgery, following the currently used staging system based
on the tumour–node–metastasis (TNM) classification (description of primary
tumour (T), lymph node involvement (N), and presence of distant metastases (M)).

FDG PET/CT allows staging of NSCLC with high diagnostic accuracy [6] and
improves staging as compared to CT alone [40, 137] (Fig. 19.1). Several guidelines
and professional societies strongly recommend the use of FDG PET/CT for
diagnosis/staging (e.g. Interdisciplinary guideline of the German Respiratory
Society/German Guidelines Programme Oncology, Cancer Care Ontario (CCO),
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American Colleges of Chest Physicians and Radiologists (ACP/ACR)) [8, 9, 21,
134] as well as for detection of recurrence/re-staging (e.g. Society of Nuclear
Medicine and Molecular Imaging (SNMMI)) [74], partly under special conditions
such as planned curatively intended treatment.

The use of PET in the Dutch randomised controlled PLUS trial allowed for
avoidance of futile thoracotomies in about 20% of patients with NSCLC (21% as
compared to 41% of patients in the group with conventional work-up that did not
undergo PET; relative risk reduction of 51% in favour of PET, p = 0.003) [152]. In
another trial, Maziak et al. showed that in 337 patients with confirmed clinical stage
I, II, or IIIA NSCLC and being considered for surgery (170 assigned to PET/CT and
167 to conventional staging including CT of liver and adrenal glands as well as
whole-body bone scan) disease was correctly up-staged in 23 of 167 PET/CT
patients and in 11 of 162 conventional staging patients (13.8% vs. 6.8%), thereby
sparing these patients from surgery. On the other hand, disease was incorrectly
up-staged in 8 PET/CT patients and 1 conventional staging patient (4.8% vs. 0.6%),
and it was incorrectly under-staged in 25 PET/CT patients and 48 conventional
staging patients, respectively (14.9% vs. 29.6%) [104]. In a recent retrospective

NSCLC
A1

A2

A3

B1 

B2 

B3 

C1 

C2

C3

Fig. 19.1 47-year old male patient with histopathologically proven non-small cell lung cancer of
the left upper lung lobe, referred to FDG PET/CT for primary staging. FDG PET/CT confirmed
FDG -positive primary tumour and an already suspected contralateral lung metastasis (cM1a);
furthermore, PET/CT revealed an FDG-positive bone metastasis in the Os sacrum (cM1b); (A1-3)
CT-Scan, (B1-3) PET scan, (C1-3) PET/CT fused images
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study, Kung et al. included 186 potentially operable NSCLC patients, who under-
went whole-body FDG PET/CT examination in 2012. Due to disease up-staging
34.9% (65 patients) became inoperable by the results of PET/CT; 102 of the
remaining 121 patients received surgery—97 of those proceeded to surgery without
further (neoadjuvant) treatment or investigation, 4 received neoadjuvant treatment
and 1 had further investigations after PET/CT. As a consequence, changes in
management plans occurred in 37.6% due to PET/CT—the authors concluded that
PET/CT had great clinical impact with a significant reduction of futile surgery [86].

Schreyögg et al. evaluated the diagnostic accuracy and cost-effectiveness of
integrated PET/CT for the staging of NSCLC patients. The authors reported a
diagnostic effectiveness in terms of correct TNM staging of 40% for CT alone and
60% for PET/CT. For the assessment of resectability, 84% of patients were staged
correctly by PET/CT vs. 70% by CT alone. The cost-effectiveness analysis showed
that costs for PET/CT were within the commonly accepted range for diagnostic tests
or therapies [129].

With respect to the detection of mediastinal lymph node metastases several
studies exist—although FDG PET/CT is more accurate than CT for the staging of
mediastinal lymph nodes [137], it is still limited in its ability to differentiate
between benign and metastatic lymph nodes. There can be false-negative findings,
e.g. due to micrometastases, but false-positive findings seem to be the more decisive
problem, e.g. due to inflammation [89]. To solve this problem Rogasch et al. chose
an approach similar to the Cheson/Deauville criteria for judging residual lymphoma
tumour masses either as vital or not based on a visual scale [28]—after standardised
windowing (threshold: 2 � liver SUVmean) they used a 4-point scale as follows:
(1) lymph node (LN) uptake � mediastinal blood pool structures (MBPS);
(2) MBPS < LN < liver; (3) liver � LN < ‘black’; (4) LN appears ‘black’. As an
optimal cut-off to differentiate benign vs. metastatic LNs they found a score >3,
reaching high sensitivities (88.9–90.7%), high specificities (92.0–94.6%), high
negative predictive values (NPV) (97.2–97.6%), and high accuracies (91.4–93.5%)
for different readers with different levels of experience (positive predictive values
(PPV) 72.7–80.0%) [125]. There are several other approaches, partly based on
SUVmax [89] and on a ratio of lymph node SUVmax to primary tumour SUVmax

[30], respectively, or even based on a decision tree model for predicting mediastinal
lymph node metastases (including morphologic and functional criteria) [116].
Taken together, more studies applying this or similar decision tree models should
be conducted to develop tools for FDG PET/CT readers and to make FDG
PET/CT-based nodal staging more reliable.

Distant metastatic spread typically involves the adrenal glands, bones, brain, or
liver. Regarding a curative treatment intent, it is of particular interest, whether there
are distant metastases present or not, especially if they are unexpected, such as in a
low tumour stage. However, the rate of unexpected distant metastases rises with the
tumour stage as a prospective Australian trial by MacManus et al. [98] showed
including tumour stage I-III patients: at tumour stage I the rate was 7.5%, at stage II
18% and at stage III 24%, which underlines the value of FDG PET/CT also in the
staging of (locally) advanced patients, especially with respect to overall survival
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[144]. FDG PET/CT is suitable for the detection of metastases of the adrenal
glands, bones, and liver [6]. For bone metastases, it is superior to conventional bone
scintigraphy (with sensitivity, specificity, NPV, PPV and accuracy >90% each)
[135], confirmed by similar results of Chang et al. [25]. In contrary, FDG PET/CT
is not suitable for the detection of brain metastases due to the high glucose con-
sumption of the normal surrounding brain tissue resulting in an overall poor sen-
sitivity [6]. Thus, additional Magnetic Resonance Imaging (MRI) of the brain
should be performed in all symptomatic patients and high-risk patients with cura-
tive intention (German S3 guideline, see AWMF [9].

There are further reasons for false-negative findings on FDG PET/CT, mainly due
to small lesion size (<5 mm, partial volume effect). Moreover, FDG PET sensitivity
may be reduced in specific tumour types showing variable FDG uptake such as
bronchiolo-alveolar carcinoma, mucinous forms and neuroendocrine tumours [6].

Finally, in NSCLC patients FDG PET/CT should be used for radiation treatment
planning, since it is more accurate in defining the tumour extent than CT alone [16],
resulting in a reduction of the dose delivered to normal surrounding tissue (if the PET
tumour area is smaller than the one defined on CT) and in the inclusion of areas with
viable tumour cells outside the CT-based radiation fields (if PET detects a tumour
area more extensive than CT), thus, affecting the target volume definition and the
patient`s radiation exposure. In a systematic review and meta-analysis by Hallqvist
et al. including 35 cross-sectional studies and one observational study there was a
significant change in target delineation in approximately 40% of the patients [61].

19.2.1.2 Therapy Response Assessment in NSCLC Patients
So far, neoadjuvant chemotherapy is not a standard procedure in NSCLC patients.
However, there are many advantages to this treatment modality. First of all, by a
neoadjuvant treatment regimen potentially micrometastatic disease should be
affected, which accounts for a 5% absolute increase in survival as compared to
solely adjuvant chemotherapy [111]. Second, the tissue resected at surgery can
serve as a gold standard to evaluate response to a neoadjuvant treatment, as it is
already a standard in the assessment of treatment response in early stage breast
cancer. And finally, neoadjuvant chemotherapy seems to be better tolerated than
adjuvant therapy and the compliance seems to be higher [24].

In a meta-analysis conducted by Zhang et al. evaluating 13 studies with a total of
414 patients a pooled sensitivity, specificity, PPV and NPV for PET-predicted
response of 83%, 84%, 74% and 91%, respectively, were reported. All included
studies had used pathological outcome as the gold standard. The predictive value of
PET in NSCLC patients for evaluating pathological response was significantly
higher than that of CT in this meta-analysis [168].

The NEOSCAN trial intended to assess the value of FDG PET/CT for an interim
staging in the setting of neoadjuvant chemotherapy in order to guide further
neoadjuvant treatment, dependent on response or non-response. 40 stage IB-IIIA
lung cancer patients were included, receiving for 2 cycles either cisplatin/carboplatin
plus pemetrexed (adenocarcinoma) or cisplatin/carboplatin plus gemcitabine
(squamous cell carcinoma). A decrease by at least 35% in SUVpeak in the primary
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tumour was considered as response, going along with continuation of the same
therapy regime for 2 more cycles, whereas therapy of non-responders was switched
to vinorelbine plus docetaxel for 2 cycles. In all, 15 patients (38%) were
non-responders, of which 10 patients (67%) reacted to vinorelbine plus docetaxel
with partial or complete metabolic response as assessed by modified PERCIST
criteria, one of those achieving major pathologic response. For all patients, response
assessed by PET after 2 and 4 cycles of treatment correlated with major pathologic
response (p = 0.016 and 0.034, respectively), whereas CT-based response assess-
ment did not [24].

19.2.1.3 Staging in SCLC Patients
SCLC is more aggressive than NSCLC and tends to spread with distant metastases
much faster. There is a two-staged classification differentiating limited disease
(LD) and extensive disease (ED) according to the Veterans Administration Lung
Group (VALSG) that was first introduced in the 1950s. Limited disease is defined
as disease confined to one hemithorax, the mediastinum and the supraclavicular
lymph nodes. All other patients are classified as having ED, including those with
malignant pleural effusion [124].

Most of the spare literature concerning FDG PET/CT and SCLC is analysing
pre-therapeutic staging. In a systematic review and meta-analysis, Lu et al. showed
that among 12 studies with a total of 369 patients the pooled estimated sensitivity
and specificity were 97.5% and 98.2%, respectively, for the detection of ED by
FDG PET and FDG PET/CT. They regarded FDG PET/CT as a valuable imaging
tool for the pre-therapeutic assessment of ED in patients with SCLC [97]. The
results of patients with an up-staging after undergoing FDG PET/CT as compared
to conventional imaging are similar among several studies, e.g. Zer et al. found a
change in the tumour stage up to extensive disease in 6/55 patients (10.9%) [168].

19.2.2 Thyroid Cancer

19.2.2.1 Diagnosis, Staging and Re-staging
Differentiated thyroid cancer (papillary or follicular) represents about 1% of all
malignant tumours and is the most frequent endocrine cancer [14]. It is generally
considered to be highly treatable and curable. However, approximately 30% of all
patients with recurrence will develop local recurrence or metastases, which cannot
be detected by Iodine-131 whole-body scintigraphy due to a loss of the ability of
the tumour cells to concentrate iodine in the process of dedifferentiation [52].
According to the in 2015 revised guidelines of the American Thyroid Association
(ATA) ‘18FDG PET/CT scanning should be considered in high-risk DTC [differ-
entiated thyroid cancer] patients with elevated serum Tg [thyreoglobulin]
(generally >10 ng/mL) with negative RAI [radioiodine] imaging (strong recom-
mendation, moderate-quality evidence)’. Furthermore, it ‘may also be considered as
[…] a part of initial staging in poorly differentiated thyroid cancers and invasive
Hürthle cell carcinomas […] (weak recommendation, low-quality evidence)’ [63].
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In the situation of suspected recurrence, elevated Tg levels, and negative RAI
scintigraphy FDG PET/CT is also recommended by The Royal College of Radi-
ologists (RCR) [142]. The European Society for Medical Oncology (ESMO)
(working group ‘thyroid cancer’) emphasises the main indication of FDG PET/CT
in metastatic patients who have lost radioiodine uptake [115].

With respect to Tg level ‘cut-off’ for the use of FDG PET/CT, studies have
shown controversial results. However, a ‘cut-off’ of 10 ng/ml seems to be a rea-
sonable value maintaining high accuracy in terms of a good compromise between
sensitivity and specificity [14]. The sensitivity depends on the histological subtype
and FDG PET is more sensitive in more aggressive subtypes such as poorly dif-
ferentiated, tall cell, and Hürthle cell thyroid cancer. Thus, the Tg ‘cut-off’ needs to
be adapted and lowered in case of aggressive pathological variants of thyroid cancer
that may produce low amounts of serum Tg [63]. The diagnostic accuracy of FDG
PET/CT is generally high in patients with negative RAI scans and high Tg levels
[14] (Fig. 19.2).

In a recent meta-analysis enrolling 20 studies with 958 thyroid cancer patients
with a previous negative RAI scan the combined sensitivity and specificity for
conventional FDG PET were both found to be 84%; for FDG PET/CT they were

Thyroid Cancer
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Fig. 19.2 53-year old male patient with minimally invasive follicular thyroid cancer, referred to
FDG PET/CT for re-staging with known Iodine-131 positive local recurrence and a thyreoglobulin
level of 319 µg/l under TSH suppression. Besides the local recurrence FDG PET/CT showed an
infracarinal FDG-positive lymph node metastasis and multiple FDG-positive pulmonary
metastases; (A1-3) CT-Scan, (B1-3) PET scan, (C1-3) PET/CT fused images
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93% and 81%, respectively, and the overall accuracies were 91% and 93%,
respectively [19].

For detecting recurrence with FDG PET/CT Choi et al. reported a sensitivity,
specificity, accuracy, PPV and NPV of 64%, 94%, 83%, 86% and 81%, respec-
tively, including 84 papillary thyroid cancer patients with negative RAI scans and
high Tg levels. They also investigated the effect of thyroid-stimulating hormone
(TSH) stimulation in comparison with TSH suppression and could not find an
added value for TSH stimulation [32].

However, the impact of TSH on FDG PET/CT imaging is still an open issue, no
consensus has been reached about the usefulness of high TSH levels. Levothy-
roxine withdrawal or alternatively the use of recombinant TSH might be preferable,
especially in cases of relatively low Tg levels (<10 ng/ml) trying to improve sen-
sitivity of FDG PET [14]. According to ATA guidelines ‘To date, there is no
evidence that TSH stimulation improves the prognostic value of 18FDG-PET
imaging’ [63].

19.2.3 Head and Neck Cancer

19.2.3.1 Diagnosis, Staging and Re-staging
Cancers of the oral cavity and lips were the tenth most common cause of death in
males living in developing countries in 2012 worldwide, representing the eighth
most common cancers in the same population. Smoking, alcohol use, smokeless
tobacco use, and human papillomavirus (HPV) infection are the major risk factors
for oral cavity cancer, with smoking and alcohol having synergistic effects [146].
The incidence of HPV-associated head and neck cancer is increasing, most com-
monly arising from the oropharynx [103].

Histopathologically squamous cell carcinomas account for the vast majority of
head and neck cancers with >90% [1, 29]. Most common site is the larynx, fol-
lowed by oral cavity including tongue, lips and salivary glands [1].

A decisive prognostic factor is the metastatic involvement of cervical lymph
nodes, crucial for an adequate therapeutic management [139]. For this reason, the
role of FDG PET/CT in initial staging of head and neck cancer patients was
investigated in many studies.

The use of FDG PET/CT in primary diagnostics/staging is usually not recom-
mended, with the exception of cancers of unknown primary (CUP) with manifes-
tation in cervical lymph node metastases (to learn more about the use of FDG
PET/CT in CUPs please note the additional section following below). Cacicedo
et al. conducted a prospective study enrolling 84 patients with newly diagnosed,
locally advanced head and neck squamous cell carcinoma (stage III–IV disease
according to the American Joint Committee on Cancer (AJCC) classification
(seventh edition), histologically confirmed). After conventional work-up (physical
examination, CT imaging of the head, neck and chest) each patient underwent FDG
PET/CT and the results were separately discussed in multidisciplinary tumour
boards—TNM stage was determined and afterwards validated by histopathological
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analysis. The authors found a discordance for 32/84 (38%) patients between the
results of conventional work-up and FDG PET/CT with the highest impact on N
stage (in 21/32, 65.7%), followed by a change in patient management in 22/84
patients (26%)—PET/CT TNM-classification was significantly more accurate
(92.5% vs. 73.7%) than conventional staging with a p-value < 0.001 [18].

There is an ongoing debate, if FDG PET/CT should be implemented in the
routine diagnostic work-up of locally advanced head and neck cancers—the
National Comprehensive Cancer Network (NCCN) guidelines recommend con-
sideration of FDG PET/CT in the assessment of the initial treatment strategy for
loco-regionally advanced disease to evaluate for distant metastases [36]; also RCR
recommends the use in this patient population or if initial imaging is inconclusive/
with equivocal findings that would preclude radical treatment [142].

However, the main field of FDG PET/CT in head and neck cancer patients is the
follow-up and treatment response assessment after chemoradiotherapy.

In routine follow-up, FDG PET/CT is usually recommended after inconclusive
conventional imaging to differentiate treatment effects from tumour residuals/
recurrence [142] or if there is a high risk for distant metastases due to initial TNM
stage, especially in patients considered for major salvage treatment [8]. Recurrence
or relapse mostly occurs within the first 2–3 years after first diagnosis [29, 64, 131].

In the management of local recurrence, direct laryngoscopic techniques and
physical examination remain key aspects, followed by PET/CT or other imaging
modalities as important adjuncts in detecting recurrence in lymph nodes and more
distant sites [74] (Fig. 19.3).

Head and Neck Cancer
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C2

Fig. 19.3 55-year old male patient with histopathologically proven second local recurrence of
oropharyngeal carcinoma (initially TNM-classification pT2 pN0 L0 V0 R0 cM0, first recurrence
rpT3 pN0 L0 V0 Pn1 cM0), referred to FDG PET/CT for re-staging. FDG PET/CT confirmed
FDG-positive recurrence in the right oropharynx; furthermore, PET/CT revealed an FDG-positive
lung metastasis in the left upper lung lobe (cM1); (A1-2) CT-Scan, (B1-2) PET scan, (C1-2)
PET/CT fused images
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A recent meta-analysis evaluating 23 studies (constituting 2,247 PET/CT
examinations) found a pooled sensitivity and specificity of 92% and 87%,
respectively, for detection of recurrence in general (local, regional and distant) in
head and neck cancer patients by FDG PET/CT. The pooled sensitivity and
specificity of scans performed 4–12 months after treatment were 95% and 78%,
respectively, with similar sensitivity but higher specificity for scans per-
formed � 12 months after treatment with 92% and 91%, respectively [131]. In
order to differentiate between the primary site, the loco-regional site and the distant
site another meta-analysis including 27 studies (1,195 patients) was conducted
recently: the authors found a pooled sensitivity and specificity of 86.2% and 82.3%,
respectively, for detecting recurrence at the primary site, of 72.3% and 88.3%,
respectively, at the loco-regional (neck) site and of 84.6% and 94.9%, respectively,
for distant metastases [29].

19.2.3.2 Therapy Response Assessment
The prospective randomised PET-Neck trial investigated the role of FDG PET/CT
performed 12 weeks after the end of chemoradiotherapy in 564 N2- or N3-patients
to decide about the conduction of neck dissection, which was only employed if
PET/CT showed an equivocal or incomplete response. PET/CT surveillance
resulted in fewer neck dissections than did planned surgery (54 vs. 221), the 2-year
overall survival rate was 84.9% in the surveillance group and 81.5% in the
planned-surgery group—additionally PET/CT surveillance was more cost-effective
over the duration of the trial [105].

The use of FDG PET/CT in follow-up after chemoradiotherapy was also rec-
ommended by other authors. There is a broad consensus that a period of at least
12 weeks after the completion of treatment and the scan should be kept to avoid
non-specific chemoradiotherapy-related inflammatory FDG uptake [131]. It is still
unclear, if HPV-positive patients should undergo FDG PET/CT at a later time after
completion of primary treatment, since nodal disease might take longer to respond
and regress in these patients [64, 69].

In an effort to standardise image interpretation, Marcus and colleagues proposed
the so-called ‘Hopkins criteria’ in order to assess therapy response for head and
neck cancers from the results of a post-therapy PET/CT-scan by using a 5-point
scale comparing the intensity (as compared to SUV values of the liver and the
internal jugular vein) and pattern (focal or diffuse) of FDG PET uptake in primary
tumour and neck nodes. This assessment was shown to be highly specific with
92.2% and to carry a high NPV of 91.1% in an evaluated patient collective (57.5%
HPV positive) [103].

19.2.4 Oesophageal Cancer

19.2.4.1 Diagnosis, Staging and Re-Staging
Oesophageal cancer is one of the most common cancers worldwide being the ninth
most common cancer and the sixth most common cause of cancer-related deaths
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[88]. There are two major histological subtypes of oesophageal cancer: squamous
cell carcinoma and adenocarcinoma, the first being previously much more common
than the second one. However, a marked increase in the incidence of oesophageal
adenocarcinoma in Europe, North America and Australia has been observed during
the past four decades, so the incidence of oesophageal adenocarcinoma has sur-
passed that of oesophageal squamous cell carcinoma in many western countries
[88]. Oesophageal adenocarcinoma is mostly originating in the lower third of the
oesophagus, often involving the oesophago-gastric junction. The main patho-
physiological pathway of oesophageal adenocarcinoma is likely to be chronic
gastro-oesophageal reflux, causing a metaplasia known as ‘Barrett’s oesophagus’.

Relevant pre-therapeutic prognostic factors are local tumour invasion,
loco-regional lymph node and distant metastases. Endoscopic ultrasound and CT
represent the most widely used imaging modalities for the assessment of local
tumour invasion (T stage), loco-regional lymph node involvement (N stage) and
also distant metastases stage (M stage) [161].

Sensitivity and specificity of FDG PET/CT for staging oesophageal cancer have
been investigated in many studies. For instance, Purandare et al. conducted a study
enrolling 156 patients with potentially curable oesophageal adenocarcinoma and
they found a change in the intent of treatment in 16% of the patients by detecting
M1b disease with high sensitivity, specificity, PPV, NPV and accuracy (83.3%,
98.4%, 92.5%, 96.1% and 95.3%, respectively). The authors concluded that FDG
PET/CT should be implemented in the initial staging work-up [121].

In their systematic review and meta-analysis Goense et al. assessed the perfor-
mance of FDG PET/CT for the detection of recurrent oesophageal cancer after
curatively intended treatment. Evaluating 8 studies, they found a high sensitivity
(96%) and moderate specificity (78%), concluding that histopathologic confirma-
tion of PET/CT-suspected lesions remains necessary due to a considerable
false-positive rate [56].

In international guidelines, the recommendation for the use of FDG PET/CT in
staging and re-staging of oesophageal cancer differs—in some guidelines the use is
recommended for a certain patient cohort, e.g. ESMO where FDG PET/CT should
be carried out in candidates for oesophagectomy to exclude distant metastases [94],
whereas other guidelines (NCCN) advise FDG PET/CT in initial staging as routine
clinical work-up if there is no evidence of M1-disease. Similar to ESMO, NCCN
also advises FDG PET/CT in re-staging before surgery for the detection of distant
metastases for all patients who receive chemoradiotherapy either as neoadjuvant or
definitive treatment [3]. According to the German S3 guideline FDG PET/CT may
be used for locally advanced cancers (cT2-4, cN+) to exclude distant metastases
prior to curatively intended treatment in anticipation of clinical consequences [120].
The use of FDG PET/CT is also recommended by some societies, e.g. RCR for
staging/re-staging of patients suitable for radical treatment, including patients who
have received neoadjuvant treatment, and for evaluation of suspected recurrence
when other imaging is negative or equivocal [142].
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19.2.4.2 Therapy Response Assessment
The MUNICON I trial was one of the first clinical trials to provide evidence that
FDG PET can be used to individualise neoadjuvant therapy—in this trial
chemotherapy in patients with locally advanced oesophageal adenocarcinoma.
Treatment was adapted based upon PET results conducted 2 weeks after
chemotherapy induction in the way that metabolic responders (predefined as
decreases of SUV values by 35% or more) received more cycles of chemotherapy
for a maximum of 12 weeks, whereas metabolic non-responders underwent surgery
immediately [95].

The prospective MUNICON II trial was designed to potentially improve the
clinical outcome of metabolic non-responders by applying a salvage neoadjuvant
chemoradiotherapy; the authors found an increased histopathologic response rate as
compared to the results of the MUNICON I trial, but the primary endpoint of the
study—to increase the R0-resection rate—was not met [171].

In contrast, if FDG PET/CT is used to assess therapy response in squamous cell
carcinoma patients, it should be conducted after completion of the neoadjuvant
therapy [113].

19.2.5 Gastric Cancer and Gastrointestinal Stromal Tumour
(GIST)

19.2.5.1 Diagnosis, Staging and Re-staging in Gastric Cancer
Patients

Gastric cancer is the fourth most common cancer and the second leading cause of
cancer-related deaths worldwide [92]. Gastric adenocarcinoma accounts for about
95% of all types of gastric cancer. There are two major subtypes according to
Lauren’s classification: intestinal type, which often evolves from the distal stomach
in association with chronic Helicobacter pylori infection, and diffuse or signet ring
type (non-intestinal type), which commonly evolves from the proximal stomach and
is more often found in Western patients combined with chronic reflux and obesity
[82].

In the staging of gastric cancer the use FDG PET/CT is limited by a reduced
sensitivity. Only about 60% of locally advanced gastric cancers are FDG avid
[138]. Especially tumours with non-intestinal type histology are often not FDG avid
and can therefore not be imaged by FDG PET/CT. Furthermore, FDG non-avidity
is associated with small tumour size, mucinous content and localisation in the distal
third of the stomach [65]. For the detection of gastric cancer by FDG PET sensi-
tivities range from 47 to 96% (mean sensitivity 77%, mean specificity 99%) [66].
For detection of loco-regional lymph nodes FDG PET/CT seems to be more
specific, but less sensitive as compared to CT alone—FDG PET/CT sensitivity,
specificity and accuracy range from 41 to 74%, 75 to 100% and 51 to 76%,
respectively, whereas these parameters for contrast-enhanced CT range from 70 to
83%, 62 to 92% and 67 to 80%, respectively [82].
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Wu et al. carried out a systematic review and meta-analysis to evaluate the use of
FDG PET for the detection of recurrent gastric cancer. Across 9 studies (526
patients) the overall sensitivity of FDG PET was found to be 78% and the overall
specificity 82% [162]. A more recent meta-analysis enrolling 14 studies with 828
patients reported a high sensitivity of 85% and a moderate specificity of 78% for
FDG PET or FDG PET/CT for diagnosing recurrent gastric cancer—the authors
concluded that FDG PET has a great value in the detection of recurrent gastric
cancer after surgical resection, which might become more important in the future
given the high recurrence rates of gastric cancer [92].

19.2.5.2 Diagnosis, Staging and Re-staging in GIST Patients
Most of gastrointestinal stromal tumours (GISTs) are found in the stomach (60%),
another third is found in the small intestine [126]. Since GISTs often show a high
FDG avidity, FDG PET/CT can be used to evaluate these tumours and their
response to therapy [150]. A correlation between the FDG uptake and the malignant
potential of GISTs presented by the Ki67 labelling index as a mitotic index has
been reported by Kamiyama et al. [80].

FDG PET/CT is suitable for the initial staging of GIST patients, since at least
half of the patients present with distant metastases at the time of diagnosis [101].
Most common sites for distant metastases are the liver and the peritoneum;
loco-regional lymph node metastases are very uncommon [126]. Nevertheless, there
is a significant number of patients with GISTs of about 10% that do not show the
typically strong FDG uptake on baseline PET scan—this might be related to a high
degree of tumour necrosis and myxoid/zystoid degeneration [101, 126].

19.2.5.3 Therapy Response Assessment in GIST Patients
Metabolic response as assessed by FDG PET/CT is closely related to clinical out-
come for GIST patients. Changes of FDG uptake occur early, whereas morpho-
logical changes occur late in the course of imatinib therapy [147]. In a systematic
review and meta-analysis, Hassanzadeh-Rad et al. found out that the accuracy of
FDG PET/CT is higher in detection of treatment failure (e.g. non-responders) than in
prediction of good response to therapy [62].

19.2.6 Colorectal Cancer

19.2.6.1 Diagnosis, Staging and Re-staging
In the United States in 2017 colorectal cancer was supposed to be the second
leading cause of estimated cancer-related deaths in men and the third leading cause
in women, even though, its incidence has decreased continually since 2004 by
approximately 3% per year until 2013 [132].

At an early stage surgery is a curative treatment approach; however, for locally
advanced cancers (pT3-4 or any T N1) usually a multimodality treatment approach
is chosen, which includes pre-operative concomitant chemotherapy and radiother-
apy [82].
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In general, FDG PET/CT is considered not ‘useful’ in the initial staging of
colorectal cancer patients, since the added value as compared to conventional
imaging seems to be too little [82]. However, in a retrospective study, Petersen et al.
analysed the data from 67 patients, who underwent FDG PET/CT additionally to
conventional imaging (CT, MRI and/or ultrasound) for initial staging—they found
a change in treatment plans in 30% of the cases due to FDG PET/CT, another third
of this 30% was either a change from intended curative to palliative therapy or vice
versa [118]. Lee and Lee also conducted a retrospective study enrolling 266 colon
cancer patients also undergoing both FDG PET/CT and conventional imaging.
Multidetector CT and FDG PET/CT showed similar accuracy in detecting lymph
node metastases in patients with clinical stage III (36.2% vs. 42%, p = 0.822) and
stage IV (60.3% vs. 63.5%, p = 0.509) disease. However, FDG PET/CT results led
to a change in management for 1 of 40 (2.5%) with clinical stage I, 0 of 25 (0%)
with stage II, 9 of 138 (6.5%) with stage III, and 8 of 63 patients (12.7%) with stage
IV disease. The authors concluded that FDG PET/CT might be considered as a
routine staging tool for clinical stage III and IV colon cancers [90].

Considering the M stage, liver metastases are most common in colorectal cancer
patients with an incidence of approximately 50–60%, of which about one-third are
diagnosed at the same time as the primary tumour is detected [82]. A recent
meta-analysis by Maffione et al. including a total of 1,059 patients reported a high
accuracy for FDG PET and FDG PET/CT for the detection and staging of liver
lesions in colorectal cancer (pooled sensitivity and specificity of 93% in
patient-based analysis, and 60% and 79%, respectively, in lesion-based analysis).
PET showed a lower sensitivity as compared to MRI and CT in patient-based
analysis (93%, 100% and 98%, respectively) and lesion-based analysis (66%, 89%
and 79%, respectively); however, PET was more specific as compared to MRI and
CT in both patient-based and lesion-based analysis (81%, 70% and 70%, respec-
tively, and 86%, 81% and 67%, respectively). FDG PET and PET/CT results led to
a change in management in an average of 24% of patients, entailing both exclusion
from curative surgery and modification of the surgical approach. The mean inci-
dence of extra-hepatic disease shown by FDG PET or PET/CT, but not detected by
conventional imaging was 32% [99].

In the follow-up and detection of recurrent colorectal cancer, FDG PET/CT is
regarded as a valuable tool. In a Danish study conducted by Engelmann et al. with a
total of 66 prospectively included patients FDG PET/CT detected all relapses
occurring within the first 2 years. Cumulative relapse incidences for clinical stages
I–III (n = 42 patients) at 6, 12, 18 and 24 months were 7.1%, 14.3%, 19% and
21.4% [45]. A recent meta-analysis including 26 studies (1,794 patients) revealed a
pooled sensitivity and specificity of 94% each for FDG PET and PET/CT in the
detection of locally recurrent colorectal cancer [166]. Based on rising CEA levels
(biochemical recurrence) many studies were conducted examining the usefulness of
FDG PET/CT in this situation. In a systematic review and meta-analysis enrolling
11 studies with 510 patients Lu et al. found a pooled sensitivity and specificity of
90.3% and 80.0%, respectively, for FDG PET and a pooled sensitivity and
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specificity of 94.1% and 77.2%, respectively, for FDG PET/CT in the detection of
recurrence in colorectal cancer patients with elevated CEA levels [96].

The use of FDG PET/CT in colorectal cancer patients is recommended by some
professional societies such as RCR, seeing the usefulness in many indications, e.g.
initial staging of patients with synchronous metastases suitable for resection,
re-staging of patients with recurrence (suspected by rising tumour markers and/or
clinical suspicion of recurrence with normal or equivocal findings on other imag-
ing), especially if being considered for radical treatment and/or invasive targeted
techniques, or assessment of treatment response in patients with rectal carcinoma
post (chemo)radiotherapy with indeterminate findings on other imaging [142].
Also SNMMI recommends the use of FDG PET/CT in re-staging for local recur-
rence and (distant) metastases, especially in the case of rising tumour markers with
negative or equivocal findings on conventional imaging [74]. Furthermore, in the
initial staging FDG PET/CT ‘may be appropriate’, if distant metastases are sus-
pected in the pre-treatment staging of colorectal cancer according to the ACR
Appropriateness Criteria® [51].

According to NCCN guidelines, FDG PET/CT is not indicated for pre-operative
staging of rectal cancer in general, and should only be used to evaluate an equivocal
finding on a contrast-enhanced CT-scan or in patients with a strong contraindication
to intravenous contrast [13]. Following ESMO guidelines, PET/CT ‘may be help-
ful’ to characterise extra-hepatic disease [149].

19.2.6.2 Therapy Response Assessment
For therapy response assessment in rectal cancer patients a meta-analysis conducted
by Maffione et al. (34 studies, 1,526 patients) found a high pooled accuracy for
FDG PET and PET/CT to predict therapy response for the global cohort at the end
of treatment (pooled sensitivity 73%, pooled specificity 77%), and especially for
early interim PET performed between 1 and 2 weeks after the initiation of
neoadjuvant chemoradiotherapy (pooled sensitivity 84%, pooled specificity 81%)
[100].

19.2.7 Pancreatic Cancer

19.2.7.1 Diagnosis, Staging and Re-Staging
Pancreatic cancer is one of the most lethal cancers with a very poor prognosis and
poor overall survival (5-year survival rate of about 4% [154]) as curative therapy is
restricted to patients suffering from limited disease referred to surgery.

Commonly used imaging tools for the diagnosis of exocrine pancreatic cancer
are ultrasound, endosonography, CT, MRI, and magnetic resonance and endoscopic
retrograde cholangiopancreatography (MRCP and ERCP). Since 70–90% of exo-
crine pancreatic cancers show a high FDG uptake, FDG PET/CT was introduced to
potentially improve detection of pancreatic adenocarcinomas.
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Tang et al. assessed the diagnostic impact of FDG PET versus FDG PET/CT
versus endoscopic ultrasonography in diagnosis of patients with pancreatic carci-
noma. The authors reported that FDG PET/CT had a high pooled sensitivity of
90.1%, whereas the specificity was moderate with 80.1% in comparison with
endoscopic ultrasonography with a pooled sensitivity and specificity of 81.2% and
93.2%, respectively. They concluded that FDG PET/CT and endoscopic ultra-
sonography might have different (complementary) roles under different conditions
in diagnosing pancreatic carcinoma [141].

Fletcher et al. reported that PET improved differentiation between benign and
malignant pancreatic tissue in the diagnostic work-up of patients with suspected
pancreatic lesions and might reduce the need for biopsy and surgery influencing
morbidity. They recommended FDG PET(/CT) as an additional tool in selected
patients demonstrating inconclusive conventional imaging findings [49].

In the situation of potentially operable pancreatic adenocarcinoma an FDG
PET/CT-scan is also recommended after inconclusive imaging by RCR [142]. CCO
even recommends PET/CT staging in surgery candidates to confirm conventional
staging: ‘PET is recommended for staging if a patient is a candidate for potentially
curative surgical resection as determined by conventional staging’ [21].

Recently, several studies were conducted to investigate the usefulness of FDG
PET/CT in the follow-up after curative surgery and in suspected recurrence,
especially if tumour marker levels (CA 19-9) are high and conventional imaging is
equivocal. Jung et al. investigated the usefulness of FDG PET/CT in the follow-up
of curatively resected pancreatic cancer patients in comparison with CT alone:
PET/CT showed a higher sensitivity (84.5% vs. 75.0%) and accuracy (84.5% vs.
74.5%) than CT alone, also in the detection of distant metastases (sensitivities
83.1% vs. 67.7%). In 19 out of 110 patients, recurrences were only seen on PET/CT
[79].

In another study, the additional value of FDG PET/CT in unresectable pancreatic
carcinoma patients prior to chemoradiotherapy was examined as compared to
conventional imaging—in 19 out of 71 (26.8%) PET/CT staging showed distant
metastases not detected by conventional staging, entailing a change in the con-
duction of chemoradiotherapy (or chemotherapy alone, respectively). The authors
concluded that PET/CT-based staging might help to select the patients who are
suitable for chemoradiotherapy, sparing those patients with metastases from futile
radical protocols [145].

19.2.8 Melanoma

19.2.8.1 Diagnosis, Staging and Re-staging
Malignant melanoma is one of the most common tumour entities in both sexes
worldwide—in the United States there were to be expected an estimated 6% of new
cases in males (5th most common) and an estimated 4% in women (6th most
common) in 2017, but due to new efficient treatment options like immunotherapies
melanoma was not to be expected among the 10 cancer entities with the highest
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mortality rates [132]. Incidence rates have been rising for many years worldwide by
approximately 3% per year since 2004 [123].

Since tumour stage is the most important predictive factor for survival rates,
initial staging of the disease is crucial. Surgery remains the gold standard in the
treatment of loco-regional disease, but even in stage IV-patients (according to
AJCC) survival rates have been improved by metastasectomy [123]. In general,
FDG PET/CT has a higher sensitivity and specificity for detecting (distant)
metastases as compared to conventional imaging. However, additional MRI of the
head should be performed to exclude brain metastases, which might not be detected
by PET/CT due to the high physiologic cerebral uptake and a resulting diminished
sensitivity. Furthermore, by virtue of limited spatial resolution FDG PET/CT is
inferior to sentinel lymph node biopsy in the detection of clinically occult lymph
node metastases.

According to NCCN guidelines, PET/CT is recommended in patients equal or
higher than stage III with clinically suspicious lymph nodes or with in-transit
metastases (IIIB or higher) [35]. ESMO guidelines state that ‘before undertaking
additional aggressive local surgical treatments, a detailed staging investigation, that
includes high-resolution imaging techniques, such as PET, CT or magnetic reso-
nance imaging is necessary to exclude distant metastases’, and specify that ‘in pT
stages > pT3a [i.e. in patients equal or higher than stage IIA], computed tomog-
raphy (CT) or positron emission tomography (PET) scans are recommended before
surgical treatment and sentinel node biopsy’ [43] (Fig. 19.4). The German S3
guideline is not in agreement with ESMO guidelines by stating PET/CT shall not be
performed routinely as initial staging procedure up to stage IIA/IIB (suggesting to
treat stage IIC patients like high-risk patients); however, in the primary staging of
stage III patients and higher it has been shown that PET/CT is superior to the other
methods in diagnostic accuracy [10].

A meta-analysis conducted by Xing et al. enrolling 10,528 patients (regardless of
stage) investigated the utility of ultrasonography, CT, PET and PET/CT for staging
and surveillance of melanoma patients—in the staging of distant metastases the

Melanoma

Fig. 19.4 78-year old male patient with melanoma of the left shoulder, pT4b, corresponding to
AJCC stage IIC, referred to FDG PET/CT for initial staging after primary resection without
sentinel lymph node biopsy. FDG PET/CT showed an FDG-positive lymph node metastasis in the
left axilla and revealed another suspicious FDG-positive nodule adjacent to the right musculus
pectoralis major; (A1) CT-Scan, (B1) PET scan, (C1) PET/CT fused images
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highest sensitivity of 80% was found for PET/CT, going along with a moderate
specificity of 87%. Similar results were found in the surveillance of patients with
the help of PET/CT to exclude distant metastases [164]. A more recent
meta-analysis aimed to review the utility of FDG PET in the detection of systemic
metastases in patients with stage III melanoma, including 623 patients. The authors
found a sensitivity and specificity of 89.42% and 88.78%, respectively; the area
under the operating curve was 0.94. A change in stage and/or management was
noted in 22% of patients [123].

In suspected recurrent disease, employment of FDG PET/CT is highly recom-
mended by SNMMI [74], by CCO if just a solitary metastasis is identified at the
time of recurrence prior to metastasectomy [21] and by NCCN in the case of nodal
recurrence ‘to evaluate specific signs or symptoms’ [35].

A prospective multicentre PET registry study was conducted in Ontario
(Canada) to assess the use of PET in advanced or high-risk melanoma as adjunct to
clinical and standard radiologic investigation. Approximately 319 patients with
potentially resectable high-risk melanoma or recurrent disease under evaluation for
isolated metastasis underwent PET/CT, 10 of those already presenting with M1
stage (stage IV). A significant increase in stage to M1 was found after PET/CT in
17.6% of the patients, resulting in significantly more distant surgical interventions
in this group as compared to the group without up-staging. None of the already
assigned M1 patients was down-staged after PET/CT. The authors concluded that
PET/CT has a significant impact on surgical management [136].

Usually, FDG PET/CT is not recommended for routine follow-up; however,
according to ESMO guidelines and the German S3 guideline high-risk patients
(starting from stage IIC onwards) should routinely undergo cross-sectional imaging,
which may include cranial MRI and PET/CT, whole-body MRI or whole-body CT
(German S3 guideline, AWMF [10] or ‘ultrasound of lymph nodes, CT or
whole-body PET or PET/CT scans’ (ESMO, see Dummer et al. [43], respectively.

In order to assess the value of FDG PET/CT for patient management of mela-
noma patients Mena et al. carried out a retrospective study including 71 patients
(regardless of stage) with 4 or more post-operative follow-up PET/CT-scans (246
scans). Recurrence was found in 39.0% of the scans, the examinations resulted in a
change of patient’s management in approximately 16.7% of the scans. Change in
management was significantly higher in patients with prior clinical suspicion of
malignancy recurrence than without prior clinical suspicion. There was a statisti-
cally significant difference in the overall survival between patients with at least 1
positive scan and patients with 4 or more negative subsequent follow-up scans at
patient level [106]. More recently, a retrospective study analysed the data of 238
patients with 526 scans in Denmark—since 2015 PET/CT has been implemented in
the Danish national follow-up programme as a routine examination at 6, 12 and
24 months after treatment for malignant melanoma of stage IIB or higher. However,
in the analysis melanoma patients were included regardless of stage (starting from
stage IA onwards). The authors found a sensitivity, specificity, PPV and NPV of
89%, 92%, 78% and 97%, respectively. Here there was no significant difference in
the diagnostic accuracy of PET/CT between patients referred with or without
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clinical suspicion of relapse [153]. A prospective study including 170
post-operative stage III patients with a total of 502 scans and a median follow-up of
47 months found relapses in 38% of the patients, the majority of them being
asymptomatic. Overall sensitivity and specificity of the approach of sub-stage
specific (IIIA/B/C) PET surveillance were 70% and 87%, respectively. PPV and
NPV were calculated sub-stage- and time point-dependent—a negative PET at
18 months implied NPVs of 80–84% for true non-recurrence in the follow-up
period. The authors considered PET/CT to be suitable to detect (asymptomatic)
resectable and potentially curable disease at relapse [91].

19.2.8.2 Therapy Response Assessment
The therapy of unresectable metastatic melanoma has changed significantly by the
introduction of immune check-point inhibitor therapy—the first FDA approved one
was ipilimumab in 2011 for the treatment of malignant melanoma.

Sachpekidis et al. studied 41 patients with advanced melanoma prior to and after
2 cycles of ipilimumab treatment with FDG PET/CT (interim PET/CT). Earlier the
authors had found that the absolute number of new lesions is a better parameter for
prediction of immunotherapy response than changes in SUV and established the
so-called PET Response Evaluation Criteria for Immunotherapy (PERCIMT). In
this study therapy response assessment was based both on European Organization
for Research and Treatment of Cancer (EORTC) criteria from 1999 and the pro-
posed PERCIMT criteria. The patients were dichotomized into those with clinical
benefit (CB including stable disease (SD), partial response (PR) and complete
response (CR)), accounting for 31 patients, and those without CB (no-CB) showing
progressive disease (PD), affecting the remaining 10 patients. According to EORTC
criteria interim PET/CT demonstrated PD (meaning no-CB) in 20 patients,
according to PERCIMT criteria PD was seen in 9 patients; SD and PR were seen in
19 patients according to EORTC criteria and in 30 patients according to PERCIMT
criteria, and CR was seen in 2 patients according to both criteria, resulting in
sensitivities (correctly predicting CB), specificities (correctly predicting no-CB),
PPV, NPV and accuracies of 64.5%, 90.0%, 95.2%, 45.0% and 70.7%, respec-
tively, for EORTC criteria, and 93.6%, 70.0%, 90.6%, 77.8% and 87.8%, respec-
tively, for PERCIMT criteria [128].

19.2.9 Lymphoma

19.2.9.1 Diagnosis, Staging and Re-staging
Lymphomas are a heterogeneous group of malignancies characterised by diverse
morphologies, immunophenotypes and cytogenetics. The major subdivision into
Hodgkin’s lymphoma (HL) and non-Hodgkin lymphoma (NHL) is following
histopathological criteria, with HL presenting ‘Sternberg-Reed cells’ microscopi-
cally. Although the World Health Organisation (WHO) does not recommend a
‘grouping’ of lymphomas, there is a further classification dividing NHLs into
indolent (low-risk) and aggressive/highly aggressive (intermediate- and high-risk)
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NHLs, based on terms of biologic behaviour and the subsequently required
aggressiveness of the treatment [75].

With an estimated 4% (women) and 5% (men) of new cases in 2017 in the
United States, NHLs were supposed to be the 7th most common malignancy in both
men and women [132].

In international guidelines and recommendations by professional societies, FDG
PET/CT is often recommended in the initial staging work-up of lymphoma patients,
especially in HL patients, e.g. RCR [142], NCCN [68] and ESMO [44]. While HL
patients usually display a high FDG avidity on PET/CT-scans, the FDG avidity of
NHL patients differs. However, almost all histological (nodal) NHL subtypes were
reported to be highly FDG avid with the exception of extra-nodal marginal zone
lymphoma and small lymphocytic lymphoma [160], and lymphoplasmacytic
lymphoma/Waldenström’s macroglobulinemia and mycosis fungoides (unless there
is a suspicion of aggressive transformation) [28].

Based on published data, a consensus statement of the Malignant Lymphomas
Imaging Working Group (MLIWG) on International Conferences in 2011 and in
2013 (Lugano, Switzerland) recommended the use of PET/CT in the staging of all
FDG avid lymphomas, including indolent subtypes [28].

A prospective multicentre PET registry study published in 2017 was conducted
to evaluate the clinical impact of pre-treatment FDG PET/CT on the staging and
management of apparent limited-stage indolent lymphoma being considered for
curative radiation therapy. Significantly, 47 patients (23.9%) of the included 197
patients were up-staged by the PET/CT result from the presumed limited-stage
(stage I–II according to Cotswold-modified Ann Arbor classification) to
advanced-stage disease (stage III–IV). Vice versa, 10 patients (5.1%) were
down-staged, 4 of those patients from advanced-stage to limited-stage disease.
After PET/CT (available data of 155 patients), 95 patients (61.3%) were planned to
receive active treatment, of whom 59 patients were assigned to undergo the initially
planned radiation therapy alone—finally, 34 patients of those received this treat-
ment. The authors concluded that PET/CT should be implemented in the standard
work-up of indolent lymphoma patients, as there was a significant impact on further
clinical treatment in their study [107].

Instead of TNM staging, the staging of lymphoma patients follows the so-called
‘Ann Arbor classification’, lastly modified in Cotswold in 1988, which takes the
site and the dissemination of involved lymphoid and extra-nodal tissue into
account. The highest stage IV includes extra-nodal involvement other than
contiguous/proximal lesions to the known nodal site, e.g. bone marrow involve-
ment. Since bone marrow biopsy is an invasive method and gives information only
about a small part of the bone marrow, many studies were conducted to investigate
the sensitivity and specificity of FDG PET/CT in the assessment of bone marrow
involvement in lymphoma patients. Recently, in a retrospective analysis evaluating
832 HL patients from the German Hodgkin Study Group trials HD16, HD17 and
HD18, the results of bone marrow biopsy and PET scans (either in combination
with CT or MRT and in 31 patients (4%) PET alone) were compared. With bone
marrow biopsy as reference standard PET showed a sensitivity, specificity, PPV,
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and NPV of 95.0%, 86.5%, 14.7% and 99.9%, respectively. Considering both bone
marrow biopsy and PET as gold standard, sensitivity, specificity, PPV, and NPV of
PET were 99.2%, 100%, 100% and 99.9%, respectively. PET found 110 additional
patients with suspect focal bone marrow lesions who would have been considered
negative by biopsy. Regarding these results, bone marrow biopsy seems to be futile
in PET negative HL patients and the authors recommended biopsies only in PET
positive patients that would undergo a changed treatment protocol as a result of the
suspected bone marrow involvement [155].

Also in diffuse large B-cell lymphoma, the most common subtype with 30–35%
of all NHL lymphomas, FDG PET/CT was reported to be more sensitive than bone
marrow biopsy for the detection of bone marrow involvement [28]. In their sys-
tematic review and meta-analysis, Adams et al. included 7 studies with a total of
654 patients. The pooled estimates for sensitivity and specificity of FDG PET/CT
for detecting bone marrow involvement were 88.7% and 99.8%, respectively. The
weighted summary proportion of FDG PET/CT negative patients with positive bone
marrow biopsy was 3.1%. In conclusion, FDG PET/CT was considered as a
complementary tool to bone marrow biopsy for detecting bone marrow involve-
ment, since it cannot be ruled out by a negative FDG PET/CT-scan [2]. However,
even if positive PET findings were reported to be highly predictive and are con-
sidered usually sufficient to define advanced-stage disease [28], there is no con-
sensus whether diffuse FDG bone marrow uptake should be regarded as positive or
negative for involvement [2]. Furthermore, the histological type of lymphomatous
cells in the bone marrow (small or large cells meaning discordant or concordant
involvement) might have an influence on FDG avidity with FDG PET/CT being
more sensitive in concordant bone marrow involvement [2].

Another retrospective study enrolling 185 patients with newly diagnosed lym-
phoma including indolent subtypes (47 patients, 30 follicular lymphomas and 17
marginal zone lymphomas) found a high concordance rate between bone marrow
biopsy and PET/CT in the detection of bone marrow involvement for aggressive
B-cell lymphoma (88.1%) and HL (93.8%), as well as high NPVs for PET/CT in
the same histological subtypes (93.2% for aggressive B-cell lymphoma and 100%
for HL). However, the concordance rate and NPV were much lower in indolent
B-NHL with 66.0% and 66.7%, respectively—the authors considered bone marrow
biopsy as an indispensable staging procedure in indolent lymphoma patients [31].

In follow-up, routine surveillance scans with FDG PET/CT are not recom-
mended, since there is a high number of false-positive scans (>20%), leading to
further unnecessary investigations, such as biopsies, and to increased patient anx-
iety. Therefore, follow-up scans should be based on clinical indications [28].

19.2.9.2 Therapy Response Assessment
According to the ‘Lugano Classification’ based on the results of the already
mentioned 2 international conferences in Lugano, therapy response assessment is
recommended to be performed by FDG PET/CT using the 5-point scale
(Cheson/Deauville criteria) both for interim and end-of treatment response for all
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FDG avid lymphomas within clinical trials [28]. So far, therapy response should be
assessed only visually, since there are not enough data for an SUV-based cut-off
assessment. However, in NHL patients there are controversies about the interreader
agreement after PET/CT applying the 5-point scale [11]. For end-of-treatment
assessment, PET/CT is the standard of care for remission assessment in FDG-avid
lymphoma (Fig. 19.5). However, for interim assessment, there are ongoing clinical
trials evaluating and also questioning the usefulness of interim FDG PET/CT in
therapy response assessment, especially during immunochemotherapy in diffuse
large B-cell lymphomas [11].

There are a lot of studies investigating the usefulness of FDG PET/CT in interim
therapy response assessment in HL patients, also at advanced-stage disease. In an
international prospective multicentre trial, 1,119 patients with advanced-stage HL
underwent interim PET/CT-scans, of whom 937 patients showed negative scans.
Those patients with negative PET findings after 2 cycles of ABVD (doxorubicin,
bleomycin, vinblastine and dacarbazine) chemotherapy were randomly assigned to
continue ABVD or omit bleomycin in the following 4 cycles. The 3-year
progression-free survival rate and overall survival rate in the ABVD group were
85.7% and 97.2%, respectively; the corresponding rates in the AVD group were
84.4% and 97.6%, respectively. In summary, the omission of bleomycin from the
ABVD regimen after negative interim PET/CT resulted in a lower incidence of
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Fig. 19.5 19-year old male patient with Hodgkin lymphoma, referred to FDG PET/CT for initial
staging (August 2015; images A1/B1/C1) and for re-staging (January 2016; images A2/B2/C2)
after chemotherapy (6 cycles of BEACOPP August-December 2015). Initial FDG PET/CT showed
manifestations of lymphoma on both sites of the diaphragm (Ann Arbor stage III), FDG PET/CT
after chemotherapy showed vital lymphoma residuals in the mediastinum (visually
Cheson/Deauville score 3–4, which means > mediastinal blood pool uptake, but � liver uptake
and moderately above liver uptake, respectively). As a consequence the patient was referred to
adjuvant radiotherapy; (A1-2) CT-Scan, (B1-2) PET scan, (C1-2) PET/CT fused images
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pulmonary toxic effects than with continued ABVD but not significantly lower
efficacy [77].

Recently, in an open-label international phase 3 trial 1,013 advanced-stage HL
patients were randomised after negative interim FDG PET/CT (after 2 cycles of
chemotherapy) to receive either standard eBEACOPP (in all 8 (before June 2011)
or 6 cycles (after June 2011)) of bleomycin, etoposide, doxorubicin, cyclophos-
phamide, vincristine, procarbazine and prednisone in escalated doses) or
de-escalated protocol with 4 cycles eBEACOPP in all (experimental arm). In PET
negative patients the 5-year progression-free survival rates in the standard and
experimental arm were 90.8% and 92.2%, respectively. Furthermore, the applica-
tion of only 4 cycles of eBEACOPP was associated with fewer severe infections
(8% vs. 15% after 6/8 cycles) and organ toxicities (8% vs. 18% after 6/8 cycles).
The authors concluded that interim PET negativity allows for a reduction to only 4
cycles of eBEACOPP without loss of tumour control [15].

19.2.10 Sarcoma

19.2.10.1 Diagnosis, Staging and Re-staging
Sarcomas are a rare heterogeneous group of tumours composing about 1% of all
malignancies [156], but carrying a high mortality rate, and presenting with varied
radiologic appearances.

Primarily, sarcomas are divided into sarcomas originating from bone and car-
tilage, respectively, (such as osteosarcoma, Ewing’s sarcoma or chondrosarcoma)
or originating from soft tissue (such as liposarcoma, leiomyosarcoma and GIST).

With respect to the biologic potential, WHO has classified soft tissue tumours in
four categories: benign, intermediate (locally aggressive), intermediate (rarely
metastasising) and malignant [48]. The histological grade of soft tissue sarcomas
and chondrosarcomas is supposed to be the most important prognostic factor in
those cancer groups [33, 34].

A meta-analysis of FDG PET studies in patients with sarcoma concluded that
FDG PET could discriminate between benign tumours and low-grade tumours and
intermediate and high-grade tumours [12]. Also other authors found an accurate
discrimination at least between low- and high-grade sarcomas employing FDG PET
[26]. However, by use of FDG PET it remains difficult to distinguish low-grade
tumours from benign tumours, as also confirmed by other studies, e.g. Ioannidis and
Lau found FDG PET to be positive in all intermediate and high-grade soft tissue
tumours, in 74.4% of low-grade soft tissue tumours and still in 39.3% of benign
lesions [71]. Czernin et al. investigated the baseline glucose metabolic phenotype of
sarcoma in more than 100 patients with soft tissue sarcoma. The SUV differed
considerably and significantly among the many histological subtypes. Liposarco-
mas, especially the myxoid variants, exhibited low FDG uptake. Sarcomas not
otherwise specified (NOS), the most dedifferentiated variants, showed the highest
FDG uptake. Overall, SUVmax was significantly higher in high-grade than in
low-grade sarcomas (11.7 ± 9.1 g/ml vs. 3.7 ± 1.8 g/ml; p < 0.001) [37].
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FDG PET/CT can be useful in the evaluation of soft tissue tumours for guiding
biopsy, helping to sample in the area with the highest glucose utilisation [122].
ESMO guidelines also see a role for FDG PET/CT in defining the area a biopsy
should be taken from [23]. Furthermore, according to the NCCN guidelines there is
a role for FDG PET/CT in the staging, prognostication and therapy response
assessment in patients with soft tissue sarcomas of the extremities, the superficial
trunk or head and neck, but not in surveillance [156].

A meta-analysis from 2012 enrolling 89 patients focused on the primary staging
of high-grade bone and soft tissue sarcomas—the authors found a high sensitivity,
specificity, PPV and NPV for the presence of distant metastases detected by FDG
PET/CT with 95%, 96%, 87% and 98%, respectively. However, in the detection of
lymph node metastases, the PPV was very low with 27%, but there were similarly
high rates for sensitivity, specificity and NPV with 100%, 90% and 100%,
respectively. The authors considered the use of FDG PET/CT to be ‘feasible’ in the
initial assessment of patients with high-grade bone and soft tissue sarcoma. Fur-
thermore, they found the SUVmax of the primary tumour to be a strong prognostic
predictor of survival [53].

A more recent review and meta-analysis investigated the role of FDG PET and
PET/CT in diagnosis, staging and recurrence assessment of bone sarcoma enrolling
42 trials with a total of 1,530 patients; for discriminating primary bone sarcomas
from benign lesions the authors found a pooled sensitivity of 96% and a pooled
specificity of 79%, for detecting distant metastases the pooled results on a
lesion-based level were 90% and 85% for sensitivity and specificity, respectively,
and for detecting recurrence the pooled results on an examination-based level were
92% (sensitivity) and 93% (specificity), respectively (all values referring to
PET/CT, even though, results for PET only were comparable) [93].

There are sarcomas that preferably occur in children and adolescents such as
Ewing’s sarcoma and rhabdomyosarcoma. In a study conducting 46 PET scans in
25 paediatric patients with Ewing’s sarcoma or neuroectodermal sarcoma or
rhabdomyosarcoma a favourable accuracy was found for FDG PET (sensitivity,
specificity, PPV and NPV were 86%, 80%, 89% and 67%, respectively) [108].

19.2.10.2 Therapy Response Assessment
Czernin et al. investigated the evaluation of therapy response in soft tissue sarcomas
by determining the degree of FDG uptake decrease before and after treatment: In
these studies, decreases of tumour FDG uptake by 35% after a single cycle and
by >60% at the end of treatment identified all pathological treatment responders,
predicting the amount of necrotic tissue in excised tumour tissue (>95% necrosis)
[37].

In osteosarcomas Hongtao et al. carried out a meta-analysis examining the
therapy response as assessed by FDG PET/CT—they showed that SUVs measured
before and after treatment are valuable for predicting the histological response to
chemotherapy [67].
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19.2.11 Breast Cancer

19.2.11.1 Diagnosis, Staging and Re-staging
Breast cancer is the most common type of cancer in women worldwide [119]. In
2014, breast cancer was the second leading cause of cancer-related deaths in women
in the United States, in the group of 20–39 years of age it was even the first reason
for cancer-related deaths in women [132].

Invasive ductal carcinoma is the most common histopathological subtype of
invasive breast cancer accounting for 50–70% of all cases, followed by invasive
lobular carcinoma with 5–15%, and finally mucinous and tubular carcinoma rep-
resenting 1–6% and 1–2% of the cases, respectively. Invasive lobular, mucinous
and tubular carcinomas are considered to be low FDG avid [117]; depending on the
size and cell density this often also applies to carcinoma in situ [54].

Mammography remains the principal imaging tool to screen for breast cancer.
Small lesions cannot be characterised by FDG PET/CT due to the partial volume
effect and limited spatial resolution—sensitivities of 59% in T1a–b (<10 mm) and
98% in T1c (11–20 mm) tumours have been reported [83]. According to NCCN
guidelines, FDG PET/CT can be used for the staging from stage IIIA onwards (T3
N1 M0), optionally [57]. In a clinical trial Koolen et al. enrolled 154 patients with
primary stage II and III breast cancer to evaluate the role of FDG PET/CT in the
staging work-up in comparison with conventional imaging techniques (bone
scintigraphy, liver ultrasound and chest radiography) to exclude distant metastases
prior to neoadjuvant chemotherapy. They found a sensitivity, specificity, PPV, NPV
and accuracy of 100%, 96%, 80%, 100% and 97%, respectively; in 16 of 20
patients additional (distant) lesions, metastatic disease or new primary malignancy,
were exclusively seen by PET/CT, leading to a change in treatment in 13 of 154
patients (8%). The authors concluded that FDG PET/CT is superior to conventional
imaging techniques in the detection of distant metastases in untreated stage II and
III breast cancer patients and may be of additional value prior to neoadjuvant
chemotherapy [84]. For a recent retrospective study in a total of 234 stage I, II and
III breast cancer patients FDG PET/CT was performed before (114 patients) or after
surgery (120 patients)—hypermetabolic extra-axillary lymph nodes were detected
in 42/234 patients (17.9%) and hypermetabolic distant metastases in 65/234 patients
(27.7%), leading to a modification in the staging in 82/234 patients (35%) and in
patient management in 69/234 patients (29.4%) [165]. Thus, FDG PET/seems to be
of additional value in the staging starting already from stage II onwards (for more
information also see Groheux [58]).

A meta-analysis conducted by Sun et al. including 6 studies with 609 patients at
any disease stage and regardless of treatment status concluded that FDG PET/CT
outperforms conventional imaging by far and has an excellent diagnostic perfor-
mance in staging of distant metastasis in breast cancer patients indicated by a
sensitivity of 99% and a specificity of 95% as compared to conventional imaging
with a sensitivity of 57% and a specificity of 88% [140].

Since about 30–35% of all patients ultimately relapse after initial (radical)
treatment [119, 163], surveillance of breast cancer patients with initially advanced
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tumour stage is of special importance. Two-thirds of breast tumour recurrences are
local and detection of local recurrence is a domain of mammography and/or
ultrasound and, if inconclusive, MRI [119]. However, the 5-year survival rate in
patients with distant metastases (mediastinal lymph nodes, bones, lungs, liver and
brain) is markedly lower (25% vs. 80% in patients with loco-regional recurrence)
[163]. Especially if there are equivocal findings on conventional imaging (CT,
MRI, bone scintigraphy) the use of FDG PET/CT is recommended by some pro-
fessional societies to identify or exclude a relapse, e.g. by ESMO [22], and also for
detection of local recurrence by SNMMI [74], and in particular in patients with
dense breasts by RCR/RCP [142].

In a recent meta-analysis and systematic review including 26 studies with 1,752
patients with suspected recurrent breast cancer FDG PET or PET/CT was shown to
be a highly sensitive and moderately specific imaging modality for the detection of
relapse with a sensitivity of 90% and a specificity of 81% [163]. A retrospective
clinical study conducted by Jung et al. enrolling 1,162 patients with 1,819 exam-
inations assessed the role of FDG PET/CT in the detection of loco-regional
recurrence or distant metastases as compared to conventional imaging (mammog-
raphy, breast ultrasound, bone scintigraphy and chest radiography)—the authors
found a sensitivity, specificity, PPV and NPV of 97.5%, 98.8%, 95.4% and 99.4%,
respectively, for FDG PET/CT, the corresponding values for conventional imaging
were 75.4%, 98.7%, 93.4% and 94.3%, respectively; thus, the sensitivity of FDG
PET/CT was shown to be significantly higher as compared to conventional imag-
ing. The authors considered FDG PET/CT as an acceptable diagnostic imaging
modality for post-operative surveillance [78] (Fig. 19.6).
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Fig. 19.6 56-year old female patient with history of breast cancer of the right breast (initially
TNM-classification pT1b pN0 L0 V0 R0 G3) after surgery and adjuvant radiation therapy, referred
to FDG PET/CT for re-staging; clinically already suspicious focal tumour in the right axilla. FDG
PET/CT confirmed FDG-positive lymph node metastasis in the right axilla; furthermore, PET/CT
revealed an FDG-positive node contralateral in the left axilla, either contralateral primary tumour
or further lymph node metastasis; (A1-2) CT-Scan, (B1-2) PET scan, (C1-2) PET/CT fused images
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19.2.11.2 Therapy Response Assessment
For breast cancer, FDG PET/CT was examined in many studies in the setting of
neoadjuvant chemotherapy to assess therapy response. A meta-analysis from 2012
enrolling 17 studieswith 781 patients summarised a good pooled sensitivity of 84.0%,
but only a moderate pooled specificity of 71.3%; however, the studies included were
quite heterogeneous. For instance, only 11 studies had reported the receptor status
(estrogen, progesterone and human epidermal growth factor receptor (HER) 2). The
authors recommended a combination of FDG PET/CT with other imaging modalities
such as MRI, ultrasound and mammography to assess therapy response [27].

More recently, Tian et al. conducted a meta-analysis enrolling 22 studies with
1,119 patients; the pathological response in both breast tissues and in the axillary
lymph nodes and the accordance with FDG PET/CT results were evaluated. They
found a pooled sensitivity of 81.9% and a better-pooled specificity of 79.3% as
compared to the results of Cheng et al. the area under the curve being 0.87. Among
the included studies there was also a high heterogeneity, the sensitivities in the
different studies ranged from 63 to 100% and the specificities ranged from 38 to
97%—the authors suggested that only tumour subtypes with relevant FDG uptake
at baseline can be assessed in the course of chemotherapy. In tumours with low
initial FDG avidity change in glucose utilisation cannot reasonably be used for
therapy response assessment in the course of chemotherapy, but obviously those
tumour subtypes were also evaluated in the included studies [143].

In general, therapy response assessment determined by FDG PET/CT seems to
be of special interest in more aggressive subtypes like triple negative and
HER2-positive breast cancers. The optimal timing of interim PET/CT is still an
ongoing issue of research, but seems to depend on the histological cancer subtype
and (chemo-/immuno-) therapy regimen [59].

19.2.12 Ovarian Cancer

19.2.12.1 Diagnosis, Staging and Re-staging
Nearly 90% of ovarian cancers arise from the epithelium, the remaining 10% are
germ cell and stromal tumours [130]. Ovarian cancer is the leading cause of death
from gynaecologic cancer in the Western World [85]. The poor prognosis results
from an advanced cancer stage, which affects about 70% of patients at the time of
diagnosis [46]. Ovarian cancer spreads mainly by local extension, by early
implantation on both the parietal and the visceral peritoneum, by lymphatic dis-
semination (involving the inguinal, pelvic, paraaortic and mediastinal lymph nodes)
and rarely through the blood vessels [46]. The serum tumour marker CA-125 is
widely used to assess the effectiveness of therapy and to detect tumour recurrence.

Unclear ovarian masses are evaluated with ultrasound, CT and/or MRI, usually
followed by ‘staging laparotomy’. Surgical exploration remains the standard ref-
erence for the initial staging of ovarian cancer [46, 130]. In the primary staging
FDG PET/CT has no definite role, but ‘may be appropriate’ according to the ACR
Appropriateness Criteria® in the staging and follow-up of ovarian cancer [81]. FDG

652 J. Becker et al.



PET/CT was shown to be limited in the diagnosis of cancer of the ovaries due to
physiologic FDG uptake observed in the ovaries of women at reproductive age; for
this reason the examination should be conducted during the postmenstrual phase in
premenopausal women. However, focal uptake in the region of the ovaries in
postmenopausal women is suspicious of malignancy and should be further evalu-
ated. False-positive results may also occur, e.g. when physiologic bowel activity is
mixed up with peritoneal spread [46]. On the other hand, FDG PET/CT may lead to
false-negative results in borderline tumours, in lesions smaller than 5 mm (such as
carcinomatosis), in women with cystic or necrotic lesions and in mucinous tumours.
Still, FDG PET/CT is more sensitive than CT alone in detecting small peritoneal
deposits [50, 85]. Furthermore, women with ovarian cancer confined to the pelvis
may benefit from a pre-operative FDG PET/CT in order to identify nodal metas-
tases—in a prospective study enrolling 68 patients FDG PET/CT showed a high
sensitivity, specificity, accuracy, PPV and NPV of 83.3%, 98.2%, 95.6%, 90.9%
and 96.5%, respectively, in a patient-based analysis. The authors concluded that due
to the high NPV systematic pelvic and aortic lymphadenectomy could be avoided in
many patients [133]. In addition, FDG PET/CT has the advantage of a whole-body
examination (‘one-stop shop’), hence it might also detect supradiaphragmatic
involvement at the time of primary staging. Therefore, it is recommended in the
guidelines of the European Society of Urogenital Radiology (ESUR) in suspected
stage IV disease (advanced ovarian cancer) and in the presence of indeterminate
lymph node appearance [50].

The most important role of FDG PET/CT in ovarian cancer patients is the
evaluation of tumour recurrence, especially when CA-125 levels are rising and
conventional imaging is inconclusive or negative [46, 50, 85, 130]. Referring to the
ACR Appropriateness Criteria®, in this situation FDG PET/CT is considered
‘usually appropriate’ [81] and is also recommended by RCR [142].

19.2.12.2 Therapy Response Assessment
In the future, there might be a further role in monitoring response to treatment in
advanced ovarian cancer, as FDG PET/CT is supposed to be more accurate in
characterising residual disease after chemotherapy as compared to CT alone and as
a molecular imaging technique it might also identify responders and non-responders
[127]. However, so far it has not replaced second-look laparotomy, maybe also due
to issues of cost-effectiveness [85, 130].

19.2.13 Testicular Cancer

19.2.13.1 Diagnosis, Staging and Re-staging
Most testicular neoplasms (90–95%) are germ cell tumours [7]. The other 5–10%
include stromal tumours, lymphoma and metastases. Testicular germ cell tumours,
representing a rare malignancy and occurring most frequently in Caucasian young
males aged 15–40 years [112], are divided into seminoma and non-seminoma(tous
germ cell tumours ((NSGCT)) with 50% each [112].
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The NSGCT group consists of embryonic cell carcinomas including undiffer-
entiated teratomas, differentiated teratomas (with varying degrees of differentiation,
and immature and mature teratomas, respectively), yolk sac tumours such as
choriocarcinomas and mixed tumours in every possible combination, also in
combination with seminoma components. Mature teratomas do not show increased
FDG uptake due to a low proliferation rate [5]. As mature teratoma is present in 30–
45% of resected residual masses in NSGCT patients, this is a major source of
false-negative results in PET scans prior to resection. In seminomas the fraction of
mature teratoma in residual lesions is much lower (<5%). Therefore, FDG PET/CT
has a greater role in evaluating patients with residual seminoma as compared to
NSGCT patients with residuals [39].

However, FDG PET/CT does not contribute to initial staging and has no role in
the routine follow-up (ESMO, see Oldenburg et al. [112]), for both of which usually
CT is applied.

In contrary, FDG PET/CT is most helpful in the setting of tumour recurrence
(when relapse is suspected, e.g. by elevated tumour marker levels, especially in
combination with normal conventional imaging findings) and in the evaluation of
chemotherapy response.

19.2.13.2 Therapy Response Assessment
Therapy response was evaluated in detail for residual tumour masses after
chemotherapy in seminoma patients with suspicion of viable tumour residuals.
Treglia et al. published a systematic review and meta-analysis referring to this
question—pooled sensitivity and specificity of FDG PET or PET/CT were 78% and
86%, respectively; FDG showed a high NPV of 94% with a moderate PPV of 58%
and a high accuracy of 84%. In addition, they found a significantly higher sensi-
tivity for patients with residual masses >3 cm as compared to those <3 cm (89%
vs. 47%) [148].

Thus, the main indication of FDG PET/CT in testicular cancer is the differen-
tiation of residual tumour from fibrosis in seminoma patients, in particular in
lesions >3 cm, as also recommended by CCO Cancer Care Ontario [21] and RCR
[142]. In the assessment of residual tumour tissue after chemotherapy FDG PET/CT
should be performed with a minimum of 6 weeks after the end of the treatment, as
earlier imaging may lead to false-positive results due to inflammation following
therapy. In the case of a positive PET scan, the probability of residual seminoma is
high and a biopsy might be carried out before re-treatment by irradiation or
resection [112].

There might be a future role for FDG PET/CT in the assessment of response to
Cisplatin, Etoposide and Bleomycin (PEB) chemotherapy in metastatic seminoma
patients, as Nechhi et al. pointed out: after 2 cycles of PEB 72.9% of the included
37 patients achieved a complete response (CR) and none of them relapsed (median
follow-up of 18 months)—the authors concluded that patients showing CR on
PET/CT-scan do not need additional treatment after (according to risk stratification
3 or 4 cycles of) PEB [110]. Further research in larger cohorts is necessary to
confirm these results.
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19.2.14 Penile Cancer

19.2.14.1 Diagnosis, Staging and Re-staging
In Europe and North America or in general in developed countries, penile cancer
has a low incidence (� 1 per 100,000) that increases with age, with a peak during
the sixth decade [60, 114]. As there is a strong correlation with human papillo-
mavirus (HPV) (one-third of cases can be attributed to HPV-related carcinogene-
sis), this might explain regional differences in epidemiology with higher incidence
rates in South America, Southeast Asia and parts of Africa [60]. The following
section focuses on penile squamous cell carcinoma, which represents the vast
majority of penile cancer subtypes [114].

As metastatic involvement of regional lymph nodes is a strong prognostic factor
(excellent prognosis in N0-patients with cure in up to 90% [41, 114], invasive
lymph node staging is required in patients at intermediate or high risk (intermediate
risk: not well-differentiated pT1; high risk: pT2 or higher plus all G3 tumours) of
lymphatic spread, i.e. either modified radical inguinal lymphadenectomy (ILND) or
dynamic sentinel node biopsy (DSNB) [60]. In enlarged palpable inguinal lymph
nodes the presence of metastases is more likely, but even in clinical unsuspicious
lymph nodes micrometastases occur with a frequency of about 20–25% [41, 60].
Despite its poorer prognosis, cure is still possible in lymph node-positive disease—
for this reason, improved imaging tools are needed to identify those patients. Due to
low sensitivities for smaller metastases, FDG PET/CT is not recommended for
cN0-patients [114]. Though there was an attempt by a Danish group to combine
FDG PET/CT with sentinel node biopsy in cN0-patients and this combined
approach showed a sensitivity of 94.4% [76]. In another prospective study, 41
cN0-patients underwent FDG PET/CT prior to bilateral modified or radical ILND—
FDG PET/CT showed a high sensitivity but moderate specificity with 80% and
68%, respectively, as well as a high NPV of 91% (although low PPV of 44%). The
authors concluded that FDG PET/CT cannot replace invasive nodal staging [42].

In clinically suspicious palpable lymph nodes FDG PET/CT can identify
metastases and confirm lymph node involvement [60]. In nodal-positive patients,
radical ILND with curative intention is indicated. FDG PET/CT might also help to
identify pelvic lymph node metastases, if these are initially suspicious due to
enlargement [151].

In follow-up, FDG PET/CT can improve the detection of early regional lymph
node involvement and reveals more distant metastases, especially in patients with
inguinal node-positive penile cancer (ESMO, see Van Poppel et al. [151]). In a
recent study, Zhang et al. showed an overall sensitivity of 82% and specificity of
93% for the detection of distant metastases by FDG PET/CT in a patient-based
analysis in 42 stage III- and IV-patients with advanced penile cancer, mostly in the
clinical setting of re-staging/evaluation of suspected recurrence (65% of the
patients) [169].
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19.2.15 Prostate Cancer

19.2.15.1 Diagnosis, Staging and Re-staging
FDG PET/CT has shown only a limited sensitivity for the detection of differentiated
prostate cancer and imaging of recurrent prostate cancer in various studies.
Increased FDG uptake and accumulation is regularly only found in dedifferentiated
and aggressive prostate cancer, given a Gleason score >7, and the sensitivity for the
detection of metastases increases with increasing serum PSA levels (for more
information also see Jadvar [72, 73] and the chapter concerning molecular imaging
of prostate cancer in this book).

19.2.16 Cancer of Unknown Primary

19.2.16.1 Diagnosis/Detection and Staging
About 3–5% of all malignancies are cancers of unknown primary (CUP) [47],
mostly associated with a poor prognosis. By definition, CUPs present with histo-
logically proven metastatic disease for which the site of origin cannot be identified
at the time of diagnosis despite extensive diagnostic work-up. The biology of those
tumours is still not fully understood [47], although one might hypothesise that the
detection of the primary tumour might lead to a more distinctive treatment. The
primary tumour can often not be identified on conventional imaging, thus, PET may
improve the detection rate of CUPs and potentially improve patient outcome by
optimising treatment planning.

A special patient sub-group in the group with those heterogeneous malignancies
are patients with neck lymph node metastases from an occult primary who account
for up to 10% of all patients with carcinoma of unknown primary site [20]. Since
the most frequent histological finding in neck lymph node metastases is squamous
cell carcinoma, particularly when the upper neck is involved [20], and squamous
cell carcinomas are usually FDG avid, there is a high probability to find the primary
tumour by virtue of FDG PET/CT, at least if the tumour size is not below resolution
limit. Zhu et al. conducted a meta-analysis including 246 patients and with 44, 97
and 68% for detection rate, sensitivity and specificity, respectively, they found a
moderate detection rate, a high sensitivity and a low specificity [170].

Despite the lack of recommendations in official guidelines, a multidisciplinary
expert panel of oncologists, radiologists and nuclear physicians with expertise in
PET/CT concluded that the use of FDG PET(/CT) is beneficial in the diagnostic
work-up of patients with cervical CUPs [49].

At the moment also in extra-cervical CUPs evidence seems to be too rare to
recommend the use of FDG PET/CT in guidelines in first line diagnostic work-up
with exception of the German Society of Haematology and Oncology, which
prefers FDG PET/CT for the detection of the primary tumour instead of CT
thorax/abdomen alone [70]. RCR recommends FDG PET/CT for the ‘detection of
the primary site when imaging and histopathology has failed to show a primary site,
where the site of tumour will influence choice of chemotherapy’ [142].
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A meta-analysis by Kwee et al. reported a primary tumour detection rate of 37%.
Lung, oropharyngeal and pancreatic cancer were reported to represent the most
frequently detected primary tumours [87]. Another meta-analysis was conducted by
Moller et al., who found a detection rate of 39.5% for the primary site in patients
with extra-cervical CUP, the pooled estimates for sensitivity, specificity and
accuracy were 87%, 88% and 87.5%, respectively. The lungs were again the most
commonly detected primary tumour site with 50% [109]. A more recent
meta-analysis enrolling 1,942 patients came to a similar result with an overall
detection rate of 40.93%—the authors concluded that up-front application of FDG
PET/CT might have a role in CUP patients by obviating many futile diagnostic
procedures [17].
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20.1 Introduction to Non-FDG PET Tracers

In 2011, the medical oncologist Siddhartha Mukherjee was assigned the Pulitzer
Prize for publishing “The Emperor of All Maladies: A Biography of Cancer” [246].
Along with a brilliant summary of cancer history, the book clearly stated already in
the cover the undisputable relevance that cancer has in human life. Undoubtedly,
with longer life expectancy in modern era, humankind has found a new “Black
Death” in oncologic pathologies. Consequently, timely diagnosis has become as
crucial as treatment itself. Hence, a big leap in medical diagnosis was determined
with the introduction of molecular imaging, positron emission tomography
(PET/CT) and all the associated compounds allowing cancer detection and clinical
assessment in different oncologic settings.

Since its approval by the Food and Drug Administration in 2000, a major
breakthrough for PET imaging was represented by the introduction in clinical
practice of 18F-Fluorodeoxyglucose (18F-FDG). Up to now, more than 90% of
worldwide studies with PET are performed using 18F-FDG. Although 18F-FDG
PET performs with a high sensitivity and specificity in the majority of cancer types,
it remains independently a “nonspecific” tracer. As a glucose analogue, it provides
functional information on cellular metabolism, and as an oncologic tracer, its use is
essentially based on the so-called Warburg effect [364]. The phenomenon, however,
is not a transversal characteristic for all tumours, and some of them on contrary can
show a reduced 18F-FDG uptake. Many malignancies, in fact, are poorly imaged by
18F-FDG, comprising prostate cancer [182, 183, 306], hepatocellular carcinoma
(HCC) [150], renal cell carcinoma (RCC), low-grade sarcomas, low-grade lym-
phomas, brain tumours, well-differentiated neuroendocrine tumours, etc. [79, 179,
263]. Moreover, this PET tracer cannot differentiate between cells that have a high
metabolic rate associated with neoplasia and those with increased metabolism due
to other conditions, such as infection, inflammation or even normal physiological
uptake.

The acquired knowledge on cancer features, however, have allowed the recog-
nition in the last decades of multiple metabolic or pathogenic pathways within the
cancer cells. Consequently, the development of new radiotracers has become of
utmost importance in clinical practice. Many alternative PET tracers have been
proposed and evaluated in preclinical and clinical studies and, in the last decades,
an endless list of PET tracers, substantially covering all hallmarks of cancer, has
entered the clinical routine.

However, just a limited portrayal of them guards a relevant impact on clinical
practice and this chapter aims describing the most significant representatives. Some
necessary space with be still dedicated to three large families of special compounds
bearing on counterpart a huge clinical potential.
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20.2 Clinical Applications of 11C/18F-Choline

Carbon-11 choline (11C-Choline) is a small molecule that was at first introduced in
PET imaging in 1997 [132] for the detection of brain and prostatic cancer. It is
rapidly taken up, phosphorylated by choline kinase to phosphocholine and trapped
within the cell to be integrated into cellular membranes, as a precursor for the
biosynthesis of phospholipids (phosphatidilcholine) [266, 382]. The uptake of
11C-choline is a marker for membrane turnover and metabolism [356], which are
reported to be substantially increased in malignant cells [1, 282, 335].

Fig. 20.1 MIP image of 11C-Choline PET/CT (right-sided panel of the figure), with transversal
images of single pathologic findings in a high-risk PCa patient at initial staging; local recurrence
(inferior view); imaging bone lesion and nodal involvement (mid views); a large malignant lesion
is also visible in the brain (superior view)
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The physiological distribution of 11C-Choline includes the salivary glands,
liver, renal parenchyma and pancreas, which can be detected already a few minutes
after the injection (3–5 min). Some faint uptake can be visualized also in the spleen,
bone marrow, muscles and bowel. 11C-Choline is successfully taken up in various
tumours with a high signal-to-background ratio, including slowly growing ones,
and presents a late urinary excretion phase, which makes it a good tracer for the
detection of prostate and bladder cancers [130, 133, 196, 279].

The main drawbacks of this tracer are related to the short half-life of the
radionuclide 11C (T1/2 20 min) and the rapid in vivo oxidation [356], which led to
the development of 18F-labelled choline analogues, such as 18F-fluorocholine
(FCH) [64, 71, 131]. The synthesis of FCH was first described by Degrado et al.
[71]. Normal biodistribution of FCH shows relatively high uptake in the salivary
and lachrymal glands, pancreas, liver, spleen and kidneys; mild uptake in the bone
marrow and variable uptake in the bowel. No substantial differences have been
detected in between the two radiolabelled-choline tracers, except for the earlier
urinary appearance of 18F-fluorocholine, probably due to an incomplete tubular
reabsorption [162].

As an oncologic tracer, 11C/18F-choline has a potential role in any neoplasia,
although in clinical practice it has found a principal application in prostate cancer
[24, 174, 130, 199, 278].

PET imaging with 11C-choline has been proposed to early detect primary
prostate cancer, to stage/restage the tumour (Fig. 20.1), but the prevailing utility
appears to be the detection of tumour recurrence in case of biochemical relapse
(Fig. 20.2) [96, 355].

At staging 11C-choline has been utilized prevalently to assess nodal and bone
metastasis in prostate cancer patients [174, 130, 196, 284, 315], while less for
primary tumour (T staging) [119]. The main reason is the difficulty to discriminate
between malignant lesions and benign disease (i.e. prostatitis, benign prostatic

Fig. 20.2 MIP image of 11C-Choline PET/CT (right-sided panel of the figure), with transversal
images of the multiple pathological bony lesions in a PCa patient with biochemical relapse after
radical prostatectomy (PSA 8.8 ng/ml)
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hyperplasia) by pure choline uptake [97], and second, due to the limited spatial
resolution of the method (*5 mm), the method has a low accuracy in the detection
of extra-capsular and seminal vesicle extension [315]. In particular, 11C-choline
PET appears significantly less sensitive than the standard of reference (MRI) for
extraprostatic extension, with a sensitivity of 22% versus 63% for MRI [239]. The
same study group performed also a direct comparison of PET with sextant results of
step-section histopathology and found a sensitivity, specificity and accuracy of
66%, 81% and 71%, respectively [97].

A more relevant role for 11C-choline PET in staging prostate cancer is reported
in selected high-risk patients (high levels of PSA or Gleason score, etc.), with the
intent to assess extraprostatic metastases. Even with respect to clinical nomograms
[38], 11C-choline PET seems to perform better in the detection of nodal metastasis
[315]. As reported in literature [174, 70, 278, 348, 376], 11C-choline PET accuracy
(sensitivity 80%; specificity 96%; accuracy 93%) is generally better than that of
conventional imaging techniques (CI) for primary PCa staging.

The main application of 11C-choline PET, however, remains the evaluation of
prostate cancer relapse in previously treated patients, presenting with rising PSA
serum level and negative conventional imaging procedures [50, 49]. The higher
sensitivity is seen for the detection of early nodal involvement and secondary bone
lesions [130, 199, 314]. Since 11C-choline uptake in malignant metastatic cells
occurs before bone osteoblastic changes, the method permits the detection of bone
lesions even before bone scintigraphy [174, 109, 277]. On a lesion-based analysis,
11C-choline PET shows a sensitivity, specificity and accuracy of 64%, 90% and
77%, respectively [314]. Although with a lower accuracy than for other sites of
disease, 11C-choline PET is useful also in detecting local recurrence [37, 174, 277].

11C-choline PET still has an imperfect overall detection rate (39–56%) [50,
199]. This can be significantly ameliorated by adopting other parameters, such as
PSA kinetics. Therefore, trigger PSA, PSA velocity and PSA doubling time [50, 49,
119, 199] can contribute to increasing the probability of having positive finding at
PET, since they express somehow the malignancy of the disease relapse.

Other oncologic conditions have been successfully studied with 11C-choline
PET, starting with the bladder cancer [132, 279]. Thanks to the late urinary
excretion and low background activity, 11C-choline allows for a good identification
of the primary bladder cancer (sensitivity 96% for PET versus 84% CT) and its
proper nodal staging (sensibility and specificity, respectively, 62% and 100% for
PET versus 50% and 75% for CT) [279].

Brain tumours too are an interesting indication for 11C-choline PET [134],
which, in very limited studies, have shown a potentially equal or slightly better
tumour delineating capability [250]. However, it is not able to substitute amino acid
radiopharmaceuticals in this context, such as 11C-methionine or 18F-FET.

11C-choline and its fluorinated analogue has been utilized with success also for
imaging hepatocellular carcinoma (HCC) (Fig. 20.3) [51, 233, 377, 340, 341]. In
comparison to morphological imaging (i.e. CT or MRI), 11C-choline PET has
demonstrated a sensitivity and specificity of 88% and 90%, respectively, which
resulted significantly higher especially in case of extra-hepatic tumour detection
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[233]. This determined a modification in HCC management in 24% of the patients.
The highest accuracy, however, was obtained when combining PET and CT/MRI;
the diagnostic accuracy could reach 92% on a scan-based and 96% on a lesion-based
analysis. Similarly, in the study from Castilla-Lièvre et al., when comparing
11C-choline with 18F-FDG PET, the sensitivity of the modalities resulted 75% for
11C-choline, 36% for 18F-FDG and 93% by combining the two scans [51].

Some preliminary results have shown for 11C-choline PET also a potential role
in multiple myeloma. It seems that the tracer is capable to detect more myelomatous
lesions than 18F-FDG PET, although the difference between the two tracers is not
reported to be statistically significant in mean number of lesions [247, 349]. Despite
the potentialities of this tracer in detecting many malignancies, 11C-choline and its
fluorinated analogues, at present find a proper use in clinical practice mainly in
prostate cancer patients.

20.3 Clinical Applications of 11C-Acetate

Radiolabelled acetate (11C-Acetate) was proposed as a PET compound almost 3
decades ago for tracing regional blood flow, cardiac physiology or tissue lipoge-
nesis [10, 11]. Once injected, 11C-acetate is rapidly cleared from the bloodstream
and activated within the cells into 11C-acetyl-CoA [160]. This activation may
happen in the cytosol, like in cells with high lipogenic activity, such as liver,
salivary glands, spleen and also many cancers [235, 336], Vallabhajosula [356], or
may occur within the mitochondria, where 11C-acetyl-CoA enters the tricarboxylic
acid (TCA) cycle, used for either catabolic or anabolic purpose [56, 243, 338].

The first pathway leads to the synthesis of cholesterol and fatty acids, which are
incorporated into cell membranes [160], while the second, in normal cells and
myocardium, leads to complete oxidation of 11C-acetyl-CoA to 11C–CO2 and H2O
[200]. This background is the rationale for the use of 11C-acetate as a PET tracer
for studying myocardial blood flow and oxidative metabolism [305, 338], as well as
for visualizing certain tumours in which 18F-FDG PET is of limited use, such as
prostate cancer, hepatocarcinoma and bladder cancer. [77, 79, 151, 150, 262, 264].
Also, other tumour types can show an increased uptake of 11C-acetate thanks to the
above-mentioned mechanisms [283, 332, 334, 336]; i.e. meningioma, glioma,
nasopharyngeal carcinoma, lymphoma, non-small cell lung cancer, colon cancer,
renal cell carcinoma, ovarian cancer, etc. [79, 227, 228, 329, 378].

Yet, in tumour imaging, 11C-acetate has been mainly used for prostate cancer
[79, 381] at diagnosis [61], staging/restaging [332] and detection of recurrence in
biochemical relapse [9, 264]. According to the literature, the tracer is sensitive in
the detection of primary tumour [262] with good accuracy in N- and M-staging, and
in the detection of disease relapse [197, 264]. Haseebuddin et al. for instance,
analyzed 107 men with intermediate-risk or high-risk localized PCa at diagnosis
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[137]. Despite the presence of negative conventional imaging, 11C-acetate PET/CT
showed positive findings for pelvic nodes or distant metastasis in 36 out of 107
patients (34%). The sensitivity, specificity, positive predictive value (PPV) and
negative predictive value (NPV) resulted 68%, 78%, 49% and 89%, respectively.

One of the other indications for PCa concerns biochemical recurrence after
radical prostatectomy or radiotherapy. As per tumour detection in this context,
11C-acetate PET shows a sensitivity which is variable and dependent from PSA
levels. In the paper from Oyama et al. [264], the overall detection rate for 46
patients (30 after radical prostatectomy and 16 after radiation therapy) resulted
59%. When categorizing the performance based on PSA levels, 13 out of 22 (59%)
had positive scan with serum PSA > 3 ng/mL, while only 1 out of 24 patients (4%)
with lower serum PSA levels [264]. Higher detection rate has been demonstrated by
other authors, such as Sandblom et al. [310]. With a mean PSA level of 2 ng/mL,
their findings report 15 out of the 20 patients analyzed as having a positive
11C-acetate PET. On the other hand, due to the favourable tracer distribution, with
no interference in the urinary tract, 11C-acetate can better detect local relapse. This
is the case of the 50 patients investigated by Watcher et al. with combined
11C-acetate PET/MRI modality at biochemical relapse [60]. Based on the infor-
mation provided by 11C-acetate PET, treatment management was changed in 28%
of the cases, and after fusion with MRI, the number of equivocal findings was
completely reduced. In general, however, the clinical applications of 11C-acetate
match with those of 11C-choline PET, and, although the latter is more widely used
as PET compound, the two tracers seem to yield almost identical results in patients
with prostate cancer [245, 345].

Interesting data are available also for bladder cancer imaging with 11C-acetate
PET. The prospective analysis from Vargas et al. [358], for instance, reports a
sensitivity of 11C-acetate PET/CT for N staging of 100%, and a specificity of 71%.
In the same cohort, the sensitivity and specificity for lymph node metastases were
50% and 71% for MRI, and 50% and 79% for CT, respectively. More recently, in
the multicenter ACEBIB trial analyzing 11C-acetate PET/MRI for the detection of
muscle invasive bladder cancer [309], the diagnostic performance was confirmed
superimposable with reported sensitivity, specificity and accuracy of 100%, 69%
and 73%, respectively.

Another clinical indication for 11C-acetate PET/CT concerns the investigation
of HCC (Fig. 20.4). In this context, the tracer has demonstrated a higher sensitivity
in patients (83–87%) as compared to 18F-FDG PET (40–47%) [164]. These data
are not surprising, as it is already known that HCC is one of those tumours that may
exhibit a glycolysis similar to or even lower than normal liver parenchyma [150,
170]. When combined, however, the two PET-studies may show a complementary
role: when primary HCC has a low 18F-FDG uptake, there is an avid 11C-acetate
uptake, and vice versa [164]. These information can be an outmost value in case of
advanced treatment planning alone or in combination to loco-regional therapy, such
as transarterial chemoembolization [224].
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20.4 Clinical Applications of 68Ga-PSMA

Prostate specific membrane antigen (PSMA) is a type II transmembrane glyco-
protein, also known as glutamate carboxypeptidase II, which results significantly
overexpressed in prostate cancer (PCa) [34, 330]. PSMA is typically located in the
cytosol of normal prostate [118] and acts as glutamate carboxypeptidase for folate
substrate and neuropeptide N-acetyl-L-aspartyl-L-glutamate [47]. In PCa cells, it
turns into a membrane-bound protein composed of three parts, internal portion,
transmembrane portion and external portion [3]. The internal portion has repre-
sented the target for Indium-111 (111In) capromab pendetide (ProstaScint®;
Cytogen Corporation, Princeton, NJ), used for prostate imaging with gamma
camera [342]. Recently, radiopharmaceuticals targeting the extracellular component
have been developed for PET imaging [20, 83].

PSMA is overexpressed 100–1000 times in PCa compared to normal tissue
[159], and its expression increases with tumour dedifferentiation, in metastatic and
hormone-refractory cancers [118, 167]. Despite its commonly used name, PSMA is
not a prostate exclusive molecule, because it is reported overexpressed in numerous
other tissues, including kidney, liver, spleen, small and large bowel, bladder, thy-
roid and salivary glands [189, 190, 330], as well as in several tumour types, such as
transitional cell carcinoma, renal cell carcinoma, colon carcinoma and in the peri-
tumoural neovasculature and endotumoural endothelial cells [6, 54, 330]. These
characteristics have promoted the targeting of the extracellular portion of PSMA for
imaging and therapy. Although potentially applicable in different cancer types, the
principal reports concern prostate cancer indications.

The first 68Ga-labelled PSMA ligands were synthesized at the Johns Hopkins
University, while later on developed in Heidelberg [20, 83]. Currently, many of
tracers are available in the market and comprise either 68Ga-labelled compounds
(68Ga-PSMA), such as 68Ga-PSMA-11 [20], 68Ga-PSMA-617 or
68Ga-PSMA-I&T [2, 142], or 18F-d ligands, including 18F-DCFBC [62],
18F-DCFPyL [337] or 18F-PSMA-1007 [116]. If we exclude some differences in
biodistribution, the above-mentioned tracers result substantially interchangeable.

The principal indication for PSMA concerns PCa restaging after biochemical
recurrence (BCR) (Fig. 20.5). The majority of papers published so far, although in a
vast proportion retrospective, analyze the 68Ga-PSMA PET/CT in this setting [159,
274]. Overall, the rate of positive 68Ga-PSMA PET in BCR results 76%. Compared
to other PET tracers, PSMA PET demonstrates a higher detection rate in BCR that
goes up to 90% based on the cohort [4, 86], and reaches 58% for PSA val-
ues <0.5 ng/ml (Fig. 20.6) or 42% for PSA between 0 and 0.2 ng/ml [274]. As
expected, detection rates for PSMA PET too result in a positive correlation with
PSA levels, PSA kinetics (PSA Doubling Time, PSA velocity), initial Gleason
Score and ongoing androgen deprivation therapy (ADT). On pooled analysis, on a
per-patient basis, the sensitivity and specificity for PSMA PET are reported both
86%. While, on a per-lesion basis, the pooled sensitivity and specificity result 80%
and 97%, respectively [159, 274].
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The use of PSMA PET determines in addition a significant change in man-
agement. In the meta-analysis published recently, in 1163 patients (15 studies) with
biochemical failure, the pooled proportion of change in management was 54%
[129]. According to the type of treatment, the percentage of radiotherapy, surgery,
focal therapy and multimodal treatment varied from 56% to 61%, from 1% to 7%,
from 1% to 2% and from 2% to 6%, respectively. Conversely, the proportion of
systemic treatment versus no therapy at all passed from 26% to 12% and 14% to
11%, respectively [129].

The other possible indication for PSMA PET/CT concerns primary staging in
high-risk PCa (i.e. Gleason Score > 7, PSA > 20 ng/ml, clinical stage of T2c–3a)
before surgery or radiotherapy. Some significant data derive with this regard from
prospective studies. Firstly, Eiber et al. [85] used 68Ga-PSMA PET for preopera-
tive imaging in 37 intermediate-risk and high-risk patients undergoing radical
prostatectomy and extended pelvic lymph node dissection. Overall, on a
patient-based analysis, the sensitivity and specificity of the modality resulted 75%
and 96%, respectively, while on a field-based analysis, the sensitivity and speci-
ficity were 65% and 98%, respectively [85, 159]. More recently, van Leeuwen et al.
[216] reported results of primary nodal staging in 30 patients with high risk. The
performance of PSMA PET/CT in this case was 64% sensitivity and 95% speci-
ficity in the patient-based analysis; while, on a region-based analysis, sensitivity
and specificity resulted 56% and 98%, respectively.

PSMA PET/CT outperforms also other imaging modalities for primary PCa
staging, including CT and bone scintigraphy [21, 288]. In the report from Pyka
et al. [288], in 126 patients (1115 examined bone regions), the overall sensitivity
and specificity regarding bone involvement resulted 98.7–100% and 88.2–100% for
PET, compared to 86.7–89.3% and 60.8–96.1% for bone scan, respectively. On a
region-based analysis, the sensitivity and specificity obtained were 98.8–99.0% and
98.9–100% for PET and 82.4–86.6% and 91.6–97.9% for bone scan. In both types
of analysis, the difference in diagnostic performance was statistically significant
(p < 0.001).

One of the biggest advantages of PSMA in PCa is related to the theranostic
potential of the tracer, which can be labelledwith beta-emitters, such as 177Lu, to treat
metastatic cancer. The ligand investigated so far for this purpose, 177Lu-PSMA-617,
has been used for radionuclide therapy ofmetastatic patients in different countries and
is currently being evaluated in some multicenter studies in Germany and Australia
[118]. PSMA PET/CT would necessarily be of help in this context for the
diagnostic/therapeutic pathway of PCa by allowing patient selection and response
assessment in the case of radionuclide treatment with 177Lu-PSMA-617.

Since PSMA is overexpressed also in other tumours, some preliminary reports
concern its use in RCC [331], HCC [186], Thyroid cancer [237], demonstrating
very promising results.
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20.5 Clinical Applications of 18F-FACBC

18F-anti-1-amino-3-18F-fluorocyclobutane-1-carboxylic acid (FACBC or fluci-
clovine) is a synthetic amino acid investigated in the last years for oncology imaging,
mainly focusing on prostate cancer [92, 93, 323, 322]. The rationale behind the use of
this radiopharmaceutical relies on the known overexpression of several amino acid
transporter systems in cancer cells, including prostate [172, 242]. This characteristic
relates also to higher tumour aggressiveness and poorer prognosis [322].

18F-FACBC, as other amino acids, is excreted via urinary tract, although it pre-
sents with a lower bladder accumulation at early imaging [321]. Being a not natural
synthetic amino acid, fluciclovine is not metabolized or incorporated into proteins;
hence, its uptake depends on the sodium-independent L large-neutral amino acid
transport system [321]. Normal distribution includes high intensity of uptake in the
pancreas, less in liver, bone marrow, salivary glands, lymphoid tissues and pituitary.

The primary reports on fluciclovine in prostate cancer investigated biochemical
recurrence after radical prostatectomy (Fig. 20.7) and radiotherapy [325, 324]. At
first, Schuster et al. demonstrated a higher diagnostic performance for 18F-FACBC
compared to 111In-capromab in 93 patients, leading to a disease upstage in 26% of
the cases [325]. Pathologically proved analyses on a per-patient basis reported a
true positivity rate of 96%. The ability of fluciclovine to detect disease was clas-
sified also according to the site, either prostate or prostate bed (90% sensitivity,
40% specificity and 74% accuracy) or extraprostatic localizations (55% sensitivity,
97% specificity and 73% accuracy) [325, 322]. These findings are in line with the
pooled data obtained from the meta-analysis published in 2016, summarizing 251
patients (six studies) with suspicion of prostate carcinoma recurrence. Overall,
18F-FACBC PET reached a pooled sensitivity of 87%, a pooled specificity of 66%,
with an area under the ROC curve of 0.93 on a per-patient-based analysis [300].

There seems to be some advantage in terms of image quality and acquisition
protocol for 18F-FACBC over radiolabelled choline [92, 93]. This advantage is
translated into a better performance, as reported by Nanni et al. [248], where a
statistically significantly better detection rate was defined for fluciclovine compared
to choline in all PSA levels, either low (<1 ng/ml), intermediate (1–2 ng/ml) or
high (>2 ng/ml).

More recently, Turkbey et al. reported and investigated the role of fluciclovine
for primary PCa detection [354]. In this context, however, 18F-FACBC was
reported to have a worse diagnostic performance. Sector-based comparison with
pathology revealed a sensitivity and specificity of 67% and 66%, respectively, for
18F-FACBC PET and 73% and 79%, respectively, for MRI. The main limitation,
similar to that with choline PET, was due to the high tracer uptake in benign
lesions, such as BPH [212].

Other cancer types along with prostate are being investigated with
18F-fluciclovine, nevertheless, so far the only FDA approval for the radiophar-
maceutical is to identify prostate cancer recurrence in men with elevated levels of
PSA following prior treatment.
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20.6 Clinical Applications of 11C-Methionine

11C-Methionine is the radiolabelled variant of the essential amino acid methionine,
used as a surrogate marker for the protein metabolism of tumour cells. Hence, its
uptake reflects the increased amino acid transport and is related to cellular prolif-
erative activity [138]. The precise mechanism of accumulation is not fully clear, but
methionine is known to be necessary for protein synthesis and results involved in
crucial pathways, all accelerated in malignant cells [158].

Since the first report [67], L-methyl-11C-methionine is documented as a
potential agent in imaging different malignancies, like brain and lung tumours,
melanoma lymphoma, breast, pelvic, prostate and head and neck tumours [68, 127,
256, 206, 223–219]. At present, the principal clinical application of
11C-methionine PET concerns central nervous system (CNS) tumours.

Brain has a physiologically intense uptake of 18F-FDG, because glucose is the
main metabolic substrate for CNS, and consequently it is very difficult to distin-
guish malignant lesions in the contest of a hypermetabolic background [188, 201].
Both high-grade (HGG) and low-grade glioma (LGG) may be obscured by adjacent
activity or confused with other benign lesions such as infection, infarction or
haemorrhage [260, 304, 365, 375]. Conventional imaging methods too, including
CT and especially MRI, apart from providing excellent anatomical information with
a 65–100% sensitivity, are deficient in differentiating tumours from other
non-pathological findings, as well as tumour grades and volumes [128, 375].

11C-Methionine, in contrast, is not physiologically taken up by brain and benign
conditions such as fibrosis, necrosis or edema (Fig. 20.8), which are imaged as cold
areas in PET [78, 138, 163]. On the contrary, malignant lesions present with an
increased 11C-methionine uptake due to an increased protein metabolism and
increased vascular permeability [32, 180, 259, 281, 311, 312, 351, 201]. Because of
its high contrast, the method seems to allow the identification of low- and
high-grade lesions and provides an initial prognostic value [161, 181]. In fact,
11C-methionine uptake and tumour-to-normal brain tissue ratios are reported to
correlate with patient prognosis, Ki-67 expression and proliferating cell nuclear
antigen (PCNA) expression [188, 251, 347].

The use, however, of 11C-methionine in grading tumours is yet controversial;
while some authors report a correlation between tracer uptake and glioma grade
[178], others have not demonstrated any significant differences in uptake between
gliomas grade I and II, or III and IV, respectively, although 11C-methionine uptake
directly correlates with microvessel density [198]. More recent reports [230],
however, define the uptake on 11C-methionine PET as significantly correlated to
histological grade and other molecular markers, such as IDH1 (isocitrate dehy-
drogenase 1) mutation status. Commonly, a max tumour-to-brain ratio of 1.3 is used
to differentiate neoplasia from other non-neoplastic lesions, as well as to define
tumour extent [113, 209].
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The overall sensitivity of 11C-methionine PET for gliomas is estimated around
89%, with a specificity of almost 100%, but with lower figures in low-grade
tumours (65–85%) [36, 63, 141]. Other intracranial tumours too can show a high
11C-methionine uptake, including pituitary adenomas, ependimomas, lymphomas
or brain metastases. A recent study performed on 80 patients with brain tumours
documented a sensitivity, specificity and accuracy for 11C-methionine of 88, 80
and 86%. In addition, in 50% of the cases, PET findings had a direct impact on the
therapeutic management of the patient [379].

The better tumour delineation of 11C-methionine PET is applied in clinical
radiotherapy planning [126, 257]. Both in high-grade and low-grade gliomas, the
gross tumour volume (GTV) defined by 11C-methionine is reported to be more
precise than that defined by MRI. The difference in accuracy becomes highly
relevant in post-therapeutic lesions, when conventional imaging fails to distinguish
between residual disease and post-treatment alterations [257].

11C-Methionine PET has a potential use also in stereotactic brain biopsy,
especially for distinguishing neoplastic sites from necrotic areas, which are neither
easily detectable by MRI nor 18F-FDG PET [120].

The post-treatment evaluation represents another main application for
11C-methionine PET (Fig. 20.9), thanks to its capability to differentiate recurrent
brain tumours from radiation necrosis [225, 258, 352]. The sensitivity, specificity
and accuracy in detecting tumour recurrence range from 78–100%, 60–100% and

Fig. 20.3 MIP image of 11C-Choline PET/CT of a patient with HCC (left-sided panel of the
figure), plus transversal fused images at the level of the liver and corresponding MRI, respectively,
in top-down order: T2-weighted haste, T1-weighted vide and Diffusion-weighted views
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about 82%, respectively [352, 353]. False positive cases, however, can be related to
acute inflammation, ischemic stroke with reperfusion, etc., but not in chronic
inflammatory or radiogenic lesions [169, 198, 353].

11C-methionine PET has been successfully applied also in certain
non-oncological fields, such as the diagnostic work-up of patients with hyper-
parathyroidism, compared to conventional nuclear medicine examination based on
99mTc-SESTAMIBI [145, 308, 343]. Other authors, however, demonstrate an
inferior sensitivity of 11C-methionine PET in primary hyperparathyroidism with
respect to ultrasonography and scintigraphy [145], but a superior accuracy in
detecting secondary hyperparathyroidism in patients with renal failure and hyper-
calcemia [308].

Fig. 20.4 MIP images of a nodal recurrence of HCC studied with 11C-Acetate PET/CT (upper
view) and 18F-FDG PET/CT (lower view); FDG-PET shows no pathology uptake, while
Acetate-PET clearly detects nodal involvement
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20.7 Clinical Applications of 18F-FET

Tyrosine was radiolabelled and introduced for PET imaging for the first time in
1989 [66]. As an amino acid, it follows the protein synthesis pathways and
therefore its uptake reflects the metabolism of malignant cells too [371].

Among the possible radiolabelled forms, 18F-fluoroethyltyrosine (18F-FET)
yields the most promising results [98]. Although it is not incorporated into proteins,
18F-FET PET shows a high accuracy in the diagnostics of tumours, such as glio-
mas, probably due to intracellular tracer entrapment secondary to increased amino
acid transport within the cells [139, 204, 369].

18F-FET exhibits a high in vivo stability, low uptake in inflammatory tissue and
suitable uptake kinetics for clinical imaging [177, 285]. In addition, it can be
produced with high efficiency and therefore offers the opportunity for commercial
distribution [204, 333].

Fig. 20.5 MIP and multi-axial views of 68Ga-PSMA PET/CT in a PCa patient with biochemical
relapse (PSA 1.86 ng/ml) after radical prostatectomy; the nodal involvement in the left iliac region
is clearly visible in all views, respectively, from left to right: sagittal, coronal, MIP plus axial
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Several studies have demonstrated the benefit of 18F-FET PET for the man-
agement of patients with gliomas in terms of differential diagnosis and grading
[104, 268, 367], prediction of prognosis [104], monitoring of therapy response
[289], radiotherapy planning [366] and detection and diagnosis of tumour recur-
rence [290, 291, 293]. In this context, 18F-FET PET shows a sensitivity and
specificity of 96% and 53%, respectively, in the detection of tumour tissue [268]. In
non-neoplastic brain lesions, however, an increase in 18F-FET uptake may indicate
reactive astrocytosis. In more recent data from 13 studies (462 patients), 18F-FET
PET yielded a pooled sensitivity and specificity of 82% and 76%, respectively, for
the diagnosis of primary brain tumours [82]. Reference thresholds to differentiate
primary neoplasia from non-neoplastic lesions can be used: i.e. mean and max
tumour-to-brain ratio (TBR) of 1.6 and 2.1, respectively [209, 296]. The main
limitation to be considered for 18F-FET PET is acquisition protocol. According to
the EANM/EANO/RANO practice guidelines/SNMMI procedure standards [209],
acquisition can be performed with 20 min static images, obtained 20 min after
injection, or by means of dynamic images starting 10–50 min after. Other authors
propose earlier acquisition, from 5 to 15 min for better differentiating HGG from
LGG [7]. The rationale for this suggestion relies on the common behaviour of HGG
showing an early peak 10–15 min after injection followed by a progressive and
rapid decrease of uptake; on counterpart, LGG is usually present with a delayed and
steady increase of tracer uptake [292].

Fig. 20.6 Anterior and lateral MIP views of 68Ga-PSMA PET/CT in a PCa patient with
biochemical relapse having a very low trigger PSA (0.41 ng/ml) after radical prostatectomy; red
arrows indicate the locations of nodal involvements, respectively, at the presacral and left
otturatory region
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18F-FET PET has also demonstrated a good sensitivity and specificity in head
and neck cancers of 75% and 95%, respectively, with an overall accuracy of 90%
[269]. When comparing, however, the diagnostic value with that of 18F-FDG PET,
the latter results more accurate, but 18F-FET uptake yields a better differentiation of
tumour tissue from inflammatory disease [269].

20.8 Clinical Applications of 18F-DOPA

18F-DOPA (18F-dihydroxy-phenylalanine) is a positron emitter compound applied
in clinical practice since the 80s [103, 114] as a marker for the basal ganglia
dopamine production [370]. It is the fluorinated form of L-DOPA, which represents
the immediate precursor of dopamine [234], a central nervous system neurotrans-
mitter predominantly found in the nigro-striatal region and related to
neuro-degenerative and movement disorders, such as Parkinson’s disease
(PD) (AGID 1991). Unlike dopamine, L-DOPA is actively transported through the
blood-brain barrier, and then converted into dopamine by the action of L-aromatic
amino acid decarboxylase [234] and at last stored in intraneuronal vesicles, ready
for release in the various dopaminergic pathways, such as the pre-synaptic space.

The objective of the in vivo detection of dopaminergic degeneration in PD by the
means of 18F-DOPA is related to the early diagnosis and monitoring of disease
progression [87, 215, 313]. The method has in fact demonstrated a high sensitivity
and specificity in the diagnosis of PD, ranging from 91–100% and 90–100%,
respectively [90], although some papers report a paradoxical up-regulation of
decarboxylase activity and consequently a possibly increased trapping of
18F-DOPA in the pre-synaptic vesicles during the earlier stage of the disease [168,
213].

Main drawbacks, however, of the method are related to the need of a
cyclotron-based radiopharmacy and the relatively complicated synthesis of
18F-DOPA [362]. The commercial presence of other valid alternatives, such as
123I-FP-CIT SPECT, a marker of the pre-synaptic dopamine transporter
(DAT) expression [121], directly correlated to PD alterations and disease stage,
with similar features to the 18F-DOPA diagnostic value [90, 91], makes this latter
one not of routine use in clinical practice, despite the unquestionable advantages
over 123I-FP-CIT in terms of length of the procedure and image quality.

A mechanism similar to the above-mentioned one, characterized by active
uptake and decarboxylation of amines precursors, is noticed also in other brain
regions and in extracranial tissues, giving way to the possibility of 18F-DOPA to be
used in the detection of pathological situation such as brain tumours [140], neural
crest derived neoplasms [154] and pancreatic islets hyper-function (i.e. primary
hyperinsulinism) [135].

In oncology, 18F-DOPA has been initially proposed as a marker for melanomas
[80], thanks to the ability of neural crest derived tumours, which are now defined as
neuroendocrine tumours (NET), to accumulate and decarboxylate L-DOPA as a
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Fig. 20.7 MIP image of 18F-FACBC PET/CT (right-sided panel of the figure), with transversal
images of the pathological bony lesion documented in a PCa patient with biochemical relapse after
radical prostatectomy (PSA 4 ng/ml); note how the corresponding localization CT of the right
pubic bone shows no significant alterations (Courtesy of Dr. Cristina Nanni and Dr. Lucia Zanoni,
University Hospital S. Orsola-Malpighi, Bologna, Italy)

Fig. 20.8 Example of no pathologic uptake of 11C-Methionine (right-sided view) in the
suspected right fronto-temporal lesion described at T1 weighted MRI (left-sided view)
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precursor of dopamine. The amine precursor uptake and decarboxylation (APUD)
concept was introduced in 1969 [271] and consequently, the known increased
activity of L-DOPA decarboxylase in NET [25, 115] permitted their visualization
through positron emitters. The first PET compound, however, was 11C-labelled
DOPA used by Ahlström for NET imaging [5].

At present, 18F-DOPA PET is a well-assessed procedure in the detection of
primary and metastatic NET (carcinoids, gastroenteropancreatic tumours (GEP),
glomus tumour, medullary thyroid cancer, small cell lung cancer, neuroblastoma,
paraganglioma, pheochromocytoma, etc. (Fig. 20.10)) [122, 161–157, 171, 249].
Its diagnostic accuracy is reported higher than the other conventional imaging
techniques, including CT/MRI, 123I-MIBG and 111In-Octreoscan [25, 102, 166].
However, the group of neoplasms which mostly benefit from 18F-DOPA imaging
are of NET associated with excessive catecholamine release (sensitivity of 73–90%)
[102] and particularly pheochromocytomas (sensitivity, 85%; specificity, 100%;
accuracy, 92%) [166] (Fig. 15.1).

PET imaging with 18F-DOPA, compared to the other radionuclide methods, has
in addition a better spatial resolution (*5 mm versus 10–15 mm) and a higher
signal-to-background ratio, with physiological uptake of the tracer situated only in
the basal ganglia, bile ducts, gallbladder, adrenals and excretory tract [154]. To
further improve the method and, in particular, to reduce the high renal excretion of

Fig. 20.9 Transversal images of 11C-Methionine PET/CT referred to the corresponding T1
weighted MRI; (upper study) perilesional recurrence at the level of surgical crater, both at the MRI
(inferior views) and Methionine-PET (superior views)
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the tracer, oral premedication with carbidopa (decarboxylase inhibitor) is suggested
to block the aromatic amino acid decarboxylase enzyme [205]. This leads to a
six-fold decreased renal excretion while the tumour uptake increased three-fold,
hence improving the visualization of neuroendocrine tumours [88].

When comparing 18F-DOPA to other PET tracers, such as the 68Ga-labelled
somatostatin analogues, whose rationale is based on the well-known overexpression
of somatostatin receptors in NET [302], the latter ones show a slightly better
accuracy [17, 18].

However, the substantially different pathways of the two kinds of tracers suggest
a more likely complementary function in the detection of NET sites, in accordance
with the natural heterogeneity and development history of these neoplasms.

Being an amino acid, 18F-DOPA PET has found a clinical application also in
brain tumour imaging [140]. The new joint EANM/EANO/RANO guidelines [209]
and previous recommendations in 2016 [8, 7] report on the use of this amino acid
and other tracers in glioma imaging. The sensitivity of 18F-DOPA PET for primary
detection of histologically proven glioma is 95% compared to 91% for MRI [53].
The use of thresholds for uptake can in addition help differentiate high-grade and
low-grade primary glioma with a sensitivity and specificity of 70% and 90%,
respectively, (i.e. SUVmean = 2.5) [374]. Another reference for glioma detection
relies on relative uptake with respect to basal ganglia accumulation [326]. In the
case of recurrence, 18F-DOPA PET reaches a sensitivity, a specificity and an
accuracy of 100%, 86% and 96%, respectively [363]. In this case, when a threshold
of 1.8 is used, the sensitivity and specificity of 18F-DOPA PET reaches 100% and
80%, respectively [374]. Also, metabolic changes with 18F-DOPA during treatment
can be applied to determine the patient outcome, by predicting longer PFS and OS
[319]. Its impact in altering treatment plan can be seen in 41% of cases [28, 244].

Another important application of 18F-DOPA is the identification of hyperin-
sulinism in infants. Otonkoski et al. were the first to suggest a possible use of
18F-DOPA in congenital hyperinsulinism [261] based on the fact that several
studies showed that normal pancreatic b-cells take up L-DOPA [33, 226]. The
preliminary results were very encouraging, and the accuracy of this technique
seems to range from 96 to 100% for the diagnosis of diffused disease and for the
localization of focal lesions [135]. In subsequent studies, the diagnosis of focal or
diffuse hyperinsulinism was possible in 88%, with 18F-DOPA scans diagnosing
75% of focal cases and correctly identifying all sites of disease [136].

Very recently, a new application of 18F-DOPA in children has been investi-
gated, and this concerns Neuroblastoma [231, 276]. The results are quite encour-
aging and are worthy assessed in a larger study population.
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20.9 Clinical Applications of 68Ga-DOTA-Peptides

68Ga-labelled DOTA-peptides represent a group of PET radiopharmaceuticals
specifically targeting somatostatin receptors (SSTRs) at variable affinity [14, 270].
SSTRs are G-protein coupled membrane receptors, first described in rat pituitary
tumour cells by Schonbrunn and Tashjian [270, 320]. SSTRs are present also in a

Fig. 20.10 MIP images of 18F-FDG PET/CT (upper image) and 18F-DOPA PET/CT (lower
image), with transversal views demonstrating a single small liver metastasis derived from a
previously operated intestinal carcinoid; the lesion is visible only on the 18F-DOPA images and
appears undetectable on 18F-FDG PET/CT
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Fig. 20.11 MIP image of 68Ga-DOTATOC PET/CT (right-sided panel of the figure), with
transversal images of the pathological lesion in the left bronchus corresponding to a pulmonary
neuroendocrine tumour; note the appearance of the small tumour detectable on localization CT as
endobronchial nodule

Fig. 20.12 MIP image of 18F-FLT PET/CT (right-sided panel of the figure), with sagittal images
of a patient with NSCLC of the left upper lobe associated to large hilar adenopathies. Note the
diffusely increased uptake of the tracer in the bone marrow, as physiological distribution

20 Non-FDG PET/CT 689



wide range of normal tissues, such as the spleen, adrenals, pituitary gland, pancreas,
liver, gastro-intestinal tract, kidneys and lungs, which are characterized by various
levels of expression of the SSTR subtypes (SSTR1, 3, 4 and 5) [303, 304]. Their
introduction in clinical practice has significantly improved the diagnostic, and
subsequently the therapeutic, pathway of neuroendocrine tumours (NETs) that are
known to overexpress in 80–100% of the cases of SSTRs, of which SSTR2 rep-
resents the principal subtype [267].

The most common 68Ga-DOTA-peptides (DOTA-TOC, DOTA-NOC,
DOTA-TATE) are all composed by a chelant (DOTA) for the nuclide (68Ga) and a
ligand of SSTR (i.e. NOC, TOC or TATE): all above-mentioned peptides are
agonists of SSTRs and bind to SSTR2 and to SSTR5, while 68Ga-DOTA-NOC
binds with a good affinity also to SSTR3 [14, 19]. More recently, radiolabelled
antagonists (i.e. 68Ga-NODAGA-JR11) have been investigated and reported to
have considerably more binding sites than agonists [117, 255, 373].

So far, the main indications of 68Ga-DOTA-peptides PET in NETs relate to
disease staging/restaging (Fig. 20.11), detection of unknown primary tumour,
selection of patients for target radionuclide therapy (PPRT) and detection of relapse
during follow-up. In this context, the overall sensitivity and specificity in NET
range between 90–98% and 92–98%, respectively [13, 14, 111]. Findings
demonstrate that DOTA-peptides are superior to either Octreoscan (In-111
somatostatin receptor scintigraphy; SRS) or computed tomography (CT), proving
an accuracy of 96% versus 75% for CT and 58% for SRS [111]. PET/CT was in
particular more accurate for the detection of nodal, bony and liver lesions.
68Ga-DOTA-peptides can consequently change the clinical management of patients
with NET [14]. This is the case of 90 patients with biopsy-proved NET, for which
68Ga-DOTA-NOC PET affected stage classification or therapy in half the patients
[12]. The advantage in treatment change is confirmed in 14% of the cases compared
with SRS and in 21% compared with CT [111]. In a more recent meta-analysis, for
a total of 1,561 patients, change in management after 68Ga-DOTA-peptides
PET/CT occurred in 44% of the cases [21].

68Ga-DOTA-peptides PET/CT can be successfully used also for the detection of
the unknown primary NET. For example, in the paper from Prasad et al. [286], in
59% of the patients, 68Ga-DOTA-NOC PET/CT localized the site of the primary
tumour, while CT alone could confirm the findings in only 12 of 59 patients (20%).
Also in the case of suspicious NET, 68Ga-DOTA-peptides can help identify the
presence of the tumour [15]. Overall, 131 suspected NET with either increased blood
markers, inconclusive conventional imaging (CI), clinical signs or symptoms,
equivocal 18F-FDG PET or SRS or a combination of them were analyzed [15].
68Ga-DOTA-NOC PET in this case detected NET in 19/131 patients (15%), with an
overall sensitivity and specificity of 90% and 100%, respectively. The occurrence of
NETwas higher in the case of inconclusive findings at conventional imaging (13/41).

The information provided by 68Ga-DOTA-peptides can help define the outcome
of the tumour based on the intensity of uptake in patients with G1 and G2 NET of the
pancreas (pNET) [16]. In the cohort studied by the group fromBologna, the best cutoff
for SUVmax ranged between 37.8 and 38.0. pNET having a higher risk of progression
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presented with an SUVmax < 37.8 (HR, 3.09; p = 0.003), a Ki-67 > 5% (HR, 2.89;
p = 0.009) and medical therapy alone (HR, 2.36; p = 0.018) [16].

Semi-quantitative and visual analysis for 68Ga-DOTA-peptides uptake is used
also to guide targeted peptide radionuclide therapy with 177Lu-DOTA-TATE or
90Y-DOTA-TOC or a combination of the two [112].

20.10 Clinical Applications of 18F-FLT

18F-3´-deoxy-3´-18F-fluorothymidine (18F-FLT) is the fluorinated analogue of
thymidine, one of the four DNA bases, introduced as a PET tracer for measuring
tissue and tumour proliferation in 1998 [127, 328]. The rationale for using thy-
midine analogues is based on the knowledge that this pyrimidine base is rapidly
incorporated into newly synthesized DNA, and this led to the first attempts in the
80s to utilize the native form labelled with 11C (11C-thymidine) for the evaluation
of DNA synthesis in vivo [238, 368]. The carbon labelled tracer, however, turned
out not suitable for routine clinical use due to the short half-life of 11C and the
rapid in vivo degradation of 11C-thymidine. Therefore, 18F-FLT, which derives
from the cytostatic drug azidovudine (AZT), was preferred for this purpose [328].

Despite following the natural pathway of thymidine, 18F-FLT is trapped in cells
after phosphorylation by thymidine kinase 1, but it is not or only marginally
incorporated into the growing DNA chain (<2%) [26, 41, 301]. This means that
18F-FLT uptake is not a direct representative of DNA synthesis, but rather of
cellular S-phase [23, 41]. Noteworthy, a significant correlation has been reported
between this tracer uptake and cellular proliferation in various malignant tumours,
such as lung cancer (Fig. 20.12), breast cancer, colorectal cancer, gliomas, sarco-
mas and lymphomas [41–42, 55, 106, 184, 223], also with respect to the prolif-
eration fraction in biopsied tissues as indicated by Ki-67 immunohistochemistry
[41, 42, 360].

18F-FLT PET yields images of high contrast, with good tumour-to-background
ratio. Physiological uptake of 18F-FLT is noticed in the bone marrow, due to
elevated cell proliferation, in the liver, secondary to hepatic glucuronidation and in
the urinary tract, as part of the renal clearance of the tracer [327]. According to this
pattern of distribution, these areas represent the main limits of the method with
respect to accuracy.

Malignant lymphomas, both aggressive and indolent subtypes, are reported to
show high 18F-FLT uptake, with an excellent overall sensitivity up to 100%.
Similar results were reported in non-small cell lung cancer, with a sensitivity of up
to 90% [41]. However, the detection rate decreases markedly when considering
lymphogenic spread (53%) and distant metastases (67%), resulting in a lower
accuracy of 18F-FLT PET in tumour staging [41, 65, 81].

Additionally, the baseline uptake of 18F-FLT in aggressive lymphoma [143] has
been reported to correlate with treatment response, while its change already 1 week
after the start of chemotherapy can be predictive of clinical response and survival
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Fig. 20.13 MIP image of 18F-Fluoride PET/CT (left-sided panel of the figure), with axial images
of a patient referred for suspicious bone metastases from breast cancer; no clear malignant lesions
were documented, however the patient presented with diffuse degenerative alterations and
left-sided rib fractures (axial views on the right panels)
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[144, 214]. Also in acute myeloid leukaemia (AML), 18F-FLT PET can serve as an
early biomarker of response [357].

In colorectal cancer, both 18F-FLT and 18F-FDG PET has shown a good
visualization of the primary tumours, however, only 34% of liver metastases can be
detected with 18F-FLT versus 97% with 18F-FDG PET [106]. As per response to
treatment in colorectal cancer, the weight of 18F-FLT flare during 5-FU infusion
resulted correlated with treatment response; patients with low flare on day 2 had a
longer survival than those with a high 18F-FLT PET flare (2-year overall survival
rate 78% versus 44%, p = 0.051) [31, 176].

18F-FLT PET role has been investigated also in brain tumours, where its uptake
seems to correlate better with Ki-67 proliferation index. In this context, a higher
accuracy for the detection of recurrent brain tumours has been reported when
compared with 18F-FDG PET [55]. No clear advantage, however, is known over
standard brain imaging with amino acid tracers, i.e. 11C-methionine, 18F-FET, etc.,
except for the ability of early 18F-FLT uptake reduction after few cycles of therapy
to correlate with clinical outcome [58]. In fact, the most promising application
appears to be monitoring of therapeutic response with 18F-FLT PET. In animal
models of fibrosarcoma and lymphoma [22, 43], and in preliminary studies in
primary breast tumours and metastases, when compared to 18F-FDG, 18F-FLT has
shown a more significant decrease in uptake [22, 223]. A more favourable outcome
is reported also for head and neck cancer in case of greater reduction of 18F-FLT
uptake in the second week of treatment with radiotherapy or chemoradiotherapy
[31, 153].

Generally, the mean 18F-FLT uptake in tumours is reported to be significantly
lower when compared to the respective 18F-FDG uptake [41]. Overall 18F-FLT
PET appears to be less accurate in tumour detection than 18F-FDG PET, however,
as a proliferation tracer, 18F-FLT is more specific than 18F-FDG and therefore, the
principal role of this tracer can be assessed in monitoring treatment response in the
clinical setting.

20.11 Clinical Applications of 18F-Fluoride

Sodium (18F)fluoride or 18F-NaF is a bone-seeking radiopharmaceutical utilized
for bone imaging with PET and initially introduced by Blau et al. [30].
18F-Fluoride represents the simplest fluorinated radiopharmaceutical adopted in
PET imaging. The rationale for its utilization in bone imaging is the same for
diphosphonates and is based on the physiological absorption of fluoroderivates in
the bone matrix as fluoroapatite [361], Vallabhajosula [356]. 18F-Fluoride accu-
mulation reflects the regional bone blood flow and osteoblastic activity. As such,
the tracer is a marker of osteoblastic metabolism. When compared to the c-emitter
99mTc-phosphonates, 18F-fluoride benefits from several advantages related to
faster extraction from blood pool [205], higher capillary permeability, and signif-
icantly higher pathologic-to-normal bone fluoride uptake [29]. It has in fact a high
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blood to bone clearance, similar to 99mTc-methylenediphosphonate
(99mTc-MDP), and imaging is instantaneously available after 18F-fluoride
administration [127, 205]. In addition, 18F-fluoride PET has shown an increased
diagnostic sensitivity for bone lesions as compared with 99mTc-diphosphonates,
thanks to the better spatial resolution provided by PET/CT technology [356].

18F-Fluoride bone uptake has been reported in both sclerotic and lytic metas-
tases [94, 316] and there is a documented evidence that the diagnostic accuracy of
18F-fluoride PET is better than that of 99mTc-MDP scintigraphy for detecting bone
metastases in several cancers, such as lung, prostate and breast cancer [95, 127,
147, 317]. In an investigation of patients with prostate cancer [94, 95] 18F-fluoride
PET/CT, detected bone metastases with a sensitivity and specificity of 100%,
whereas 99mTc-MDP scintigraphy had a sensitivity and a specificity of 92% and
82%, respectively [127]. Also in a recent review from Evangelista et al. [92, 93]
summarizing the diagnostic performance of 18F-fluoride PET, the mean weighted

Fig. 20.14 MIP image of 124I-Iodine PET/CT (left-sided panel of the figure), with axial images
of a patient referred for suspicious thyroid cancer relapse; the scan is negative for metastases, but
shows multiple findings related to unspecific iodine accumulations; from top to bottom: nasal,
salivary, buccal, esophageal and in intestinal uptake
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sensitivity, specificity, PPV, NPV of the method resulted very high: 96% (range
81–100%), 77% (range 54–100%), 85% (74–100%), 95% (78–100%) and 79%
(65–100%), respectively.

The main limit, however, for this tracer is the fact that as a bone agent 18F-fluoride
cannot be considered as tumour specific (Fig. 20.13). Similar to
99mTc-diphosphonates, it may be taken up in benign pathologies and nonmalignant
orthopaedic problems (Vallabhajosula [356]. Also, osteomedullary malignant lesions
can be missed, if neither bone formation (Ostesclerotic mets) nor sufficient bone
destruction (osteolytic mets) are seen with 18F-Fluoride PET and corresponding CT
images. The favourable imaging performance however and the clinical utility of
18F-fluoride PET [123], compared with 99mTc-diphosphonate scintigraphy, support
the potential use of 18F-fluoride as a routine bone imaging agent.

20.12 Clinical Applications of 124I-Na

Conventional imaging with radioactive iodine (131I or 123I) represents the fun-
damentals of diagnostic and therapeutic approach to differentiated thyroid cancer
(DTC). The equivalent PET nuclide, i.e. iodine-124 (124I), allows for an additional
amelioration of the detectability of residual or recurrent thyroid cancer [48] with a
higher sensitivity than conventional 131I scintigraphy [275].

Iodine-124 has several advantages in terms of image quantification, derived from
radionuclide characteristics and whole-body PET acquisition. However, Iodine-124
is an impure positron emitter with a long half-life of 4.2 days and a complex decay
scheme that produces a low positron abundance (23%) of maximal energy of
0.603 MeV [232]. Simultaneously to positrons, 124I decay scheme contains
gamma rays that lead to spurious coincidences. The result can be more noisy
images, although the spatial resolution and image quality are significantly improved
in modern PET/CT scanners.

Fig. 20.15 MIP image of 64-Cu-ATSM PET/CT (right-sided panel of the figure), with axial and
coronal images of a patient with HNSCC referred hypoxia detection
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Iodine-124 is a very versatile nuclide that can be used for labelling also other
molecules or compounds, such as MIBG (metaiodobenzylguanidine), IAZA
(iodoazomycin arabinoside), FIAU (2’-fluoro-2’-deoxy-1–D-arabinofuranosyl-5-
iodouracil), and b-Cit (2 beta-carbomethoxy-3 beta-(4-iodophenyl)tropane). [48].

Its pure use as 124I-iodine in thyroid cancer (Fig. 20.14), either alone or in
combination with FDG PET, can improve restaging and detection of recurrent DTC
[48, 108]. The higher diagnostic accuracy can help modulate in addition the ther-
apeutic radioiodine activity [89, 203]. Still the experience in clinical practice is
limited. Freudenberg et al. [108, 107] in their report in 12 thyroid cancer patients
demonstrated a lesion delectability of 87% and 100% for 124I-PET and combined
124I-PET/CT, respectively. Lesion delectability in the same cohort for 131I
scintigraphy was 83%. A clear diagnostic advantage compared to 131I scan was
reported also by Phan et al. [275], who were able to detect more abnormalities with
124I PET and in more patients. Out of the 20 patients enrolled, only 3 cases
presented with pathological uptake on the diagnostic 131I scan out of the 11
patients with positive 124I-PET. When compared to therapeutic 131I scintigraphy,
all PET positive cases were confirmed. Two more additional patients are presented
with abnormal uptake on therapeutic 131I scan; in one, the uptake was confirmed
by MRI, whereas in the other, no clear anatomical localisation was documented
[275].

124I-PET can help in parallel for the diagnosis and for the therapeutic outcome
prediction with 131I radionuclide treatment. The report from Wierts et al. in 47
patients scheduled for radioiodine therapy revealed that pre-therapeutic 124I
PET/CT dosimetry can be used to predict lesion-based 131I therapy response,
having an area under the curve of 0.76 for thyroid remnants and 0.97 for metastases
[372]. On the other hand, 124I-PET cannot be considered a screening tool for the
selection of patients with detectable Thyroglobulin (Tg) in case of negative scan. In
fact, Khorjekar et al. retrospectively determined patients who had an elevated Tg, a
negative diagnostic 131I/123I scan, a negative diagnostic 124I-PET and a prior
131I therapy with a subsequent positive post-131I scan [187]. Out of the 12 patients
filling the inclusion criteria, 10 cases (83%) had positive foci on post-therapy 131I
scan, despite a negative 124I-PET.

The THYROPET study [191] reports in addition the role of iodine-124 imaging
in DTC patients with detectable Tg and a negative neck US undergoing blind 131I
therapy. Although the multicentric study was designed for 100 patients, the trial
was stopped after the first 17 cases because the stopping rule had been met. Still, on
a patient-based analysis, the sensitivity, specificity, negative predictive value and
positive predictive value of 124I-PET were 44%, 100%, 62% and 100%, respec-
tively. Overall, 8 cases out of 17 post-therapy 131I scans were negative (47%); all
correctly predicted by a negative 124I-PET. However, of the 13 negative 124I-PET
scans, 5 cases resulted as false negative (29%). As a conclusion, in patients with
biochemical recurrence of DTC, 124I PET/CT before blind 131I therapy can cor-
rectly predict tumour positive uptake and thus be used for dosimetric evaluation.
However, it should not preclude treatment in case of negative result, due to its false
negative rate.
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20.13 Clinical Potential of PET Tracers for Hypoxia

A major challenge in treating tumours is related to the low levels of tissue oxy-
genation [39, 344]. As a consequence of the reduced oxygen supply, inadequate to
cover the cellular metabolic demand, tumour tissue experiences hypoxia. Onset of
hypoxia is often the result of abnormal perfusion, insufficient oxygen diffusion or
altered oxygen transport [229]. Response to chemo- and radiotherapy is strongly
determined by this fact and it is already reported that acquired resistance and
increased probability for precocious relapse are largely influenced by the fraction of
hypoxic tissue in the tumour [69, 125, 221, 222, 280].

The classical methods to directly assess tumour hypoxia are rather invasive and
difficult to perform [52, 199] consequently, indirect methods of hypoxia mea-
surement have been development. Imaging modalities appear with this regard the
most appealing, because they can identify the phenomenon non-invasively and
provide a whole-tumour assessment of hypoxia. Multiple PET radiopharmaceuti-
cals are studied and can be potentially used in clinics. In general, they can be
categorized into two large groups: nitroimidazole family and non-nitroimidazole
compounds.

18F-Fluoromisonidazole (18F-FMISO) was the first PET tracer for mapping the
in vivo tissue oxygenation [194, 299, 297]. When 18F-FMISO encounters hypoxic
environment, it is reduced and bound to intracellular macromolecules, preventing
the usual back-diffusion occurring in normal oxygenation conditions [46, 60, 127].
18F-FMISO PET has been used to monitor hypoxia in the hearts of patients with
myocardial ischemia [356], in lung cancer [193], in sarcomas [295], in breast cancer
[59], in renal carcinoma [211], in brain and head and neck cancer [148, 254, 294],
demonstrating a good correlation between of 18F-FMISO uptake and poor outcome
to radiation treatment and chemotherapy.

However, the tracer has some limitations related to the presence of high normal
liver uptake and urinary excretion. Although, the most important drawbacks are the
absence of tracer accumulation in necrotic tissue and the modest signal-to-noise
ratio, leading to unfavourable imaging characteristics.

Similar in principle to 18F-FMISO, but with better imaging qualities, are the
most recently introduced hypoxic tracers, such as 18F-fluoroazomycin arabinozide
(18F-FAZA) [280], 18F-fluoroery-thronitroimidazole (18F-FETNIM) [380],18F-
fluoroetanidazole (18F-FETA) [298], 18F-2-nitroimidazol-pentafluoropropyl acet-
amide (18F-EF5) [195, 208] and 18F-2 nitroimidazol-trifluoropropyl acetamide
(18F-EF3) [175].

The group of non-nitroimidazole compounds has different mechanisms of accu-
mulation and is represented by radiotracers such as 64Cu-methylthiosemicarbazone
(64Cu-ATSM) [110] or iodine-labelled antibody Grawitz250 (124I-cG250) [210].
64Cu-ATSM appears to be rather promising for imaging tumour hypoxia with PET
[265]. The mechanism of retention is largely attributed to the low oxygen tensions
and the altered redox environment of hypoxic tumours [265]. This results in an
optimal signal-to-background ratio, with absent 46Cu-ATSM in normal tissue and
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almost exclusive uptake in the hypoxic areas (Fig. 20.15). Physiologic distribution of
the tracer is characterized by an elevated uptake in the liver, to a minor degree in the
kidneys and, on delayed acquisitions, within the intestine secondary to biliary
excretion [202]. At present, several preclinical and clinical studies have evaluated
and validated the use of 64Cu-ATSM for imaging hypoxia in tumours and other
tissues [75–74, 110, 220, 221, 230, 240]. This is the case for lung and cervical
cancers [75, 76, 230], head and neck tumour [124], glioma [345], where the
64Cu-ATSM uptake was a good predictor of patient outcome, by discriminating
those likely to respond to therapy from non-responders [339].

More limited evidence exists for 124I-cG250 PET and much more need to be
investigated on the clinical impact of hypoxic tracers in cancer treatment.

20.14 Clinical Potential of PET Tracers for Angiogenesis

Angiogenesis represents one of the key processes in tumour progression; therefore,
many efforts have been made to identify antiangiogenic molecules and design
antiangiogenic strategies for cancer treatment [44, 45, 105, 185]. Molecular imaging
has consequently followed this step way by implementing radiolabelled compounds
for non-invasive imaging. Principally, two different angiogenesis-related molecular
targets have been studied the most; one is integrin (avb3), while the second is
vascular endothelial growth factor receptor (VEGFR) [45].

Integrins are a family of adhesion molecules actively involved in tumour
angiogenesis and metastasis [165]. Among them, we find integrin avb3, which
binds to arginine-glycine-aspartic acid (RGD), and is known to be significantly
upregulated on tumour vasculature but not on quiescent endothelium. Molecular
imaging tracers containing RGD peptide have been promptly radiolabelled with
numerous PET nuclides (18F, 64Cu, 68Ga) for non-invasive monitoring of tumour
angiogenesis via integrin avb3 expression [27, 45, 57].

The other mechanism involved in the modulation of angiogenesis is
VEGF/VEGFR signalling pathway, which is significant in both normal and
pathologic vasculature development [99, 101]. At present, seven subtypes of VEGF
and two different endothelium-specific receptors, VEGFR-1 and VEGFR-2, are
known Hicks et al. [148]. There seems to be the worst prognosis when a
VEGF/VEGFR overexpression is documented [100]. Therefore, VEGFR-targeted
molecular imaging can serve as a new paradigm for assessing the efficacy of
antiangiogenic therapeutics and patients outcome. For this purpose, PET imaging of
VEGFR has been reported over the past several years [45].

Many antiagiogenetic drugs have up to now been introduced for tumour treat-
ment, like bevacizumab, sunitinib, sorafenib, etc., demonstrating therapeutic effi-
cacy in several solid cancers [35, 236, 287]. However, this sort of molecular
targeted therapy is not adequate in all patients. The main reason for imaging
application in this field relies primarily on the possibility to precociously detect
cancer patients who might benefit from a targeted antiangiogenic therapy.
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Encouraging results have been reported on several radiopharmaceuticals, such as
RGD radiolabelled peptides (18F-Galacto-RGD, 68Ga-NOTA-RGD, etc.) [173,
318] and VEGF radiolabelled tracers (64Cu-DOTA-VEGF) [44]. Further studies
are, however, required to confirm the potentials of targeted antiangiogenic therapy
imaging.

20.15 Clinical Potential of Immune-PET Tracers

The growing relevance of tumour immunology and immunotherapy with check-
point inhibitors has promoted the development of molecular imaging agents tar-
geting antibodies and antibody fragments for Immuno-PET [307]. Its application
has for a long period been mostly limited to preclinical studies, although the
radiopharmaceuticals have a huge potential for the prediction of response to
immunotherapy [192]. The principal targets for immuno-PET comprise the major
checkpoints, such as CTLA-4 or Cytotoxic T-Lymphocyte Antigen 4, the pro-
grammed death-1 (PD-1) and PD-ligand 1 (PD-L1), but also some of the principal
representatives of tumour microenvironment and immune infiltrate, including CD3,
CD8 TILs (tumour-infiltrating lymphocytes). For this purpose, either intact anti-
bodies or smaller fragments can be radiolabelled, preferably with long half-live
nuclides, such as iodine-124 (124I, 4.2 days), zirconium-89 (89Zr, 3.2 days),
copper-64 (64Cu, 12.7 h) and yttrium-86 (86Y, 14.7 h) [272, 273, 350, 359].

One of the first compounds developed for this purpose was the 64Cu-labelled
anti-mouse-CTLA-4 monoclonal antibody (64Cu-DOTA-anti-CTLA-4 mAb) [149].
The authors use the tracer to evaluate CTLA-4 expression in normal colon tissues,
cultured CT26 cells (an undifferentiated colon carcinoma cell line) and CT26 colon
cancer-bearing mice. In their study, higher CTLA-4 expression and significantly
higher 64Cu-DOTA-anti-CTLA-4 mAb accumulation was noted in CT26 tumour
tissue compared to control [149]. CTLA-4 expression was the target also for
Ehlerding et al. [84], who utilized 64Cu-DOTA-ipilimumab in three NSCLC cell
lines (A549, H460 and H358). Ipilimumab, a fully human IG1 anti-CTLA-4 mon-
oclonal antibody, has been the first checkpoint inhibitor approved in 2011 by FDA
(Food and Drug Administration) for the treatment of advanced melanoma [152].
Similar to previous report, the authors suggest that 64Cu-DOTA-ipilimumab PET
can help identify CTLA-4 expression in living tissues [84, 149].

An interesting target is representing also by the PD-1/PD-L1 blockade. One
example is provided by Natarajan et al. [253], who labelled the anti-mouse PD-1
antibody (IgG) with copper-64 to image PD-1 expression on TILs in melanoma
xenograft. Later on, the same researchers [252] labelled the anti-PD-1 human
antibody (IgG; Keytruda) with either Zr-89 or Cu-64 for Immuno-PET of
NOD-scid IL-2Rcnull (NSG) mice (hNSG) bearing A375 human skin melanoma
tumours. In the study, human TILs in melanoma of hNSG-non blocking mice
exhibited at 24 h higher tracer uptake (either 89Zr-Keytruda or 64Cu-Keytruda)
compared to NSG-control mice.
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Other reports have targeted PD-L1 or PD-1 with either NOTA or DOTA conju-
gates [146, 241]. Hettich et al. [146] found that the tracer uptake was higher in the
tumour, where the majority of induced TILs were CD8+ and expressed PD-1 on their
cell surface. Maute et al. [241] radiolabelled the high affinity protein (HAC)-PD1
showing a nearly two-fold increase uptake for PD-L1 positive tumours over negative
ones. Other authors evaluated CD3 (89Zr-p-isothiocyanatobenzyl-deferoxamine-
CD3) and CD8 (89Zr-desferrioxamine-labelled anti-CD8 cys-diabody) expression in
tumours during immunotherapy [207, 346].

Larimer et al. [207] showed that a highCD3PETuptake in the anti-CTLA-4-treated
mice correlated with tumour volume reduction and was predictive of response. Tavare
et al. [346] demonstrated specific targeting of CD8 in vivo for wild-type mice versus a
decreased uptake in lymphoid organs of CD8-blocked mice.

The above-mentioned preclinical studies, as well as other available in literature,
show the potentials of immune-PET in providing the necessary tools to select
patients, investigate response to checkpoint blockade and better understand
immunotherapy efficacy.
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21.1 Diffusion-Weighted Imaging (DWI)

Diffusion-weighted imaging sequences (DWI) provide complementary information
to conventional MR techniques by adding information on microstructural tissue
correlates, indicating such as cellularity and tissue integrity. DWI provides a
measure of diffusion motion of water molecules, which is assumed to be more
restricted in malignant tumors than in benign lesions due to higher cellularity in
neoplasia. DWI has emerged as a powerful method with a variety of clinical
applications in oncologic imaging. For example, applications in brain, prostate, and
breast cancer are pointed out.

21.1.1 Diffusion-Weighted Imaging in Brain Cancer Patients

DWI has become an essential part of most MRI protocols in neuroradiology with a
crucial role in the management of both stroke and brain tumor patients. The
apparent diffusion coefficient (ADC) is the most common DWI-derived imaging
biomarker with broad clinical applications. The majority of studies published in the
literature showed an inverse correlation between the ADC and tumor cellularity in
tumors [1–4]. Among brain tumors, gliomas are the most common type of primary
intra-axial neoplasms in adults [5]. The World Health Organization (WHO) classi-
fication of brain tumors is commonly used as the primary basis to guide therapy and
to assess overall prognosis [6]. Patient prognosis and survival depend to a great
extent on the tumor grade and histopathological characteristics, particularly the
Isocitrate dehydrogenase (IDH) mutation status and the O6-methylguanine-
DNA-methyltransferase (MGMT) promoter methylation status [7–10]. Several
studies reported an association overall survival (OS) and progression-free survival
(PFS) with MRI parameters, particularly employing advanced imaging techniques
at 3T, such as the ADC. The majority of these studies found decreased ADC values
in brain tumors to be correlated with worse outcome (OS and/or PFS) [11–16].
These results are in line with multiple investigators reporting an inverse relationship
with malignancy (WHO grade) and ADC [17–20] including non-enhancing
high-grade gliomas [21].

Regarding therapy response assessment, changes in ADC have been shown to be
associated with treatment response in glioma patients early after radiation therapy
[22–24]. These changes have been hypothesized to be linked to cellular structure
reflecting apoptosis and/or necrosis [22–24]. This information may be valuable for
early individualized treatment strategies of glioma patients.

Furthermore, DWI sequences can be used to measure the apparent diffusion
tensor of water D in each voxel of an image [25]. It has been reported that diffusion
tensor imaging (DTI) can be used to differentiate normal white matter, edematous
brain, and enhancing tumor margins [26]. Moreover, DTI has been applied in
perioperative assessment of glioma patients in order to identify possible pyramidal
tract involvement [27]. The authors concluded that DTI-based functional
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neuronavigation contributes to maximal safe resection of cerebral gliomas with PT
involvement, thereby decreasing postoperative motor deficits [27].

Diffusion kurtosis imaging (DKI), an extension of DTI, allows the simultaneous
estimation of the ADC and the apparent excess kurtosis coefficient (AKC) on a
direction-dependent basis [28, 29]. Investigations in glioma patients yielded sig-
nificant differences in kurtosis parameters between high-grade and low-grade
gliomas; hence, better separation was achieved with these parameters than with
conventional diffusion imaging parameters [28].

21.1.2 Prostate MRI with Diffusion-Weighted Imaging

DWI has established as one of the most important imaging sequences in the
standardized PI-RADS (Prostate Imaging Reporting and Data System) reading
scheme (Fig. 20.1). Multiple studies have shown that DWI, combined with various
mathematical models, improves differentiation between malignant and benign tissue

Fig. 20.1 Multiparametric MRI of the prostate. Top panel: axial T2-weighted image (left), DWI b
value = 1500 s/mm2 image (middle) and ADC map (right) demonstrate a suspicious lesion
(arrows) with marked signal increase on b = 1500, a markedly decreased ADC value and
suspicious homogeneous hypointensity on the T2w image, PI-RADS 5. Middle panel: sextants are
spatially defined for right and left anterior (yellow), middle (blue), and posterior (green) locations
and shown together with the radiologically defined lesion (red) in axial (left), coronal (middle), and
sagittal (right) planes. Bottom panel: volume renderings of the prostate segmentation seen from
anteriorly superiorly with sextants shown (left) and lesion shown by decreasing the opacity of the
sextant volumes (middle) © European Radiology, Bonekamp et al. (Epub ahead of print) [186]
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changes in prostate cancer [30–37]. Thereby, documented studies have shown
statistically significant correlations between the ADC and the Gleason score (GS) of
prostate cancer (PCa) [30–33]. Few studies showed that ADC may additionally
useful to predict prognosis for patients undergoing active surveillance and bio-
chemical recurrence after radical prostatectomy [38, 39].

Also histogram analysis of intravoxel incoherent motion (IVIM) has been
reported to be feasible and to enable stratification of prostate cancer grades,
according to the Gleason score [40]. Recent investigations showed that D per-
formed better in distinguishing low-grade from high-grade carcinomas than the
conventional ADC [40]. However, none of these approaches can currently replace
lesion biopsy followed by histologic analysis. Therefore, the development of a
reliable non-invasive tool to distinguish benign lesions, low-grade PCa, and
high-grade PCa would be a major advance and would have a significant benefit for
individualized treatment options [40].

21.1.3 MR Mammography Using Diffusion-Weighted
Imaging

Diffusion-weighted imaging has extended the repertoire of non-invasive biomarkers
also in MR mammography. Particularly in abbreviated, non-contrast-enhanced
breast imaging protocols, DWI has become an integral part [41] (Fig. 20.2).
Decreased ADC has been shown to be associated with malignant breast tumors,
which contributes to differential diagnosis of unclarified lesions [42]. Furthermore,
the ADC has been reported to correlate with pathologic biomarkers such as tumor
cellularity, Ki67, and peritumoral lymphocytic infiltrate (PLI) in patients with
estrogen receptor (ER)‐positive breast cancer [43]. Consequently, DWI MRI is
helpful for non-invasive further characterization of suspicious breast masses and
can increase the accuracy of conventional breast MRI assessment [44–46].

Besides the Apparent Diffusion Coefficient (ADC), diffusion kurtosis imaging
(DKI) parameters and Fractional Order Calculus Models (FROC) might provide
insights into tissue heterogeneity [47–49]. Particularly, DKI, which quantifies the
diffusion restriction, showed higher specificity than did conventional diffusion-
weighted imaging for assessment of benign and malignant breast lesions [48].

Intravoxel incoherent motion (IVIM) models use low b-values to calculate the
perfusion fraction through bi-exponential fitting [50, 51]. Diffusion tensor imaging
(DTI) measures the direction of diffusion restriction and has been shown to cor-
relate with the fibroglandular microarchitecture [52]. DWI can, however, be chal-
lenging in breast tissue due to, e.g., insufficient fat suppression and the
heterogeneous tissue structure of the female breast [41, 53]. Additionally, there are
differences in image acquisition protocols and post processing methods that prevent
a standardized clinical application [54]. Sufficient evidence for equality of
non-contrast-enhanced imaging protocols as compared to contrast-enhanced full
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diagnostic MR mammography is, therefore, still lacking. Consequently, gadolinium
contrast-enhanced MR mammography is currently considered the gold standard in
MR mammography.

21.2 Perfusion MRI

Perfusion is an important biomarker indicating the viability and aggressive potential
of tumors. For this, medical imaging techniques greatly benefit from the application
of contrast agents. Gadolinium-based contrast agents (GBCA) are most commonly
used in MRI. Due to its paramagnetic properties, GBCA enhance the local nuclear

Fig. 20.2 Example of a female breast cancer screening participant with a suspicious lesion
detected on X-ray mammography. a The MIBDI-MRI image (maximum intensity projection of
diffusion-weighted imaging with background suppression, b = 1500 s/mm2, displayed with
black-white-inversion) demonstrates a focal lesion within the breast parenchyma (as shown in the
left image marked by the rose arrow). b Corresponding T2w-morphology (T2-TSE) that was
evaluated in every patient with a lesion detected on the MIBDI-MRI confirming the suspicious
character of the lesion. Histopathology revealed an Invasive Ductal Carcinoma (IDC, 4 mm).
X-ray mammography depicting the suspicious lesion (arrows) in mediolateral oblique. (c) and
craniocaudal views. (d). © Clinical Radiology, Bickelhaupt and Paech et al. 72 (2017) 900.e1–
900.e8 [187]
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relaxation rates of adjacent protons and thus modify signal intensities in the images.
Furthermore, the acquisition of time-resolved data, following the administration of
contrast agent, enables derivation of quantitative parameters related to tissue per-
fusion and microvasculature. Clinical applications of dynamic contrast-enhanced
(DCE) MRI include a variety of tumors from all body parts. A promising alternative
to image perfusion without the need of GBCA is arterial spin labeling (ASL).

21.2.1 Perfusion MRI in the Brain

In the healthy brain, GBCA is confined to the vascular spaces by the blood–brain
barrier (BBB). Malignant gliomas often exhibit a disrupted BBB causing further
leakage of contrast agent into the extracellular-extravascular space (EES). Hence,
T1w-GdCE MRI is used as the gold standard in clinical routine for diagnostics of
brain tumors.

Dynamic susceptibility contrast (DSC) and dynamic contrast-enhanced
(DCE) MRI have been widely applied to assess perfusion-related properties of
brain tumors. DSC MRI is most commonly used in clinical routine to obtain
semi-quantitative biomarkers such as the relative cerebral blood volume (rCBV) or
the relative cerebral blood flow (rCBF) [55] (Fig. 20.3). Quantitative MR
biomarkers can be determined through pharmacokinetic modeling analyses based
on DCE-MRI data. Both approaches have been successfully applied for the
assessment of parameters linked to blood volume, perfusion, and disruption of BBB
in malignant gliomas [56–61].

rCBV is widely used to assess tumor vascularity and has been shown to be
increased in high-grade tumors compared to low-grade tumors [62, 63]. Peak height
and the percentage of signal intensity recovery derived from DSC perfusion MRI
have additionally been reported to enable differentiation of glioblastoma from brain
metastases [64]. Moreover, different investigators reported significantly increased
rCBV in IDH-wt versus IDH-mut tumors of glioma patients [58, 65] and 1p/19q
co-deleted tumors (1p19q−) versus non-1p/19q co-deleted tumors (1p19q+) [66].
Therefore DSC by means of rCBV may enable early characterization of histologic
and genetic subtypes in glioma patients prior to invasive procedures. Accordingly,
increased rCBV values in the tumor region of glioma patients were reported to be
associated with worse outcome (OS and/or PFS) [12, 66–68]. However, rCBV did
not enable prediction of chemosensitivity prior to treatment [66].

The degree of endothelial permeability is typically represented by the endothelial
permeability surface area product or the transfer coefficient transfer constant (Ktrans)
[61]. Ktrans is commonly determined on DCE-MRI data using the Tofts and Ker-
mode model [56]. Besides permeability, Ktrans also depends on several other fac-
tors, including vascular surface area and flow [61]. It has been reported to be
significantly correlated with the tumor grade of gliomas [59–61]. This correlation
reflects a more pronounced BBB disruption in high-grade gliomas compared to
low-grade tumors.
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The volume fraction of extravascular extracellular space (ve) is given by the
leakage volume due to contrast extravasation outside the vascular space. It is
considered as an index of tumor necrosis and an inverse index of tumor cellularity
[22]. Few studies demonstrated that ve may be useful to distinguish intra- from
extra-axial masses and to be also positively correlated with tumor grade [69–71].

21.2.2 Arterial Spin Labeling (ASL) in Brain Tumors

A promising alternative for gadolinium-dependent perfusion MRI is given by
non-contrast arterial spin labeling (ASL). Here, magnetically labeled blood water is

Fig. 20.3 Patient with a left frontal glioblastoma. a Gdce T1-w (left) image, ADC map (middle),
and CBV map (right) shown. Decreased ADC values and increased CBV values can be observed
especially in the tumor rim, partially overlapping with the Gd contrast enhancement. b Delineation
of a region of interest (ROI) including the tumor and tumor periphery (yellow line).
c Subsequently, an automatic identification algorithm has been applied to identify ADC
hypointensiteis (ADCmin = 30th signal percentile blue) and CBV hyperintensities (CBVmax = 70th

signal percentile = green) within the ROI. Red pixels represent regions where ADCmin and
CBVmax match. © J Neurooncol, Deik et al. (2016) 126: 463 [187]
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used as an endogenous flow tracer to provide CBF quantification without the need
for contrast media administration.

The label is usually performed by saturating or inverting the magnetization of the
blood water molecules. After inversion delay (TI) a so-called tagged image is
acquired and compared with a reference image without inverted or saturated blood
water magnetization. The signal difference between these two images is propor-
tional to the amount of magnetization delivered to the tissue and reflects local
perfusion [72]. Thus, ASL which was first described by Detre et al. [73] and Kwong
et al. [74] in 1992 represents a promising technique for non-contrast perfusion MRI
today. Especially, the clinical application of ASL in malignant brain tumors may be
useful as an adjunctive modality due to characteristically increased perfusion and
angiogenesis. In this respect, several studies have already shown the possibility to
discriminate low and high-grade gliomas using ASL [75].

21.2.3 Breast Perfusion Imaging

Gadolinium contrast-enhanced sequences are commonly used in breast MRI for the
detection of abnormalities. Increased contrast enhancement of lesions agent is a
central imaging finding of malignant breast tumors which is caused by physio-
logically increased perfusion and leakage of the blood-tissue-barrier.

Contrast-enhanced breast MRI enables fast and robust image acquisition with
high spatial and temporal resolution. Using abbreviated contrast-enhanced MR
protocols for breast cancer detection high diagnostic sensitivities of up to 100% and
a high negative predictive value (NPV) of up to 99.8% have been reported [76].
Using maximum intensity projections (MIPs), generated from only one pre- and
one post-contrast acquisition and their derived images (first postcontrast subtracted
[FAST]) and maximum intensity projection [MIP] images has been shown to yield
diagnostic accuracy equivalent to that of the regular full diagnostic protocol and
resulted in an additional cancer detection of 18.2 per 1,000 [76]. Besides identifi-
cation of suspicious lesions, a positive correlation of initial contrast enhancement
ratios with tumor grade has been reported [77]. However, this method has its limits
in breast tissue with a high degree of background parenchymal enhancement (BPE),
since high BPE might mask focal suspicious contrast enhancement [78]. Additional
hemodynamic properties of malignant lesions can also be acquired and quantified
using advanced imaging techniques such as time-resolved angiography with
interleaved stochastic trajectories (TWIST) which may help to further increase
diagnostic accuracy of Breast DCE-MRI [79].

21.2.4 Prostate Perfusion Imaging

However, non-malignant diseases such as prostatitis or benign prostatic hyperplasia
are also known to enhance avidly with an enhancement pattern similar to prostate
cancer [80]. Therefore, prostate DCE-MRI alone has limited specificity and should
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only be interpreted together with other sequences such as T2-w imaging and ADC
(derived from DWI) as recommended by the Prostate Imaging Reporting and Data
System (PI-RADS).

DCE-MRI assessment of patients with prostate cancer during and after primary
proton and carbon ion irradiation revealed increased transfer constant (Ktrans) and
leakage space volume (ve) in antihormonal therapy (AHT) naïve patients with
persistent PSA elevation compared to those with PSA suppression. Consequently,
these quantitative biomarkers may also aid in the assessment of treatment response
in prostate cancer [81].

21.2.5 Abdominal Perfusion MRI

Main applications in abdominal DCE-MRI, both non-quantitative and quantitative
parameters, include renal, hepatic, and pancreatic lesion characterization. MRI can
classify different liver lesions more accurately than multi-detector CT [82, 83]. The
majority of incidental liver findings can easily be depicted and correctly identified
by combination of the information from the comprehensive liver magnetic reso-
nance examination: These include malignant tumors, cysts, haemangiomas, focal
nodular hyperplasia, adenomas, and other benign hepatic diseases [83]. Typically
three phases of contrast enhancement are clinically assessed to characterize liver
tumors: (1) arterial phase images, (2) portal venous phase images, and (3) delayed
equilibrium phase images. These three sequences take advantage of the dual blood
supply to the liver via the hepatic artery and the portal vein to visualize different
phases of liver and tumor enhancement [83]. Thereby, perfusion data provides
information on the tumor microvasculature and alterations in tumor perfusion that
can be used to evaluate response to chemotherapy, antiangiogenic treatment, or
percutaneous ablation of liver tumors [84–87]. Besides liver imaging, DCE‐MRI
has proven its utility in predicting and monitoring the effects of a variety of
oncologic treatments in bone sarcomas and renal, bladder, and pancreatic cancers
[88–91]. For instance, quantitative measures of Ktrans in pancreatic tumors have
been shown to enable prediction of response to combined chemotherapy and
antiangiogenic therapy [91]. The ability to detect and visualize tumor perfusion
yields a more accurate diagnosis and improves the assessment of tumor treatment
response [83]. Consequently, DCE-MRI provides crucial complementary infor-
mation to morphological sequences in the assessment of tumors.

21.3 Susceptibility-Weighted Imaging (SWI)

Susceptibility-weighted imaging (SWI) is a magnetic resonance imaging
(MRI) technique that detects susceptibility differences between tissues by com-
bining magnitude and phase information in gradient echo data [92]. SWI is sen-
sitive to both paramagnetic and diamagnetic substances, particularly to
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deoxygenated blood and intracranial calcifications. SWI has therefore been applied
to various pathologies including intracranial hemorrhage, traumatic brain injury,
stroke, neoplasm, and multiple sclerosis [92–97]. SWI does however not provide
quantitative measures of magnetic susceptibility, since phase information is non-
local and orientation-dependent. This major limitation can be overcome using
quantitative susceptibility mapping (QSM) approaches which yield susceptibility
values of each voxel as a scalar quantity [92]. Furthermore, QSM can remove
so-called blooming artifacts (as observed in conventional T2*w images), thus
providing an accurate definition of the distribution of magnetic biomaterials in MRI
[98, 99].

Clinical applications of QSM are currently being probed mainly in neurode-
generative and inflammatory diseases, to assess hemorrhage, to measure metabolic
consumption of oxygen [98]. QSM can detect calcifications in neurocysticercosis
and tumors with high sensitivity [100, 101] and has been demonstrated to be
superior to phase imaging for the detection of intracranial hemorrhage and calci-
fication [102]. QSM can also be used to measure the loss of myelin [103]. Fur-
thermore, multiple sclerosis (MS) lesion susceptibility values have been reported to
increase significantly as the lesion evolves from enhanced‐with‐Gd to not‐en-
hanced‐with‐Gd, therefore, serving as a disease biomarker [104, 105]. In first
investigations outside the brain, QSM has additionally been proven to be feasible
for applications in other body parts including the breast, extremity, and abdominal
imaging [106].

21.4 Magnetic Resonance Spectroscopy (MRS)

MR spectroscopy (MRS) allows to non-invasively detect metabolic features of
tumor tissue in vivo. Proton MRS is essentially applied in clinical practice either as
single voxel or multivoxel method because protons have the highest MR sensitivity,
therefore enabling higher spatial resolution than MR spectroscopy of x-nuclei
(nuclei other than protons).

Proliferative tumor tissue of various tumor types appears in proton MR spectra
generally by intense resonances of choline-containing compounds (Cho) and the
technique can easily be performed on clinical 1.5 T MR scanners using routine
receiver coils, sequence protocols and evaluation software [107–109] (Fig. 20.4).
MRS has to be considered as part of a combined diagnostic approach including
morphologic and functional MR imaging (MRI), e.g., for detecting areas of
increased tumor vascularization by dynamic contrast-enhanced MRI. The metabolic
information can then be used for (1) differentiating malignant from benign mass
lesions, (2) grading the aggressiveness of malignant tumors, (3) guiding biopsy in
heterogeneous mass lesions, (4) treatment planning in radiotherapy, chemotherapy,
and surgery, and (5) monitoring treatment effects of different chemo- and/or
radiotherapy regimes [109–114]. However, MRS is not as robust as MRI and the
spectral quality strongly depends on the magnetic field homogeneity which is
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influenced by the examined anatomic region and tissue characteristics. Addition-
ally, the specificity of MRS is limited because increased Cho levels are also
observed in benign disorders, e.g., in inflammation. In brain tumors and prostate
cancer, however, MRS has been proven in large clinical trials as a valuable diag-
nostic tool for staging and therapy monitoring. It is well-known from the literature
that various cancer cells tend to have increased lactate and lipid production asso-
ciated with altered pH values in the tumor microenvironment [115, 116]. These
metabolic changes cause an acidification of the extracellular compartment
(pHe) and an alkalization of the intracellular space (pHi) [117–119]. Decreased pHe

values were shown to enhance tumor invasiveness [120–122] and angiogenesis
[123, 124]. Increased pHi values have been reported to increase cancer resistance to
radiation and chemotherapy [125, 126], as well as to contribute to enhanced

Fig. 20.4 39-year-old patient with a recurrent grade II astrocytoma after stereotactic irradiation
with 54 Gy. Axial T2-weighted MRI 8 months after irradiation reveals a posterior mass with
surrounding edema. The white grid on the T2w MRI marks the area of 1H-CSI examined (PRESS,
TE = 135 ms). The 1H MR spectra measured in the mass (voxels 1, 2) show markedly increased
signal intensity ratios from Cho to Cr and Cho to NAA. At the tumor margin (voxel 3) a lower
relative signal intensity of the Cho resonance, but an additional lactate peak. Voxel 4 shows the
spectrum of a normal appearing brain region. The recurrent tumor has high Cho or Cho/NAA and
Cho/(Cho + NAA) values as well as low NAA and NAA/Cr and NAA/(NAA + Cr) values.
However, the absolute signal intensity of the Cho resonance varies considerably in the tumor
region (e.g., different SNR spectrum 1 and 2 and the inhomogeneous color distribution of the Cho
image in the tumor)
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proliferation [121] and reduced apoptosis [121, 127]. In this context, in vitro 1H
MRS studies of astrocytoma biopsies have shown that lipid levels correlate with
tumor necrosis [128]. Mobile lipids have also been shown to arise in some tumor
cells under hypoxic stress prior to necrosis [129, 130]. Therefore, such insights into
metabolic features could furthering our understanding of the pathophysiologically
altered metabolism in tumors with impact on therapy planning and prognostication
[121, 131].

21.5 Protein-Weighted MRI Using Chemical Exchange
Saturation Transfer (CEST)

Chemical exchange saturation transfer (CEST) magnetic resonance imaging
(MRI) represents a novel technique that enables large signal amplification of
low-concentration molecules in vivo. CEST contrasts make use of the spontaneous
chemical exchange between solute-bound protons and protons of free bulk water
that to a large extent depends on the concentration of cellular proteins. Therefore,
CEST MRI may add valuable information in diagnostic oncology prior to invasive
procedures as well as in the follow-up setting for therapy monitoring.

Proteins and peptides have amide groups, which resonate around +3.5 parts per
million (ppm) relative to the water proton signal. The majority of CEST studies
published in the literature aimed at quantifying the amide proton transfer
(APT) effect, most commonly assessed using the magnetization transfer ratio
asymmetry (MTRasym) approach proposed by Zhou et al. [132]. The resulting
contrast is usually referred to as APT-weighted APT-w MRI in the literature.

Besides APT, relayed nuclear Overhauser effects (rNOE) and amine resonances
can be observed in the so-called Z-Spectrum (Fig. 20.5) which is commonly
acquired in CEST MRI through selective radiofrequency (RF) saturation [133].
Recently, more sophisticated approaches have been proposed enabling simultane-
ous quantification of multiple CEST pools by using Lorentzian fit analysis on data
with high spectral resolution obtained at 7.0 T (Fig. 20.1) [134–138]. CEST MRI
significantly extends the currently available repertoire of MR biomarkers in diag-
nostic oncology and has recently been investigated in numerous clinical studies
with a large majority applied to neuro-oncologic diseases.

21.5.1 Brain Tumors

Pre-operative assessment of glioma with APT(-w) CEST MRI has been shown to
correlate with WHO tumor grade [139–143] and has the potential to distinguish
high and low-grade glioma also for non-enhancing lesions [144] (Fig. 20.6). For
rNOE mediated CEST effects, correlation with tumor grade [145] and cellularity
have also been reported [146]. While increased APT effects are observed in
high-grade glioma, decreased rNOE signals were reported in both high-grade and
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low-grade glioma (Fig. 20.6) [134, 135, 143, 145, 147]. Recently, different
approaches of APT mediated CEST MRI were shown to be associated with the
IDH-mutation status in newly diagnosed gliomas [143, 148]. This finding is
plausible since mutations in IDH gene-encoded enzymes cause widespread alter-
ations of amino acid concentrations with a global downregulation of protein
expression [148]. Therefore, APT CEST MRI may represent an alternative MR
biomarker that may help to determine IDH-mutation status non-invasively.

Prognostication and early response assessment are major challenges in daily
clinical decision-making in glioma patients [149]. Recent studies reported increased
APT-w signals in progressive tumors compared with treatment-related changes
[150, 151] and to be associated with survival and progression-free survival (PFS) in
glioma patients [152]. Furthermore, investigations of early treatment response in
glioblastoma patients during ongoing radiotherapy enabled to distinguish treatment
responders from non-responders, at a time point as early as two weeks after start of
radiochemotherapy based on APT and rNOE imaging [153]. APT and rNOE
mediated CEST contrasts were additionally shown to enable prognostication of
response to first-line chemo-radiation therapy prior to treatment [152–154]. How-
ever, these promising results need to be confirmed in larger prospective study
cohorts.

Fig. 20.5 CEST effects in the Z-spectrum at 7.0 T. The most prominent resonances downfield
from the water resonance can be assigned to the amide protons (Dx = +3.5 ppm) and
fast-exchanging amines (Dx = +2.7 ppm). Upfield (Dx = −2.0 ppm to −5.0 ppm), a broader
resonance can be observed, which is due to relayed nuclear Overhauser effects (rNOE). Z-spectrum
acquired in the brain of a healthy volunteer at a 7 T whole body MRI scanner. (Parameters: 120
Gaussian-shaped pulses à 15 ms; B1 = 0.9 µT; 60 offsets, read out: FoV 195 � 170, matrix
128 � 112, slice 5 mm, TE = 3.61 ms, TR = 7.4 ms, flip angle 10°)
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21.5.2 Applications of CEST MRI in Other Organs

CEST MRI has also been demonstrated to be feasible in other oncologic diseases.
In 2011, CEST MRI was applied for the first time in twelve patients with
biopsy-proven prostate cancer [155]. The study showed that APT mediated CEST
effects were significantly increased in the tumor region compared with benign tissue
of the peripheral zone [155]. Moreover, another study found a correlation between
the APT signal intensity in prostate tumors and the Gleason score [156]. Investi-
gations in breast cancer patients showed a positive correlation between APT CEST
signal intensity and tumor grades [157, 158]. Apart from that, the APT CEST
contrast was recently also used to distinguish benign and malignant pulmonary
lesions [159] as well as benign and malignant head and neck tumors [160]. All
these recent studies indicate the high potential of CEST MRI as an additional,
non-invasive tool in diagnostic oncology.

21.6 Dynamic Glucose-Enhanced (DGE) MRI

Most common MRI contrast agents are based on the paramagnetic metal gadolin-
ium (Gd), which enhances the nuclear relaxation rates of adjacent protons, thereby
modifying signal intensities in the acquired images. Recently, Gd-based contrast

Fig. 20.6 Association CEST MRI and WHO tumor grade (HGG vs. LGG) in newly diagnosed
untreated glioma patients. Two exemplary patients with high-grade glioma (HGG: glioblastoma,
c1–g1) and low-grade glioma (LGG: Oligodendroglioma II, c2–g2) shown: ci: Gdce T1-w, di: T2-w
(TSE), relaxation-compensated multi-pool CEST MRI at 7T with separated APT (ei), NOE (fi),
and downfield NOE-suppressed (dns)-APT (gi) effects [unit: %]. Increased APT signals can be
observed in the HGG tumor, especially at dns-APT imaging whereas the LGG tumor displays
hypo-/isointense to surrounding normal appearing tissue. The glioblastoma patient shows only a
small spot-like contrast enhancement in the tumor region (c1) while a clear hyperintensity displays
within the tumor at dns-APT imaging (g1, white arrow). © Neuro-Oncology, Oxford Academic,
Paech et al. Volume 20, Issue 12, 12 November 2018, pp. 1661–1671
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agents (GBCA) have been subject to criticism, since several studies reported
accumulation of gadolinium in deep gray matter nuclei after serial application [161–
166]. Besides, there is a known risk of developing nephrogenic systemic fibrosis for
patients with renal failure [167]. Consequently, the development of novel MRI
techniques using biodegradable contrast agents is highly desirable. A promising
substance for such a new type of contrast agent is natural D-glucose, since it can be
detected through chemical exchange saturation transfer (CEST) [168–170] or
chemical exchange sensitive spin-lock (CESL) [171, 172]. The basic idea of these
approaches is to measure signal changes after intravenous glucose administration
with sufficiently high temporal and spatial resolution. The feasibility of dynamic
glucose-enhanced DGE-MRI in humans has recently been proven in independent
studies employing both CEST and CESL-based techniques [172–175]. Figure 20.7
shows glucose-enhanced images of a patient with newly diagnosed right-frontal
glioblastoma [173]. The tumor regions of patients with glioblastoma showed
increased glucose concentrations partially overlapping with the corresponding
gadolinium-enhancement and relative cerebral blood volume (rCBV) maps, which
are routinely acquired in diagnostic neuro-oncology [173]. However, also beyond
disrupted blood–brain barrier regions, increased signal intensities can be observed
at glucose-enhanced images (Fig. 20.7). Origins of signal changes in DGE-MRI are
still under debate. Generally, glucose signal can result from concentration changes
in three different compartments: (1) the intravascular space, (2) the extravascular
and extracellular space (EES), and (3) the intracellular space. The latest results
indicate major contributions of tissue perfusion and blood–brain barrier
(BBB) leakage [173, 175, 176]. Bedsides, DGE-MRI contrasts may be additionally
altered by local pH, since an acidic tumor microenvironment enhances DGE signals
through the modulation of the proton exchange rate.

21.7 MR Fingerprinting for Quantitative Relaxometry
(T1 and T2 Mapping)

Magnetic Resonance Fingerprinting (MRF) is an imaging approach to quantita-
tively measure multiple tissue properties simultaneously. This technique has been
shown to enable rapid acquisition T1 and T2 maps with good correlation with
conventional T1 and T2 mapping methods [177, 178]. Initial clinical studies
employing MRF-based techniques have reported promising results in brain and
prostate cancer [179].

21.7.1 Prostate Relaxometry

A study performed by Yu and colleagues employed a MRF–based T1, T2, and
standard apparent diffusion coefficient (ADC) mapping approach to differentiate
cancer lesions in the peripheral zone from normal prostate tissue [180]. They
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reported that T1, T2, and ADC were all significant univariate predictors in the
differentiation between histologically proved prostate cancer normal-appearing
peripheral zone (NPZ). Moreover, MRF–derived T2 and ADC helped to separate
high- or intermediate-grade prostate cancer from low-grade cancer [180]. Ulti-
mately, T1, T2, and ADC were all significant predictors in the differentiation
between histologically proved prostatitis and NPZ while the combination of T1 and
ADC yielded the best discrimination [180].

Fig. 20.7 T1q-weighted dynamic glucose-enhances (DGEq) MRI at 7T in a patient with newly
diagnosed glioblastoma, compared with GdCE T1-w, T2-w and perfusion imaging. a GdCE T1-w
images, b T2-w images and c rCBV maps displayed. T2-w and d DGEq images obtained at 7T.
e Fusion images of GdCE T1-w and DGEq images. The DGEq contrast displays regions of
increased signal intensity, particularly in the dorsomedial tumor region (overlapping with the
ring-enhancement on GdCE-T1), and beyond the borders of BBB disruption (e). Some regions of
increased glucose uptake cannot be delineated on the GdCE T1-w, T2-w, and perfusion images.
Partial overlap can be observed between DGEq and rCBV images. Original figure from Paech et al.
[173] with reprint permission from RSNA
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21.7.2 Brain Relaxometry

MR fingerprinting allows rapid simultaneous T1 and T2 measurement in brain
tumors and surrounding tissues [181] (Fig. 20.8). The first clinical application in a
study cohort of 31 patients with untreated intra-axial brain tumors showed that
MRF-derived T1 and T2 maps have the potential to distinguish between gliomas
and brain metastases [181]. Broader applications and investigations in larger study
cohorts are needed to assess the full diagnostic potential of MRF-derived
biomarkers.

21.8 Challenges to Implement Clinical MR Biomarkers
in Multicenter Trials

Application of MR biomarkers on a larger scale for tumor staging and therapy
response assessment is still challenging. In multicenter clinical studies as well as in
clinical routine standardization of examination protocols, data evaluation algo-
rithms, documentation procedures, and quality assurance measures are essentially
required. To develop imaging biomarkers for different human body regions and for
particular clinical questions, information platforms are needed that include centers
of excellence, ongoing imaging biomarker research projects, clinical studies, and
educational activities. International collaborative organizations tackle key issues by
coordinating research activities on quantitative imaging biomarkers and by pro-
viding recommendations. Goal of the Quantitative Imaging Biomarkers Alliance
(QIBA) of the Radiologic Society of North America (RSNA) is to provide technical
performance standards and tools for producing reliable quantitative imagine
biomarkers for use in the clinical imaging community, e.g., for improved precision
of DWI and DCE-MRI derived biomarkers in multicenter oncology trials [182].
The QIBA accreditates centers suitable for multicenter trials based on certain

Fig. 20.8 Brain relaxometry: Quantitative T1 and T2 maps derived from MR Fingerprinting in a
healthy volunteer at 7 T using a fast imaging with steady-state precession (FISP)-based sequence.
Figure courtesy of Sebastian Flassbeck, MSc, German Cancer Research Center, Division of
Medical Physics in Radiology
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quality criteria. The European Imaging Biomarker Alliance (EIBALL) is a sub-
committee of the European Society for Radiology (ESR) supported for its opera-
tional activities by the European Institute for Biomedical Imaging Research
(EIBIR). In order to exploit synergies with other societies active on imaging bio-
marker research EIBALL works in collaboration with QIBA and other European
imaging societies, e.g., European Society of Molecular and Functional Imaging
(ESMOFIR) and the European Society of Magnetic Resonance in Medicine and
Biology (ESMRMB). EIBALL lists for example core institutions and networks of
collaborating institutions in Europe involved in imaging biomarker development
and publish white papers and recommendations [183–185]. Potential imaging sites
can be identified which qualify for multicenter clinical trials concerning biological
validation as well as application, e.g., by the European Organization of Research
and Treatment of Cancer (EORTC). These activities should enable, that clinical
trials can use advanced imaging biomarkers, in particular when imaging is used as
early response marker and primary endpoint.
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The introduction of clinical PET/CT in 2000 has led to a dramatic increase in
FDG PET in clinical research and patient management (Fig. 22.1). When integrated
PET/MR systems entered the clinic about 10 years later, it was expected that
PET/MR may have a similar impact. However, research activity as well as clinical
acceptance of PET/MR have been much slower (Fig. 22.1). MR imaging provides
several advantages when compared to CT, including lack of ionizing radiation high
soft tissue contrast, and ability to measure physiologic parameters as well as
multi-parametric imaging. Therefore, there were good reasons to believe that
PET/MR would improve staging accuracy, treatment monitoring, as well as bio-
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logical characterization of the tumor tissue. Combining the molecular information
of PET with MR in one examination was thus anticipated to spark clinical research
and result in new clinical indications for imaging in oncologic patients.

22.1 Fundamental Differences Between PET/MR
and PET/CT Imaging in Oncology

In retrospect, there are several reasons why oncologic research and clinical appli-
cations of PET/MR developed more slowly compared to PET/CT. First, accurate
attenuation correction proved more difficult to establish than expected. Therefore,
PET/MR research focused for several years on methodological aspects instead of
studies of tumor biology or development of new clinical applications [1, 2].
Accurate attenuation correction is a prerequisite for research applications of
PET/MR which require quantitative data. It is also a prerequisite for some clinical
applications of PET/MR such as treatment monitoring. Attenuation correction is
particularly challenging for oncologic PET which typically involves whole-body
imaging, and thus requires attenuation correction to be accurate for different body
regions. Furthermore, the normal anatomy is frequently distorted by previous
treatments, treatment-related complications, or tumor progression. For example,
air-filled lung tissue may be replaced by pleural effusions or bone structures may be
replaced by a metal implant. Therefore, atlas-based approaches that “convert” an
MR image into a “synthetic” CT for attenuation correction are more difficult to
implement than for brain imaging studies. While some inaccuracies compared to
PET/CT remain, the problem of attenuation correction has probably now been

Fig. 22.1 Number of publications in the database Medline including the term PET/CT or
PET/MR
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solved with reasonable accuracy for many research and clinical applications, i.e.,
errors due to attenuation correction are reasonably small when compared to the
expected biological signals.

Second, many whole PET/MR protocols were typically lengthy because they
acquired a combination of a dedicated MR of one body region with a whole-body
MRI. For whole-bodyMRI, several MR sequences were acquired as it is standard for
standalone whole-body MR (e.g., T1 VIBE Dixon, Diffusion weighted EPI, T2
weighted TIRM, T2 weighted HASTE, T1 weighted vibe post-contrast) [3]. Each of
these imaging sequences may show specific artifacts, e.g., due to patient motion. This
made whole-body PET/MR not only time consuming to acquire (45–60 min per
scan), but also challenging to interpret because of the enormous number of images to
be reviewed. Typical scan times for PET/MR are 2–3 times longer than for a PET/CT
with contrast-enhanced CT. In contrast to PET/CT—which had drastically reduced
acquisition times of PET due to the fast CT-based attenuation correction—integrated
PET/MR has considerably increased the duration of a PET scan. Combined with the
high costs of PET/MR installation and maintenance, this has limited clinical interest
in replacing PET/CT with PET/MR for whole-body staging (Fig. 22.1).

However, for specific applications, imaging times have been reduced to less than
30 min for PET/MR which will likely improve clinical acceptance [3–6]. Long
acquisition times may therefore become less of an issue in the future.

Third, and probably most importantly, the introduction of PET/CT provides for
the first time spatially well-matched anatomical information for findings on PET.
With PET/CT, the anatomical location of abnormal findings on PET could be

Fig. 22.2 Concordant detection of prostate cancer by MP-MRI and Ga-68-PSMA-11 PET/MR in
a patient with elevated PSA (10.1 ng/mL) and a negative prostate biopsy. The MP-MRI study
shows a T2 hypo-intense, contrast-enhancing lesion with restricted diffusion on the ADC map
(PIRADS 5). There intense tracer uptake on the corresponding PET images. Prostate cancer was
confirmed on targeted biopsy (Gleason 4 + 3)
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precisely described, and focal hypermetabolic lesions on PET could be matched
with subtle abnormalities on the corresponding CT scan. Conversely, a malignant
lesion can frequently be ruled out based on the lack of a corresponding finding on
CT. This allowed for a much more specific interpretation of PET and has greatly
increased the confidence of clinicians in PET findings. The ability to precisely
correlate PET and CT findings has also led to some new scientific discoveries. For
example, the existence of substantial amounts of metabolically active brown adi-
pose tissue in adults was not known until PET/CT scans showed that linear FDG
uptake in the neck was not located in cervical muscles, but in fatty tissue.

With respect to anatomic correlation and precise localization of PET findings,
the introduction of PET/MR was a less significant step than the advent of PET/CT.
Standalone PET provided (almost) no anatomical information and the anatomical
data provided by combining PET with CT were entirely new. Especially when
performed as a combination of PET and contrast-enhanced CT, PET/CT already
provided quite detailed information which was only incrementally improved by
PET/MR. Thus, PET/CT very quickly stimulated research and clinical applications
whereas the impact of PET/MR is more subtle.

Lastly, CT is the standard imaging modality for staging of many of the cancers for
which FDG PET has been found to be most clinically useful. These include, for
example, lung cancer, melanoma, and lymphomas. Instead of performing separate
CT and PET scans, it was obvious to image these tumors with an integrated PET/CT
system. Subsequently, clinical studies quickly showed that integrated PET/CT is not
only logistically easier to perform and read than two separate studies, but also pro-
vides increased staging accuracy due to the exact co-localization of CT and PET
findings. Of course, MR is also used clinically for imaging of manymalignancies, but
often not as the primary staging modality, rather as a “problem-solving modality” if
uncertainties remain on CT. CT remains the preferred imaging modality because of
its robustness, speed, and higher sensitivity for detection of lung metastases. Since
whole-body imaging for staging and restaging is by far the most common application
of FDG PET in oncology, there were obvious indications for PET/CT imaging. This
was less the case for PET/MR, because MR is much less commonly used for
whole-body imaging than CT. For the same reason, it is not too surprising that for
many cancers, PET/MR has not shown superior staging accuracy when compared to
PET with contrast-enhanced CT (see following section).

This may now change due to the success of PSMA PET for imaging of prostate
cancer. In prostate cancer, MR is increasingly being used for detection and primary
staging while the role of CT is quite limited. Specifically, CT has a low sensitivity
to detect the primary tumor and bone marrow/osseous metastases because of its low
soft tissue contrast. Combining PSMA PET and MRI is thus a promising PET/MR
application. With prostate cancer now being the most common malignancy in men
in many countries, detection, staging, restaging, and therapy, monitoring of patients
with prostate cancer may well become a key application of PET/MR.

Against this backdrop, this chapter provides an overview on the use of FDG
PET/MR for whole-body staging while focusing on applications where PET/MR
with FDG or PSMA ligands is used for locoregional staging.
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22.2 Clinical Studies Evaluating PET/MR in Different
Oncological Diseases

Spick et al. have summarized the results of studies comparing PET/CT and
PET/MR imaging published until 2016 [7]. Their review includes 46 comparative
studies in a total of 2340 patients. MR was mostly used for anatomical localization
of abnormal findings on PET. There were 7 studies in head and neck cancer, 6
studies in lung cancer, 7 in gastrointestinal cancers and neuroendocrine, 5 in gas-
trointestinal and neuroendocrine tumors, 5 in gynecological cancers and breast
cancer, 3 in prostate cancer, 5 in lymphoma, and 13 in mixed populations. Except
for three studies in prostate cancer and two studies in neuroendocrine tumors, all
studies used FDG as the imaging agent. In the following sections, the results from
the analysis by Spicks et al. [7] combined with results from more recent papers and
reviews will be presented.

Spicks et al. [7] focused on the question if PET/MR is superior to PET/CT.
A different way to look at the available clinical studies is to ask if PET/MR is
superior to standalone MR. This perspective will also be included in the following
summary of the clinical literature.

22.2.1 Head and Neck Cancers

A total of 369 patients with squamous cell carcinomas of the head and neck were
included in the analysis by Spicke et al., and the impact of FDG PET/MR on T, N
and M staging was evaluated. With respect to T staging PET/MR was equivalent to
PET/CT in 3 studies and superior in one study [8]. However, this holds true only for

Fig. 22.3 Detection of MP-MRI occult prostate cancer by Ga-68-PSMA-11 PET/MR in a patient
with elevated PSA (9.2) and a negative prostate biopsy. MP-MR images of the prostate (T2
weighted, diffusion-weighted, ADC map and T1 contrast enhanced) shows no evidence of prostate
cancer (PIRADS score 1). In contrast, there is intense tracer uptake in the left prostate, consistent
with malignancy. Prostate cancer (Gleason 4 + 3) was confirmed by targeted biopsy

22 Clinical PET/MR 751



a relatively “soft” criterion, “lesions conspicuity.” There were no statistically sig-
nificant differences between PET/MR and PET/CT with respect to detection of
lymph node and distant metastases [7]. Considering that PET/MR imaging is
substantially more complex and expensive than PET/CT, this can be seen as a
negative result. However, this analysis as well as some newer studies also indicate
that PET/MR improves certain aspects of tumor staging compared to standalone
MR. PET/MR facilitates the interpretation of the images by head and neck surgeons
due to the typical high contrast between tumor and surrounding normal tissues [9].
Several studies also report that PET/MR improves the detection of tumor infiltration
in neighboring structures which is essential for planning of surgical procedures and
radiotherapy [8, 10–14]. With the existing data, this potential improvement of T
staging is difficult to analyze statistically because patient populations are quite
heterogeneous (Table 22.1), and different anatomical structures are involved
depending on the exact tumor location. This aspect of tumor staging should
therefore be studied systematically for different tumor locations.

However, there is already some evidence that PET/MR improves the detection of
lymph node metastases when compared to standalone MR (Table 22.1). Here, FDG
PET/MR has been shown to be consistently superior to standalone MR. Therefore,
in patients scheduled to undergo an MRI of the head and neck for locoregional
staging and surgical or radiotherapy planning, PET/MR may be a superior alter-
native, especially for more advanced tumor stages and a relevant risk for devel-
opment of lymph node and distant metastases. Since most of the available literature
are retrospective case series, further prospective evaluation of FDG PET/MR as an
alternative to standalone MR is therefore warranted.

22.2.2 Non-small Cell Lung Cancer

For the use of PET/MR in non-small cell lung cancer (NSCLS) Spicks et al. ana-
lyzed 6 studies including a total of 194 patients. No statistically significant dif-
ferences between PET/CT and PET/MR with respect to T and N staging were
observed [7]. However, PET/MR was less sensitive than PET/CT for detection of
small pulmonary metastases or second primary tumors (e.g., multifocal adenocar-
cinomas). This is not an unexpected finding, considering artifacts from respiratory
motion on whole-body MRI that limit the detection of small pulmonary nodules as
well as the limited sensitivity of current PET systems for detection of hyperme-
tabolic pulmonary lesions with a diameter of less than 1 cm. On a patient level,
however, these differences between PET/CT and PET/MRI did not affect man-
agement in a statistically significant way [7]. As CT is the primary imaging
modality for NSCLS and MR is only used in selected cases with unclear findings on
CT, it is unlikely that FDG PET/MR will become an alternative to FDG PET/CT in
NSCLC.
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22.2.3 Gastrointestinal Cancers and Neuroendocrine Tumors

Most studies on the use of PET/MR in gastrointestinal cancers are small pilot
studies that lack the statistical power to reliably detect differences in sensitivity and
specificity between PET/MR and PET/CT. Among the 7 studies including 201
patients reviewed by Spicks et al. [7], only one study reported a superior diagnostic
accuracy of PET/MR as compared to PET/CT. However, one potential advantage of
PET/MR is the high sensitivity of MRI for detection of liver metastases. Thus,
several studies have reported that PET/MR can detect small liver metastases that are
not found on PET or CT [15, 16].

Conversely, however, it is not clear if PET can detect a substantial number of liver
metastases that are negative on MRI. In a group of 18 patients with neuroendocrine
tumors, DOTANOC PET combined with a diffusion-weighted MRI of the liver had
the same diagnostic accuracy for detection of liver metastases as liver MRI with the
MR contrast agent gadoxetate [17]. Lee et al. [18] compared contrast-enhanced
multidetector CT, FDG PET/MR and MR with liver-specific contrast agents in 55
patients with colorectal cancer and suspected liver metastases. The diagnostic per-
formance of FDG PET/MR was significantly higher than that of CT, but there was no
significant difference between MR with liver-specific contrast agents and PET/MR.
Eighteen patients had undergone neoadjuvant chemotherapy prior to imaging.
Residual FDG uptake after therapy was associated with a markedly worse prognosis
following surgical resection. The one year recurrence free survival of patients with no
hypermetabolic metastases after neoadjuvant therapy (n = 6) was 80% as compared
to only 14% for patients with hypermetabolic liver lesions after therapy [18]. This
suggests that PET/MR may be helpful to assess response to neoadjuvant therapy.
However, this needs to be further studied in larger series of patients.

The advantages of PET/MR over PET/CT for the detection of liver metastases
are of course highly dependent on the MR and CT protocol used. For example,
FDG PET/MR with only T1 and T2 weighted images had a similar diagnostic
accuracy as FDG PET combined with a contrast-enhanced CT in a study of 55
patients with suspected liver metastases from gastrointestinal cancers [19]. In this
study, 120 liver lesions were analyzed of which 79 were considered to be metas-
tases. In contrast, 25% of the liver metastases seen on PET/MR were false negative
on FDG PET combined with low-dose CT [19]. In a similar study, Beiderwellen
et al. [20] compared FDG PET/CT (with IV contrast) and liver MRI including
T1wFLASH before and after contrast, T1w dynamic VIBE, T2wHASTE,
T2wTSEIn, and DWI. A total of 32 patients was included and 113 lesions were
analyzed. In this patient population, the sensitivity of PET/MR (92%) was signif-
icantly higher than that of PET/CT (68%) at similar specificities (100% vs. 97%).

In addition, criteria for interpretation will also affect the reported sensitivity and
specificity. For example, are lesions without FDG uptake above liver background
considered as suspicious for metastases when they meet the criteria for malignancy
on CT or MR? Finally, it is often not feasible to use histology as the reference
standard in studies of the diagnostic accuracy of imaging tests to detect liver
metastases. Lesions are often too small for biopsies, and in patients with multifocal
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disease not all lesions can be validated by histology. Therefore, a combination of
histology and follow-up imaging is commonly used as a reference standard.
However, follow-up may be incomplete, particularly in retrospective studies;
growth of metastases may be inhibited by effective therapies; the criteria for
“significant growth” of metastases may differ between studies, etc. Therefore,
comparisons of the diagnostic accuracy of imaging technologies for the detection of
liver metastases need to be interpreted with caution. Overall, detection of liver
metastases by PET/MR needs further evaluation in prospective clinical studies with
rigorous endpoints that define the diagnostic accuracy and prognostic value of
PET/MR in this setting.

22.2.4 Gynecologic Malignancies

MR is commonly used for the staging of pelvic malignancies due to its high soft
tissue contrast that allows better definition of tumor extension and therefore more
accurate staging. In the review by Spicks et al., the results of 5 studies including a
total of 154 patients were analyzed. In these studies, FDG PET/CT and FDG
PET/MR had been compared for the detection and staging of primary and recurrent
gynecologic cancers. As seen for several other tumor types, FDG PET/MR
increased interpreter confidence when compared to FDG PET/CT, but there was no
statistically significant difference in staging accuracy or patient management
(Tables 22.2 and 22.3). However, in recurrent gynecological cancers, a recently
published study in 71 patients has indicated [21] that FDG PET/MR significantly
improves the detection of recurrent tumors on the patient level, as well as staging
accuracy on a lesion level (Tables 22.2 and 22.3). A clear limitation of this and
other studies (Tables 22.2 and 22.3) are the heterogeneous patient populations that
are frequently a mix of several gynecologic tumor types. These tumors differ
markedly in the frequency of metastases, the typical sites of metastases, and the
metabolic activity of tumor tissue. Therefore, future prospective studies in
well-defined patient populations are necessary to determine if PET/MR should be
used instead of standalone MR in certain patient populations.

22.2.5 Breast Cancer

MR plays a central part in the initial diagnosis and staging of breast cancer as well
as in restaging of recurrent breast cancer. Therefore, there are multiple possible
applications of FDG PET/MR in breast cancer, ranging from more accurate cancer
detection in patients with suspected breast cancer to monitoring response to sys-
temic therapy in patients with advanced disease. In their review, Spicks et al. [7]
identified only two studies on the use of FDG PET/MR in breast cancer which only
described the feasibility of FDG PET/MR for staging and restaging of breast cancer
patients [22, 23]. Since then, a few additional studies have investigated the potential
clinical utility of FDG PET/MR in breast cancer. Botsikas et al. evaluated in a
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retrospective study the sensitivity of breast MR and FDG PET/MR for detection of
primary breast cancers, lymph node, and distant metastases in 58 patients who were
imaged prior to surgery. FDG PET/MR did not improve the sensitivity for detection
of primary tumors or lymph node metastases [24]. The same group also compared
FDG PET/MR and FDG PET/CT in patients with newly diagnosed or recurrent
breast cancer. FDG PET/MR was more sensitive than FDG PET/CT for the
detection of osseous metastases on a lesion basis. However, this had no effect on M
staging on a per patient basis. There was also no significant difference in the
accuracy of N staging [25]. Wang et al. [26] used FDG PET/MR to monitor tumor
response to neoadjuvant chemotherapy in a small group of 14 patients with newly
diagnosed invasive breast cancer. FDG PET was performed before neoadjuvant
therapy and after first or second chemotherapy cycle. Standardized uptake values of
the tumor tissue and total lesion glycolysis were measured on PET; choline
signal-to-noise ratios, peak enhancement ratios from dynamic contrast-enhanced
MRI, and ADC coefficients were measured on MRI. A combination of PET and
MR parameters, the ratio of change in SUV divided by change in ADC showed the
closest correlation with histologic response to therapy. While these findings need to
be confirmed in larger patient populations, they are promising and one of the few
examples where a true multimodal and multi-parametric combination of PET and
MR parameters is used to address a clinical question [26].

22.2.6 Lymphoma

FDG PET/CT is the imaging modality of choice in FDG avid lymphomas. Most of
the diagnostic information is derived from the PET part of the PET/CT study, and
CT imaging mostly serves to provide anatomical correlation and exclude
non-malignant causes of increased FDG uptake, such as FDG uptake by activated
brown adipose tissue. It is therefore not surprising that FDG PET/MR has not been
found to be superior to FDG PET/CT for imaging of lymphoma patients [7].

22.2.7 Prostate Cancer

Over the last 5 years, multi-parametric MR of the prostate (MP-MRI) has become a
central part of the initial staging and restaging of patients with prostate cancer.
MP-MRI involves T2-weighted, diffusion-weighted, and dynamic
contrast-enhanced MR of the prostate. MP-MRI has been shown to improve the
diagnosis of prostate cancer in randomized controlled trials [27, 28] and is now
widely adopted to evaluate patients with elevated PSA in order to decide if a
prostate biopsy should be performed [29].

However, MP-MRI of the prostate is far from perfect, and the cancer detection
rate of MP-MRI guided targeted biopsy is in the range of 11–54% [29] clearly
indicating that MR findings are not specific for prostate cancer. There is therefore a
significant potential to improve the diagnostic accuracy of MP-MRI by PET/MR.
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MP-MRI has also limitations in sensitivity, especially in the transition zone.
Reporting of MP-MRI has been standardized by the Prostate Imaging Reporting
and Data System (PIRADS), but the reproducibility of the image interpretation is
only modest even among experienced radiologists [30, 31].

Conversely, MP-MRI can improve the diagnostic accuracy of PET imaging in
two ways. First, it can identify tumors that are negative for molecular markers
detected by PET imaging. For example, about 10% of primary prostate cancers do
not express PSMA and cannot be detected by PSMA PET/CT [32]. These are
typically rather poorly differentiated tumors that can be well detected by MP-MRI.
In addition, there are typical MP-MRI characteristics of benign prostatic nodules
caused by prostate hyperplasia (BPH). Thus, MP-MRI can decrease the number of
false positive PET studies for ligands that accumulate in BPH, such as choline
analogs and to a lesser degree PSMA ligands.

A recent meta-analysis by Li et al. [31] has identified 9 studies that have
compared prostate MR with PET/MR [32–40]. In all these studies a MP-MRI and a
PET/MR were performed in the same patient. Two studies used F-18-fluorocholine
as the radiotracer and one the amino acid analog F-18-FACBC as the radiotracer.
The other 6 PET/MR studies were performed with PSMA ligand Ga-68-PSMA-11.
Overall, the studies included a total of 353 patients (Table 22.4). The studies used
different reference standards and different statistical approaches to determine sen-
sitivity and specificity (on a lesion basis or various number of prostate regions
ranging from 2 to 30, Table 22.4). Despite this heterogeneity, PET/MR consistently
improved sensitivity in 5 of the 6 studies. Specificity was higher for PET/MR in 3
studies, identical in one, and lower in one study (Table 22.4). Choline PET/MR
also demonstrated higher sensitivity than MP-MRI, albeit at lower specificity. In the
one study with F-18-FACBC, sensitivity of PET/MR was slightly higher than of
MP-MRI and specificity slightly lower (Table 22.4).

In the meta-analysis of all nine studies, the pooled sensitivity and specificity of
PET/MR was 78 and 90% as compared to 60% and 88% for MP-MRI. In a ROC
(receiver operator characteristic curve) analysis the area under the curve of PET/MR
(0.93) was significantly larger than of MP-MRI (0.84) indicating a higher diag-
nostic accuracy of PET/MR as compared to MP-MRI [31].

22.2.8 PET/MR in Children

The radiation exposure of the CT part of a PET/CT contributes to up to two-thirds
of the total effective dose of a PET/CT scan with FDG if the CT is performed as a
“diagnostic” CT [4, 41]. Using a so-called low-dose CT approach the radiation
exposure from CT can be markedly reduced, but at the cost of a significant loss of
anatomical information and spatial resolution. Many institutions therefore acquire
low-dose CTs that still result about the same effective dose as an FDG PET scan.

There is a long-standing controversy if reducing radiation exposure from CT is
meaningful in adult patients [42, 43]. However, for pediatric patients there is more
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or less consensus that radiation exposure from imaging studies should be as low as
reasonably achievable. Acquiring high-quality anatomic images with MR instead of
CT is therefore of significant interest. Furthermore, bone and soft tissue sarcomas
are common tumor types in children and MR is the imaging method choice for
staging because of its high soft tissue contrast [44]. However, a limitation of
PET/MR in younger children is the long acquisition times which require anesthesia.
Monitoring anesthesized children inside the PET/MR can be logistically chal-
lenging, because the PET/MR scans need to be coordinated with the anesthesiology
department and all equipment needs to be compatible with the magnetic field of the
MR. Repeated anesthesia in early childhood, e.g., for follow-up imaging studies,
may have long-term adverse effects on cognitive development [45]. Therefore,
development of optimized imaging protocols that limit scan duration will be
important for the broader use of PET/MR in pediatric patients [41].

22.3 Conclusions

Whole-body FDG PET/MR is feasible in oncologic patients, but overall does not
provide a substantially higher accuracy for staging than FDG PET/CT. With the
substantially higher costs of PET/MR systems and the longer acquisition times, it is
unlikely that FDG PET/MR will replace FDG PET/CT, except perhaps in pediatric
patients. However, as PET/CT has replaced standalone CT for certain indications
(e.g., treatment monitoring in lymphoma), PET/MR may replace standalone MR for
some specific applications where the anatomic information from MR is fundamental
for tumor detection and staging, but diagnostic accuracy can be improved by the
additional functional or molecular information from a PET scan. Currently devel-
oping applications in this area include imaging of head and neck cancers, gyne-
cologic malignancies, and prostate cancer (with PSMS ligands). In these areas, truly
multimodal and multi-parametric imaging, i.e., imaging that fully utilizes the
diagnostic capabilities of PET and MR may become feasible in the near future.
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23Advanced Ultrasound Imaging
for Patients in Oncology: DCE-US

Nathalie Lassau

Neovascularization is a key stage in the growth of malignancies beyond 2–3 mm3.
This neoangiogenesis is an important target for novel anticancer treatments [1], and
many new antiangiogenesis or antivascular treatments aim at destroying or limiting
the growth of tumor vessels [2].

Antiangiogenic treatments are disrupting signaling pathways that lead to the
formation of new cancer blood vessels and by inhibiting factors that promote the
structural integrity of neovascular endothelium.

Standard tumor response evaluation criteria, such as WHO [3] and RECIST [4],
have limited applicability in antiangiogenic treatment monitoring, since reduction in
tumor vascularization in responders occurs much earlier than decrease in tumor
size. Successful antiangiogenic treatment often induces lesion edema with an
increase in tumor volume, resulting in pseudoprogression when evaluated by
RECIST, in particular in gastrointestinal stromal tumors (GIST) treated with ima-
tinib targeted c-Kit. Therefore, alternative methods of treatment response assess-
ment based on vascularization biomarkers are urgently needed. Ultrasound with
Doppler imaging has a limited role in tumor vascularity assessment due to the
inability to visualize flow on the capillary level, where the majority of early
antiangiogenic effects occur.

A new area of clinical utility for dynamic contrast enhanced ultrasound
(DCE-US) has emerged for monitoring the response to these drugs (Fig. 23.1).
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Fig. 23.1 A woman 61 years old with metastasis from Uterine leiomyosarcoma was treated by
antiangiogenic treatment. The targeted lesion was located in segment V of the liver. At baseline, a
CT-scan a and DCE-US were performed. The lesion was hypoechoic on B mode (b) and
hypervascularized on VRI (vascular recognition imaging) mode (c) after injection on 4.8 ml of
contrast agent. DCE-US was performed at D8 after the start of therapy showing the same size on B
mode (d) but a strong decrease in vascularization at the arterial peak (e). The results were
confirmed at D 21 with DCE-US on B mode (f) et VRI mode (g). The CT-scan was performed
after 2 months demonstrating a decreasing size of the hypodense nodule (1.46 mm) h, i. The graph
(j) and the table (k) confirm that the biomarker AUC on DCE-US decreases more than 40% at day
8 and day 21
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DCE-US is better suited for tumor perfusion monitoring than non contrast
enhanced Doppler, since it can detect and quantify flow in much smaller vessels
with a diameter as small as 40 lm [5, 6].

Imaging biomarkers for the evaluation of tumor perfusion have been developed
using DCE-MRI, DCE-CT, and DCE-US. DCE-CT is based on the analysis of
temporal changes in attenuation numbers within blood vessels and tissues.
DCE-MRI is used to measure tissue perfusion, vessel wall endothelium perme-
ability, and extravascular volume ratio. DCE-US is used to measure intratumoral
blood flow velocity and blood volume [7]. Why does DCE-US challenge these
other techniques? DCE-US has many advantages over DCE-CT and DCE-MRI,
such as ease of use, high throughput, low-cost examinations, and well-tolerated
contrast agents approved since 2003 in Europe [8]. DCE-US has been proven to
provide valuable biomarkers of treatment efficacy for a number of antiangiogenic
therapies in patients with metastatic renal cell carcinoma [9–11], sarcoma [12],
hepatocellular carcinoma [13–15], gastrointestinal stromal tumor [16, 17], and
metastatic colon cancer [18, 19]. In these mono-centric studies, DCE-US has been
shown to be predictive of progression free survival and overall survival, which are
the best end points for oncologists.

DCE-US can be conducted as follows: First, an anatomical study using B-mode
US is performed, aiming to detect the target tumor. The DCE-US is performed with
high-dose injection of ultrasound contrast agent (4.8 mL of Lumason/SonoVue)
immediately flushed with 5–10 mL of normal saline. The increased dosing of con-
trast is necessary since a large number of primary and metastatic malignancies
demonstrate hypoenhancement, when imaged with standard doses of contrast. For
each examination, DCE-US ultrasound images of the lesion are recorded for 3 min
after the injection of the contrast agent. Contrast cine loops from raw linear data [20]
are analyzed, and tumor contrast enhancement time-intensity curves are composed.

DCE-US criteria for treatment response evaluation [21] are as follows:
Blood Volume Criteria

• peak contrast enhancement intensity
• AUC
• AUC during contrast wash-in
• AUC during contrast wash-out

Blood Flow Criteria

• time to peak contrast intensity
• slope of the contrast wash-in

Mean Transit Time

Among these criteria, the change from baseline of the AUC is consistently found to
be related to the treatment outcomes. The validation of AUC as a biomarker was
performed in a clinical multicenter study [22, 23]. Seventy-five expert panels,
assembled by Cancer Research UK and the European Organisation for Research
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Fig. 23.2 A 57 years old man with metastasis from melanoma was treated by a combination of
two immunotherapies. The targeted lesion was an inguinal lymph node. At baseline, a CT-scan (a,
b) and DCE-US were performed. The lesion was hypoechoic on B mode (c) and hypervascularized
on VRI (vascular recognition imaging) mode (d) after injection on 4.8 ml of contrast agent. The
DCE-US was performed at D8 after the start of therapy showing the same size on B mode (e) but a
decrease of vascularization at the peak arterial (f). The results were confirmed on day 21 with
DCE-US in B mode (g) and VRI mode (h). The CT-scan shown in (i, j) was performed after
2 months of therapy, indicating stable disease of the lymph node. The graph (k) and the table
(l) confirm AUC as a suitable DCE-US biomarker that compared to baseline decreased more than
40% at day 8 and day 21
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and Treatment of Cancer [24] had this biomarker in their evaluation because of its
correlation with overall survival. Based on AUC analysis, it is also relatively
straightforward to distinguish the responders from non-responders. Responders will
demonstrate a substantial decrease in target tumor perfusion with a significant drop
of contrast enhancement AUC (more than 40% at one month in patients treated with
tyrosine kinase inhibitors). Non-responders will demonstrate either no change,
minimal change, or increase in tumor perfusion on CEUS, as detected by contrast
enhanced AUC (Fig. 23.2).

Furthermore, with DCE-US, it might be possible to distinguish responding and
non-responding metastatic colon cancer patients to anti VEGF therapies (beva-
cizumab) after only 1 week since the initiation of treatment, which is particularly
possible with the parameter mean transit time (MTT) [21]. Compared to this, CT
and MRI typically take 3–6 months to demonstrate the effects of systemic cancer
treatments. The specificity of ultrasound could even be increased using targeted
microbubbles. However, this is still at an early stage and until now most studies
were performed in mice and only a few in phase 1 proof of concept studies in
humans were reported on breast and ovarian tumors [25] (see also Chap. 15).
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24.1 Introduction

24.1.1 Definition of “Radiomics”

The term “Radiomics” has first been introduced by Lambin et al. in [1]. It generally
describes the extraction of quantitative features from medical imaging studies and
inclusion into predictive models to predict clinical endpoints or tissue character-
istics. Quantification of imaging properties has long been performed before, espe-
cially in the field of nuclear medicine or functional imaging. Radiomics in its
current form, however, encompasses a two-step process: First, extraction of
large-scale imaging features representing a multitude of image properties. Secondly,
sophisticated modeling strategies involving dimensionality reduction methods and
statistical or machine learning (ML) methods for the generation of optimal and valid
prediction models [2].

Some studies have evaluated the value of semantic imaging features as a human
equivalent to radiomics [3]. However, such features can only be of qualitative or
semi-quantitative nature and suffer from a lack of reproducibility. In contrast,
computational features quantitatively describe a volume of interest (VOI) more
objectively. The commonly extracted radiomics features range from simple inten-
sity metrics to complex textural analyses. Many of these features originally stem
from the field of computer vision and pattern recognition in picture processing.
Features are always extracted from a predefined volume of interest (VOI) (e.g., a
gross tumor volume (GTV)).

Depending on the exact implementation of a predefined feature, results from the
same image may differ significantly impairing reproducibility and hence clinical
usefulness. The imaging biomarker standardization initiative (IBSI) has defined
guidelines on the extraction of radiomics parameters, image preprocessing, rec-
ommendations on the reporting of radiomics studies, and tools to verify radiomics
software implementations [4]. The main focus of IBSI was the exact mathematical
description to allow for better comparability of radiomics features used in scientific
studies. This aims to improve reproducibility and facilitate clinical applications.
The authors provide a detailed mathematical description of all radiomics features
and preprocessing steps [4].

In principle, radiomics features can be calculated in two dimensions (i.e., one
slice), 2.5 dimensions (multiple averaged slices), or three-dimensionally. Most
recent studies use three-dimensional features representing the total VOI.

The most commonly used feature types are described in the following (see
Fig. 24.1).

24.1.1.1 First-Order Intensity Features
First-order intensity features describe the distribution of voxel intensity values
within the VOI. They summarize the original image by simple statistical measures
such as “mean”, “range”, or “kurtosis”.
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24.1.1.2 Morphology Features
Morphology or “shape” features quantify the geometrical shape of a VOI. Thus, the
features are independent on image gray values and only depend on the specific VOI
mask. Important variables include the number of voxels, the surface area, or axis
length. Features range from the VOI “volume”, over the quantification of the
“elongation” (the relationship between the two principal axis lengths) to
“sphericity” (a measure to quantify the roundness of a shape).

24.1.1.3 Second-Order Texture Features
Texture features include multiple distinct feature types that derive information from
the spatial distribution of intensity values. Intensity values must be discretized
before textural analysis.

Fig. 24.1 Exemplary illustration of the radiomics feature types. Subfigures were adapted from
Peeken et al. [5]
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The gray-level co-occurrence matrix (GLCM) quantifies the frequency of
gray-level pairs that are neighbored in a predefined direction and distance. Features
are generated by quantifying the GLCM matrix (such as “Cluster Tendency” as a
measure for the grouping of similar intensity voxels) (see Fig. 24.1 for an exem-
plary GLCM).

The gray-level run length matrix (GLRLM) assesses the length of a sequence of
equal gray values in neighboring voxels in a predefined direction. An exemplary
feature, the “Long Run Emphasis,” is a measure of the distribution of long-run
length indicating the coarseness of a texture.

If the GLCM or GLRLM features are averaged for every possible directional
angle, the mean of these values represents a rotationally invariant measure which is
frequently used in radiomics studies.

The gray-level size zone matrix (GLSZM) quantifies the occurrence of voxel
zones with an equal gray value connected in all directions yielding a rotational
invariant matrix. An exemplary feature, the “Zone Entropy” quantifies the ran-
domness in the distribution of gray-level zone sizes indicating a measure of
heterogeneity.

In the gray-level dependence matrix (GLDM), the number of dependent voxels,
which are defined as neighboring voxels in a predefined distance with a predefined
maximal gray value difference, is quantified yielding a rotationally invariant matrix.
The exemplary feature “Dependence Non-Uniformity” assesses the similarity
between all dependencies within the VOI as an indicator of the homogeneity of a
texture.

The neighboring gray tone difference matrix (NGTDM) determines the mean
difference in gray values between the voxel of interest and its connected voxels
yielding a rotational invariant matrix. An exemplary feature represents the
“Busyness” which assesses the number of rapid intensity changes between voxels
and their surroundings.

Finally, the less common gray-level distance zone matrix (GLDZ) combines the
gray value zone matrix obtained as for the GLSZM features and a distance map
assessing the distance of each voxel to the VOI edge. The combined matrix assesses
the number of voxel groups with equal gray value and equal distance to the VOI
edge. The feature derivation is similar to the GLRLM. In this case, the “Large
distance emphasis” assesses gray zones with a large distance to the VOI edge.

24.1.1.4 Image Filtering
First-order and second-order features can be calculated from the original image or
from a transformed image which has been modified by the application of a filter. As
for the abovementioned features, filters find frequent application in image pro-
cessing. Depending on the filter type, certain properties of the image are altered
leading to different feature values. Thus, a radiomics feature is always defined by
the applied filter and the actual feature algorithm. By the multiplication of the
available feature algorithm and a series of different filters, large numbers of
radiomics features can be extracted from single images.
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The “Laplacian of Gaussian” filter computes the second spatial derivative of the
input image which highlights areas of rapid intensity change such as edges. To
reduce the effect of noise, a Gaussian smoothing filter is applied beforehand. The
“wavelet decomposition” filter yields eight distinct decompositions. Each decom-
position constitutes a unique combination of applying a low-pass or high-pass filter
in all three dimensions.

The “Local Binary Pattern” (LBP) filter assigns a new value to each voxel
defined by the relative intensity of the neighboring voxels. LBP-based features
introduce directionality in addition to rotational invariance. Each surrounding voxel
is labeled with 1 or 0 depending on whether the intensity value is larger or smaller
than the voxel of interest. Each combination of all surrounding voxels is assigned as
a novel intensity value. As a consequence, semantic structures such as edges or
corners can be quantified.

24.1.2 Machine Learning—The Toolbox for the Generation
of Radiomics Models

In order to make a prediction on clinically relevant questions, radiomics features
need to be used as input features for predictive models. Since a large proportion of
radiomics features are inter-correlated, feature reduction methods are often reduced
to the most important features. Common techniques include “least absolute
shrinkage and selection operator,” “minimum redundancy maximum relevance,” or
“principal component analysis.” The remaining features can be used for model
building [6].

If a sufficient feature reduction is possible, statistical methods such as logistic
regression or Cox proportional hazard models can be trained. These methods bear
the advantage of simple interpretability with the disadvantage of small input feature
numbers and the incapability of modeling non-linear relationships. Other statistical
methods such as ridge regression can fit prediction models based on a large number
of input features by reducing the regression coefficients of unimportant features
without setting them to zero.

Alternatively, a diverse set of ML methods can be applied for predictive mod-
eling, allowing larger input feature numbers, potential handling of missing data
points, and modeling of interaction or non-linear relationships at the expense of
interpretability [7]. Commonly used models include decision tree methods such as
random forest, bagging or boosting techniques, support vector machines, or neural
networks [6].

Today, most applications rely on supervised learning, where a computer learns
“by example”. The process of training such an ML model involves an (expert-)
annotated training set. Supervised learning is highly efficient and has achieved
unprecedented performance in many machine learning tasks. More recently, semi-
supervised and unsupervised architectures, where computers learn the complex
relations of data by themselves, have been more extensively studied. Such
approaches are very attractive, as they at least partly abolish the need for

778 J. C. Peeken et al.



time-consuming and error-prone manual annotation of data. However, defining a
learning objective in such scenarios is more difficult.

Scientific studies have compared the performance of different ML methods [6].
Depending on the specific dataset predictive performances differed significantly
between arbitrarily chosen models [8]. Ensemble learning strategies in which
several distinct ML models are combined to one model may compensate for this
disadvantage.

24.1.3 Moving the Field Forward—The Role of “Deep
Learning”

Deep Learning has emerged as a powerful technique in medical image analysis.
Algorithmic advances in parallel with the broad availability of computing power (in
particular, GPU) have enabled computers to take over tasks previously unthinkable
[9]. This ranges from playing Go at a super-human level to correctly classifying
skin lesions on par with expert dermatologists [10].

Deep Learning is a member of a broader family of machine learning methods.
Setting Deep Learning apart from traditional machine learning algorithms like
Support Vector Machines or Random Forests is their typical architecture, com-
prised of a large number of layers interconnected to form an artificial neural
network. This architecture, coupled with non-linear activation functions, enables
these networks to learn complex, non-linear decision functions. In medical image
analysis, the use of convolutional neural networks (CNN) has integrated the process
of feature definition and extraction into the learnable network and has therefore
further improved the versatility of Deep Learning, as computers learn the relevant
features themselves instead of relying on expert-defined features. CNNs are char-
acterized by a series of convolutional layers, which apply a linear filtering operation
on the image and thus extract features from the filter’s receptive field. These layers
are combined with pooling layers, which subsample the image and a final fully
connected layer for classification.

Neural networks as well can be trained in a supervised or non-supervised
manner. During supervised training, the network aims to minimize a loss function
(e.g., the number of wrongly classified cases) by optimizing network parameters
yielding excellent predictive performances compared to other techniques.

Deep Learning is the current state of the art in most image analysis tasks and
achieves unprecedented performance. However, there are several aspects that
impede a more successful translation of these models in clinical practice. Most
prominent among these are generalizability and explainability. Generalizability
refers to the ability of a network to correctly process new, unseen cases. Especially
in medical image analysis, a plethora of factors, including patient selection, scanner
hardware, sequence and post-processing parameters influence the robustness of a
network. This can partly be compensated by employing a large number of diverse
training cases (Chilamkurthy et al. trained their model on >250,000 cranial com-
puter tomography (CT) images [11]), but still remains a challenge. This is further
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complicated by the “black box” nature of networks, where it is typically difficult to
understand what the network has learned exactly. Having networks better “explain”
what they have learned is; therefore, a major research focuses on AI research. These
explanations could take many forms, such as visual (e.g., reconstruction of the final
feature layer in CNN) or textual explanations.

Despite these obstacles, Deep Learning has already begun to influence image
analysis workflow and will do so even more in the future.

24.1.4 Radiomics and Molecular Imaging

Quantitative imaging has been an integral part of nuclear medicine for decades.
Tracer uptake in positron emission tomography (PET) studies quantified as stan-
dardized uptake value (SUV) was predominantly limited to simple “intensity fea-
tures” such as the maximum or mean values [12]. Besides these features,
morphology information such as the metabolic tumor volume has also been linked
to prognostic prediction or tumor grading [12]. Analysis of heterogeneity of tracer
uptake in PET has been introduced at the end of the 2000s [13]. Since then, a
multitude of publications has shown a prognostic benefit by applying radiomics
analyses to PET imaging for multiple tumor types such as cervical cancer, head and
neck squamous cell carcinoma (HNSCC), or non-small cell lung cancer (NSCLC)
(see below) [14–16]. In contrast to other imaging modalities such as CT, PET
imaging bears the disadvantage of providing inferior spatial resolutions. As a
consequence, the number of voxels per VOI is small impairing the informative
power of texture features due to a direct correlation to the VOI volume as shown by
Hatt et al. [17]. The same authors proposed a minimum VOI volume of 10 cm3.
Hence, radiomics analysis of PET imaging with various tracers may play an
important role in the future in sufficiently large tumors.

24.1.5 Technical Challenges of Radiomics

Generalizing a radiomics model to patients and scanners the model has not seen
during training is key for a successful clinical application. To achieve this, there are
several important challenges that need to be completed.

For multimodal image analysis, registration and resampling is a crucial first
step. Registration performs an alignment of two imaging studies into one coordinate
system [18]. After successful registration, VOIs can be transferred or direct
voxel-wise comparisons can be performed. Dependent on the matching base, it can
be performed landmark-based, surface-based, intensity-based, feature-based, or
manually. Further on, the type of transformation differentiates rigid, affine, and
deformable transformations. In rigid registration, the images are fused by linear
three-dimensional translation and rotational movements. This conserves the dis-
tance between all points in the image but may come to its limits in multimodality
registration, in studies from different time points and in the case of movement of
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anatomical structures. The affine transformation adds scaling and shearing allowing
better alignment with the cost of differing distances between image points.
Deformable registration allows for voxel-directed spatially variant transformations
which can lead to significant distortion of the image.

Especially for MR images, visible differences can exist between seemingly similar
sequences, e.g., T1 images from different scanners. This is further complicated by a
plethora of other confounding factors such as bias-field inhomogeneities. Especially
when this variability has not been captured during training, this can pose a real
problem for applying radiomics models on unseen data. To improve domain adap-
tation, software packages for important preprocessing steps such as bias-field cor-
rection or intensity normalization have been developed [19, 20]. Lately,
deep-learning-based approaches have been evaluated for this task, too [21].

After first radiomics studies used self-built radiomics tool kits, multiple
open-source software packages have been published and are now in use by the
research community. The Matlab® (The Mathworks, Natick, MA)-based radiomics
package for the “computational environment for radiological research” (CERR)
combines radiomics feature extraction following the IBSI feature definition with the
diverse functions of the CERR toolbox [22]. Further on, it allows for segmentation,
visualization of radiomics feature maps, and direct DICOM import. An application
programming interface has been developed for integration with the clinical software
MIM (MIMvista, MIM Software Inc., Cleveland, OH). Based on Matlab® and C++,
the software IBEX was one of the first softwares providing a graphical user
interface (GUI), built-in segmentation, and DICOM support. Following its early
release, however, features were not defined following the IBSI definitions [23].

Based on C++, the medical imaging tool kit (MITK) “phenotyping” provides a
large toolchain ranging from DICOM import, registration, resampling, and seg-
mentation to radiomics feature extraction of all IBSI-defined features [24]. It can be
accessed using a GUI, by scripting languages or directly via a command-line tool.

LifeX is a Java-based GUI providing import of DICOM and non-DICOM files,
segmentation tools, preprocessing, and IBSI-defined feature extraction [25]. It can
also be run via a scripting interface. In contrast, Rayweb constitutes the only
web-based tool providing decentralized segmentation, feature extraction, and data
sharing [26]. Following the growing influence of Python on medical image anal-
yses, the Python package pyradiomics has seen frequent use in recent radiomics
studies providing a large library of feature extraction, preprocessing and visual-
ization tools [27]. However, so far, no support for the DICOM format is available.
Slicer radiomics constitutes a 3D slicer extension for pyradiomics providing a GUI
for the usage of pyradiomics [28].

MaZda constitutes a non-open-source software that offers in-built segmentation
and radiomics map visualization. Radiomics feature extraction is, however, limited
to only a subset of the IBSI-defined features [29].

The company Oncoradiomics has recently introduced a commercial “Discovery
Toolbox” for automated radiomics feature extraction and automatic machine
learning building. Further on, a second software may soon become the first clini-
cally usable radiomics software.
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24.2 The Clinical Potential of Radiomics

24.2.1 Radio-Oncomics

The current limitations of radiation oncology may lie in the limited use of the full
imaging information in the current radiation oncology workflow. We are using
imaging to semantically characterize the underlying disease, discriminate affected
tissues from healthy organs, and to provide a diagnosis for the physicians treating
the disease. Always strongly depending on the disease, limitations lie in the sen-
sitivity and specificity regarding tumor characterization and classification. In radi-
ation oncology, essential information extracted from CT, magnetic resonance
imaging (MRI), and/or PET images are used for treatment planning. Treatment
planning delineation includes the GTV, potential areas of immediate risk of infil-
tration defined as the clinical target volume (CTV), and organs at risk (normal
tissue) to determine the lowest possible dose in the treatment planning process.

The concept of “Radio-oncomics” defines the use of imaging information
beyond pure tumor volumes and simple morphological changes [30]. It describes
the use of radiomics information for tumor targeting, risk prediction, early tumor
recurrence identification, as well as normal tissue characterization. Within the
radio-oncomics concept, the information extracted from images is included in the
radiation oncology treatment and follow-up loop. It is used for patient stratification,
treatment planning, and early response assessment. See Fig. 24.2 for an overview of
the structure of scientific radiomics studies.

Since its introduction, radiomics has been directed to predict a multitude of
clinical or biological endpoints extracting information beyond the current appli-
cations. The most frequently predicted endpoint has been overall survival (OS) or
relevant prognostic endpoints such as local (LPFS) or distant progression-free
survival (DPFS). In these models, the performance of a radiomics model always
needs to be compared to known clinically relevant prognostic factors such as tumor
size, location, TNM staging, and patient-specific factors such as age or Karnofsky
performance score [5, 31].

Further on, a large proportion of studies aimed to characterize biological tumor
properties which may replace or act complementary to current pathology exams.
Predicted tumor properties include tumor grading, Gleason score, or histological
subtypes as surrogates for tumor aggressiveness [30]. Moreover, early responses
may be detected before tumor volume changes generally defined by RECIST cri-
teria (one-dimensional) or WHO criteria (two-dimensional), and lastly treatment
response prediction may become possible enabling early personalization of
patients’ follow-up [30]. For example, the differentiation of semantically similar
imaging phenomena can be improved such as the differentiation of radiation
necrosis and tumor progression based on 18F-fluoroethyl-l-tyrosine
(FET) PET/MRI imaging [32]. Further on, radiomics has been used for radiother-
apy (RT)-dependent toxicity predictions [33]. Figure 24.3 allocates the different
areas of application to the radiation oncology workflow.
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Fig. 24.2 Overview of the structure of scientific radiomics studies. Adapted by permission from
Springer Nature Customer Service Centre GmbH [30]

Fig. 24.3 Potential applications of radiomics in the radiation oncology workflow. OAR: organs at
risk. Adapted by permission from Springer Nature Customer Service Centre GmbH [16]
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24.2.2 Radiogenomics

The concept of “Radiogenomics” describes the direct correlation of a radiomics
phenotype to underlying molecular aberrations. The hypothesis is that tissue
imaging correlates with tissue pathology. A whole set of publications demonstrated
successful prediction of genetic mutations, chromosomal aberrations, and tran-
scriptional programs (RNA, miRNA) [34]. Radiogenomic prediction of molecular
aberrations related to radiation sensitivity may pose a powerful tool for therapy
adjustment or dose painting approaches (see below).

These principles were recently used to develop a cancer-independent immuno-
genic phenotype. The prediction model was able to predict tumor-infiltrating CD8+
T-cells and the response to anti-programmed cell death protein 1 (PD1) or
anti-programmed cell death ligand 1 (PD-L1) immunotherapies [35].

24.2.3 The Radiomics Target Volume Concept

A clear potential lies in the use of radiomics and radiogenomic information for
advanced target volume definition. With the information derived from small sub-
volumes of tumors (“habitats”) and normal tissue, areas of high risk for tumor
recurrence might be identified and targeted. Such high-risk habitats could be tar-
geted using higher radiation doses. Additionally, normal tissue may be character-
ized more in detail and areas at high risk for side effects can be detected requiring
advanced protection even from low-dose irradiation. Exemplarily, our group ana-
lyzed imaging for treatment planning in glioblastomas focusing on MRI. We could
characterize an infiltrative GTV inside of the FLAIR hyperintense regions which
correlated with tumor recurrences. A novel target volume was developed to
specifically target such regions reducing the total treatment volume [36]. Others
have shown that multiparametric MRI (mpMRI) signal intensities can be enhanced
by radiomics information to target prostate cancer lesions; they applied radiomics
along with deformable co-registration tools to generate targeted focal RT treatment
plans including external beam RT and brachytherapy [37]. Clinical studies vali-
dating these new target volume concepts are necessary and have to be performed for
each tumor entity before target volume guidelines can be adapted.

24.3 Clinical Applications of Radiomics

In the following section, the current literature on radiomics models for selected
malignant entities will be discussed.
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24.3.1 NSCLC

NSCLC has been among the first malignant tumor entities to be studied by
radiomics. Aerts et al. first established a radiomics workflow based on NSCLC
patients that has since been used as a role model for many subsequent studies in the
following years [38]. The authors first demonstrated that a radiomics classifier
based on four features showed significant prognostic value with a C-index of 0.65
and the propensity of significant patient risk stratification. Significant correlations
between the radiomics signature and gene expression patterns were found as a
biological basis.

Although prediction of local recurrence remained challenging, analyzing the
influence of RT on NSCLC radiomics feature changes obtained before and after RT
(“delta radiomics”) increased the predictive performance allowing significant patient
stratification into patients with high or low risk of local tumor recurrence [39].

Besides, delta radiomics features assessed after RT changed significantly in a
dose-dependent manner and were able to predict radiation pneumonitis grade II or
higher with an AUC of up to 0.75, however, without external validation [33]. In a
different study, the propensity to predict radiation pneumonitis based on CT-based
radiomics features could further be increased by the inclusion of the SUV standard
deviation of 18F-fluorodeoxyglucose (FDG) PET scans up to a mean AUC dif-
ference of 0.08 [40].

Multiple further studies have evaluated the potential of radiomics analysis of
FDG PET imaging. In contrast to standard measures such as maximum or mean
SUV, certain radiomics features were associated with OS independent from known
clinical factors [15].

In general, a prognostic assessment was possible independent of the therapy
delivered (stereotactic body RT versus surgery) in stage I NSCLC patients [41].

Radiogenomic analyses provided radiomics phenotypes predictive for frequently
occurring genetic mutations such as epidermal growth factor receptor (EGFR) and
KRAS mutations [42]. These phenotypes were also able to improve prognostic
evaluations. Taking the idea one step further, a further study was able to demon-
strate that a delta radiomics response phenotype for EGFR mutations comprising of
features obtained from pre-therapeutic and post-therapeutic scans 3 weeks after
initiation of therapy showed better prediction of EGFR mutational status than
pre-treatment features [43]. The simple measure of volume change, however, was
the most predictive factor with an AUC of 0.91.

An additional novel concept could demonstrate the capability of deep learning to
integrate a temporal dimension for prognostic prediction. On the basis of one
pre-therapeutic CT scans, subsequent serial CT scans from sequential time points of
the patients’ follow-up were added as training basis for prognostic assessment. The
underlying network was able to capture an RT response phenotype increasing the
predictive performance for OS from follow-up to follow-up up to a maximum AUC
of 0.74 [44].
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24.3.2 HNSCC

The previously mentioned radiomics classifier developed for NSCLC patients was
originally also tested in HNSCC patients. Interestingly, predictive performance was
even better for HNSCC as for NSCLC patients with an AUC of 0.69 on two
independent validation sets [38]. Shortly later, novel CT-based radiomics models
for the prediction of LPFS and DPFS based on FDG PET and CT imaging were
published [16]. Especially, the prediction of DPFS showed a good predictive per-
formance with a C-index of 0.88 in the validation set significantly outperforming a
clinical model and tumor volume.

RT dose escalation or de-escalation has long been a matter of research. The
observed favorable prognosis of human papillomavirus (HPV) positive HNSCC has
led to a series of dose de-escalation trials. In clinical practice, the p16 tumor
suppressor protein expression determined by immunohistochemistry (IHC) is often
used as a surrogate for HPV infections. Bogowicz et al. developed radiomics
models to predict IHC-based p16 positivity with good performance achieving an
AUC of 0.78 in the testing set [45]. IHC-based measurement of p16 has been
described to have a good sensitivity of 96.8% with a specificity of 83.8% for the
determination of HPV infections determined by RNA amplification [46]. In a
further study, radiomics models were trained to predict HPV status determined by
detection of HPV-specific RNA in whole-transcriptome sequencing (RNA-seq). In
the testing set which provided IHC-based p16 status, a similar predictive perfor-
mance compared to the previous study could be found with an AUC of 0.76 [47].
A clinical model that was largely dominated by the anatomic side achieved the best
predictive performance with an AUC of 0.86. In a side-restricted analysis, however,
the radiomics model retained better performance than a clinical model (radiomics
AUC: 0.79, clinical AUC: 0.61). To conclude, such HPV models may one day be
used for patient stratification or even spatial dose de-escalations in radiomics target
volumes in clinically relevant patient subcohorts.

Most radiomics studies have focused on pre-therapeutic imaging. However,
radiomics analysis after the first 2 weeks of RT treatment appears to bear infor-
mation regarding therapy response triggering superior prognostic capabilities
increasing the predictive performance from 0.65 (pre-therapy) to 0.79 (2 weeks)
[48]. Such information may be used as well for treatment adaptions in the future.

The definitive treatment of HNSCC enables long-time survival in a large pro-
portion of patients. As a consequence, many patients suffer from chronic RT side
effects such as xerostomia. Current risk models are predominantly based on RT
dose metrics. The inclusion of the individual tissue susceptibility may help to
predict salivary gland toxicity more accurately. First radiomics studies were able to
identify MRI-based texture features associated with xerostomia development [49].

Radiomics feature can also be used for tumor segmentation. Yu et al. identified
relevant radiomics texture features of registered FDG PET/CT scans for automated
GTV definitions [50]. The proposed segmentation strategies outperformed former
segmentation approaches, e.g., based on SUV thresholding, in terms of sensitivity
and specificity compared to expert delineations.
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24.3.3 Soft-Tissue Sarcoma (STS)

One of the first studies that analyzed tracer uptake heterogeneity of FDG PET
imaging was performed within patients suffering from STS showing independent
prognostic relevance in cox proportional hazard models [51]. One of the first
multimodal radiomics studies combining PET imaging with MRI was applied to
STS, too [52]. This work demonstrated the potential of predicting the occurrence of
lung metastases albeit lacking an external validation cohort. Later, Spraker et al.
could demonstrate and externally validate a radiomics model for OS based on
contrast-enhanced T1-weighted MRI sequences [53]. The developed model pre-
dicted OS with a C-index of 0.68. The performance of a clinical model could be
improved after combination with the radiomics model from 0.71 to 0.78 on an
independent validation cohort. Further on, radiomics models based on planning CT
data of neoadjuvantly treated STS achieved predictive performances for OS, DPFS,
and LPFS [5]. Interestingly, the prognostic performance was even better compared
to the MRI-based model with a C-index of 0.73 despite the unfavorable soft tissue
resolution of CT imaging underlining the potential of radiomics. A combined
radiomics-clinical model outperformed a clinical model and the AJCC staging
system with a C-index of 0.76 (clinical: 0.69, AJCC: 0.68). Significant patient
stratification was possible for all three endpoints. Moreover, a recent study has
demonstrated the possibility of quantifying intra-tumoral changes following
neoadjuvant chemotherapy (delta radiomics) as a predictive marker for therapy
response [54]. The proposed model achieved an accuracy of 74.6% classifying
patient with good response.

In terms of tumor characterization, first studies showed the potential of differ-
entiating G1 (“low grade”) from G2/G3 (“high grade”) or G2 from G3 sarcomas on
CT or MRI imaging data (see Fig. 24.4 for a related workflow) [55]. G2 versus G3
differentiation on CT achieved only moderate performances with a testing AUC of
0.64 [5]. Differentiation of “low-grade” from “high-grade” STS, however, was
achieved with an AUC of 0.78 in the independent validation set. Adding the
radiomics model to the AJCC staging system further increased the total prognostic
performance by 0.05 C-index showing an incremental clinical net benefit. Further
on, the differentiation between benign and malign soft tissue lesions appeared to be
possible as well in a further study [56].

24.3.4 Glioma

Reliable tumor segmentation is an essential first step in virtually all radiomics
pipelines and RT treatment planning. The development of segmentation strategies
based on U-Nets [57] has led to algorithms that today perform glioma segmentation
well within the performance level of expert human raters, as highlighted in the brain
tumor segmentation (BraTS) challenge [58]. U-Nets are fully convolutional neural
networks, which consist of a contracting encoder and an expansive decoder (giving
the architecture a U-like shape). In order to forward spatial information through the
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network skip connections are introduced. Those connections concatenate feature
maps of the downsampling pathwith the corresponding layers of the upsampling [57].
Importantly, the clinical value of these algorithms has been successfully demonstrated
in a translational study: In a retrospective analysis of multicentre prospective
“European Organisation for Research and Treatment of Cancer” (EORTC) trial data,
automated glioma response assessment based on computational tumor segmentation
outperformed human readers in terms of predicting survival [59].

In gliomas, machine learning methods have demonstrated their ability to predict
key genomic alterations from MR images in radiogenomics studies. Capitalizing on
the ability of medical imaging to capture spatial heterogeneity in these tumors well
beyond histological analysis, more recent studies have investigated the ability of
machine learning to predict spatial heterogeneity of key genomic alterations in
newly diagnosed glioblastomas [60]. In their analysis, Hu et al. demonstrated that
typical genomic alterations in glioblastomas, such as EGFR or platelet-derived

Fig. 24.4 Exemplary
radiomics workflow for the
development of tumor grading
models in soft tissue
sarcomas. Adapted from
Peeken et al. [55]
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growth factor receptor A (PDGFRA) copy-number alterations, show regional
heterogeneity, and that the molecular status of these genes could be predicted by
ML-based image analysis. In the light of better understanding resistance of tumors
to molecularly targeted therapies, these results point to an important role of image
analysis, albeit further studies and validation are necessary.

Diffusion tensor imaging (DTI) has seen an increased use for prediction of tumor
infiltration in gliomas. However, the analysis of DTI data is impeded by the cor-
ruption of the true diffusion signal by water signal especially in areas of peritumoral
edema, which, on the other hand, also is the most likely area of tumor recurrence.
To disentangle the true DTI signal from water contamination, a Deep-Learning-
based model was trained [61]. Using these water contamination corrected maps,
tumor infiltration maps can be calculated from the DTI data and used for radio-
therapy planning. In a pilot study, these maps demonstrated their potential to serve
as a basis for individualized therapy planning [36].

Considering the rich information on tumor biology contained in medical images,
strategies for exploiting this data for better personalizing treatment are attractive.
Based on pre-operative multimodal PET/MR imaging in newly diagnosed
glioblastomas, a personalized growth model based on a reaction–diffusion equation
was recently proposed. Through Bayesian inference, this model infers
patient-specific growth parameters like the proliferation rate and cell density from
FET PET and anatomic MR images and uses this information to model tumor
growth. In a small study with eight patients, this system yielded smaller, more
personalized clinical target volumes (CTV), while still covering recurrence. Also,
this model might also guide local dose escalations more reliably than FET
PET-based planning. While promising, future prospective evaluations of these
algorithms for personalizing radiotherapy are necessary [62].

24.3.5 Challenges Before Clinical Applications

The literature in the field of radiomics has grown exponentially in the last years. So
far, none of the proposed models has yet found its way into daily clinical practice
though. There are several hurdles to take before clinical translation: First, many
models have been externally validated using predominantly retrospective patient
cohorts. Optimal validation, however, would include validation in prospective trials
without access to the development data (i.e., type IV validation following the
“transparent reporting of a multivariable prediction model for individual prognosis
or diagnosis” (TRIPOD) statement) [63]. Secondly, the reproducibility of radiomics
models is largely prone to variations in scanner models, acquisition parameters and
radiomics software implementations hindering safe widespread use. CT data with
its absolute real-world measures appears to show the best reproducibility. Limited
preprocessing procedures may be sufficient to allow widespread usage. On the
contrary, harmonization of MRI- and PET-based features constitutes a significantly
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more complex task requiring further research. Thirdly, prognostic models should
ideally be used in therapeutic trials for patient risk stratification and selection to
demonstrate a benefit to the patients. Fourthly, software solutions providing stan-
dardized and easy-to-use radiomics analysis have not yet arrived in clinical practice.

24.4 Conclusion

Radiomics constitutes a powerful and cost-effective tool to extract additional
information from daily acquired medical imaging studies. Areas of application
include diagnostics, prognostic patient risk stratifications, therapy response moni-
toring, radiogenomic analysis of molecular aberrations, or tissue characterization.
The principle finds application in all imaging modalities. However, for each specific
task, the optimal modality and the true incremental benefit of a novel prediction
model must be evaluated. PET-based radiomics models may play an important role
in large growing tumors such as cervical cancer, NSCLC, or HNSCC. Before
widespread clinical usage, several limiting factors need to be solved signaling the
need for further research.
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25.1 Introduction

All imaging techniques are based on interactions of particles or waves with the
molecules or atoms of the sample.1 Particles, which are employed for imaging
applications, are photons of various energy or electrons, while ultrasound waves are
examples of waves utilized for imaging applications. After the interaction took
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place, either new generated particles/waves or missing/generated particles/waves
are measured [1]. The particles and waves utilized for imaging can be diverse and
have to be selected according to the samples, which should be imaged. For
example, in ultrasound imaging, ultrasound waves are used and the not absorbed
fraction of these waves is detected. To review all interactions and the corresponding
imaging techniques is beyond the scope of this chapter. Therefore, we will focus on
photon–matter interactions and we will emphasize interactions, which do not
destroy the molecules of the sample [2]. The imaging methods, which are derived
from these interactions, can be utilized for destruction-free tissue imaging and an
application in vivo is possible. Because the photon–matter interaction is compo-
sition dependent, all of these imaging methods can be used to highlight the
chemical composition of the sample in general or the spatial distribution of some
molecules or molecular groups within the sample.

The photon–matter interactions can be classified into three broad categories:
absorption-based, emission-based, and scattering-based interactions. In the former
interaction type, a photon is absorbed and its energy is transferred to themolecule.Here,
we restrict ourselves to interactions where the energy transfers an electron to an excited
state.2After a given time, the excited state is destroyed andapart of the energy is emitted
again often as photon. In contrast, scattering interactions are working instantaneously,
e.g., without time delay. The scattering processes are generating a time-dependent
dipole in the molecule, which subsequently radiates. All photon–matter interaction
types and the respective imaging techniques can be further categorized by their
dependency on the excitation intensity, which is called order of the process.

Besides the discussed intensity dependency of the used processes, two additional
aspects are important for imaging techniques of bio-medical specimen. The first
aspect is, if the measurement techniques result in (hyper)-spectral scans or in
low-dimensional images. While the former is called spectral imaging, the latter is
called band integration or imaging mode. This property has an implication on the
information depth and on the measurement time, which are higher for spectral
imaging. The second aspect is the need of specific labels for imaging. We decided
to review methods, which do not necessarily need a label for measurement.
Therefore, all the presented techniques can be applied under in vivo conditions,
because all reviewed methods are also non-destructive [2].

In this chapter, we will give a short introduction and review the applications of
the following scattering-based techniques: We will review spontaneous Raman
spectral imaging, coherent anti-Stokes Raman scattering (CARS), stimulated
Raman scattering (SRS), second-harmonic generation (SHG), and third-harmonic
generation (THG). Additionally, we will present absorption-based techniques,
two-photon excited fluorescence (TPEF), and fluorescence lifetime imaging
(FLIM). In both fluorescence-based imaging techniques, we focus on the label-free
version of the technique, where intrinsic fluorophores of the samples are visualized.
We do not review IR-absorption-based imaging in this chapter because an in vivo

2It should be noted here that an absorption can occur also into vibrational states. The
corresponding imaging technology IR-absorption-based imaging is not described in this section.
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application seems challenging. At the end of the chapter, a short review of
chemometric methods and machine learning techniques is given. These techniques
are necessary if the presented imaging techniques should be used for diagnostics
applications.

25.2 Raman Spectral Imaging/Spectroscopy

The first imaging technique to be reviewed is Raman spectral imaging, which is
based on inelastic light scattering on the vibrational states of the molecules within
the sample. Therefore, Raman spectral imaging belongs to the scattering techniques.
This imaging technique is optimally suited to measure bio-medical specimen,
because it is non-destructive and label-free. By combining Raman spectroscopy with
a microscope an imaging modality is generated, which allows a non-invasive and
label-free measurement of the composition of bio-medical specimen.

The initial step of the Raman spectral imaging is the irradiation of a sample with
laser light. The backscattered radiation of the illuminated sample area is subse-
quently spectroscopically detected and the elastic (Rayleigh) scattered photons,
which feature the same frequency as the incoming photons are filtered. Besides this
elastic scattered light, only a small percentage of the scattered light is frequency
shifted. The frequency shifts are specific for the molecular vibrations within the
excited sample area and represent indirectly the molecular composition. The result
of the spectroscopic measurement of the inelastic scattered light is called a Raman
spectrum. The scattering process can cause frequency shifts to lower energies
xL�vib compared to the incoming radiation xL, which is called Stokes–Raman
scattering. Additionally, the scattering process causes frequency shifts to higher
energies as well, which is called anti-Stokes Raman xLþ vib scattering. The Raman
imaging techniques described in the following are utilizing Stokes–Raman scat-
tering, because this effect is the dominant effect at room temperature.

Raman scattering can be observed through a microscope applying an instru-
mental setup presented in Fig. 25.1a. The laser light xL enters the microscope
through a small pinhole and is focused by a microscope objective to a spot size
corresponding to the diffraction limit. Typically, the scattered light from the illu-
minated spot is collected by the same objective in backscattering geometry and the
Raman scattered light xL�vib is selectively guided to the spectrometer coupled to
the microscope. By applying a Raman microscopic setup, Raman spectra of spa-
tially resolved image points are collected. The focused laser can be moved over the
sample to achieve a Raman spectral scan or the sample can be moved via
high-precision Piezo stages with respect to the laser focus to achieve a
high-resolution scanning pattern. Due to the confocal pinhole, e.g., an aperture,
only the light from the respective focal volume is detected, leading to a depth
resolution (Fig. 25.1b). Raman imaging produces datasets of several thousand
individual spectra. The subsequent computer-based Raman image generation
technique can be best described by a hyperspectral data cube visualized in
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Fig. 25.1c The x- and y-directions represent the spatial dimension of the image. The
spectral dimension is plotted in z-direction. Within the data cube, each pixel at
position x; y is containing a Raman spectrum. Therefore, each pixel contains the
molecular fingerprint within the respective sampling volume on a given point x; y
[3, 4].

The data analysis pipeline for such a Raman spectral data cube is described in
Sect. 25.6 in detail, but it is roughly sketched here. To generate an image based on a
Raman spectral scan, a reorientation of the hyperspectral data cube into a 2D data
matrix is performed. In this matrix, every spectrum is pre-processed for a robust
data analysis of the entire Raman scan. The pre-processing procedure includes
calibration routines and corrections for artifacts and noise contributions. From every
wavenumber slice of the data cube, a Raman false color image can be generated
(Fig. 25.1d). In this manner, the spatial distribution of defined marker signals, e.g.,
Raman bands, can be visualized. For a deeper understanding, clustering algorithms
as well as classification and regression methods are applied. The output of these
multivariate methods can be utilized to calculate scores or to generate an image [5].
Besides image generation, the measured Raman spectra can be translated into
bio-medical information, which can be further used by biologists or physicians. An
example for such information would be the appearance of biomarkers, bio-chemical
alterations, or the detection of concentration of substances. This translation is
explained in Sect. 25.6 in more detail.

Fig. 25.1 Principles of the Raman spectral image generation. a Schematic of a confocal Raman
microscope. The sample is probed by a laser xL focused through a microscope objective. The
Stokes–Raman scattered light xL�vib is guided to a spectrometer and detected. b Schematic of the
confocal microscopic approach designed to probe spatially resolved image points. c Hyperspectral
data cube, each pixel at position x; y represents a unique spectrum. d Data pipeline for feature
extraction and generation of molecular images. See text for more details
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As described above, Raman spectroscopy detects the bio-chemical composition
of the sample in a non-invasive, label-free, and non-destructive manner. Due to
these properties, Raman spectroscopy is an ideal tool for investigations of
bio-medical samples. Additionally, water is the optimal solvent for Raman spectral
imaging allowing for in vivo measurements. Due to the mentioned properties,
Raman spectral imaging can be applied to a broad range of biological specimens
including yeast, plant, and eukaryotic cells [6]. In the field of cancer research,
in vitro cell models are frequently studied by Raman spectral imaging to analyze
sub-cellular structures and spectral changes induced by a treatment with
chemotherapeutic agents or due to changed metabolisms [7–11]. Other studies
explore intracellular lipid accumulations using Raman spectral imaging, which
provided new insights into cancer progression [12]. The differentiation between cell
types like normal and tumor cells circulating in body fluids based on Raman
spectral signatures is another application in the field of cytopathology [13–15].

Tissue imaging and diagnostics enlarge the application field of Raman spectral
imaging to clinically relevant questions. The Raman spectral imaging technique can
support pathologists with information, which would need costly and
time-consuming bio-assays or staining procedures, if they were measured classi-
cally. For example, the chemical contrast provided by Raman spectral imaging
revealed a higher spectral contribution from nucleic acids analyzing high-grade
brain tumor section in comparison with low-grade tumors [16]. For the detection of
alterations in tissue, a spectral histopathology is utilized, which provides mor-
phological and chemical details by visualizing the margins between normal and
pathological tissue [17]. By using this spectral histopathology, chemical and
molecular changes can be directly obtained from the examined samples and cor-
related with the histopathological gold standard hematoxylin and eosin staining
(H&E) [18]. Briefly, the Raman spectral signatures of a specimen are linked to the
pathologist’s diagnosis and a classification model is constructed. The subsequent
model can be applied for the differential diagnosis of new samples, e.g., the dis-
crimination between normal and tumor regions. In [19], the adenoma–carcinoma
sequence was studied using a Raman-based spectral histopathology. The introduced
Raman-based workflow featured 100% mean sensitivity for the prediction of nor-
mal and tumor tissue compared to the gold standard diagnosis of an experienced
pathologist [19, 20]. This spectral histopathology workflow was also tested for the
Raman spectral imaging of brain metastases and a prediction of the primary tumor
could be achieved with a high sensitivity [21]. A further development of the Raman
spectral imaging concept is the use within a core needle biopsy system. The system
allows an in situ tumor analysis by applying molecular Raman imaging and dif-
ferentiates between healthy and tumor tissues before tissue harvesting [22]. Besides
this core needle biopsy system, also direct Raman spectral measurements based on
fibers can be performed. This procedure was successfully tested in a brain surgery
to determine the tissue type shortly before resection of it [23].
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25.3 Coherent Raman Spectroscopy
and Spectromicroscopy: CARS and SRS

Linear Raman spectroscopy based imaging has a number of advantages as
described above. Nevertheless, it has one major drawback, which is the low effi-
ciency of the process leading to long measurement times. This drawback can be
circumvented by non-linear Raman-spectroscopic techniques which can be applied
for imaging a wide range of bio-medical samples. The most often applied imaging
methods are coherent anti-Stokes Raman scattering (CARS) and stimulated Raman
scattering (SRS) [24–29], which are third-order processes. Opposite to second-order
processes, third-order processes can be induced in all materials, resulting in a wide
range of potential applications. Both techniques, CARS and SRS, address one of
the major limitations of linear Raman spectroscopy based methods, which is the
low scattering cross section of spontaneous Raman scattering and the resulting low
signal. This drawback leads to severe limitations in the field of imaging and results
in the need for long acquisition times, constantly requiring compromises between
image size and image resolution. “Spontaneous” in this context means that in linear
Raman spectroscopy all individual molecular vibrations are excited independently
of one another by a single laser frequency and don’t exhibit any phase relationship.

In coherent Raman spectroscopy, two frequencies, xp (p = pump) and xS

(S = Stokes), instead of one Laser frequency are used and by matching the dif-
ference frequency (i.e., the beat-frequency) xp � xS to a specific Raman active
molecular vibration xR, those vibrations can be driven coherently. In CARS
spectroscopy, a third photon can then be scattered in-elastically off this ensemble of
coherently vibrating molecules. From simple energy conservation, it arises that
xaS ¼ 2xp � xS, as depicted in Fig. 25.2. Because of this blue-shift, the CARS
signal does not interfere with fluorescence, which is a major drawback of Raman
spectral imaging. Additionally, the CARS signal is significantly enhanced as
compared to spontaneous Raman spectroscopy, opening the possibilities for fast
imaging of large areas with high resolution and even video rate. These benefits
come at the expense of a lower spectral information since a specific resonance has
to be addressed by choosing xp and xS. To overcome this limitation, broadband
laser sources for the Stokes beam are currently under development [30–32]
enabling true spectral CARS and SRS imaging. Other drawbacks like the need to
meet specific phase-matching criteria are no concerns under the tight focusing
conditions of microscope lenses and therefore don’t cause inconvenience in the
context of imaging [24]. The CARS signal is always accompanied by a
non-resonant background according to Fig. 25.2 leading to a relatively poor con-
trast in CARS imaging. The non-resonant background is largely independent of the
resonant signal and its effect is, therefore, more severe for modes with low Raman
intensities.

In SRS spectroscopy, a photon of frequency xS stimulates the emission of a
second photon of that frequency upon interaction with the virtual state reached by
xp, if xp � xS is equal to a vibrational resonance xR. This leads to an energy
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transfer from the pump beam to the Stokes beam. Depending on whether the loss of
intensity of the pump beam or the gain in intensity of the Stokes beam is detected,
the technique is called stimulated Raman loss spectroscopy (SRLS) or stimulated
Raman gain spectroscopy (SRGS). Since these losses or gains are usually small
compared to the initial laser power, SRLS and SRGS rely on very sophisticated
detection methods. In contrast to CARS, the generated signal is linearly dependent
on the analyte concentration and has no intrinsic background, leading to easier
quantification and better contrast in imaging applications.

Both CARS microscopy and SRS microscopy provide molecular information,
which can be linked with pathological conditions [27, 33–37]. These molecular
information are intrinsic to the respective sample, eliminating the need of intro-
ducing labels or staining techniques. Figure 25.3 shows an example of a CARS
image of a human tissue sample. In this figure, three vibrational resonances (2,845
cm–1, 2,930 cm–1, and 3,030 cm–1) were measured and the corresponding images
are shown on the left. On the right, a combination of the individual images is shown
enabling a non-invasive chemo-morphological characterization of the tissue. In this
combination image nuclei are shown in green, the cytoplasm is represented by red,
and water is shown in cyan. Thus, CARS and SRS might not only add to the
repertoire of pathologists, but potentially even replace common staining techniques.
The combination with computer-aided data analysis such as machine learning or
deep learning [37–40] promises high diagnostic performance. The ultimate goal in
this regard is fast and reliable on-site diagnostics, including in vivo imaging during
surgery.

Typical samples for CARS and SRS microscopy are tissue sections and cell
assays, but also bulk samples can be studied. The 3D imaging capabilities of the
techniques vary depending on the sample type and the laser frequencies but usually

Fig. 25.2 Energy level diagram of different CARS and SRS processes. On the left side, the
non-resonant and resonant CARS process is visualized. On the right side, the SRS processes are
shown
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penetration depths of 100–200 lm are achievable [26] with some studies reporting
even larger penetration depths by using adaptive optics [41]. The maximum reso-
lution for a given set of wavelengths is slightly better than in diffraction-limited
white light microscopy due to the non-linear nature of the processes. Nevertheless,
a compromise between image size, acquisition speed, and resolution must be made.
To meet clinical needs, considerable effort is put into miniaturizing of the devices as
well as making them more reliable and easier to apply [42–45]. In view of the
on-site diagnostic potential, many groups worldwide are currently working on
integrating the technique into endoscopic devices.

Other imaging modalities like second-harmonic generation (SHG) and
two-photon excited fluorescence (TPEF) are often seamlessly integrated into the
same setup since the corresponding signals are generated by the strong laser fields
as a side effect, thus providing additional valuable information. These techniques
are described in the next section.

25.4 Non-linear Processes (SHG, THG, TPEF)

Like described in the previous chapter, non-linear phenomena, like CARS or SRS,
occur, if high-intensity light is interacting with molecules in bio-medical samples.
Besides these Raman-related processes, other non-linear processes are triggered by
high intensities, like two-photon excited fluorescence (TPEF), second-harmonic
generation (SHG), and third-harmonic generation (THG). If these processes are
utilized in microscopic imaging techniques, a fast and non-invasive investigation of
cells and tissue with high resolution and depth of penetration can be performed.

Fig. 25.3 Example CARS image of a human tissue sample. The small images on the top row left
correspond to different mapped vibrations, namely, 2,845 cm–1, 2,930 cm–1 and 3,030 cm–1, while
the images in the lower row show various difference images. The combined false color image on
the right highlights nuclei in green, cytoplasm in red, and water in cyan Reprinted and adapted
with permission from ref [33], Taylor and Francis Group, LLC
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These techniques also intrinsically offer optical sectioning and thus enable imaging
inside thick tissue samples.

TPEF is a non-linear fluorescence technique in which two photons are simul-
taneously absorbed to excite a fluorophore which subsequently emits a fluorescence
photon. Second-harmonic generation (SHG) is a second-order coherent scattering
optical process wherein two photons of frequency x are consumed to form a photon
with twice the frequency 2x of each incident photon. Analogous to SHG, in
third-harmonic generation (THG) three photons of frequency x are consumed to
produce a photon with triple their frequency (3x). The energy level diagrams for
these particular non-linear processes are depicted in Fig. 25.4(a–c).

These non-linear techniques have been employed as a contrast mechanism for
optical imaging purposes and have readily been incorporated into laser scanning
microscopic (LSM) setups [46–48]. In LSMs, a laser beam is focused into a
diffraction-limited spot and is raster scanned across the sample. The tight focusing
and small temporal width of pulsed laser sources lead to high peak intensities strong
enough to induce non-linear effects. A typical LSM used for non-linear imaging is
shown in Fig. 25.4d. The output of a tunable pulsed near-IR laser source is coupled
into the galvanometer mirrors of the LSM. The scanning module of the LSM
consisting of a scan and tube lens directs the beam onto the rear aperture of the
microscopic objective thereby translating the angular deflections of the gal-
vanometer mirrors into lateral scanning of the focal spot in the focal plane. The
signal generated is then collected either in the forward direction (using a condenser)
or in epi-direction (with the focusing objective). Beam splitters are then needed to
separate the generated signal from the excitation beam. The signal is eventually
detected using a photomultiplier tube (PMT) after passing through a series of
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Fig. 25.4 Jablonski diagram of (a) two-photon excited autofluorescence (TPEF), (b) sec-
ond-harmonic generation (SHG), and (c) third-harmonic generation (THG). (d) A laser scanning
microscope (LSM) for non-linear imaging
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detection filters, the selection of which is dependent on the specific non-linear
imaging modality needed.

TPEF microscopy has been used to image a number of endogenous fluorophores
in mammalian tissue. Among these imaged fluorophores are porphyrins, amino
acids, macromolecular proteins like collagen and elastin as well as cofactors such as
FAD and NAD(P)H [49]. Information about autofluorescence, particularly from
NAD(P)H, has been found to be useful in differentiating between healthy and
cancerous tissue [50]. In this regard, TPEF microscopy has been used for tumor
tissue imaging and cancer diagnostics [49, 51].

SHG is a consequence of second-order non-linear susceptibility; therefore, the
incoming photons need to simultaneously interact in a non-centrosymmetric media
to generate the signal at the doubled frequency. Consequently, SHG maps the
distribution of anisotropic biological structures with large hyper-polarizability [52,
53]. Most of the SHG signal in mammalian tissue arises from collagen, a highly
ordered non-centrosymmetric structure [54]. The imaging of collagen with SHG has
been demonstrated to provide information regarding the aging, healing, and tumor
progression [51, 55].

Unlike the SHG process, THG is the result of third-order non-linear suscepti-
bility, which is existing for all materials [48]. THG signal is dependent on optical
heterogeneities of objects in the probed medium which allows the imaging of
otherwise transparent samples [56]. For instance, THG has been used to image lipid
droplets in the aqueous environment of cell cytoplasm using the significant differ-
ences in the optical properties of lipid and water [57]. THG also has found versatile
applications in cell and tissue research within the context of cancer diagnostics [58].

In general, these non-linear techniques allow the characterization of morpho-
logical alterations associated with malignant transformation such as increase in
nuclear size and nuclei-to-cytoplasm ratio and loss of epithelial architecture in a
label-free manner [59, 60]. An example image of a larynx section combining CARS
(red), SHG (blue), and TPEF (green) is shown in Fig. 25.5 together with a H&E
stain of the same section [40]. It can be seen that different tissue structures can be
differentiated either using the stained section or the multimodal image. In this
image, fiber structures are highlighted by SHG in blue and the epithelium is
characterized by an increased CARS signal in red.

25.5 Fluorescence Lifetime Imaging (FLIM)

Besides the above-described TPEF, also other fluorescence-based imaging tech-
niques exist. The most prominent fluorescence-based imaging technique is
one-photon fluorescence imaging, which is usually applied in combination with
exogenous labeling. After labeling, the spatial distribution of the labels and hence
the spatial distribution of the labeled structures can be visualized. Besides the
fluorescence intensity of the fluorophores also the fluorescence lifetime features
important information about the fluorophore of interest. Often fluorophores can be
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differentiated by their lifetime even though a differentiation based on their spectrum
is not possible leading to an increased multiplexing capability of fluorescence
lifetime imaging (FLIM). The fluorescence lifetime of endogenous fluorophores in
bio-medical samples typically varies in the range from hundreds to thousands of
picoseconds [61, 62]. Because the fluorescence lifetime is sensitive to the local
micro-environment of the fluorophore [63], FLIM can be used to monitor subtle
changes in the chemical composition of tissues as it is induced by disease pro-
gression, e.g., by cancer growth [64, 65].

In general, two dominant methods are used for FLIM, the time-domain tech-
nique and the frequency-domain technique. In the time-domain technique, the
fluorescence signal is acquired as function of time delay, while for the
frequency-domain method the phase difference between excitation and fluorescence
signal is measured [24]. There are many variations for each approach according to
sampling techniques, detection techniques, and the type of microscope, which need
to be selected according to the target application [24]. The most often applied
(time-domain) FLIM detection techniques are time-correlated single photon
counting (TCSPC) or the utilization of time-gated CCDs. Besides these FLIM
concepts, also fiber-based FLIM measurement concepts exist [67]. Currently,
two-photon FLIM (2p-FLIM) combining two-photon excited fluorescence (TPEF)
and FLIM is a very active field of research [68]. 2p-FLIM setups are based on laser
scanning microscopes equipped with ultrafast pulsed lasers in the near-infrared

Fig. 25.5 Multimodal image of larynx tissue section (a) and the same section after a H&E stain
(b) was applied. In the multimodal image, red, blue, and green represent CARS, SHG, and TPEF.
The bar represents 500 lm and the images were taken from Heuke et al. [40]. See text for more
details
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range as excitation light source. This technique enables single-point fluorescence
lifetime measurements with significantly reduced photo-bleaching and provides
substantially deeper penetration into tissue samples.

An example of 2p-FLIM system and fluorescence decay curves from different
dyes is described in Fig. 25.6 [66]. The beam is scanned by scanning mirrors (one
is a resonant scanning mirror (RM) for the fast axis and another is a galvo-mirror
(GM) for the slow axis) and focused on the sample through microscope optics. The
synchronization of data sampling clock of the detected signal from PMT and laser
pulse clock is precisely tuned to secure time-locked sampling of each dataset.

FLIM allows for imaging the metabolic activity within cells and tissues by
differentiating quantitative shifts of NAD(P)H fluorescence lifetime. Thus, FLIM
has the potential to study possible metabolic rearrangement in various pathologies,
particularly in cancer [70]. Figure 25.7a [66] presents 2p-FLIM images of breast
cancer cell lines of two different metabolic profiles, MDA-MB-231 and MCF-7,
showing a dramatic increase in cytoplasmic NADH fluorescence lifetime in MCF-7
compared to MDA-MB-231. In addition to this, NADH fluorescence is clearly
identified with shorter lifetime from elastin fluorescence of the seminiferous
tubules.

Another example of FLIM is shown in Fig. 25.7b, which is a 3D image stack of
fluorescence lifetime components and their fractional distribution for normal and
pre-cancerous samples [69]. In the results, the distribution of each fluorophore at
different layers can be estimated by visually color-coded images.

25.6 Machine Learning for Spectral and Image Data

The imaging modalities presented in the former sections result either in images or
spectral scans. In order to use this data for diagnostic tasks, the data needs to be
translated into medical relevant information. For images, this translation can be

Fig. 25.6 2p-FLIM system design (a) and representative fluorescence decay curves of standard
fluorescence dyes (b) Reprinted and adapted with permission from ref [66], OSA
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done—in principle—by manual inspection. For higher dimensional spectral scans,
this approach is not possible. Even though the manual inspection is possible for
image data, an automatic approach is advisable for both data types, because such an
approach can convert tiny spectral features and image structures into medical rel-
evant information. To do so, either machine learning or chemometrics is applied
[71]. Both techniques are not differing much, but the term “machine learning” [72]
is often used for images, while “chemometrics” [73] is utilized for spectral data
analysis models. We will stick to this terminology throughout the section.

If chemometrics is utilized to analyze spectral data, like the described Raman
spectra (Sect. 25.2), CARS spectra, and SRS spectra (Sect. 25.3), automatic data
pipelines to analyze the spectra are constructed. Such a data pipeline combines data
pretreatment, data pre-processing, and analysis methods. For the Raman spectra, the
pretreatment consists of a spike correction, wavenumber, and intensity calibration
[74]. In the case of CARS spectra, additional phase retrieval methods have to be
applied [75]. Thereafter, baseline correction, filtering, and normalization have to be
combined [76] to pre-process and standardize the data. Analysis methods can be
applied afterwards to the pretreated and pre-processed spectra. The analysis

Fig. 25.7 FLIM images. a 2p-FLIM images. (a) tile image of size 2.5 mm � 2.5 mm of a rat
testis sample. (b) Zoom area of indicated area in (a). The white arrow corresponds to elastin
fluorescence. (c) represents the lifetime histogram of (a). Blue arrow indicates the lifetime of
elastin, while large peak corresponds to the lifetime of NADH. Reprinted and adapted with
permission from ref [66], OSA. b FLIM images of normal and pre-cancerous hamster cheek
pouch. While panel (a–c) represents normal tissue, (d–f) shows altered tissue. The column
(a) represents a2, e.g., the contribution of the long lifetime component, while column (b) shows the
short lifetime component s1. The long lifetime s2 is visualized in panel (c–f). The image size is 100
lm � 100 lm Reprinted and adapted with permission from ref [69], SPIE
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methods can be either factor analysis methods, clustering, or classification methods.
While factor methods can be utilized for a dimension reduction, clustering methods
can be used to highlight different groups in the data without knowing them.
Classification methods can be utilized to model group differences in a supervised
manner. After training of such a classification model, it can be used as diagnostic
model [72, 73].

Machine learning can be utilized to analyze image data and like described above
a data analysis pipeline is constructed [71]. Image data can be derived in the case of
TPEF, SHG, THG, FLIM, CARS, and SRS microscopies. For these image data, a
pre-processing pipeline including flat-field correction [77], filtering and scaling
needs to be applied. In the case of FLIM, the images, which should be analyzed,
need to be generated first. This image generation is done by various fitting pro-
cedures, either in a global or individual manner [78]. The pre-processed or gen-
erated images are then analyzed using machine learning. In case of classical
machine learning, first image features are extracted from the images, which are
subsequently analyzed with the chemometric techniques described above [71]. The
other option is the application of deep learning techniques, which perform an
intrinsic feature extraction and modeling. Deep learning is constructing a highly
parametrized model, which can be used as feature extraction method in combination
with a classification model [72, 73].

25.7 Summary

In this chapter, we described imaging methods, which can be used to study
bio-medical samples. We restricted ourselves to imaging modalities, which are
non-destructive and can be used without adding a label, but leading to a quantifi-
cation of the bio-chemical composition of the sample. In that way, the presented
imaging techniques can be utilized to measure bio-medical samples and the
information can be used for diagnostic applications or to gain deeper insight into the
processes ongoing in the sample. We described a number of measurement tech-
niques, namely, Raman spectral imaging, CARS, SRS, TPEF, FLIM, 2p-FLIM,
SHG, and THG and shortly reviewed the application of these techniques for
measurements of bio-medical samples with a focus on cancer diagnostics or
oncological applications. At the end, we described how chemometrics and machine
learning are utilized to extract bio-medical information from the generated data. The
extracted information can be subsequently used for diagnostic applications or to
gain a deeper insight into the bio-medical samples.
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26.1 Introduction

Over the past decades, brain tumor surgery has undergone large changes as medical
technology and surgical experience have grown. A milestone was the introduction
of the microscope and microsurgical techniques by Yasargil [129]. The paradigm of
brain tumor surgery has shifted from removing tumor that is obvious to the human
eye to resection of malignant cells beyond the scope of the microscope and visual
inspection aided by technological innovations. In the treatment of gliomas, an
independent factor for better outcome regarding overall survival (OS) and
progression-free survival (PFS) that can be directly influenced by the neurosurgeon
is the extent of resection (EOR) [7, 58, 65, 96, 115]. It is well known that gliomas
infiltrate surrounding brain parenchyma in a manner that is not perceived by the
human eye even with the aid of the surgical microscope and infiltrated brain often
cannot be differentiated from normal brain tissue based on tactile features.

Therefore, several attempts have been undertaken during the last decades to
develop techniques for better tumor visualization and identification, aiming at higher
EOR. Among them are techniques such as neuronavigation, intraoperative ultra-
sound, intraoperative magnetic resonance imaging (iMRI), and, more recently,
fluorescence-guided surgery (FGS). Especially the latter has taken the process of
intraoperative tissue visualization to another level with the potential of true real-time
imaging of tumor without any interruptions to surgery for identifying tumor.
Recently, other highly precise techniques have been introduced and are being
translated into clinical medicine, promising even more exact delineation of tumor
tissue, such as confocal microscopy, Raman spectroscopy, or targeted fluorescence
opening the frontiers to real-time intraoperative molecular and cellular imaging.

All these tools have improved the ability of the surgeon to identify tumor tissue
and distinguish tumor from normal brain parenchyma. In this chapter, the different
techniques with their applicability in brain tumor surgery and their benefits and
limitations will be discussed.

26.2 Conventional Intraoperative Imaging

Conventional intraoperative imaging techniques like neuronavigation and ultra-
sound are the basis for most cases in brain tumor surgery and have been well
integrated into the operative setting in neurosurgery.

26.2.1 Ultrasound

Intraoperative ultrasound provides an easy, cost-effective, and rapidly available
method for localization of lesions prior to durotomy and residual tumor during
tumor resection. It is a dynamic method that enables visualization of tumor borders
and adjacent normal brain structures and anatomy [76]. It has been shown that use
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of ultrasound has the potential to increase the grade of resection and thus improving
outcome [93]. Ultrasound is more effective with cystic and heterogenous lesions
with different echogenicities from the cortex. Some navigation systems use intra-
operatively acquired data from the ultrasound to update navigational data to avoid
the limitations of brain shift [67]. However, peritumoral edematous tissue also
appears hyperechogenic and can be confused with brain tumor, potentially resulting
in resections being carried into functional brain and thus potentially endangering
the patient’s neurological function [92] (Fig. 26.1a).

26.2.2 Neuronavigation

Neuronavigation has become a ubiquitously available and indispensable tool for the
surgical treatment of brain tumors. Neuronavigation is based on three-dimensional
preoperative radiological imaging data, which is merged with the patient`s anatomy
by registration [104]. The navigation system consists of a reference arm attached to
the head clamp that is fixed to the surgical table. Infrared cameras track the position
of the probe relative to the fixed reference arm and preoperative imaging is shown
on the screen with the real-time intraoperative position of the probe [76]. Imaging
acquired preoperatively, such as CT, MRI, and PET, can be entered into the neu-
ronavigation software and provides the neurosurgeon with intraoperative almost
real-time localization and orientation. Anatomical information and data on the
extent of the tumor and its relation to adjacent structures can be gained from the
system, leading to higher surgical accuracy and precision for the resection of brain
tumors [104].

Furthermore, functional data can be incorporated into the neuronavigation sys-
tem. Functional MRI (fMRI) can help identifying localization of functional brain
regions, e.g., for language and motor functions [138].

Diffusion tensor imaging (DTI) is based on the preferential diffusion of water in
the direction of white matter tracts within the central nervous system [3, 76]. These
data can be added to the navigation system to give detailed information on sub-
cortical fiber tracts, e.g., the corticospinal tract, that could be at risk during tumor
resection [25]. In addition, neuronavigation is very useful for planning the surgical
approach and craniotomy [42].

However, there are distinct limitations using neuronavigation. A major issue is
loss of accuracy due to intraoperative brain shift caused by positioning, application
of mannitol, drainage of cerebral spinal fluid (CSF), and bulk tumor resection, as
navigational systems rely on preoperative imaging. A further limitation is that most
navigational systems display the information used during surgery on a screen
outside the surgical field, forcing the surgeon to draw his attention away from the
surgical field to a screen. However, modern neuronavigational systems enable
injecting navigational information into the display within the operating microscope
(Fig. 26.1b, c).
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26.2.3 Intraoperative MRI (iMRI)

Intraoperative MRI (iMRI) has been introduced in the 1990s [124] and has since
undergone several improvements. iMRI has the propensity for providing images
during surgery and for updating the information on the navigation system to correct
for changes in anatomy due to brain shift [41]. In addition, iMRI can be used to
identify residual tumor and to improve the extent of tumor resection. A randomized
controlled trail evaluating the benefit of iMRI in glioma surgery performed by Senft
et al. demonstrated a gross total resection (GTR) rate of 96% in the iMRI group
versus 68% in the control group, operated with conventional microsurgery [106].
Especially, in the treatment of low-grade gliomas (LGG) several studies demon-
strated the potential of iMRI, with a 30–60% of return to surgery after initial
resection to address residual tumor identified on iMRI [55, 107, 108].

Despite the increasing use of iMRI, there are disadvantages as this technology
comes with high costs, is time-consuming, and prolongs the duration of surgery and
anesthesia. iMRI cannot be used for patients with ferromagnetic implants. Fur-
thermore, the frequent application of gadolinium might lead to extravasation in the
resection cavity, impeding interpretation of imaging.

26.3 Fluorescence-Guided Brain Surgery

For neurosurgeons, the ability to differentiate abnormal from normal tissues is of
utmost importance in order to perform safe and effective surgery. In this regard,
fluorescence-guided surgery (FGS) has shown to be extremely helpful for visual-
ization and delineation of pathological tissues. In principle, FGS is based on the
administration of optical imaging agents to patients prior or during surgery that are
selectively accumulated in tumor tissues. FGS was first described for neurosurgery
by George E. Moore in 1947, who showed that glioma and meningioma cells could
be better visualized by fluorescence after intravenous application of fluorescein
[70]. This ability of real-time intraoperative detection of tumor tissue has further
developed throughout recent years with the great advantage of intraoperative
visualization of tumor tissue independent from neuronavigation, which is often
affected by brain shift [28]. Besides fluorescein, two further agents have been
introduced into the field of neurosurgery, 5-aminolevulinic acid (5-ALA) [119] and
indocyanine green (ICG) [83].

Fig. 26.1 Techniques for intraoperative imaging. a Ultrasound. The lesion can be seen transdural
and can be clearly distinguished from normal brain structures (red arrow). b MRI: Patient with
fiber tracking (pyramid tract) for intraoperative orientation and planning of surgical approach.
c Setting in the operating room with simultaneous use of ultrasound (red arrow), neuronavigation
with display (blue arrow) and camera (yellow arrow)

b
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26.3.1 5-Aminolevulinic Acid (5-ALA)

5-aminolevulinic acid (5-ALA) is a natural metabolite in the hemoglobin pathway.
5-ALA is metabolized into protoporphyrin IX (PpIX), a strongly fluorescent pre-
cursor of heme. Glioma cells selectively take up 5-ALA, convert this to PpIX,
resulting in tumor cell fluorescence [14, 117]. Fluorescence can be visualized by
coupling the surgical microscope to a xenon light source that is capable of
switching between white and violet-blue light (wavelength: 370-440 nm) and
adding an emission filter in order to visualize the red tumor fluorescence at a peak
of 635 and 704 nm [117]. Besides the visualization of fluorescence, the filters
enable sufficient background discrimination in order to perform major parts of
surgery under conditions suitable for visualizing fluorescence. At present, all
modern surgical microscopes offer adjuncts with the ability to visualize PpIX
fluorescence. 5-ALA (brand name Gliolan® in the EU or Gleolan® in the US) is
administered as an oral solution at a dose of 20 mg/kg body weight 3 h before
induction of anesthesia. Plasma clearance is achieved within 2 h after administra-
tion [118]. Peak fluorescence can be expected after about 6–8 h, with fluorescence
beginning to become visible after about 3 h [48, 117, 120]. Typically, high-grade
gliomas show solid red fluorescence with a slightly pink fluorescence at the tumor
margins, representing the tumor-infiltrating zone [113]. Several studies demonstrate
toxicological safety. At most, 5-ALA leads to transient skin phototoxicity or
temporarily elevated liver enzymes [114, 128].

5-ALA is the most widely studied fluorescent agent worldwide and has been
approved as the only optical imaging agent by both the U.S. Food and Drug
Administration (FDA) and the European Medicines Agency (EMA) for real-time
visualization of malignant tissue during glioma surgery. Next to its clinical appli-
cation in malignant gliomas, several studies confirm benefit for resection in other
primary and metastatic brain tumors, such as meningiomas, brain metastases, and
pediatric brain tumors [19, 24, 38, 46, 71, 141].

26.3.1.1 5-Aminolevulinic Acid in High-Grade Gliomas
High-grade gliomas (HGGs) are the most frequent primary malignant brain tumors
in adults and are known to be highly infiltrative tumors [10]. Glioblastoma is
characterized by a poor prognosis with median survival of 15 months and a 2-year
survival rate of 17.4% [52, 78]. Typically, the solid tumor core is surrounded by
normal brain with invading tumor cells and no histologically distinct border.
Despite the fact that surgery is never curative, given the infiltrating nature of
high-grade gliomas, the benefit of complete resection of contrast-enhancing tumor
regarding overall survival has been shown in several studies, all supporting max-
imal safe resection [7, 58, 65, 96, 115]. Identification and complete resection of
contrast-enhancing tumor only by the unenhanced visual impression or haptic
information is almost impossible to achieve [75].
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5-ALA can aid in the visualization of glioma tissue. The first clinical usage was
reported in 1998 in a cohort of nine high-grade glioma patients, revealing a high
sensitivity of 85% and specificity of 100% for detection of malignant tissue [119].
A phase III randomized controlled multicenter trial revealed that 5-ALA enables
more complete resections of contrast-enhancing tumor (65% of patients assigned to
the 5-ALA group compared with 36% of those assigned to the conventional surgery
white light group, p < 0.001), leading to improved 6-month progression-free sur-
vival (41.0% in the 5-ALA group versus 21.1% in the white light group) [114].
Since this study, 5-ALA has been widely used in resection of high-grade glioma.
The resection rates of 65% initially reported in that study have improved over the
last years due to a gain in experience and the addition of modern intraoperative
monitoring and brain mapping methodology, allowing safe resections even in
eloquent regions. At present, resection rates between 80 and 100% are reported [13,
18]. Strong 5-ALA fluorescence shows a strong correlation with contrast
enhancement on MRI, while marginal, weaker pink fluorescence often exceeds the
contrast-enhancing margins, representing the infiltration zone [121] (Fig. 26.2).
Strong correlations between histological grading, features of malignancy, a higher
Ki-67/MIB-1 index, and the intensity of 5-ALA fluorescence were observed
[37, 90].

26.3.1.2 5-Aminolevulinic Acid in Recurrent High-Grade
Gliomas

In recurrent high-grade gliomas, several small non-randomized patient cohorts
suggest that completeness of resection of contrast-enhancing tumor also results in
better survival [82, 89, 122]. Therefore, 5-ALA-guided resection also seems to be
an attractive approach for recurrent glioma, as corroborated by several studies.
Mean rates of complete resection of 91% have been described using 5-ALA [32]. In
addition, longer OS was associated with 5-ALA FGS in recurrent gliomas com-
pared to patients undergoing repeat surgery without 5-ALA [32]. However, the
utility of 5-ALA might be impacted by post-therapeutic tissue changes such as
gliosis, necrosis, and vascular hyalinization [6, 17, 126], affecting specificity and
sensitivity. Positive fluorescence was reported in the vast majority of recurrent
high-grade gliomas and was regarded a good predictor for the presence of tumor
[32, 45, 73, 133]. However, in contrast to the findings in primary glioma the
absence of fluorescence is not essentially a reliable marker for absence of tumor
[59]. In some cases, no active tumor tissue could be diagnosed despite visible
fluorescence linked to reactive tissue changes or inflammation [45, 133]. In sum-
mary, the use of 5-ALA appears to be feasible in recurrent gliomas, keeping in mind
possible false positive or negative fluorescence and the not yet understood impact of
adjuvant tumor treatment on the degree of fluorescence.
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26.3.1.3 5-Aminolevulinic Acid in Low-Grade Gliomas
There is clear evidence that more extensive resection of low-grade gliomas
(LGG) results in improved outcomes [31, 94, 110]. Consequently, the aim of
surgery is maximal safe tumor resection. A challenge in surgery of LGG is the fact
that these tumors often show only slight differences in texture and consistency
compared to normal brain. LGG often demonstrate histological heterogeneity with
circumscribed areas of malignant transformation (anaplastic foci) [81]. Most LGG
do not reveal visible 5-ALA fluorescence; however, several studies demonstrated
correlations between 5-ALA fluorescence and patchy/faint contrast enhancement on
preoperative MRI, areas with higher metabolic activity in PET and higher prolif-
eration rate [26, 39, 140]. Consequently, the use of 5-ALA enables intraoperative
identification of anaplastic foci, more precise histopathological diagnoses, reducing
the risk of histopathological undergrading and enabling allocation of patients to
proper adjuvant treatment. At present, the use of 5-ALA in suspected LGG is
recommended in case of patchy or faint contrast enhancement on MRI and in case
of 18F-FET-PET hot spots with a standardized uptake value (SUV) greater than 1.9
[39] (Fig. 26.3).

Fig. 26.2 5-ALA-guided resection of glioblastoma. a Tumor under white light, delineation
between tumor and normal tissue is almost impossible. b Tumor under violet light, showing a clear
and solid fluorescence in tumor tissue and a vague fluorescence at the border and infiltrating zone.
c Screenshot from neuronavigation, demonstrating the area of the above-taken images. 5-ALA
fluorescence goes beyond the borders of the contrast enhancement on MRI, enabling a higher
extent of resection

Fig. 26.3 a MRI T1+Gd before and after surgery (a and b) with corresponding F18-FET-PET
imaging pre- and postoperatively (c and d). The enhanced metabolism of the tumor can be
visualized using PET imaging. Images are reprinted with permission of the Department of Nuclear
Medicine, University Hospital Münster, Germany

b
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26.3.1.4 5-Aminolevulinic Acid in Other Brain Tumors
In addition to the wide use of 5-ALA for glioma surgery, several studies demon-
strated the utility of 5-ALA as a surgical adjunct for resection of other brain tumors.
In meningioma surgery, 5-ALA fluorescence can help to identify tumor infiltration
of dura, brain, bone, and satellite lesions beyond the tumor bulk allowing to
maximize resection [19, 69, 71, 134, 141] (Fig. 26.4).

Cerebral metastases have a high local recurrence rate even after assumed com-
plete surgical resection, often due to residual tumor tissue [46]. In order to improve
the degree of resection, some groups studied the use of 5-ALA for resection of
cerebral metastases. Altogether, 5-ALA fluorescence has been observed in only half
of all studied cerebral metastases [47, 131]. Studies suggested that 5-ALA does not
allow reliable visualization of residual tumor after resection and so far, there are no
known predictors for positive 5-ALA fluorescence in metastasis [46, 131].

Spinal cord ependymomas frequently show strong 5-ALA fluorescence and this
technique was shown to be useful for differentiating tumor from normal tissue [38].

In the pediatric brain tumor population, promising results have been found
regarding the use of 5-ALA for resection of astrocytomas, glioblastomas,
ependymomas, and medulloblastomas [24, 91, 105, 116].

Fig. 26.4 Usage of 5-ALA in meningioma. After dural opening, 5-ALA-induced fluorescence of
tumor tissue is visible (a, c: white light, b, d: violet light)
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In cases of cerebral lymphoma, application of 5-ALA appears to help in
obtaining representative biopsy samples as most lymphomas show positive 5-ALA
fluorescence [142, 143].

In addition, 5-ALA fluorescence-guided surgery has been described in single
cases for resection of hemangioblastoma [132], subependymomas [5], and germ
cell tumors [127].

5-ALA appears to bear potential for the resection of different non-glial brain
tumors in individual cases; however, only case reports are available so far, with the
difficulty of drawing conclusions at this time. Prospective studies are warranted to
evaluate the benefit and full value of 5-ALA-guided surgery in these tumor entities.

26.3.2 Fluorescein

Fluorescein sodium has been discovered almost 150 years ago and is nowadays
mostly used in ophthalmology for detection of corneal abrasions and for retinal
angiography [85, 98]. A possible utility for neurosurgery was first suggested by
George E. Moore in 1947, showing that glioma and meningioma cells could be
differentially visualized by fluorescence after intravenous application of fluorescein
[70]. Fluorescein is considered as a robust, inexpensive, and safe fluorescent bio-
marker with characteristic yellow-green fluorescence. Its peak absorption spectrum
occurs at 465–490 nm with emission peaks at 500–530 nm. Fluorescein fluores-
cence can also be discriminated under white light [57, 109]. After intravenous
administration, fluorescein is distributed systemically through the bloodstream and
extravasates into regions with increased vascular permeability, abnormal vascula-
ture, and neovascularization [70]. Under normal circumstances, circulating
fluorescein is excluded from normal brain tissue by the blood–brain barrier
(BBB) [100]. In case of disruption of the BBB, for example, in tumors, fluorescein
accumulates in the extracellular space of tumor tissue and can be visualized under
yellow-filtered (560 nm) light [57].

A surgical microscope enabling visualization of fluorescein was introduced for
resection of high-grade glioma [57]. Nowadays, a variety of fluorescent filters are
available, e.g., the YELLOW 560 system (Carl Zeiss) or the FL560 System (Leica
Microscopes).

Fluorescein can also be visualized as a yellow dye under the white light of
surgical microscopes at high concentrations. However, lower concentrations of
fluorescein can be used when using specialized microscopes equipped with
appropriate emission filters. A dose of 3–5 mg/kg body weight is administered
intravenously after induction of anesthesia [22, 29]. Fluorescein is eliminated
renally and mostly free of side effects apart from leading to transient discoloration
of skin and urine after administration. Single cases of anaphylactic shock have been
reported [23].
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26.3.2.1 Critical Points/Problems with the Usage of Fluorescein
Recent studies have confirmed fluorescein staining not to be tumor-cell-specific
[22]. Additionally, fluorescein mainly marks areas with BBB breakdown, which are
somewhat, but no strictly related to tumor tissue. Thus, fluorescein serves as an
excellent marker of edema propagation [111, 112]. There is no real consensus on
timing of administration of fluorescein before surgery and dosage in the current
literature, although this is critical due to the fact that extravasation and distribution
of this agent follow a certain time course regarding plasma fluorescein contents,
perfusion of brain, and finally extravasation. After a half-life of 4 and ½ h,
intravascular fluorescein will slowly subside, resulting in prolonged staining of
normal perfused brain, while being extravasated and traveling with edema through
peritumoral tissue, raising the danger of staining non-tumorous tissue [111]. Con-
sequently, the timing of surgery is critical and duration of craniotomy and prepa-
ration before reaching the lesion have to be considered. A further aspect
confounding applicability of fluorescein is the problem with surgical injury of
normal brain tissue, which will lead to unselective extravasation of fluorescein from
the bloodstream along the cut margins.

Consequently, further studies are required to evaluate fluorescein in the context
of tumor histology, timing of administration, illumination, tissue perfusion, and
edema. In summary, from the current point of view, the abovementioned con-
founders have to be considered using a fluorophore that does not have a specific
tumor–fluorophore interaction and is rather a marker of BBB integrity.

26.3.2.2 Fluorescein-Guided Surgery for High-Grade Gliomas
With the success of 5-ALA-guided glioma resection regarding the improvement of
the extent of resection, several studies have attempted to evaluate the use of the
more inexpensive agent fluorescein regarding its usefulness in improving EOR in
malignant gliomas [1, 11, 74, 88, 98]. The groups of Schebesch and Acerbi reported
a gross total resection rate of 80% in their series of n = 35 and n = 20, respectively,
high-grade glioma patients using YELLOW 560 filter [1, 100] (Fig. 26.5). Other
studies reported GTR in up to 100% of cases using fluorescein, and additionally
showing that intraoperative fluorescence correlated well with contrast enhancement
on MRI scans [2, 22]. Sensitivity and specificity analyses after administration of
low-dose fluorescein revealed a sensitivity of 94% and a specificity of 90% [1]. In
2011, a phase II trial (FLUOGLIO) started to evaluate the safety and efficacy of
fluorescein-guided glioma surgery, showing that this approach is feasible, safe [2].
However, the current evidence for usage of fluorescein in high-grade gliomas is still
limited to small cohort studies with inherent case selection issues. No further
prospective randomized controlled trials are available that investigate the possible
benefit of fluorescein in terms of survival and EOR.
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Interestingly, the simultaneous usage of fluorescein with 5-ALA has been
investigated for the resection of high-grade glioma. This concept results in better
background discrimination from circulating fluorescein while retaining the selec-
tivity of 5-ALA-induced porphyrins for discriminating tumor [123].

26.3.2.3 Fluorescein-Guided Surgery for Cerebral Metastases
GTR of cerebral metastases is known as an independent predictor of patient sur-
vival [44]. Consequently, intraoperative imaging that helps in increasing EOR is in
focus to improve outcome. The benefit of fluorescein in improving extent of
resection (EOR) has been shown for metastases, yielding 83–100% GTR. In
comparison with traditional white light microscopy, GTR has been reported to be
achieved in 54–74% [29, 35, 80].

26.3.2.4 Fluorescein-Guided Surgery for Other CNS Tumors
As in 5-ALA-guided surgery, more and more reports on fluorescein-guided
resection of other CNS tumors are becoming available. However, so far, there are
only studies with small patient numbers and without standardized protocols for the
administration of fluorescein. Fluorescein has been described as helpful for resec-
tion of convexity meningioma, enabling visualization and differentiation of
meningioma and its dural tail from normal brain and dura [16]. Furthermore,
fluorescein might help to enhance contrast between normal brain structures and
cranial nerves and meningiomas in skull base surgery [15]. Primary central nervous
system (CNS) lymphomas are typically treated with radio- and chemotherapy.
However, a surgical biopsy is usually required. Fluorescein has been shown to help
visualizing lymphomas by delineating malignant tissue from normal brain [29, 99].

Fig. 26.5 Fluorescein-guided resection of malignant glioma. Intraoperative view of a malignant
glioma under white light (a) and after application of fluorescein under YELLOW 560 filter
(b) before corticotomy. Reprinted with permission [35]
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26.3.3 Indocyanine Green (ICG)

Indocyanine green (ICG) is a tricarbocyanine with fluorescence in the near-infrared
range with a peak emission at 780 nm and excitation at 810 nm. ICG was approved
by the Food and Drug Administration (FDA) in 1959, providing information of
liver and cardiocirculatory functions, and later widely used for ophthalmologic
applications [12, 87]. The group of Raabe et al. was the first to describe the use of
ICG for visualization of blood flow in cerebral vessels exposed in the surgical
microscope field, a technique now known as ICG videoangiography [83]. ICG
videoangiography was originally used to provide augmentive information on
cerebrovascular pathologies and especially used for vascular cases (aneurysms and
arteriovenous malformations) [30, 84]. In addition, the utility of ICG to help
understand the angioarchitecture of hypervascular tumors, e.g., in case of heman-
gioblastomas and to identify surrounding vessels has been described. This helps in
understanding the angioarchitecture related to the tumor and hereby increasing the
safety of the procedure. Following the intravenous administration of 0.2–0.5 mg
ICG/kg, NIR light (range 700–850 nm) is used to excite the dye, and a NIR camera
—integrated into the latest generations of surgical microscopes—captures the
emission at 780–950 nm of the molecules flowing through the vessels.

The use of ICG is safe with an incidence of adverse reactions ranging from
0.05% for severe side effects such as hypotension, arrhythmia, anaphylactic shock
to 0.2% for mild or moderate side effects such as nausea, skin eruption, and pruritus
[83].

A growing body of research has led to the utilization of ICG in neuro-oncological
surgery as well. One technique has been referred to as second-window ICG (SWIG),
a procedure in which higher doses up to 5.0 mg/kg are administered to the patient up
to 24 h in advance of surgery with intraoperative imaging [61]. Within the 24 h, ICG
accumulates in the tumor tissue due to enhanced permeability within the tumor and
selective retention effects [125]. It is assumed that ICG binds to serum albumin and
can pass through the disrupted blood–brain barrier. ICG is retained possibly due to a
lack of drainage [61, 125]. However, the exact mechanisms of retention are not
entirely clear.

Unlike 5-ALA-PpIX and fluorescein, which emit fluorescence within the visible
spectrum, ICG’s excitation and emission are in the near-infrared (NIR) region of the
spectrum [137]. These properties enable visualization of ICG fluorophore situated
deeper in the tissue since longer wavelength excitation and emission light undergo
less absorption than shorter wavelength [137]. Therefore, ICG permits visualization
of tumors up to a depth of 2 cm and through the dura, facilitating planning of dural
opening and corticectomy. On the other hand, NIR cameras are necessary and for
the moment ICG fluorescence can only be visualized on the video screen and not
directly within the cavity during surgery.

Studies revealed ICG fluorescence to be detectable in contrast-enhancing glio-
mas and have discussed ICG’s value for the detection of tumor margins. Strong
tumor-to-background fluorescence ratios were found and fluorescence appeared to
correlate with the degree of contrast enhancement on preoperative MRI [61]. So far,
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there are no studies demonstrating a benefit for extent of resection in glioma sur-
gery. Furthermore, ICG is not tumor-specific, incorporating the risk of resection of
normal false positive tissue.

In addition, some authors suggest the usage of second-window ICG in order to
visualize residual tumor and the margins in surgery for metastases and meningioma
[62, 63]. However, the benefit of this intraoperative tool warrants further
investigation.

26.4 Novel Techniques

Despite several advantages and the broad use of wide-field fluorescence imaging
techniques, there are some limitations regarding sensitivity for the detection of
malignant cells. Improvements in FGS are ongoing and further techniques are being
developed to improve brain tumor surgery. Most of these advanced technologies are
in their fledgling stage and are presently subject to intensive research.

26.4.1 Tumor-Targeted Alkylphosphocholine Analogs
for Intraoperative Visualization

A major aim in surgery of malignant brain tumors is complete resection of tumor
cells while sparing healthy brain parenchyma. To this end, cancer-targeted
alkylphosphocholine analogs (APCs) attached to fluorophores are being explored
for intraoperative visualization of tumor cells. APC analogs are small synthetic
phospholipid ether molecules that are taken up by tumor cells through overex-
pressed lipid rafts and undergo prolonged retention due to decreased catabolism
[33, 139]. APC analogs were originally developed for PET imaging and targeted
radiotherapy and appear to have a broad tumor-targeting potential [139]. Two
fluorescent APCs (CLR1501-green fluorescence and CLR1502-near-infrared
fluorescence) have been found to label tumor cells in a glioblastoma xenograft
model with a high cancer cell selectivity [125]. Future step of this technology,
which is translating into clinical use, is the development of a dual-labeled APC
enabling NIR fluorescence with deep tissue penetration and PET imaging with the
same agent. This offers the possibility of synergistic diagnostic detection of tumor
cells and usage at multiple phases of tumor management with regard to tumor
resection, staging, and possible localized radiotherapy. However, up to date, these
are preclinical data and the benefit in the management of brain tumor patients has
yet to be determined [56, 144].
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26.4.2 Confocal Endomicroscopy

A major problem with wide-field fluorescence-guided surgery is the lack of high
resolution and the subjective interpretation of fluorescence intensities, challenging
delineation of normal brain tissue and tumor tissue especially in glioma surgery and
at the tumor margins. Predictions of grade to predict tumor grade from preoperative
imaging in glioma surgery are often uncertain [72]. Therefore, time-consuming
intraoperative frozen sections are regularly performed. However, there are some
shortcomings about frozen-section pathology as it can be non-diagnostic or mis-
leading in some cases [130].

To overcome these limitations, confocal endomicroscopy has been recently
introduced into the field of neurosurgery, a technique that allows standard neu-
ropathological diagnostics as a real-time intraoperative technique [27, 66]. The
system consists of a handheld probe that uses a single optical fiber for illumination
and detection and displays high-resolution images with up to 1000-fold magnifi-
cation to a movable LCD workstation [34]. Tissue contrast is achieved by
administration of fluorescent dyes, e.g., fluorescein [27].

This “optical biopsy” facilitates surgeons to detect tumor remnants at resection
margins with higher accuracy and in especially critical and eloquent regions were
an aggressive maximal extent of resection is not possible and can be probed with
confocal endomicroscopy for measurement of tumor cell densities before resection.

In cases of LGG, which often do not show visible PPIX fluorescence, intraop-
erative confocal endomicroscopy is able to visualize the presence of even small
amounts of fluorescence in tumor cells [97]. Furthermore, visualization of tumor
cells with confocal endomicroscopy has been shown for a variety of brain tumors,
including meningiomas, hemangioblastomas, gliomas, and neurocytomas [95].

Confocal endomicroscopy only enables a small field of view of about 0.5 mm in
diameter and therefore cannot be used to scan the whole tumor area, but can be
utilized at the end of surgery to detect malignant tissue remnants. To interpret the
images, however, knowledge of histopathology or the presence of a neuropathol-
ogist is required [4].

26.4.3 Raman Spectroscopy

All previously mentioned visualization techniques rely on labeling agents that have
limitations regarding sensitivity or specificity for tumor detection. Recently,
label-free techniques have emerged in the field of intraoperative tumor visualization
that depends on the intrinsic biochemical properties of normal versus pathological
tissue to provide image contrast [36, 43, 77].

Raman spectroscopy is one such technique that is based on the findings of C.V.
Raman in 1928 [86]. The Raman Effect refers to the scattering of monochromatic
light. Most photons in the visible spectrum are scattered elastically when interacting
with tissue or a media. However, a small portion of photons absorbs energy or
transfers energy from or to the object being imaged. The transfer in energy results in
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inelastic scattering and is called the Raman Effect. The Raman Effect can be cap-
tured using a sensitive spectrometer. Raman spectroscopy is used to provide
information on the chemical composition of different tissues, e.g., their lipid and
protein ratios, providing a structural fingerprint. Investigations have shown that
Raman spectroscopy is helpful in delineating normal brain parenchyma from tumor
tissue and necrosis [43, 50, 51, 54]. Accuracies of up to 98% for discrimination in
frozen sections have been described [43].

Recently, a Raman spectroscopy handheld probe system for in vivo intraoper-
ative use has been developed [20]. Jermyn et al. were able to distinguish normal
brain from high- and low-grade gliomas invaded brain with high accuracy [40]. The
aim of this method is to analyze the molecular nature of the tissue prior to resection,
with the aim of improving cancer targeting and patient safety [21] (Fig. 26.6).

26.4.4 BLZ-100 Fluorescence-Guided Brain Tumor Surgery

Targeted fluorescence imaging using fluorescent-labeled probes with tumor-specific
molecular targets is the next obvious step toward a higher accuracy for discrimi-
nating tumor-infiltrated tissue from normal brain. The combination of the fluor-
ophore with a tumor-specific peptide enhances specificity for detection of malignant
cells. BLZ-100 (tozuleristide) is such a molecule that consists of a tumor-targeting
peptide, chlorotoxin, coupled to the near-infrared fluorophore ICG [79]. Chloro-
toxin, extracted from the venom of scorpions, specifically binds to gliomas and
tumors of neuroectodermal origin [64]. BLZ-100 is administered intravenously
24 h prior to surgery. As mentioned above, ICG fluorescence can be visualized
using a NIR camera. A high affinity of BLZ-100 toward human gliomas has been
demonstrated [8]. However, further trials are needed to determine the utility of
BLZ-100 in glioma surgery.

26.5 Combination of Different Techniques
for Intraoperative Imaging

The combination of different imaging modalities, e.g., neuronavigation with MRI
and PET with specific biomarkers and FGS, allows the generation of comprehen-
sive information on tumor location, extent, anatomy, metabolism, and function [60,
68].

Newer techniques might help to add additional information on the chemical or
molecular composition of the tissue. Using different modalities helps to overcome
limitations of single techniques, e.g., brain shift, using synergistic effects and uti-
lizing the benefits of several techniques [53, 102, 103].
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26.6 Future Directions

All the developments discussed here aim at better intraoperative visualization in
order to improve accuracy and extent of resection. However, current methods,
which have been established in the clinical routine setting, face individual limita-
tions. Consequently, further research is required to overcome these limitations. For

Fig. 26.6 Raman spectroscopy. a Brightfield image of xenograft glioblastoma in mouse brain
outlining tumor hard boundary (black, dashed line), b, Cyan dashed box indicates region of interest
(ROI). Scale bar, 2 mm. b Phase contrast micrograph of BCARS ROIs with boxes and associated
subfigure labels. Scale bar, 200 lm. c Pseudocolor BCARS image of tumor and normal brain
tissue highlighting nuclei (blue), lipid content (red), and red blood cells (green). d BCARS image
and axial scan highlighting nuclei (blue) and lipid content (red). e BCARS image highlighting
nuclei (blue), lipid content (red), and CH3-stretch–CH2-stretch (green). NB: normal brain; T: tumor
cells; RBC: red blood cells; L: lipid bodies; WM: white matter. f Single-pixel spectra. g Spectrally
segmented image of internuclear (blue) and extranuclear (red) tumoral spaces. h Histogram
analysis of phenylalanine content. i Mean spectra from within tumor mass. c–e and g, Scale bars,
20 lm. Reproduced with permission [9]
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methods exploiting induced tissue fluorescence, quantitative as opposed to quali-
tative assessments require more scrutiny. At the moment, the decision of whether
tissue is “fluorescent” relies on the subjective impression and assessment of the
surgeon. Several attempts to measure and quantify fluorescence have been under-
taken. One promising technology given quantitative information is fluorescence
spectrography. Small handheld devices for intraoperative spectroscopy are available
that enable determining the actual PpIX concentration in tumor tissue using 5-ALA
FGS, even when no fluorescence is visible under the microscope [49, 121, 136].
Using this method, objective measurements of tissue fluorescence can be achieved.
In addition, invisible PpIX accumulation, e.g., in patients with LGG, that would
have gone unnoticed by the surgeon’s visual perception alone can be detected using
spectroscopy. A 100-fold increase of sensitivity of fluorescence detection in LGG
using handheld spectroscopy has been shown [135].

Furthermore, more specific labeling of tumor cells is under investigation, e.g.,
targeted fluorescence imaging. Innovations of neurosurgical microscopes will
improve the view of the surgical field using all the mentioned visualization tools,
detecting additional optical features in tumor tissue [137].

Multimodality in the applied imaging techniques and development of new
techniques will provide comprehensive information derived from different sources
regarding biological, metabolic, anatomical, and functional properties of tissue
(Table 26.1). Neurosurgeons are beginning to integrate imaging concepts into their
daily routine for brain tumor surgery, aiming at better extent of resection while
lowering the risk of removal of functional non-tumor tissue.

Table 26.1 Overview on the current techniques for intraoperative tumor visualization with their
advantages and disadvantages, modified from [101]

Technique Advantages Disadvantages

5-ALA • Selectively absorbed by tumor
cells and is converted into
fluorescent PPIX

• Low toxicity, high safety
• Intraoperative real-time feedback
• Brain shift does not interfere with
this technique

• Full integration into the surgical
microscope

• View of the full surgical field
• Use without interruption to the
surgical workflow

• Reliable correlation with
preoperative contrast
enhancement on MRI

• Correlation with histopathology
• Metabolic labeling

• Low background illumination,
loss of normal optical
information
– Alternating between white light
and fluorescence mode

• Imaging surface tool, depth can
limit visualization

• Requires special microscope
• Expensive
• Bleaching effect
• Time dependency
• Subjective interpretation of
fluorescence intensities

(continued)
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Table 26.1 (continued)

Technique Advantages Disadvantages

Fluorescein • Robust and inexpensive
• Can be visualized by the naked
eye (using higher concentrations)

• Low toxicity, high safety
• Intraoperative real-time feedback
• Brain shift does not interfere with
this technique

• Full integration into the surgical
microscope

• View of the full surgical field
• Use without interruption to the
surgical workflow

• Not tumor-cell-specific
– Marker of BBB breakdown

• Unselective extravasation during
surgery

• Time dependency
• Subjective interpretation of
fluorescence intensities

• Passive labeling

Indocyanine
green (ICG)

• Excitation and emission in the
near-infrared region
– Enables visualization of
fluorescence situated deeper in
the tissue

• Less scatter of emitted light
• Low tissue autofluorescence
• Low toxicity, high safety
• Intraoperative real-time feedback
• Brain shift does not interfere with
this technique

• Full integration into the surgical
microscope

• View of the full surgical field
• Use without interruption to the
surgical workflow

• Requires special cameras and
instrumentation to visualize
fluorescence

• Not tumor-specific
• Accumulates due to an enhanced
permeability of the BBB

• Time dependency
• Subjective interpretation of
fluorescence intensities

• Passive labeling

Neuronavigation • Ubiquitous
• Several imaging modalities can
be entered into the software,
providing information on
– Anatomy
– Localization and orientation
(almost real time)

– Extent of tumor
– Function (fMRI)
– Fiber tracts (DTI)
– Metabolic (PET)

• Planning of surgical
approach/craniotomy

• Use without interruption to the
surgical workflow

• Loss of accuracy due to
intraoperative brain shift caused
by positioning, application of
mannitol, and drainage of
cerebral spinal fluid (CSF)

• Information used during surgery
is displayed on a screen outside
the surgical field—interruptions
to surgical workflow

832 S. Schipmann-Miletić and W. Stummer



References

1. Acerbi F et al (2014) Is fluorescein-guided technique able to help in resection of high-grade
gliomas? Neurosurg Focus 36:E5. https://doi.org/10.3171/2013.11.FOCUS13487

2. Acerbi F et al (2018) Fluorescein-guided surgery for resection of high-grade gliomas: a
multicentric prospective phase II study (FLUOGLIO). Clin Cancer Res 24:52–61. https://
doi.org/10.1158/1078-0432.ccr-17-1184

3. Basser PJ, Mattiello J, LeBihan D (1994) Estimation of the effective self-diffusion tensor
from the NMR spin echo. J Magn Reson B 103:247–254

4. Belykh E et al (2016) Intraoperative fluorescence imaging for personalized brain tumor
resection: current state and future directions. Front Surg 3:55. https://doi.org/10.3389/fsurg.
2016.00055

5. Bernal Garcia LM, Cabezudo Artero JM, Marcelo Zamorano MB, Gilete Tejero I (2015)
Fluorescence-guided resection with 5-aminolevulinic Acid of subependymomas of the fourth
ventricle: report of 2 cases: technical case report. Neurosurgery 11(Suppl 2):E364–E371;
discussion E371. https://doi.org/10.1227/neu.0000000000000682

6. Brandes AA, Tosoni A, Spagnolli F, Frezza G, Leonardi M, Calbucci F, Franceschi E (2008)
Disease progression or pseudoprogression after concomitant radiochemotherapy treatment:
pitfalls in neurooncology. Neuro Oncol 10:361–367. https://doi.org/10.1215/15228517-
2008-008

7. Brown TJ et al (2016) Association of the extent of resection with survival in glioblastoma: a
systematic review and meta-analysis. JAMA Oncol 2:1460–1469. https://doi.org/10.1001/
jamaoncol.2016.1373

8. Butte PV et al (2014) Near-infrared imaging of brain tumors using the tumor paint BLZ-100
to achieve near-complete resection of brain tumors. Neurosurg Focus 36:E1. https://doi.org/
10.3171/2013.11.focus13497

9. Camp CH Jr et al (2014) High-speed coherent Raman fingerprint imaging of biological
tissues. Nat Photonics 8:627–634. https://doi.org/10.1038/nphoton.2014.145

10. Carlsson SK, Brothers SP, Wahlestedt C (2014) Emerging treatment strategies for
glioblastoma multiforme. EMBO Mol Med 6:1359–1370. https://doi.org/10.15252/emmm.
201302627

11. Chen B et al (2012) Gross total resection of glioma with the intraoperative fluorescence-
guidance of fluorescein sodium. Int J Med Sci 9:708–714. https://doi.org/10.7150/ijms.4843

12. Cherrick GR, Stein SW, Leevy CM, Davidson CS (1960) Indocyanine green: observations
on its physical properties, plasma decay, and hepatic extraction. J Clin Invest 39:592–600.
https://doi.org/10.1172/jci104072

13. Coburger J, Hagel V, Wirtz CR, Konig R (2015) Surgery for glioblastoma: impact of the
combined use of 5-aminolevulinic acid and intraoperative MRI on extent of resection and
survival. PLoS One 10:e0131872. https://doi.org/10.1371/journal.pone.0131872

14. Colditz MJ, Leyen K, Jeffree RL (2012) Aminolevulinic acid (ALA)-protoporphyrin IX
fluorescence guided tumour resection. Part 2: theoretical, biochemical and practical aspects.
J Clin Neurosci 19:1611–1616. https://doi.org/10.1016/j.jocn.2012.03.013

15. da Silva CE, da Silva JL, da Silva VD (2010) Use of sodium fluorescein in skull base
tumors. Surg Neurol Int 1:70. https://doi.org/10.4103/2152-7806.72247

16. da Silva CE, da Silva VD, da Silva JL (2014) Convexity meningiomas enhanced by sodium
fluorescein. Surg Neurol Int 5:3. https://doi.org/10.4103/2152-7806.124978

17. de Wit MC, de Bruin HG, Eijkenboom W, Sillevis Smitt PA, van den Bent MJ (2004)
Immediate post-radiotherapy changes in malignant glioma can mimic tumor progression.
Neurology 63:535–537

18. Della Puppa A et al (2013) 5-aminolevulinic acid (5-ALA) fluorescence guided surgery of
high-grade gliomas in eloquent areas assisted by functional mapping. Our experience and
review of the literature. Acta Neurochir (Wien) 155:965–972; discussion 972. https://doi.
org/10.1007/s00701-013-1660-x

26 Image-Guided Brain Surgery 833

http://dx.doi.org/10.3171/2013.11.FOCUS13487
http://dx.doi.org/10.1158/1078-0432.ccr-17-1184
http://dx.doi.org/10.1158/1078-0432.ccr-17-1184
http://dx.doi.org/10.3389/fsurg.2016.00055
http://dx.doi.org/10.3389/fsurg.2016.00055
http://dx.doi.org/10.1227/neu.0000000000000682
http://dx.doi.org/10.1215/15228517-2008-008
http://dx.doi.org/10.1215/15228517-2008-008
http://dx.doi.org/10.1001/jamaoncol.2016.1373
http://dx.doi.org/10.1001/jamaoncol.2016.1373
http://dx.doi.org/10.3171/2013.11.focus13497
http://dx.doi.org/10.3171/2013.11.focus13497
http://dx.doi.org/10.1038/nphoton.2014.145
http://dx.doi.org/10.15252/emmm.201302627
http://dx.doi.org/10.15252/emmm.201302627
http://dx.doi.org/10.7150/ijms.4843
http://dx.doi.org/10.1172/jci104072
http://dx.doi.org/10.1371/journal.pone.0131872
http://dx.doi.org/10.1016/j.jocn.2012.03.013
http://dx.doi.org/10.4103/2152-7806.72247
http://dx.doi.org/10.4103/2152-7806.124978
http://dx.doi.org/10.1007/s00701-013-1660-x
http://dx.doi.org/10.1007/s00701-013-1660-x


19. Della Puppa A et al. (2014) Predictive value of intraoperative 5-aminolevulinic acid-induced
fluorescence for detecting bone invasion in meningioma surgery J Neurosurg 120:840–845
https://doi.org/10.3171/2013.12.jns131642

20. Desroches J et al (2015) Characterization of a Raman spectroscopy probe system for
intraoperative brain tissue classification. Biomed Opt Express 6:2380–2397. https://doi.org/
10.1364/BOE.6.002380

21. Desroches J et al (2018) A new method using Raman spectroscopy for in vivo targeted brain
cancer tissue biopsy. Sci Rep 8:1792. 10.1038/s41598-018-20233-3

22. Diaz RJ et al (2015) Study of the biodistribution of fluorescein in glioma-infiltrated mouse
brain and histopathological correlation of intraoperative findings in high-grade gliomas
resected under fluorescein fluorescence guidance. J Neurosurg 122:1360–1369. https://doi.
org/10.3171/2015.2.JNS132507

23. Dilek O, Ihsan A, Tulay H (2011) Anaphylactic reaction after fluorescein sodium
administration during intracranial surgery. J Clin Neurosci 18:430–431. https://doi.org/10.
1016/j.jocn.2010.06.012

24. Eicker S et al (2011) ALA-induced porphyrin accumulation in medulloblastoma and its use
for fluorescence-guided surgery. Cent Eur Neurosurg 72:101–103. https://doi.org/10.1055/s-
0030-1252010

25. Elhawary H et al (2011) Intraoperative real-time querying of white matter tracts during
frameless stereotactic neuronavigation. Neurosurgery 68:506–516; discussion 516. https://
doi.org/10.1227/neu.0b013e3182036282

26. Ewelt C et al (2011) Finding the anaplastic focus in diffuse gliomas: the value of Gd-DTPA
enhanced MRI, FET-PET, and intraoperative, ALA-derived tissue fluorescence. Clin Neurol
Neurosurg 113:541–547. https://doi.org/10.1016/j.clineuro.2011.03.008

27. Foersch S et al (2012) Confocal laser endomicroscopy for diagnosis and histomorphologic
imaging of brain tumors in vivo. PLoS ONE 7:e41760. https://doi.org/10.1371/journal.pone.
0041760

28. Hadjipanayis CG, Widhalm G, Stummer W (2015) What is the surgical benefit of utilizing
5-aminolevulinic acid for fluorescence-guided surgery of malignant gliomas? Neurosurgery
77:663–673. https://doi.org/10.1227/NEU.0000000000000929

29. Hamamcioglu MK, Akcakaya MO, Goker B, Kasimcan MO, Kiris T (2016) The use of the
YELLOW 560 nm surgical microscope filter for sodium fluorescein-guided resection of
brain tumors: our preliminary results in a series of 28 patients. Clin Neurol Neurosurg
143:39–45. https://doi.org/10.1016/j.clineuro.2016.02.006

30. Hanggi D, Etminan N, Steiger HJ (2010) The impact of microscope-integrated intraoperative
near-infrared indocyanine green videoangiography on surgery of arteriovenous malforma-
tions and dural arteriovenous fistulae. Neurosurgery 67:1094–1103; discussion 1103–1094.
https://doi.org/10.1227/neu.0b013e3181eb5049

31. Hervey-Jumper SL, Berger MS (2014) Role of surgical resection in low- and high-grade
gliomas. Curr Treat Options Neurol 16:284. https://doi.org/10.1007/s11940-014-0284-7

32. Hickmann AK, Nadji-Ohl M, Hopf NJ (2015) Feasibility of fluorescence-guided resection of
recurrent gliomas using five-aminolevulinic acid: retrospective analysis of surgical and
neurological outcome in 58 patients. J Neurooncol 122:151–160. https://doi.org/10.1007/
s11060-014-1694-9

33. Hilgard P, Klenner T, Stekar J, Unger C (1993) Alkylphosphocholines: a new class of
membrane-active anticancer agents. Cancer Chemother Pharmacol 32:90–95

34. Hoffman A, Goetz M, Vieth M, Galle PR, Neurath MF, Kiesslich R (2006) Confocal laser
endomicroscopy: technical status and current indications. Endoscopy 38:1275–1283. https://
doi.org/10.1055/s-2006-944813

35. Hohne J, Hohenberger C, Proescholdt M, Riemenschneider MJ, Wendl C, Brawanski A,
Schebesch KM (2017) Fluorescein sodium-guided resection of cerebral metastases-an
update. Acta Neurochir (Wien) 159:363–367. https://doi.org/10.1007/s00701-016-3054-3

834 S. Schipmann-Miletić and W. Stummer

http://dx.doi.org/10.3171/2013.12.jns131642
http://dx.doi.org/10.1364/BOE.6.002380
http://dx.doi.org/10.1364/BOE.6.002380
http://dx.doi.org/10.3171/2015.2.JNS132507
http://dx.doi.org/10.3171/2015.2.JNS132507
http://dx.doi.org/10.1016/j.jocn.2010.06.012
http://dx.doi.org/10.1016/j.jocn.2010.06.012
http://dx.doi.org/10.1055/s-0030-1252010
http://dx.doi.org/10.1055/s-0030-1252010
http://dx.doi.org/10.1227/neu.0b013e3182036282
http://dx.doi.org/10.1227/neu.0b013e3182036282
http://dx.doi.org/10.1016/j.clineuro.2011.03.008
http://dx.doi.org/10.1371/journal.pone.0041760
http://dx.doi.org/10.1371/journal.pone.0041760
http://dx.doi.org/10.1227/NEU.0000000000000929
http://dx.doi.org/10.1016/j.clineuro.2016.02.006
http://dx.doi.org/10.1227/neu.0b013e3181eb5049
http://dx.doi.org/10.1007/s11940-014-0284-7
http://dx.doi.org/10.1007/s11060-014-1694-9
http://dx.doi.org/10.1007/s11060-014-1694-9
http://dx.doi.org/10.1055/s-2006-944813
http://dx.doi.org/10.1055/s-2006-944813
http://dx.doi.org/10.1007/s00701-016-3054-3


36. Hollon T, Lewis S, Freudiger CW, Sunney Xie X, Orringer DA (2016) Improving the
accuracy of brain tumor surgery via Raman-based technology. Neurosurg Focus 40:E9.
https://doi.org/10.3171/2015.12.FOCUS15557

37. Idoate MA, Diez Valle R, Echeveste J, Tejada S (2011) Pathological characterization of the
glioblastoma border as shown during surgery using 5-aminolevulinic acid-induced
fluorescence. Neuropathology 31:575–582. https://doi.org/10.1111/j.1440-1789.2011.
01202.x

38. Inoue T, Endo T, Nagamatsu K, Watanabe M, Tominaga T (2013) 5-aminolevulinic acid
fluorescence-guided resection of intramedullary ependymoma: report of 9 cases. Neuro-
surgery 72:ons159–168; discussion ons168. https://doi.org/10.1227/neu.0b013e31827bc7a3

39. Jaber M et al (2016) The value of 5-aminolevulinic acid in low-grade gliomas and
high-grade gliomas lacking glioblastoma imaging features: an analysis based on fluores-
cence, magnetic resonance imaging, 18F-fluoroethyl tyrosine positron emission tomography,
and tumor molecular factors. Neurosurgery 78:401–411; discussion 411. https://doi.org/10.
1227/neu.0000000000001020

40. Jermyn M et al (2015) Intraoperative brain cancer detection with Raman spectroscopy in
humans. Sci Transl Med 7:274ra219. https://doi.org/10.1126/scitranslmed.aaa2384

41. Jolesz FA (2011) Intraoperative imaging in neurosurgery: where will the future take us? Acta
Neurochir Suppl 109:21–25. https://doi.org/10.1007/978-3-211-99651-5_4

42. Jung TY, Jung S, Kim IY, Park SJ, Kang SS, Kim SH, Lim SC (2006) Application of
neuronavigation system to brain tumor surgery with clinical experience of 420 cases. Minim
Invasive Neurosurg 49:210–215. https://doi.org/10.1055/s-2006-948305

43. Kalkanis SN et al (2014) Raman spectroscopy to distinguish grey matter, necrosis, and
glioblastoma multiforme in frozen tissue sections. J Neurooncol 116:477–485. https://doi.
org/10.1007/s11060-013-1326-9

44. Kalkanis SN, Linskey ME (2010) Evidence-based clinical practice parameter guidelines for
the treatment of patients with metastatic brain tumors: introduction. J Neurooncol 96:7–10.
https://doi.org/10.1007/s11060-009-0065-4

45. Kamp MA et al (2015) 5-ALA-induced fluorescence behavior of reactive tissue changes
following glioblastoma treatment with radiation and chemotherapy. Acta Neurochir (Wien)
157:207–213; discussion 213–204. https://doi.org/10.1007/s00701-014-2313-4

46. Kamp MA et al (2016) 5-ALA fluorescence of cerebral metastases and its impact for the
local-in-brain progression. Oncotarget 7:66776–66789. https://doi.org/10.18632/oncotarget.
11488

47. Kamp MA, Grosser P, Felsberg J, Slotty PJ, Steiger HJ, Reifenberger G, Sabel M (2012)
5-aminolevulinic acid (5-ALA)-induced fluorescence in intracerebral metastases: a retro-
spective study. Acta Neurochir (Wien) 154:223–228; discussion 228. https://doi.org/10.
1007/s00701-011-1200-5

48. Kaneko S, Suero Molina E, Ewelt C, Warneke N, Stummer W (2019) Fluorescence-based
measurement of real-time kinetics of protoporphyrin IX after 5-aminolevulinic acid
administration in human in situ malignant gliomas. Neurosurgery

49. Kim A, Khurana M, Moriyama Y, Wilson BC (2010) Quantification of in vivo fluorescence
decoupled from the effects of tissue optical properties using fiber-optic spectroscopy
measurements. J Biomed Opt 15:067006. https://doi.org/10.1117/1.3523616

50. Kirsch M, Schackert G, Salzer R, Krafft C (2010) Raman spectroscopic imaging for in vivo
detection of cerebral brain metastases. Anal Bioanal Chem 398:1707–1713. https://doi.org/
10.1007/s00216-010-4116-7

51. Kohler M, Machill S, Salzer R, Krafft C (2009) Characterization of lipid extracts from brain
tissue and tumors using Raman spectroscopy and mass spectrometry. Anal Bioanal Chem
393:1513–1520. https://doi.org/10.1007/s00216-008-2592-9

52. Koshy M et al (2012) Improved survival time trends for glioblastoma using the SEER 17
population-based registries J Neurooncol 107:207–212 https://doi.org/10.1007/s11060-011-
0738-7

26 Image-Guided Brain Surgery 835

http://dx.doi.org/10.3171/2015.12.FOCUS15557
http://dx.doi.org/10.1111/j.1440-1789.2011.01202.x
http://dx.doi.org/10.1111/j.1440-1789.2011.01202.x
http://dx.doi.org/10.1227/neu.0b013e31827bc7a3
http://dx.doi.org/10.1227/neu.0000000000001020
http://dx.doi.org/10.1227/neu.0000000000001020
http://dx.doi.org/10.1126/scitranslmed.aaa2384
http://dx.doi.org/10.1007/978-3-211-99651-5_4
http://dx.doi.org/10.1055/s-2006-948305
http://dx.doi.org/10.1007/s11060-013-1326-9
http://dx.doi.org/10.1007/s11060-013-1326-9
http://dx.doi.org/10.1007/s11060-009-0065-4
http://dx.doi.org/10.1007/s00701-014-2313-4
http://dx.doi.org/10.18632/oncotarget.11488
http://dx.doi.org/10.18632/oncotarget.11488
http://dx.doi.org/10.1007/s00701-011-1200-5
http://dx.doi.org/10.1007/s00701-011-1200-5
http://dx.doi.org/10.1117/1.3523616
http://dx.doi.org/10.1007/s00216-010-4116-7
http://dx.doi.org/10.1007/s00216-010-4116-7
http://dx.doi.org/10.1007/s00216-008-2592-9
http://dx.doi.org/10.1007/s11060-011-0738-7
http://dx.doi.org/10.1007/s11060-011-0738-7


53. Kracht LW et al (2004) Delineation of brain tumor extent with [11C]L-methionine positron
emission tomography: local comparison with stereotactic histopathology. Clin Cancer Res
10:7163–7170. https://doi.org/10.1158/1078-0432.ccr-04-0262

54. Krafft C, Neudert L, Simat T, Salzer R (2005) Near infrared Raman spectra of human brain
lipids. Spectrochim Acta A Mol Biomol Spectrosc 61:1529–1535. https://doi.org/10.1016/j.
saa.2004.11.017

55. Kremer P et al (2006) Intraoperative MRI for interventional neurosurgical procedures and
tumor resection control in children. Childs Nerv Syst 22:674–678. https://doi.org/10.1007/
s00381-005-0030-2

56. Kuo JS, Zhang RR, Pinchuk AN, Clark PA, Weichert JP (2016) Creation of a dual-labeled
cancer-targeting alkylphosphocholine analog for dual modality quantitative positron
emission tomography and intraoperative tumor visualization. Neurosurgery 63:208

57. Kuroiwa T, Kajimoto Y, Ohta T (1998) Development of a fluorescein operative microscope
for use during malignant glioma surgery: a technical note and preliminary report. Surg
Neurol 50:41–48; discussion 48–49

58. Lacroix M et al (2001) A multivariate analysis of 416 patients with glioblastoma multiforme:
prognosis, extent of resection, and survival. J Neurosurg 95:190–198. https://doi.org/10.
3171/jns.2001.95.2.0190

59. Lau D, Hervey-Jumper SL, Chang S, Molinaro AM, McDermott MW, Phillips JJ,
Berger MS (2016) A prospective Phase II clinical trial of 5-aminolevulinic acid to assess the
correlation of intraoperative fluorescence intensity and degree of histologic cellularity during
resection of high-grade gliomas. J Neurosurg 124:1300–1309. https://doi.org/10.3171/2015.
5.jns1577

60. Laukamp KR et al (2017) Multimodal imaging of patients with gliomas confirms (11)
C-MET PET as a complementary marker to MRI for noninvasive tumor grading and
intraindividual follow-up after therapy. Mol Imaging 16:1536012116687651. https://doi.org/
10.1177/1536012116687651

61. Lee JY et al (2016) Intraoperative near-infrared optical imaging can localize
gadolinium-enhancing gliomas during surgery. Neurosurgery 79:856–871. https://doi.org/
10.1227/NEU.0000000000001450

62. Lee JYK, Pierce JT, Thawani JP, Zeh R, Nie S, Martinez-Lage M, Singhal S (2018)
Near-infrared fluorescent image-guided surgery for intracranial meningioma. J Neurosurg
128:380–390. https://doi.org/10.3171/2016.10.JNS161636

63. Lee JYK, Pierce JT, Zeh R, Cho SS, Salinas R, Nie S, Singhal S (2017) Intraoperative
near-infrared optical contrast can localize brain metastases. World Neurosurg 106:120–130.
https://doi.org/10.1016/j.wneu.2017.06.128

64. Lyons SA, O’Neal J, Sontheimer H (2002) Chlorotoxin, a scorpion-derived peptide,
specifically binds to gliomas and tumors of neuroectodermal origin. Glia 39:162–173.
https://doi.org/10.1002/glia.10083

65. Marko NF, Weil RJ, Schroeder JL, Lang FF, Suki D, Sawaya RE (2014) Extent of resection
of glioblastoma revisited: personalized survival modeling facilitates more accurate survival
prediction and supports a maximum-safe-resection approach to surgery. J Clin Oncol
32:774–782. https://doi.org/10.1200/JCO.2013.51.8886

66. Martirosyan NL et al (2011) Use of in vivo near-infrared laser confocal endomicroscopy
with indocyanine green to detect the boundary of infiltrative tumor. J Neurosurg 115:1131–
1138. https://doi.org/10.3171/2011.8.JNS11559

67. Mercier L et al (2011) New prototype neuronavigation system based on preoperative
imaging and intraoperative freehand ultrasound: system description and validation. Int J
Comput Assist Radiol Surg 6:507–522. https://doi.org/10.1007/s11548-010-0535-3

68. Meyer GJ, Schober O, Hundeshagen H (1985) Uptake of 11C-L- and D-methionine in brain
tumors. Eur J Nucl Med 10:373–376

836 S. Schipmann-Miletić and W. Stummer

http://dx.doi.org/10.1158/1078-0432.ccr-04-0262
http://dx.doi.org/10.1016/j.saa.2004.11.017
http://dx.doi.org/10.1016/j.saa.2004.11.017
http://dx.doi.org/10.1007/s00381-005-0030-2
http://dx.doi.org/10.1007/s00381-005-0030-2
http://dx.doi.org/10.3171/jns.2001.95.2.0190
http://dx.doi.org/10.3171/jns.2001.95.2.0190
http://dx.doi.org/10.3171/2015.5.jns1577
http://dx.doi.org/10.3171/2015.5.jns1577
http://dx.doi.org/10.1177/1536012116687651
http://dx.doi.org/10.1177/1536012116687651
http://dx.doi.org/10.1227/NEU.0000000000001450
http://dx.doi.org/10.1227/NEU.0000000000001450
http://dx.doi.org/10.3171/2016.10.JNS161636
http://dx.doi.org/10.1016/j.wneu.2017.06.128
http://dx.doi.org/10.1002/glia.10083
http://dx.doi.org/10.1200/JCO.2013.51.8886
http://dx.doi.org/10.3171/2011.8.JNS11559
http://dx.doi.org/10.1007/s11548-010-0535-3


69. Millesi M et al (2016) Analysis of the surgical benefits of 5-ALA-induced fluorescence in
intracranial meningiomas: experience in 204 meningiomas. J Neurosurg 125:1408–1419.
https://doi.org/10.3171/2015.12.jns151513

70. Moore GE (1947) Fluorescein as an agent in the differentiation of normal and malignant
tissues. Science 106:130–131. https://doi.org/10.1126/science.106.2745.130-a

71. Morofuji Y, Matsuo T, Hayashi Y, Suyama K, Nagata I (2008) Usefulness of intraoperative
photodynamic diagnosis using 5-aminolevulinic acid for meningiomas with cranial invasion:
technical case report. Neurosurgery 62:102–103; discussion 103–104. https://doi.org/10.
1227/01.neu.0000317378.22820.46

72. Muragaki Y et al (2008) Low-grade glioma on stereotactic biopsy: how often is the diagnosis
accurate? Minim Invasive Neurosurg 51:275–279. https://doi.org/10.1055/s-0028-1082322

73. Nabavi A et al (2009) Five-aminolevulinic acid for fluorescence-guided resection of
recurrent malignant gliomas: a phase II study. Neurosurgery 65:1070–1076; discussion
1076–1077. https://doi.org/10.1227/01.neu.0000360128.03597.c7

74. Neira JA et al (2017) Aggressive resection at the infiltrative margins of glioblastoma
facilitated by intraoperative fluorescein guidance. J Neurosurg 127:111–122. https://doi.org/
10.3171/2016.7.JNS16232

75. Orringer D et al. (2012a) Extent of resection in patients with glioblastoma: limiting factors,
perception of resectability, and effect on survival. J Neurosurg 117:851–859. https://doi.org/
10.3171/2012.8.jns12234

76. Orringer DA, Golby A, Jolesz F (2012b) Neuronavigation in the surgical management of
brain tumors: current and future trends. Expert Rev Med Devices 9:491–500. https://doi.org/
10.1586/erd.12.42

77. Orringer DA et al. (2017) Rapid intraoperative histology of unprocessed surgical specimens
via fibre-laser-based stimulated Raman scattering microscopy. Nat Biomed Eng 1. https://
doi.org/10.1038/s41551-016-0027

78. Ostrom QT, Gittleman H, Truitt G, Boscia A, Kruchko C, Barnholtz-Sloan JS (2018)
CBTRUS statistical report: primary brain and other central nervous system tumors diagnosed
in the United States in 2011–2015. Neuro Oncol 20:iv1–iv86. https://doi.org/10.1093/
neuonc/noy131

79. Parrish-Novak J et al (2017) Nonclinical profile of BLZ-100, a tumor-targeting fluorescent
imaging agent. Int J Toxicol 36:104–112 https://doi.org/10.1177/1091581817697685

80. Patchell RA et al (1998) Postoperative radiotherapy in the treatment of single metastases to
the brain: a randomized trial. JAMA 280:1485–1489

81. Paulus W, Peiffer J (1989) Intratumoral histologic heterogeneity of gliomas. A quantitative
study. Cancer 64:442–447

82. Perrini P et al (2017) Survival outcomes following repeat surgery for recurrent glioblastoma:
a single-center retrospective analysis. J Neurooncol 131:585–591. https://doi.org/10.1007/
s11060-016-2330-7

83. Raabe A, Beck J, Gerlach R, Zimmermann M, Seifert V (2003) Near-infrared indocyanine
green video angiography: a new method for intraoperative assessment of vascular flow.
Neurosurgery 52:132–139; discussion 139

84. Raabe A et al (2005) Prospective evaluation of surgical microscope-integrated intraoperative
near-infrared indocyanine green videoangiography during aneurysm surgery. J Neurosurg
103:982–989. https://doi.org/10.3171/jns.2005.103.6.0982

85. Rabb MF, Burton TC, Schatz H, Yannuzzi LA (1978) Fluorescein angiography of the
fundus: a schematic approach to interpretation. Surv Ophthalmol 22:387–403

86. Raman C (1928) A new type of secondary radiation. Nature 121:501–502
87. Reinhart MB, Huntington CR, Blair LJ, Heniford BT, Augenstein VA (2016) Indocyanine

green: historical context, current applications, and future considerations. Surg Innov 23:166–
175. https://doi.org/10.1177/1553350615604053

88. Rey-Dios R, Hattab EM, Cohen-Gadol AA (2014) Use of intraoperative fluorescein sodium
fluorescence to improve the accuracy of tissue diagnosis during stereotactic needle biopsy of

26 Image-Guided Brain Surgery 837

http://dx.doi.org/10.3171/2015.12.jns151513
http://dx.doi.org/10.1126/science.106.2745.130-a
http://dx.doi.org/10.1227/01.neu.0000317378.22820.46
http://dx.doi.org/10.1227/01.neu.0000317378.22820.46
http://dx.doi.org/10.1055/s-0028-1082322
http://dx.doi.org/10.1227/01.neu.0000360128.03597.c7
http://dx.doi.org/10.3171/2016.7.JNS16232
http://dx.doi.org/10.3171/2016.7.JNS16232
http://dx.doi.org/10.3171/2012.8.jns12234
http://dx.doi.org/10.3171/2012.8.jns12234
http://dx.doi.org/10.1586/erd.12.42
http://dx.doi.org/10.1586/erd.12.42
http://dx.doi.org/10.1038/s41551-016-0027
http://dx.doi.org/10.1038/s41551-016-0027
http://dx.doi.org/10.1093/neuonc/noy131
http://dx.doi.org/10.1093/neuonc/noy131
http://dx.doi.org/10.1177/1091581817697685
http://dx.doi.org/10.1007/s11060-016-2330-7
http://dx.doi.org/10.1007/s11060-016-2330-7
http://dx.doi.org/10.3171/jns.2005.103.6.0982
http://dx.doi.org/10.1177/1553350615604053


high-grade gliomas. Acta Neurochir (Wien) 156:1071–1075; discussion 1075. https://doi.
org/10.1007/s00701-014-2097-6

89. Ringel F et al (2016) Clinical benefit from resection of recurrent glioblastomas: results of a
multicenter study including 503 patients with recurrent glioblastomas undergoing surgical
resection. Neuro Oncol 18:96–104. https://doi.org/10.1093/neuonc/nov145

90. Roberts DW et al (2011) Coregistered fluorescence-enhanced tumor resection of malignant
glioma: relationships between delta-aminolevulinic acid-induced protoporphyrin IX fluores-
cence, magnetic resonance imaging enhancement, and neuropathological parameters.
Clinical Artic J Neurosurg 114:595–603. https://doi.org/10.3171/2010.2.JNS091322

91. Ruge JR, Liu J (2009) Use of 5-aminolevulinic acid for visualization and resection of a
benign pediatric brain tumor. J Neurosurg Pediatr 4:484–486. https://doi.org/10.3171/2009.
6.peds08428

92. Rygh OM, Selbekk T, Torp SH, Lydersen S, Hernes TA, Unsgaard G (2008) Comparison of
navigated 3D ultrasound findings with histopathology in subsequent phases of glioblastoma
resection. Acta Neurochir (Wien) 150:1033–1041; discussion 1042. https://doi.org/10.1007/
s00701-008-0017-3

93. Saether CA, Torsteinsen M, Torp SH, Sundstrom S, Unsgard G, Solheim O (2012) Did
survival improve after the implementation of intraoperative neuronavigation and 3D
ultrasound in glioblastoma surgery? a retrospective analysis of 192 primary operations.
J Neurol Surg A Cent Eur Neurosurg 73:73–78. https://doi.org/10.1055/s-0031-1297247

94. Sanai N, Berger MS (2008) Glioma extent of resection and its impact on patient outcome.
Neurosurgery 62:753–764; discussion 264–756. https://doi.org/10.1227/01.neu.
0000318159.21731.cf

95. Sanai N et al. (2011a) Intraoperative confocal microscopy for brain tumors: a feasibility
analysis in humans. Neurosurgery 68:282–290; discussion 290. https://doi.org/10.1227/neu.
0b013e318212464e

96. Sanai N, Polley MY, McDermott MW, Parsa AT, Berger MS (2011b) An extent of resection
threshold for newly diagnosed glioblastomas. J Neurosurg 115:3–8. https://doi.org/10.3171/
2011.2.JNS10998; https://doi.org/10.3171/2011.7.JNS10238

97. Sanai N, Snyder LA, Honea NJ, Coons SW, Eschbacher JM, Smith KA, Spetzler RF (2011c)
Intraoperative confocal microscopy in the visualization of 5-aminolevulinic acid fluores-
cence in low-grade gliomas. J Neurosurg 115:740–748. https://doi.org/10.3171/2011.6.
jns11252

98. Schebesch KM, Brawanski A, Hohenberger C, Hohne J (2016) Fluorescein sodium-guided
surgery of malignant brain tumors: history, current concepts, and future project. Turk
Neurosurg 26:185–194. https://doi.org/10.5137/1019-5149.JTN.16952-16.0

99. Schebesch KM et al (2015) Fluorescein sodium-guided surgery in cerebral lymphoma. Clin
Neurol Neurosurg 139:125–128. https://doi.org/10.1016/j.clineuro.2015.09.015

100. Schebesch KM et al (2013) Sodium fluorescein-guided resection under the YELLOW
560 nm surgical microscope filter in malignant brain tumor surgery–a feasibility study. Acta
Neurochir (Wien) 155:693–699. https://doi.org/10.1007/s00701-013-1643-y

101. Schipmann S, Schwake M, Suero Molina E, Stummer W (2019) Markers for identifying and
targeting glioblastoma cells during surgery. Acta Neurochir (Wien)

102. Schober O, Creutzig H, Meyer GJ, Becker H, Schwarzrock R, Dietz H, Hundeshagen H
(1985a) 11C-methionine PET, IMP-SPECT, CT and MRI in brain tumors. Rofo 143:133–
136. https://doi.org/10.1055/s-2008-1052777

103. Schober O, Meyer GJ, Stolke D, Hundeshagen H (1985b) Brain tumor imaging using
C-11-labeled L-methionine and D-methionine. J Nucl Med 26:98–99

104. Schulz C, Waldeck S, Mauer UM (2012) Intraoperative image guidance in neurosurgery:
development, current indications, and future trends. Radiol Res Pract 2012:197364. https://
doi.org/10.1155/2012/197364

838 S. Schipmann-Miletić and W. Stummer

http://dx.doi.org/10.1007/s00701-014-2097-6
http://dx.doi.org/10.1007/s00701-014-2097-6
http://dx.doi.org/10.1093/neuonc/nov145
http://dx.doi.org/10.3171/2010.2.JNS091322
http://dx.doi.org/10.3171/2009.6.peds08428
http://dx.doi.org/10.3171/2009.6.peds08428
http://dx.doi.org/10.1007/s00701-008-0017-3
http://dx.doi.org/10.1007/s00701-008-0017-3
http://dx.doi.org/10.1055/s-0031-1297247
http://dx.doi.org/10.1227/01.neu.0000318159.21731.cf
http://dx.doi.org/10.1227/01.neu.0000318159.21731.cf
http://dx.doi.org/10.1227/neu.0b013e318212464e
http://dx.doi.org/10.1227/neu.0b013e318212464e
http://dx.doi.org/10.3171/2011.2.JNS10998
http://dx.doi.org/10.3171/2011.2.JNS10998
http://dx.doi.org/10.3171/2011.7.JNS10238
http://dx.doi.org/10.3171/2011.6.jns11252
http://dx.doi.org/10.3171/2011.6.jns11252
http://dx.doi.org/10.5137/1019-5149.JTN.16952-16.0
http://dx.doi.org/10.1016/j.clineuro.2015.09.015
http://dx.doi.org/10.1007/s00701-013-1643-y
http://dx.doi.org/10.1055/s-2008-1052777
http://dx.doi.org/10.1155/2012/197364
http://dx.doi.org/10.1155/2012/197364


105. Schwake M et al (2014) Kinetics of porphyrin fluorescence accumulation in pediatric brain
tumor cells incubated in 5-aminolevulinic acid. Acta Neurochir (Wien) 156:1077–1084.
https://doi.org/10.1007/s00701-014-2096-7

106. Senft C, Bink A, Franz K, Vatter H, Gasser T, Seifert V (2011) Intraoperative MRI guidance
and extent of resection in glioma surgery: a randomised, controlled trial. Lancet Oncol
12:997–1003. https://doi.org/10.1016/s1470-2045(11)70196-6

107. Senft C, Franz K, Ulrich CT, Bink A, Szelenyi A, Gasser T, Seifert V (2010) Low field
intraoperative MRI-guided surgery of gliomas: a single center experience. Clin Neurol
Neurosurg 112:237–243. https://doi.org/10.1016/j.clineuro.2009.12.003

108. Senft C, Seifert V, Hermann E, Franz K, Gasser T (2008) Usefulness of intraoperative ultra
low-field magnetic resonance imaging in glioma surgery. Neurosurgery 63:257–266;
discussion 266–257. https://doi.org/10.1227/01.neu.0000313624.77452.3c

109. Shinoda J, Yano H, Yoshimura S, Okumura A, Kaku Y, Iwama T, Sakai N (2003)
Fluorescence-guided resection of glioblastoma multiforme by using high-dose fluorescein
sodium. Technical note. J Neurosurg 99:597–603. https://doi.org/10.3171/jns.2003.99.3.
0597

110. Smith JS et al (2008) Role of extent of resection in the long-term outcome of low-grade
hemispheric gliomas. J Clin Oncol 26:1338–1345. https://doi.org/10.1200/JCO.2007.13.
9337

111. Stummer W (2015) Poor man’s fluorescence? Acta Neurochir (Wien) 157:1379–1381.
https://doi.org/10.1007/s00701-015-2471-z

112. Stummer W, Gotz C, Hassan A, Heimann A, Kempski O (1993) Kinetics of Photofrin II in
perifocal brain edema. Neurosurgery 33:1075–1081; discussion 1081–1072

113. Stummer W, Novotny A, Stepp H, Goetz C, Bise K, Reulen HJ (2000) Fluorescence-guided
resection of glioblastoma multiforme by using 5-aminolevulinic acid-induced porphyrins: a
prospective study in 52 consecutive patients. J Neurosurg 93:1003–1013. https://doi.org/10.
3171/jns.2000.93.6.1003

114. Stummer W, Pichlmeier U, Meinel T, Wiestler OD, Zanella F, Reulen HJ, Group AL-GS
(2006) Fluorescence-guided surgery with 5-aminolevulinic acid for resection of malignant
glioma: a randomised controlled multicentre phase III trial. Lancet Oncol 7:392–401. https://
doi.org/10.1016/s1470-2045(06)70665-9

115. Stummer W et al (2008) Extent of resection and survival in glioblastoma multiforme:
identification of and adjustment for bias. Neurosurgery 62:564–576; discussion 564–576.
https://doi.org/10.1227/01.neu.0000317304.31579.17

116. Stummer W et al (2014a) Predicting the “usefulness” of 5-ALA-derived tumor fluorescence
for fluorescence-guided resections in pediatric brain tumors: a European survey. Acta
Neurochir (Wien) 156:2315–2324. https://doi.org/10.1007/s00701-014-2234-2

117. Stummer W, Stepp H, Moller G, Ehrhardt A, Leonhard M, Reulen HJ (1998a) Technical
principles for protoporphyrin-IX-fluorescence guided microsurgical resection of malignant
glioma tissue. Acta Neurochir (Wien) 140:995–1000

118. Stummer W, Stepp H, Wiestler OD, Pichlmeier U (2017) Randomized, prospective
double-blinded study comparing 3 different doses of 5-aminolevulinic acid for
fluorescence-guided resections of malignant gliomas. Neurosurgery 81:230–239. https://
doi.org/10.1093/neuros/nyx074

119. Stummer W et al (1998b) Intraoperative detection of malignant gliomas by 5-aminolevulinic
acid-induced porphyrin fluorescence. Neurosurgery 42:518–525; discussion 525–516

120. Stummer W, Suero Molina E (2017) Fluorescence imaging/agents in tumor resection.
Neurosurg Clin N Am 28:569–583. https://doi.org/10.1016/j.nec.2017.05.009

121. Stummer W et al (2014b) 5-Aminolevulinic acid-derived tumor fluorescence: the diagnostic
accuracy of visible fluorescence qualities as corroborated by spectrometry and histology and
postoperative imaging. Neurosurgery 74:310–319; discussion 319–320. https://doi.org/10.
1227/neu.0000000000000267

26 Image-Guided Brain Surgery 839

http://dx.doi.org/10.1007/s00701-014-2096-7
http://dx.doi.org/10.1016/s1470-2045(11)70196-6
http://dx.doi.org/10.1016/j.clineuro.2009.12.003
http://dx.doi.org/10.1227/01.neu.0000313624.77452.3c
http://dx.doi.org/10.3171/jns.2003.99.3.0597
http://dx.doi.org/10.3171/jns.2003.99.3.0597
http://dx.doi.org/10.1200/JCO.2007.13.9337
http://dx.doi.org/10.1200/JCO.2007.13.9337
http://dx.doi.org/10.1007/s00701-015-2471-z
http://dx.doi.org/10.3171/jns.2000.93.6.1003
http://dx.doi.org/10.3171/jns.2000.93.6.1003
http://dx.doi.org/10.1016/s1470-2045(06)70665-9
http://dx.doi.org/10.1016/s1470-2045(06)70665-9
http://dx.doi.org/10.1227/01.neu.0000317304.31579.17
http://dx.doi.org/10.1007/s00701-014-2234-2
http://dx.doi.org/10.1093/neuros/nyx074
http://dx.doi.org/10.1093/neuros/nyx074
http://dx.doi.org/10.1016/j.nec.2017.05.009
http://dx.doi.org/10.1227/neu.0000000000000267
http://dx.doi.org/10.1227/neu.0000000000000267


122. Suchorska B et al (2016) Complete resection of contrast-enhancing tumor volume is
associated with improved survival in recurrent glioblastoma-results from the DIRECTOR
trial. Neuro Oncol 18:549–556. https://doi.org/10.1093/neuonc/nov326

123. Suero Molina E, Wolfer J, Ewelt C, Ehrhardt A, Brokinkel B, Stummer W (2018)
Dual-labeling with 5-aminolevulinic acid and fluorescein for fluorescence-guided resection
of high-grade gliomas: technical note. J Neurosurg 128:399–405. https://doi.org/10.3171/
2016.11.jns161072

124. Sutherland GR, Kaibara T, Louw D, Hoult DI, Tomanek B, Saunders J (1999) A mobile
high-field magnetic resonance system for neurosurgery. J Neurosurg 91:804–813. https://doi.
org/10.3171/jns.1999.91.5.0804

125. Swanson KI, Clark PA, Zhang RR, Kandela IK, Farhoud M, Weichert JP, Kuo JS (2015)
Fluorescent cancer-selective alkylphosphocholine analogs for intraoperative glioma detec-
tion Neurosurgery 76:115–123; discussion 123–114. https://doi.org/10.1227/neu.
0000000000000622

126. Taal W et al (2008) Incidence of early pseudo-progression in a cohort of malignant glioma
patients treated with chemoirradiation with temozolomide. Cancer 113:405–410. https://doi.
org/10.1002/cncr.23562

127. Takeda J et al. (2017) 5-ALA fluorescence-guided endoscopic surgery for mixed germ cell
tumors. J Neurooncol 134:119–124. https://doi.org/10.1007/s11060-017-2494-9

128. Teixidor P et al (2016) Safety and efficacy of 5-aminolevulinic acid for high grade glioma in
usual clinical practice: a prospective cohort study. PLoS One 11:e0149244. https://doi.org/
10.1371/journal.pone.0149244

129. Tew JM (1999) M. Gazi Yasargil: neurosurgery’s man of the century. Neurosurgery
45:1010–1014

130. Uematsu Y, Owai Y, Okita R, Tanaka Y, Itakura T (2007) The usefulness and problem of
intraoperative rapid diagnosis in surgical neuropathology. Brain Tumor Pathol 24:47–52.
https://doi.org/10.1007/s10014-007-0219-z

131. Utsuki S, Miyoshi N, Oka H, Miyajima Y, Shimizu S, Suzuki S, Fujii K (2007a)
Fluorescence-guided resection of metastatic brain tumors using a 5-aminolevulinic
acid-induced protoporphyrin IX: pathological study. Brain Tumor Pathol 24:53–55.
https://doi.org/10.1007/s10014-007-0223-3

132. Utsuki S, Oka H, Kijima C, Miyajima Y, Hagiwara H, Fujii K (2011) Utility of
intraoperative fluorescent diagnosis of residual hemangioblastoma using 5-aminolevulinic
acid. Neurol India 59:612–615. https://doi.org/10.4103/0028-3886.84349

133. Utsuki S et al (2007b) Histological examination of false positive tissue resection using
5-aminolevulinic acid-induced fluorescence guidance. Neurol Med Chir (Tokyo) 47:210–
213; discussion 213–214

134. Valdes PA et al (2014) 5-Aminolevulinic acid-induced protoporphyrin IX fluorescence in
meningioma: qualitative and quantitative measurements in vivo. Neurosurgery 10(Suppl
1):74–82; discussion 82–73. https://doi.org/10.1227/neu.0000000000000117

135. Valdes PA, Jacobs V, Harris BT, Wilson BC, Leblond F, Paulsen KD, Roberts DW (2015)
Quantitative fluorescence using 5-aminolevulinic acid-induced protoporphyrin IX biomarker
as a surgical adjunct in low-grade glioma surgery. J Neurosurg 123:771–780. https://doi.org/
10.3171/2014.12.jns14391

136. Valdes PA et al (2011) Quantitative fluorescence in intracranial tumor: implications for
ALA-induced PpIX as an intraoperative biomarker. J Neurosurg 115:11–17. https://doi.org/
10.3171/2011.2.JNS101451

137. Valdes PA, Roberts DW, Lu FK, Golby A (2016) Optical technologies for intraoperative
neurosurgical guidance. Neurosurg Focus 40:E8. https://doi.org/10.3171/2015.12.
FOCUS15550

138. Villanueva-Meyer JE, Mabray MC, Cha S (2017) Current clinical brain tumor imaging.
Neurosurgery 81:397–415. https://doi.org/10.1093/neuros/nyx103

840 S. Schipmann-Miletić and W. Stummer

http://dx.doi.org/10.1093/neuonc/nov326
http://dx.doi.org/10.3171/2016.11.jns161072
http://dx.doi.org/10.3171/2016.11.jns161072
http://dx.doi.org/10.3171/jns.1999.91.5.0804
http://dx.doi.org/10.3171/jns.1999.91.5.0804
http://dx.doi.org/10.1227/neu.0000000000000622
http://dx.doi.org/10.1227/neu.0000000000000622
http://dx.doi.org/10.1002/cncr.23562
http://dx.doi.org/10.1002/cncr.23562
http://dx.doi.org/10.1007/s11060-017-2494-9
http://dx.doi.org/10.1371/journal.pone.0149244
http://dx.doi.org/10.1371/journal.pone.0149244
http://dx.doi.org/10.1007/s10014-007-0219-z
http://dx.doi.org/10.1007/s10014-007-0223-3
http://dx.doi.org/10.4103/0028-3886.84349
http://dx.doi.org/10.1227/neu.0000000000000117
http://dx.doi.org/10.3171/2014.12.jns14391
http://dx.doi.org/10.3171/2014.12.jns14391
http://dx.doi.org/10.3171/2011.2.JNS101451
http://dx.doi.org/10.3171/2011.2.JNS101451
http://dx.doi.org/10.3171/2015.12.FOCUS15550
http://dx.doi.org/10.3171/2015.12.FOCUS15550
http://dx.doi.org/10.1093/neuros/nyx103


139. Weichert JP et al (2014) Alkylphosphocholine analogs for broad-spectrum cancer imaging
and therapy. Sci Transl Med 6:240ra275. https://doi.org/10.1126/scitranslmed.3007646

140. Widhalm G et al (2013) 5-Aminolevulinic acid induced fluorescence is a powerful
intraoperative marker for precise histopathological grading of gliomas with non-significant
contrast-enhancement. PLoS One 8:e76988. https://doi.org/10.1371/journal.pone.0076988

141. Wilbers E, Hargus G, Wolfer J, Stummer W (2014) Usefulness of 5-ALA (Gliolan(R))-
derived PPX fluorescence for demonstrating the extent of infiltration in atypical
meningiomas. Acta Neurochir (Wien) 156:1853–1854. https://doi.org/10.1007/s00701-
014-2148-z

142. Yamamoto T et al (2015) Photodynamic diagnosis using 5-aminolevulinic acid in 41
biopsies for primary central nervous system lymphoma. Photochem Photobiol 91:1452–
1457. https://doi.org/10.1111/php.12510

143. Yun J, Iwamoto FM, Sonabend AM (2016) Primary central nervous system lymphoma: a
critical review of the role of surgery for resection. Arch Cancer Res 4. https://doi.org/10.
21767/2254-6081.100071

144. Zhang RR, Swanson KI, Hall LT, Weichert JP, Kuo JS (2016) Diapeutic cancer-targeting
alkylphosphocholine analogs may advance management of brain malignancies. CNS Oncol
5:223–231. https://doi.org/10.2217/cns-2016-0017

26 Image-Guided Brain Surgery 841

http://dx.doi.org/10.1126/scitranslmed.3007646
http://dx.doi.org/10.1371/journal.pone.0076988
http://dx.doi.org/10.1007/s00701-014-2148-z
http://dx.doi.org/10.1007/s00701-014-2148-z
http://dx.doi.org/10.1111/php.12510
http://dx.doi.org/10.21767/2254-6081.100071
http://dx.doi.org/10.21767/2254-6081.100071
http://dx.doi.org/10.2217/cns-2016-0017


Part IV
Image Guided Radiooncology



27Molecular Imaging in Photon
Radiotherapy

Jamina Tara Fennell, Eleni Gkika, and Anca L. Grosu

Contents

27.1 Brain Tumours................................................................................................................. 846
27.1.1 Gliomas............................................................................................................... 846

27.2 Meningiomas ................................................................................................................... 848
27.3 Head and Neck Cancer ................................................................................................... 848
27.4 Lung Cancer .................................................................................................................... 850
27.5 Esophageal Cancer .......................................................................................................... 852
27.6 Prostate Cancer ................................................................................................................ 853

27.6.1 Localized Prostate Cancer and Dose Escalation................................................ 853
27.6.2 Lymph Node Metastases .................................................................................... 854
27.6.3 Recurrence .......................................................................................................... 854
27.6.4 Bone Metastases ................................................................................................. 855

27.7 Uterine Cancer................................................................................................................. 855
27.7.1 Cervical Cancer .................................................................................................. 855
27.7.2 Endometrial Cancer ............................................................................................ 856

27.8 Conclusion and Outlook.................................................................................................. 856
References .................................................................................................................................. 856

Nowadays, more than ever before, the treatment of cancer patients requires an
interdisciplinary approach. Radiation therapy (RT) has become an indispensable
pillar of cancer treatment early on, offering a local, curative treatment option and
symptom control in palliative cases. Due to technological advances of the last
30 years, the precision in RT planning has greatly improved, allowing the radiation
oncologist to prescribe high radiation doses and by that assuring high local tumour
control while sparing healthy tissue and thereby reducing side effects. One of the
most important developments has been the widespread introduction of
intensity-modulated RT (IMRT) allowing a steep dose gradient outside the target
volume. But higher precision in RT delivery is only useful if the information about
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tumour spread is equally precise. Unlike the surgeon who can visually verify the
preoperative staging and adapt the extent of the procedure accordingly, the radiation
oncologist depends much more and sometimes even exclusively on imaging
diagnostics to define the macroscopic (gross tumour volume (GTV)) and micro-
scopic tumour spread (clinical tumour volume (CTV)).

Therefore, molecular imaging, especially positron emission tomography
(PET) and multiparametric MRI offer exciting new possibilities to improve RT
planning and monitoring. While radio-oncology has become a vast field, the fol-
lowing chapter is supposed to give an overview of the application of molecular
imaging in photon RT, which is the most common type of RT, using the example of
brain tumours, head and neck cancer, lung cancer, esophageal cancer, prostate
cancer and uterine cancer.

27.1 Brain Tumours

27.1.1 Gliomas

The standard imaging modality for diagnosis of gliomas is MRI. T1 sequences with
and without gadolinium contrast enhancement and T2/FLAIR sequences give a
good indication about tumour spread and heterogeneity. While low-grade gliomas
typically present themselves only as hypointense lesions in T1- and hyperintense
lesions FLAIR/T2-sequences, high-grade gliomas often have additional contrast
enhancement in T1-sequences with central necrosis.

Because of the high sensitivity of these MRI sequences, the European Organi-
zation for Research and Treatment of Cancer (EORTC) and Radiotherapy and
Oncology Group (RTOG) recommend that target volume definition be based on
them [1]. Unfortunately, this can result in large planning target volumes increasing
the risk of side effects like radionecrosis when curative doses are administered.
Therefore if critical structures like the optical nerves or brain stem are involved to
any greater extent, the prescribed dose must be reduced even at the expense of local
tumour control. But at the same time, peritumoural edema, post-therapeutic gliosis
and radionecrosis, have similar imaging characteristics as malignant tissue in the
aforementioned MRI sequences leading to a specificity of 50% and leaving con-
siderable room for improvement [2].

Magnetic resonance spectroscopy (MRS) allows the comparison of chemical
components between normal and abnormal brain tissue and thus offers information
about the metabolism of the latter. Although MRS has only a low resolution, it has
proven useful in distinguishing post-therapeutic tissue alterations from tumour
recurrence [3]. Whether MRS should rountinely be integrated into RT planning
remains still to be seen. Preliminary results are encouraging: a small phase II trial has
shown dose escalation to areas of high choline/N-acetylaspartate ratio in patients
with glioblastoma to be feasible and indicated an improved overall survival com-
pared to a historic control [4]. In the USA, a pilot study investigating the possibility of
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MRS-guided dose escalation is recruiting since 2017 (NCT03137888). A large phase
III trial is being prepared in France with the same objective [5].

Positron emission tomography (PET) is another way to increase the specificity of
tumour detection. In case of gliomas, the most common PET tracers are the amino
acids C11-methionine (MET) and 18F-(fluoroethyl)-L-tyrosin (FET). Comparative
studies on patients with cerebral malignancies could not find a difference in uptake
or tumour/brain ratio between the two tracers, and hence they are equivalent for the
clinical practice and RT planning [6, 7]. Both FET- and MET-PET were attributed
superior specificity (75–95%) compared to MRI alone [8, 9]. The troublesome
nature of this discovery is further illustrated by a study conducted on 39 high-grade
glioma patients, who underwent MET-PET, MRI and CT before receiving adjuvant
RT, which showed that the GTV based on MET-PET corresponded only in 13% of
cases to the GTV based on gadolinium contrast-enhanced MRI and exceeded in
50% even the hyperintense area in T2 [10]. In clinical practice, RT naïve patients
receive FET- or MET-PET-based target volume definition only on a case by case
basis, e.g. to decrease the high dose volume and spare healthy tissue (Fig. 27.1).
Randomized trials, which prove that the use of PET in radiation planning translates
into improved prognosis, are still lacking.

In patients with high-grade glioma recurrence after RT who are eligible for
re-irradiation, biological imaging is more commonly used, but again not system-
atically. A study of 44 patients with recurrence of high-grade glioma who received
RT based on biological imaging, CT and MRI showed improved overall survival
compared to those patients whose RT relied only on CT and MRI [11]. While this
small study offers promising results, the question whether increased specificity of
PET/CT translates into improved prognosis remains uncertain. To finally answer

Fig. 27.1 Patient with oligodendroglioma WHO°III. After partial resection, imaging studies were
performed for individual radiotherapy planning. a MRI-T2-weighted-fluid-attenuated inversion
recovery (FLAIR) sequence: Gross tumour volume (GTV) according to FLAIR is highlighted in
turquoise (->). b MRI-T1 sequence with gadolinium contrast enhancement (CE): GTV according
to CE is highlighted in purple (->). c 18F-(fluoroethyl)-L-tyrosin positron emission tomography
sequence (FET-PET): GTV according to FET-PET is highlighted in red (->). It is much larger than
GTV-CE, but smaller than GTV-FLAIR, since it does not include edema. d Radiation plan using
intensity-modulated radiotherapy (IMRT) with simultaneous integrated boost (SIB) to the
GTV-FET; yellow: 95%-isodose (57 Gy), green: 76%-isodose (45.6 Gy), turquoise: 50%-isodose
(30 Gy)
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this question, the GLIAA trial, a prospective randomized multicenter phase II study,
is currently recruiting patients with recurrent glioblastoma to treat them with
re-irradiation either guided by PET/CT or by gadolinium enhancement on MRI
(NCT01252459) [12]. Primary endpoint will be progression-free survival after
6 months and one of the secondary endpoints is overall survival.

27.2 Meningiomas

Similar to gliomas, MRI has been the imaging standard for diagnosis of meningiomas
because of its morphological precision. According to the guidelines of the European
Association of Neuro-Oncology (EANO), surgery remains the first-line treatment
[13], but there are a considerable number of patients, who are either ineligible for
surgery or whose meningioma can only be partially surgically removed and therefore
require either primary, adjuvant or salvage RT. The most critical localization is the
skull base, where any surgery has a considerable risk of neurological morbidity.
Local tumour control after RT of skull base meningioma is excellent (86% after
10 years) [14]. However, the skull base is exactly the localization, where precise
meningioma demarcation in MRI reaches its limitations especially around the cav-
ernous sinus and the pituitary gland. Here PET/CT with either MET or
68-Ga-labelled DOTA (0)-D-Phe (1)-Tyr (3)-Octreotide (DOTATOC) decreases
interobserver variability, identifies portions of meningioma undetected by MRI and
CT and thereby significantly alters target volume definition [15–17].

27.3 Head and Neck Cancer

Irradiating patients with head and neck squamous cell carcinoma (HNSCC) poses a
multitude of challenges. Lymph drainage in the mouth, throat and neck is rather
complex, lymph nodes often are reactively enlarged due to inflammation or
superinfection, RT is, in general, associated with considerable morbidity and
prognosis depends heavily on individual tumour characteristics. The introduction of
IMRT has already significantly reduced the risk of developing long-term side
effects like xerostomia through conformal radiation dose delivery without jeopar-
dizing tumour control [18]. However, in order to balance the need of tumour control
on the one hand and the effort to improve treatment tolerance on the other hand,
dose prescription needs to be optimized according to individual risk stratification.

Diffusion-weighted MRI (DW-MRI) which visualizes areas of high cellularity
may present an easy and cost-effective way to increase the sensitivity of lymph
node staging by MRI. Especially in cases of primary radiochemotherapy (RCT) the
radiation oncologist has to rely on imaging to determine the extent of macroscopic
tumour spread. T1 and T2 sequences offer morphological criteria whether or not a
lymph node is involved, one of the most important criterion being a diameter larger
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than 1 cm. In a study of 33 patients with head and neck cancer, the histopathology
of 301 lymph nodes was correlated with information obtained by DW-MRI.
DW-MRI proved to be superior to anatomical MRI in predicting metastasis in
lymph nodes smaller than 1 cm (sensitivity 76% vs. 7%, respectively) [19].
According to several small studies, a low apparent diffusion coefficient values in
DW-MRI during and near-term after RCT correlate with an unfavourable treatment
response [20, 21] and are indicative of early recurrence with a reported accuracy of
90% [22]. Therefore, DW-MRI might be a useful monitoring tool to identify
patients in need of early salvage therapy.

F18-fluorodeoxyglucose (FDG)-PET/CT may offer improved and new avenues
to optimize target volume definition. A study, which compared target volume
definition based on CT, MRI and FDG-PET with surgical specimens, found that
GTV definition based on FDG-PET to be the most accurate, while GTVs based on
CT and MRI were larger than the actual tumour [23]. Although the GTV receives in
primary RCT a dose as high as 70 Gy, tumour recurrences occur most of the time in
the high dose volume and even in 54% of cases inside the FDG-positive volume,
indicating the tumour cells there to be highly radioresistant [24]. This may be
overcome with dose escalation. In order to not increase treatment toxicity, inves-
tigators of a planning study used adaptive, voxel-by-voxel dose painting technol-
ogy, so that only voxels with the highest FDG uptake would receive up to 86 Gy
[25]. Obviously, this kind of methodology needs to be highly standardized in order
to attempt any multicenter trials, which are necessary to evaluate the effect of these
advanced treatment concepts on patient outcome [26].

PET/CT may also identify non-responders among patients with HNSCC treated
with primary RCT through tumour hypoxia. The latter has proven to be a deciding
factor for treatment resistance in a number of cancers but particularly in HNSCC
[27, 28]. Using the PET-tracer fluoromisonidazole (FMISO) tumour hypoxia may
be visualized non-invasively, which provides the possibility of monitoring hypoxia
throughout RT [29]. Studies examining patients under RCT with serial
FMISO-PET/CTs found that no hypoxia or hypoxia resolution early in therapy
correlated with favourable outcomes [30, 31]. The hypoxic subvolume in patients
with hypoxia persistence under RCT remains in the same topographical region [32].
The link between hypoxia and patient outcome prompted Lee et al. to de-escalate
dose prescription to lymph nodes of patients with human papillomavirus-associated
HNSCC if hypoxia measured by FMISO-PET/CT resolved after 1 week of RCT
[33]. Thus, 30% of patients received 10 Gy less to lymph nodes without affecting
clinical outcome after 2 years follow-up. While these endeavours pave the way to
better treatment tolerance, simultaneously efforts are being made to improve tumour
control in patients with unfavourable prognosis through dose escalation to areas of
hypoxia persistence during RCT. Doses of up to 80.5 Gy can be attained in hypoxic
subvolumes without violating the dose constraints of healthy surrounding tissue
[34]. However, results whether this strategy has a clinical benefit remain to be seen:
a randomized phase II study is currently recruiting patients to escalate the dose in
FMISO-positive subvolume to 77 Gy (NCT02352792).
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Follow-up and the early detection of recurrence after RCT for HNSCC are very
challenging because post-treatment alterations, scar tissue and edema confound the
sensitivity of CT and conventional MRI. Mehanna et al. could show that patients
without residual activity in FDG-PET/CT 12 weeks after RCT could forego plan-
ned neck dissection without impacting clinical outcome [35]. FDG-PET has
become an indispensable module of the diagnosis and treatment algorithm during
follow-up of patients after RCT according to the NCCN guideline [36].

27.4 Lung Cancer

Non-small cell lung cancer (NSCLC) is one of the most common forms of cancer
and the leading cause of death among all tumour entities. Nowadays, the usefulness
of FDG-PET/CT for initial staging of patients with NSCLS is universally accepted
in the medical community and mandatory prior treatment. Already 20 years ago
radiation oncologists recognized the value of FDG-PET/CT for GTV definition of
the primary tumour in case of atelectasis [37]. At the same time, FDG-PET/CT
facilitates the identification of involved mediastinal lymph nodes [38].

PET/CT has significantly reduced interobserver variability and thusly has con-
tributed to further standardization of treatment [39–41]. The diagnostic accuracy of
FDG PET/CT compared with historical CT imaging makes it possible to adapt the
target volumes. Several retrospective and single-centre analyses demonstrated an
improvement of the inter-observer agreement for target volume delineation [42–44].
There have been efforts to even automatize GTV segmentation by defining a
standard uptake value (SUV) threshold, which is viewed very critically by experts
since healthy tissue like myocardium or brown fat has a high and necrosis a low
SUV [45]. Therefore, qualitative interdisciplinary analysis of the PET/CT images
and manual editing of the automatic-generated GTV remain indispensable [46, 47].

There are several pitfalls in the use of FDG-PET for RT planning. Most
importantly the duration between the FDG-PET scan and the start of radiation
treatment should not be more than three weeks. Then, it is paramount to standardize
window/level settings to avoid discrepancies in tumour size and maintain a low
intra- and interobserver variability. Furthermore, FDG-PET-based volumina often
appear a little larger than their correlate in the CT scan due to respiratory motion
during registration. Finally, FDG-PET/CT should be acquired in radiation position
to allow optimal starting conditions for RT planning [48].

Depending on tumour stage there are two main ways to irradiate a patient with
NSCLC: stereotactic body RT (SBRT) or conventionally fractionated radio(chemo)
therapy. Patients with early stage tumours without nodal involvement are eligible
for SBRT. In order to define the internal target volume (ITV), which respects the
position of the GTV in all breathing cycles, a 4D-CT is mandatory. While this may
be absolutely sufficient in case of peripheral tumours, centrally localized NSCLCs
are far less easily marked out (Fig. 27.2). Interobserver variability profits from
4D-FDG-PET/CT [49]. It was also employed in the LungTech trial (EORTC
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22,113-08,113) which investigates outcome after SBRT of centrally located
NSCLCs. The results are still pending.

Patients with locally advanced NSCLC are treated with RCT. As mentioned
above, PET/CT allows the distinction between atelectasis and tumour as well as
reactive and involved lymph nodes. This harbours great potential for shrinking the
radiation field and thereby allowing dose escalation. Until recently, it was unclear
whether a smaller target volume would adversely affect prognosis. The results of
the multicenter randomized phase II PET-Plan trial have been published in 2020
showing non-inferiority of FDG-PET/CT-based RT planning compared to

27 Molecular Imaging in Photon Radiotherapy 851



conventional planning with a trend towards improved local control through isotoxic
dose escalation [50].

27.5 Esophageal Cancer

Esophageal cancer can be treated by RT either neoadjuvantly or primarily. Lymph
node involvement significantly impacts target volume definition, since either
mediastinal, cervical or abdominal ones may be affected, depending on tumour
location. Standard imaging consists of endoscopic ultrasound to evaluate locore-
gional lymph node metastases and mucosal tumour invasion and CT scan to again
assess lymph nodes and distant metastases [51]. Furthermore, FDG-PET/CT is
recommended for initial patient work-up according to international guidelines
(NCCN, ESMO) [52]; While the sensitivity and specificity of FDG-PET/CT for
detecting locoregional lymph node metastases vary from study to study (30–93%
and 79–100%, respectively) and equal endoscopic ultrasound (45–100% and 44–
100%, respectively), it supersedes conventional CT scans in the detection of distant
metastases [53–55]. Thusly, patients, who are eligible for surgery based on the local
medical findings but were identified as having distant metastases in the
FDG-PET/CT scan, can be spared an invasive procedure. In case of oligometastatic
disease, they may be eligible for an individualized treatment plan with RCT of the
primary tumour and SBRT of the distant metastases. But even if there are no distant
metastases detected, a study of 90 patients found that FDG-PET/CT leads to a
change in the radiation treatment plan in around 50% of cases [56]. However, in the
same study, PET/CT-based planning showed no benefit in terms of decreased
locoregional recurrence.

Fig. 27.2 Patient with non-small cell lung cancer (NSCLC) without lymph node or distant
metastases. He was treated with neoadjuvant radiochemotherapy due to NSCLC of the
contralateral lung 12 years ago with 50,4 Gy in 28 fractions. a Computer tomography
(CT) with contrast enhancement (CE): right hilus is enlarged, but precise distinction between
tumour and blood vessel is not possible. b 18F-fluorodeoxyglucose positron emission
tomography/CT (FDG-PET/CT): the tumour is now plainly demarcated, due to high FDG uptake.
c Planning CT: integral tumour volume (ITV) is highlighted in orange; planning target volume
(PTV) is highlighted in dark pink; isodoses of the previous irradation are shown in green(30, 40
and 50 Gy). d Treatment plan for 55 Gy in 10 fractions: red: 112%-isodose (61.6 Gy) ; yellow:
100%-isodose (55 Gy); bright green: 80%-isodose (44 Gy); turquoise: 50%-isodose (27.5 Gy);
dark blue: 20%-isodose (11 Gy). e Planning CT in sagittal plane with extremes of breathing cycle
delineated: dark purple: gross tumour volume during different breathing positions; orange: ITV;
ocher: right bronchus; bright blue: planning organ of risk volume (PRV) of the right bronchus;
bright pink: SIP (simultaneous integrated protection volume (overlap between PTV and PRV))
F1/F2 FDG-PET-scan with respiratory gating. G Treatment plan in sagittal plane: SIP will only
receive 28 Gy in 10 fractions in order to not exceed the constraint to the right bronchus (34 Gy).
G Treatment plan for 55 Gy in 10 fractions in sagittal plane: red: 112%-isodose (61.6 Gy) ; yellow:
100%-isodose (55 Gy); bright green: 80%-isodose (44 Gy); turquoise: 50%-isodose (27.5 Gy);dark
blue: 20%-isodose (11 Gy). h Dose volume histogram: The right bronchus receives less than
30 Gy, while 95% of the ITV will receive at least 60 Gy

b
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There have been efforts to make FDG-PET/CT an even more integral part of
esophageal cancer treatment. The MUNICON II trial subjected patients, who did
not metabolically respond to neoadjuvant chemotherapy in FDG-PET/CT after
14 days to RCT of a total dose of 32 Gy. Unfortunately, that trial did not meet its
primary end point of increased R0-resections which may be due to the rather low
total dose [57]. Another clinical trial evaluated the impact of dose escalation in
patients who did not respond or only responded partially to RCT up to 50,4 Gy
according to serial FDG-PET/CT scans. They found improved 2-year overall sur-
vival and local tumour control between the control and investigative group. Further
analysis revealed that only the patient with partial treatment response had a sig-
nificant benefit from dose escalation [58].

27.6 Prostate Cancer

RT is highly effective in patients with prostate cancer as primary therapy in
localized disease with curative intent or for symptom control in a palliative setting
[59]. Prostate cancer is the most common tumour entity among men. The current
guidelines recommend to forego any imaging for low-risk patients, whereas
intermediate patients may and high-risk patients absolutely should receive multi-
parametric MRI (mpMRI) and a bone scan to exclude metastatic disease [59–61].

27.6.1 Localized Prostate Cancer and Dose Escalation

Target definition in localized prostate cancer is dependent upon tumour stage.
Moreover, several trials dating from 10 years ago have shown an improved bio-
chemical progression-free survival after primary RT with dose escalation to 74–
80 Gy [62–66], which was accompanied with greater urogenital and/or gastroin-
testinal early and late toxicity [62–65], as the dose was homogeneously prescribed to
the whole prostate. Since the malignant tissue seldom encompasses the whole
prostate, the next logical step is to limit the dose escalation only to it, which would
allow better protection for bladder and rectum. The prerequisite for this approach is
the ability to precisely identify malignant tumour tissue in an organ of around 25 ml.

MpMRI, which entails T1, T2, DW and dynamic contrast-enhanced (DCE) se-
quences, has a good sensitivity (74–89%) and specificity (73–88%) for tumour
detection [67, 68], and yet there is high interobserver variability in precise
intraprostatic tumour delineation [69, 70] due partially to confounding factors like
androgen deprivation therapy, previous biopsy or fiducial implantation [71], lesions
smaller than 0.5 ml [72] and benign prostate hyperplasia [73]. The updated version
of the Prostate Imaging Reporting and Data System (PI-RADSv2) endeavours to
further standardize the evaluation of mpMRI and names the most significant
sequences to detect malignant tissue in the different subregions of the prostate [74].
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Different PET tracers have been investigated in terms of their usefulness to stage
prostate cancer. FDG has been proven unreliable because of similar uptake in
benign prostate hyperplasia, prostate cancer, prostatitis and normal prostate tissue
[75]. Carbon-11-choline (11C-choline) has also failed to deliver reliable informa-
tion about intraprostatic tumour spread [76, 77]. The rather new PET-tracer
Prostate-specific membrane antigen (PSMA) has shown to be more promising
especially in larger tumours [78]. However, current data suggest that the combi-
nation of PSMA-PET/CT and mpMRI will result in the highest sensitivity and
specificity in tumour tissue detection compared to histopathological analysis [79,
80]. Several planning studies have demonstrated that integrated dose escalation to
the intraprostatic PSMA-uptake volume is feasible with nearly no increased risk of
increased bladder and rectum toxicity [81, 82]. Similar results could be found for
integrated dose escalation to a GTV based on PSMA-PET and mpMRI [83].
Whether integrated dose escalation to intraprostatic tumour volume will actually
prove beneficial for patients is being investigated in the prospective phase III trial
(FLAME-study, NCT01168479) [84].

27.6.2 Lymph Node Metastases

Another important aspect in target volume definition of localized prostate cancer is
the identification of lymph node metastases. Unfortunately, conventional MRI
sequences possess only low sensitivity (39%) with a specificity of 82% [85].
Sensitivity seems to be improving after consideration of DW-MRI (sensitivity
84.6%, specificity 89%) [86].

PSMA-PET/CT is also superior to conventional MRI sequences in detecting
lymph node metastases. Sensitivity and specificity in studies have been 64–67%
and 81–98.9%, respectively [87–89]. The precise identification of lymph node
metastases allows the radiation oncologist to formulate individual treatment plans
with enlarged para-aortal radiation fields and dose escalation to only
PSMA-positive lymph nodes.

27.6.3 Recurrence

RT is a common salvage therapy for patients with biochemical or macroscopic
recurrence after primary treatment. An issue of contention is the PSA level which
warrants imaging diagnostics. Here PSMA-PET/CT has proven to be valuable and
significantly impacting the patient treatment plan in around 50% of cases [90, 91].
Currently, it may be performed at PSA levels as low as 0.2–0.5 ng/ml [92]. Of
course, the likelihood of macroscopic tumour detection increases with absolute PSA
value and PSA doubling time [92]. An analysis of 1007 with prostate cancer
recurrence showed that in 79% of cases a macroscopic tumour could be detected [93].
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27.6.4 Bone Metastases

Most of the distant metastases in prostate cancer are located in the bone. RT is
indicated either in oligometastatic disease or in palliative setting to maintain bone
stability, manage pain or prevent, respectively, treat neurological symptoms due to
spinal cord or nerve compression. Standard staging modality is a bone scan.

While a meta-analysis has shown a very high pooled sensitivity and specificity
for the detection of bone metastases with MRI (96 and 98%) and it can decidedly
influence the treatment strategy in patients with high-risk prostate cancer [94, 95],
depending on the country it may be difficult and costly to scan all the body regions
necessary to have a complete staging.

PSMA-PET/CT performed superiorly compared to a standard bone scan in an
analysis of 126 patients (sensitivity 98.7–100% versus 86.7–89.3% specificity 88.2–
100% versus 60.8–96.1%) [96]. While still a costly imaging modality, PSMA-
PET/CT has the added advantage of givingmore information about bone stability due
to the included CT scan and other metastases compared to bone scan and MRI.

27.7 Uterine Cancer

27.7.1 Cervical Cancer

Cervical cancer is the second most common tumour entity among women [97] and
RT is often used primarily or adjuvantly in a curative intent. Nevertheless, espe-
cially in early stages, surgery presents the first-line approach. Therefore, tradi-
tionally, cervical cancer is classified by the International Federation of Gynecology
and Obstetrics (FIGO) staging system, which is mainly based on clinical exami-
nation. But since risk factors like tumour size, stroma or lymph node involvement
have been identified to significantly impact prognosis, imaging with MRI and CT is
now routinely performed. Additionally, FDG-PET/CT has proven to be more and
more relevant in recent years, so much so that it has been introduced into the major
NCCN and ESMO guidelines [98, 99].

During initial patient work-up, FDG-PET/CT does not perform better than MRI
with regard to assessing tumour volume and parametric invasion, since the latter is
unparalleled in depicting soft tissue contrast and resolution. But FDG-PET/CT has
shown a high sensitivity and specificity for the detection of pelvic (65–90% and 96–
99%, respectively) and para-aortal lymph node metastases (68–94% and 89–98%,
respectively) as well as distant metastases [100]. This information directly affects
radiation treatment planning and may result in an extended radiation field or dose
escalation to lymph nodes with increased FDG uptake. In order to avoid increased
toxicity during and after RT of lymph node metastases, intensity-modulated RT
should be used [101]. Thusly, a high local control rate may be achieved in field but
unfortunately distant metastases are the most common failure site once there is lymph
node involvement [102].
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There are some studies exploring the feasibility of FDG-PET-guided
HDR-brachytherapy, but the patient numbers are small and there is no compar-
ison to MRI-guided brachytherapy.

27.7.2 Endometrial Cancer

Surgery as primary therapy or for the purpose of staging is often the first procedure
that patients with endometrial cancer have to undergo. Depending on individual risk
factors, RT is mostly indicated adjuvantly, but is an option for primary treatment if
the patient is inoperable [103]. Nevertheless, assessment of pelvic and para-aortal
lymph node is indispensable for target definition. FDG-PET/CT presents an
appropriate alternative for surgical staging with high sensitivity and specificity (73–
85% and 91–98%, respectively) [104–107].

27.8 Conclusion and Outlook

Biological imaging is a useful tool of the radiation oncologist for tumour detection
and identification of high-risk subvolumes. This makes it possible to further indi-
vidualize treatment either through dose escalation or deescalation.

A very promising prospect for future studies and clinical trials is radiomics,
which may be the key to transcend the limitations of the human eye in the inter-
pretation of imaging diagnostics and lead to improved treatment of cancer patients.
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28.1 Introduction

During the last decades, radiation oncology has been subject to a number of
technological innovations. Over time, 2D treatment planning was replaced by
CT-based 3D treatment planning. Computer algorithms that allowed to prescribe a
maximum tolerated dose to an organ at risk led to the introduction of inverse
treatment planning and made the development of intensity-modulated radiotherapy
(IMRT) possible. Further techniques such as radiosurgery by gammaknife, cyber-
knife, or specialized linear accelerators were consequently introduced into the
clinical practice. With those technical advances, a high level of precision was
achieved.
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Particle therapy evolved in parallel to the modern high-precision photon radio-
therapy techniques and offers a superior dose distribution with decreased integral
dose to healthy tissue compared to most modern photon techniques. Protons and
carbon ions are currently the only two clinically used charged particles, but helium
ions might be implemented in the near future. Due to the complexity of particle
therapy, facility availability is limited, while around 70 proton facilities are in
operation, there are only 12 carbon ion facilities worldwide (Particle Therapy

Fig. 28.1 Consolidation proton radiotherapy for mediastinal lymphoma: the characteristic
features of protons allow to spare dose to the heart and to breast tissue reducing the risk of
coronary heart disease and secondary malignancy; the upper picture shows a 25-year-old female
patient and the lower a 22-year-old male, both suffering from nodular sclerosing Hodgkin
Lymphoma with a pericardial bulky disease at diagnosis, and treatment was performed up to the
total dose of 30 Gy (RBE), single dose 2 Gy (RBE), 15 fractions
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Co-Operative Group, PTCOG, January 2019). Particle beams offer unique physical
and biological characteristics. The inverse depth-dose profile is characteristic; the
energy deposition in the healthy tissue in the entrance channel is low, and the dose
increases only slowly with penetration depth until the end of the range where the
dose increase and fall-off are steep and result in the so-called Bragg peak. It is worth
noting that the lateral dose width (penumbra) of carbon ions is significantly smaller
than the penumbra of protons. The biological characteristics of particle therapy are
based on the energy loss in tissue. The linear energy transfer (LET) of carbon ions
is higher than that of protons. While the relative biological effectiveness (RBE) of
protons is comparable to photons, the RBE of carbon ions is higher and it varies
based on different parameters and has to be calculated by complex biological
models. Different possibilities of beam application with varying doses to normal
tissue due to neutron production exist, with active beam delivery being superior
over passive scattering.

With advancing precision of treatment, the necessity for accurate and confident
target volume delineation is rising. Due to the steep dose gradients, inaccuracy in
delineation of the tumor can lead to an inadequate dose coverage. Morphological
imaging has limitations in distinguishing vital tumor cells against benign tissues
like scar tissue. Identifying the exact margins of the tumor can be a challenge for
poorly marginated, heterogeneous, and infiltrative tumors particularly after several
previous treatments.

Functional and biological information from positron emission tomography
(PET) can provide additional information for target volume delineation. The
implementation in the daily clinical routine is subject to discussion and certain
challenges have yet to be solved. The edges of tumors avid to certain PET tracers
can blur due to partial volume effect and limited spatial resolution. Altering the
standardized uptake scale (SUV) can change the apparent tumor volume. Auto-
mated processes are generally considered more consistent than visual interpretation;
however, no consensus is reached on the optimal segmentation approach. Besides
target volume delineation PET plays an established role in the initial staging and an
emerging role in the adaptation of the target volume during treatment as well as in
the evaluation and prognostication of treatment response after its completion. The
following chapter summarizes the current role and prospective developments of
molecular imaging for particle therapy.

28.2 Sidenote: In situ beam monitoring by PET

In carbon ion radiotherapy, nuclear fragmentation contributes to the characteristic
depth-dose distribution. Those nuclear reactions lead to creation of lighter ions,
which continue the path of the primary ion with approximately the same velocity.
However, those fragments have a larger penetration depth as they are lighter and
thus they form the characteristic dose tail at the distal end of the Bragg peak. In this
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process of fragmentation, carbon ion isotopes, 11C and 10C, are created which are
positron emitters with a half-life of approx. 20 min and 19 s, respectively.
With PET it is possible to detect this decay and monitor the range of the carbon ion
beam in situ, which has been routinely done at the Gesellschaft für Schwerionen-
forschung (GSI) by the pioneers of carbon ion radiotherapy in Germany. A com-
parison with the expected dose distribution from the treatment plan can be
calculated and mispositioning or shifts in dose distribution of approx. 2 mm can be
detected and corrected, if necessary [1].

Fig. 28.2 Combining morphological and functional imaging for particle treatment planning:
38-year-old female patient with a history of astrocytoma WHO °II of 9 years. As the patient was
pretreated by surgery and photon radiotherapy, different modalities were used to identify vital
tumor and differentiate from treatment-associated changes: (upper row, from left to right)
CM-enhanced T1-MPRAGE MRI sequence, T2-FLAIR MRI sequence, FET-PET/CT, and (lower
row, left) CM-enhanced CT. Dose distribution of the according treatment plan (lower row, right),
re-irradiation was performed with carbon ions, total dose 51 Gy (RBE), single dose 3 Gy(RBE),
17 fractions
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Fig. 28.3 DOTATOC PET for diagnosis and target volume definition of meningioma:
58-year-old patient with a 10-year history of meningioma without histopathological confirmation,
treatment was initiated as a progression was seen on MRI on the long term and the patient
developed mild symptoms. Treatment planning was based on CM-enhanced T1-MPRAGE MRI
sequence (upper row left), DOTATOC PET/CM (upper row right), CM-enhanced CT (lower row
left). The figure in the lower row right shows the according proton plan, total dose 54 Gy (RBE),
single dose 2 Gy (RBE), 27 fractions
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28.3 Metabolic Activity: Imaging of Glucose Metabolism
in Oncology

2-Fluor-2-deoxy-D-glucose (FDG) is by far the longest known and most used PET
tracer. Its uptake reflects the upregulation of glucose transporters and enhanced
glucose metabolism of tumor cells, thus FDG is not tumor specific. FDG is a useful
and reliable diagnostic tool for mainly three issues in oncology: differentiating
between benign and malignant processes, detecting affected lymph nodes and
distant metastases as well as assessing the extent of the primary tumor and dif-
ferentiating between vital tumor and scar tissue. It is useful for many malignancies
such as head and neck, rectal and esophageal cancer as well as lymphoma. Par-
ticularly for non-small cell lung cancer (NSCLC), FDG-PET/CT has become the
standard of care baseline staging.

However, FDG-PET/CT is prone to pitfalls and incidental findings. False pos-
itive results might be thymus, brown fatty tissue, bone marrow, or
infection/inflammation among others. A high physiologic uptake of the normal
tissue as brain can disguise tumor processes [2].

Research implementing FDG-PET into radiation oncology mainly focuses on
maximizing survival and minimizing morbidity by biological characterization of the
tumor and individualized adaptation of the treatment. Not only the target volume
definition can be supported by FDG-PET but also treatment guidance/decision-
making can be based on residual FDG uptake after foregoing treatment, which will
be explained below for lymphoma as an example.

A growing area of research employs FDG-PET/ CT during radiotherapy in order
to facilitate treatment escalation or de-escalation strategies based on the metabolic
evolution of the tumor as a surrogate of the speed and quality of response to the
ongoing treatment [3].

But also the field of response prediction after completed treatment is evolving
[4]. As an example, a multicenter study performed in the United Kingdom
demonstrated that PET/CT-guided surveillance of head and neck squamous cell
carcinoma patients with advanced nodal disease (stage N2 or N3) 12 weeks after
RT spares patients planned neck dissections without compromising survival [5].
Assessing response to treatment of head and neck tumors with squamous cell
histology might be particularly interesting following carbon ion re-irradiation [6], as
morphological imaging hits its limits due to equivocal results after several previous
treatments.

Pediatric patients are preferably treated by protons for several reasons. Due to
the smaller size of the body and the organs, the integral dose to the neighboring
organs at risk is significantly higher compared to adults. As they have not finished
growth and development, a different scope of side effects such as growth abnor-
malities which can lead to scoliosis or facial asymmetry has to be considered.
Hormonal deficiency after radiotherapy of brain tumors leads to more severe side
effects due to the ongoing development [7, 8]. The prognosis of children with
cancer has significantly increased over the last decades: for many malignancies,
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overall survival rates of more than 70% percent after 5 years can be achieved [9].
Thus, reducing the risk of secondary malignancies or other severe treatment-related
late sequelae by reducing the absorbed dose to non-target tissues is crucial. In
pediatric malignancies, FDG-PET is primarily used for staging. The typical indi-
cations are neuroblastoma (MIBG negative), osteosarcoma, Ewing sarcoma, rhab-
domyosarcoma, and MPNST [10].

Hodgkin’s lymphoma is the third commonest pediatric malignancy after leu-
kemia and central nervous system tumors. FDG-PET/CT is routinely used for
staging of pediatric and adult patients. Besides staging, assessment of treatment
response and adaptation of treatment procedures are based on FDG-PET/CT.
Current treatment regimens are of increasing efficacy, and therefore reducing the
risk of secondary malignancy and cardiovascular disease due to consolidation
radiotherapy becomes of higher importance. Current efforts are focused on reducing
the number of patients receiving consolidation radiotherapy without compromising
the excellent survival rates (EuroNet PHL-C1/C2) [10]. The risk for women to
develop breast cancer after chest radiotherapy in the childhood is among the highest
described for any population [11]. For coronary heart disease, a linear dose–re-
sponse relationship was identified for Hodgkin lymphoma survivors [12]. The
HD-15 study for adult patient with advanced Hodgkin’s lymphoma has identified
treatment with six cycles of chemotherapy with BEACOPPescalated followed by
PET-guided radiotherapy superior to eight cycles of the chemotherapy alone [13].
The same rationale was applied in the HD 16 study for early-stage Hodgkin’s
lymphoma. Here PET staging was performed after two cycles of chemotherapy by
ABVD. In the standard arm, all patients received involved field radiotherapy with
20 Gy, and in the experimental arm only the PET positive patients received
radiotherapy but not the PET negative. In those cases where radiotherapy cannot be
omitted safely, proton therapy can significantly reduce the dose to the heart as well
as to the breast tissue due to its steep dose gradients (Fig. 28.1). Chung et al.
showed in a matched pair analysis of 558 patients treated with protons and photons
a reduced risk of secondary malignancies for proton-treated patients of 5.2 versus
7.5% [14]. Nowadays, most pediatric and young patients are still treated with
photons worldwide due to the limited accessibility of proton therapy. With
decreasing costs for proton facilities this will hopefully change in future.

28.4 The New Tracer FAPI

Most recently, a new tracer has been developed as an alternative to FDG-PET. It
utilizes the fact that cancer-associated fibroblasts (CAF) of the tumor microenvi-
ronment of several tumors (breast cancer, pancreatic cancer, or colon cancer)
overexpress fibroblast activation protein (FAP). A strong desmoplastic reaction of
those tumors causes that up to 90% of the tumor mass can consist of stromal cells.
In contrast to fibroblasts that are found ubiquitary in the body, the expression of
FAP is found selectively in CAFs and in contrast to tumor cells they are more stable

28 Molecular Imaging for Particle Therapy … 871



from genetic alterations, which makes FAP a promising target for a theranostic
(therapeutic and diagnostic) approach. The first published results show that PET
tracers with FAP targeting inhibitors as FAPI-2 and FAPI-4 are a promising
alternative to FDG-PET. It shows a lower background uptake in brain, liver, or
oral–laryngeal mucosa. And complimentary to FDG it performs well in pancreatic
or liver cancer. FAPI is more convenient for patients compared to FDG as no
starvation time before the examination is necessary. However, as FAPI also
accumulates in inflammation it is generally not considered more specific than FDG.
In future, it might be a helpful tool for target volume definition of tumors that tend
to be poorly marginated and that are, therefore, difficult to delineate [15–17].

Pancreatic cancer belongs to the most lethal malignant neoplasms worldwide
with an overall survival rate of approximately 6% in 5 years and negligible changes
in survival over the last decades. It is difficult to diagnose and most patients are
diagnosed at an advanced, inoperable stage as there is no workable modality for
screening and early diagnosis [18]. Carbon ion radiotherapy has been introduced to
the treatment of pancreatic cancer in the recent years; due to the high precision of
the treatment as well as a higher biological effectivity, it is promising in the
treatment of radioresistant malignancies. The recently published experience for
carbon ion radiotherapy with concomitant chemotherapy by gemcitabine from the
Japan Carbon-Ion Radiation Oncology Study Group (J-CROS) for pathologically
confirmed invasive ductal adenocarcinoma of the pancreas is promising and shows
overall survival rates of 46% (95% CI, 31%–61%) at 2 years with a median OS of
21.5 months (95% CI, 11.8–31.2 months) [19, 20]. In those studies, target volume
delineation was performed by CT, MRI, and FDG-PET and the evaluation of
treatment response was done with CT and FDG-PET. With the current imaging
modalities, it is, nowadays, still difficult to stage and assess treatment response and
a discrepancy between the different techniques is commonly seen. FDG-PET is
described to have only a moderate sensibility for pancreatic cancer and to be poor
especially in nodal staging [21]. As pancreatic cancer is described to have a high
desmoplastic activity, FAPI-PET/CT might be a useful tool in patient selection,
development of treatment strategies, and response assessment to carbon ion
radiotherapy in future.

28.5 Tumor-Specific Tracers: PSMA

Prostate-specific membrane antigen (PSMA) PET/CT has been introduced into the
diagnostics of prostate cancer patients in the last years. Clinical management of
prostate cancer patients in radiation oncology is highly influenced by the intro-
duction of PSMA-PET/CT. Oligometastatic disease can be treated in a curative
intent by radiotherapy after clear identification of the metastatic sites. Salvage
radiotherapy in biochemical failure after surgery can be supported by the identifi-
cation of the recurrence site in the prostatic fossa. Increased dose as an integrated
boost to lymph node metastasis that are morphologically not suspicious but PET
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positive can be administered to account for macroscopic tumor spread. It is
described that information from PSMA-PET/CT can account for over 50% of
changes in disease management [22]. Yet, treatment guidelines for the management
of information from PSMA-PET/CT scans have to be developed in future not only
for photon but also for particle therapy, which has been steadily implemented into
the treatment of prostate cancer over the recent years and offers different treatment
options. Hypofractionated proton therapy can be performed as a definitive, adju-
vant, or salvage radiotherapy. Furthermore, a proton boost can be administered with
a photon base plan combining the advantages of both techniques and allowing dose
escalation [23].

28.6 Metabolic Activity: Amino Acid Metabolism in Brain
Tumors

Particle irradiation with protons is currently performed worldwide for low-grade
glioma (LGG) especially in children and young patients, in order to spare the
healthy brain tissue from medium and low dose and reduce the risk of acute and
especially late side effects, like cognitive disturbance, concentration impairment, or
secondary malignancy. For high-grade glioma (HGG) in the primary situation, it is
possible to combine a proton boost and a photon base plan [24] and in case of
recurrence small volume re-irradiation can be performed with carbon ions, e.g.,
with 45 Gy (RBE) in 15 fractions (56.2 Gy EQD2, alpha/beta = 2) [25, 26] (un-
published clinical experience from Heidelberg Ion-Beam Therapy Center) safely
and efficiently. One has to be aware that due to the characteristic steep depth-dose
profile of particles, uncertainties or inaccuracies in tumor delineation can lead to a
differing therapeutical dose coverage and thus compromise the local control.
Confident and consistent definition of the target volume is crucial. Especially in
high-grade glioma recurrence, accurate spatial allocation is difficult due to the
infiltrative nature and heterogeneous tumor structures. Additionally, gliosis,
necrosis, and edema from forgoing treatments as operation and radiotherapy can
make differentiation from vital tumor difficult. This emphasizes the need for novel
imaging modalities in the time of high precision therapy.

Amino acid tracers tend to accumulate in brain tumors due to increased expression
of amino acid transporters by tumor cells. 18F-fluoroethyltyrosine (FET) PET/CT is
widely considered as a useful tool for target volume definition of malignant and
especially recurrent glioma, although the details of implementation into the daily
clinical routine are currently discussed (Fig. 28.2). Especially the optimal strategy for
the segmentation of the PET active volume is not properly defined yet. Manual
segmentation, on the one hand, has high inter- and intra-rater variations due to the
applied window level and the physicians’ experience. Semi-automatic segmentation
(region-growing or thresholding) depends on the definition of thresholds and seed
points of different users. The application of a fixed threshold on the standardized
uptake value (SUV) is hampered by a great variability between patients. Finally,
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using percentage thresholds on the maximum SUV (isocontours) seems promising,
but the optimal value varies greatly in literature [27].

FET and l-[methyl-11C] methionine (MET) are the two most commonly used
amino acid tracers. MET has been available at many centers worldwide since 1980s
while FET emerged in 1990s and shows a more favorable half-life time for routine
clinical application of 110 min compared to the half-life of 20 min of MET. FET is
reported to be more specific than MET in differentiating tumor tissue and inflam-
mation [28].

It has been shown in several publications that integrating FET-PET signaling
yields larger target volumes (GTV) in comparison to MRI T1-weighted (T1w)
gadolinium enhancement based GTV definition [27, 29, 30]. Furthermore, the
congruence of MRI and FET signals is poor leading to a mismatch of the GTV’s
based on MRI and PET. This is different when the GTV is defined by the
T2-FLAIR signal, e.g., in patients with LGG, and here the hyperintensity covers
approximately 80% of the PET positive volume [31].

It is worth noting that increased standardized uptake ratios (SUR > 2.92) were
correlated significantly to a poor median overall survival in high-grade glioma [27]
and FET-PET has been attributed prognostic value in the treatment of glioblastoma
by further publications [32, 33]. Addition of FET-PET to MRI enhances the
specificity for the detection of tumor tissue by biopsy in patients with suspected
glioma from 53% to 94% [34].

Especially for LGG and re-irradiation of HGG PET with amino acid tracers
might be quite useful, but more studies are needed for the evaluation of the potential
benefits.

28.7 Tumor-Specific Markers: DOTATOC

Skull base meningioma arises at the sphenoidal wing, the petroclival region, or the
cavernous sinus and in more than 90% they are of benign origin. Due to the
complex anatomy of the skull base, involvement of vital structures such as cranial
nerves, blood vessels, and the cavernous sinus is common and makes them par-
ticularly difficult to treat. For a long time, surgical resection was the treatment of
choice but in many cases total resection is not feasible as it bears the risk of
intolerable morbidity. Incomplete resection cannot reach high long-term control and
overall survival rates. Additional radiation therapy can reduce the risk of local
recurrence [35]. Thus, irradiation with protons among other techniques is an
important treatment alternative which shows excellent local control and overall
survival rates [36]. Compared to IMRT proton therapy has a significantly reduced
low dose deposition in the surrounding healthy tissue, which is associated with a
lower risk of secondary malignancies [37]. Whether protons are superior to photons
with regard to other relevant clinical parameters like neurocognitive performance or
endocrine disfunction still remains to be answered. Many meningiomas are dis-
covered incidentally and show no tendency to grow over a long period of time due
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to a low proliferation index, and in such cases an observation strategy is reasonable.
Initiation of treatment is indicated in case of neurological symptoms or detection of
tumor growth by high-resolution imaging with MRI. In approximately 38% of
cases, no pathological confirmation of the diagnosis is available [36]. In those
cases, biopsy might be limited or declined by the patient and 68Ga-DOTATOC
PET/CT is used to confirm the diagnosis. It is worth noting that DOTATOC
PET/CT has a higher sensitivity than contrast-enhanced MRI, particularly when
tumors are adjacent to the falx cerebri or at the skull base [38].

Commonly, morphological imaging is used for target volume definition. Though
it has limitations in distinguishing between vital meningioma tissue, postoperative
scar tissue, and other neighboring anatomical structures of the skull base. The high
expression of somatostatin type 2 receptor as well as an excellent
tumor-to-background ratio makes imaging with somatostatin receptor ligands as
DOTATOC a very useful and well-established tool not only for the diagnosis but
particularly for the target volume definition of meningiomas with equivocal pre-
sentation on MRI. For benign meningioma, the gross target volume equals the
clinical target volume, and thus accurate definition of the tumor’s margins is cru-
cial, considering the steep dose gradients of protons (Fig. 28.3). It is worth noting
that combining a carbon ion boost with a photon base plan is currently investigated
for atypical meningioma utilizing the superior physical and biological character-
istics of carbon ions in order to improve local control rates [39].

28.8 Future Directions: Individualized Adaptive
Treatment Planning Based on Functional
and Biological Characteristics

It is well known that hypoxic tumors can overcome the effects of conventional
radiotherapy and hypoxia is one key point mechanism of radioresistance. The high
linear energy transfer (LET) of carbon ions leads to a different pattern of DNA
damage in tumor cells with a higher rate of complex, irreparable DNA damage
(e.g., double-strand breaks) and less dependence on the re-oxygenation of the
tumor. Thus, carbon ion radiotherapy is especially effective in hypoxic tumors [1,
40]. As a consequence, measuring tumor hypoxia might be a potential future marker
for adaptation of radiotherapy in an individualized treatment. Besides favoring
heavy ion treatment when feasible and available, dose escalation might be a rea-
sonable approach. Radiolabeled tracers such as 18F-FMISO, 18F-FAZA, 18F-HX4
allow detection of hypoxia by PET/CT, and high levels of uptake are not only
hypothetically interesting but also of relevance for the patient’s outcome. A number
of studies have shown that high uptake of 18F-FMISO or 18F-FAZA correlates with
poor treatment response [41]. Quantification of hypoxia and thus comparability of
the PET result for large multicenter studies will make further investigation of this
approach in personalized medicine possible [42].
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Besides hypoxia and metabolism, tumor cell proliferation is one molecular
parameter which can predict the response to treatment. Fluorothymidine (18F-FLT)
is a tracer which highly correlates to the proliferation marker Ki-67 and enables to
visualize proliferation in vivo [43, 44, 45]. Thus, it might also be an interesting tool
for treatment planning in future.

Further functional parameters that can be integrated into molecular PET infor-
mation are perfusion and diffusion measured by MRI. Dynamic-enhanced MRI
measures surrogates of tissue perfusion. Diffusion-weighted MRI can determine
regions with abnormal extracellular space and thus estimate tumor cell density. As
an example, it was shown that combining ADC (apparent diffusion coefficient) and
18F-FDG SUV predicted disease progression better than each modality alone in
NSCLC [46]. Hybrid imaging technology combining PET signaling as well as
anatomical and functional data from MRI (PET/MRI) will provide data for
multi-parameter functional imaging and is investigated currently with great interest
[47]. In future, more complex methods in treatment planning based on different
modalities including functional and molecular imaging might make high-quality
individualized treatment possible [42, 48].

Over the last decades, the treatment techniques have reached a grade of sub-
millimeter precision. Implementing the superior dose distribution of particle therapy
requires enhanced diligence. High-precision radiation therapy based upon equivocal
morphological images and inaccurate tumor mass delineation forms a paradox
situation which should be considered with great care by the treating radiation
oncologist. High-quality imaging modalities are a key prerequisite in order to utilize
the full potential of this accuracy. Personalized treatment could be reached by
prescribing a non-uniform dose to the target volume to cover, e.g., regions of high
risk for local relapse based on information from functional and molecular imaging
(dose-painting) [48] and by adaptive treatment planning based on repeated imaging
during the course of fractionated radiotherapy.

Conceptual designs for a combination of a PET scanner and a LINAC are
currently in development. Online PET imaging with tracers such as FDG would not
only allow target volume identification before treatment but tracking of the target by
the PET signal and adaptation of the target volume by the integration of molecular
imaging information. Guidance of particles by PET might become an interesting
topic in the future.
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Internal radiation therapy or endoradiotherapy of tumors refers to a localized intro-
duction of radioactively labeled particles or molecules with therapeutically usable
radiation. This can be done either by invasive methods in which radiolabeled
non-tumor-affine particles are brought directly to the tissue to be treated (non-specific
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method) or by the administration of tumor affinity molecules that selectively accu-
mulate in the tumor after intravenous administration (specific method). An advantage
of endoradiotherapy with specific ligands over traditional therapies or immunother-
apy is the cross-fire effect induced by the b-particles emanating from the binding site.
These particles lead to the destruction of multiple cells in the vicinity of the
receptor-positive cell and can, therefore, partially compensate for heretogenic
expression of the target structure in the tumor. This cannot be achieved with
non-radioactive methods, because only those cells are destroyed which bind the
molecule used therapeutically. A further increase in the therapeutic effect is achieved
by the radiation-induced bystander effect (RIBE). RIBE describes the situation in
which cells that are not directly exposed to ionizing radiation behave like exposed
cells: these cells die or show chromosomal instabilities. Although the exact mecha-
nism of RIBE is not yet fully understood, there is evidence that chemical signaling
leads to deleterious information from exposed cells to adjacent cells.

29.1 Non-specific Therapy

29.1.1 Selective Internal Radiotherapy (SIRT)

The SIRT radionuclides are introduced into the tumor or metastases via the blood
supplying arterial vessels after coupling to glass or resin beads (microspheres). The
isotopes used for SIRT are 90Y, 131I, and 188Re, with the current focus on the
commercially available 90Y microspheres. TheraSpheres® are non-degradable glass
microspheres incorporating 89Y, which is converted to 90Y by neutron bombardment
in a reactor. The SIR-Spheres® are synthetic resin particles with the radionuclide
bound on their surface. TheraSphere® has a significantly higher activity per particle
than the SIR-Spheres®. Therefore, SIR-Spheres requires significantly more particles
than TheraSpheres. The increased number of particles and the larger diameter of the
SIR-Spheres® usually result in embolization of the tumor and its afferent vessels. 90Y
emits b particles with an energy of 2.24 MeV and has a half-life of 64 h. The b
particles have an average range of 2.5–3.5 mm in the tissue. The SIRT therapy is
used either for the treatment of liver metastases or hepatocellular carcinoma (HCC).
Therapy of HCC with 90Y microspheres is based on the strong arterial hypervas-
cularization of these tumors. Since the arterially injected microspheres are deposited
in proportion to the perfusion and the tumors usually are highly perfused this leads to
a higher concentration as compared to the liver and thus a higher radiation dose in the
tumor. Important prerequisites in addition to the proof of hypervascularization are
verified tumor diagnosis, adequate liver function, missing extrahepatic metastases,
no or correctable visceral shunt, a shunt-related lung dose below 30 Gy, no other
vascular anatomic contraindications, and a missing portal vein thrombosis (only
SIR-Spheres) ([29] and Table 29.1).

So far, only non-randomized studies are available for HCC and liver metastases.
However, despite their heterogeneity in patient populations and tumor stage, many
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open-label Phase 2 studies have demonstrated a positive effect on survival and
quality of life. Similarly, these studies demonstrate that the toxicity of therapy can
be minimized with optimal preparation of the patient [13, 21, 61]. A multivariate
analysis of prognostic factors revealed that a dose of >104 Gy, a tumor in Okuda
stage I, and a tumor-to-liver ratio of >2 correlated significantly with improved
survival in terms of microsphere distribution [13]. Median survival is reported in
several larger studies for Okuda I patients with 628–649 days and Okuda II patients
with 302–324 days, which are significantly better than the 244- and 64-day his-
torical control. A comparison with chemoembolization with respect to postem-
bolization (PES) effects such as fever, nausea, and abdominal pain showed a better
radiological tumor response after SIRT and that the PES occurred after treatment
with 90Y microspheres about four times less often than after chemoembolization
[11, 19]. Several studies addressed treatment of liver metastases showing also
positive results [27, 40]. In a large recent study, Sato et al. performed 225 thera-
peutic treatments in 137 patients. The primary tumors in these patients were colon,
breast, neuroendocrine tumors, pancreas, lung, cholangiocarcinoma, melanoma,
kidney, esophagus, ovary, adenocarcinoma of unknown origin, lymphoma, stom-
ach, duodenum, bladder, angiosarcoma, thyroid, adrenal, and parotid. The mean
number of therapies was 1.6 and the mean activity and dose were 1.83 GBq and
112.8 Gy. Side effects included fatigue (56%), abdominal pain (26%), and nausea
(23%). Further follow-up showed a response in 42.8% of the patients (2.1%
complete, 40.7% partial). The median survival in all patients was 300 days (1-year
survival 47.8%, 2-year survival 30.9%). In patients with colorectal tumors, median
survival was 457 days, in patients with neuroendocrine tumors even 776 days [63].

Table 29.1 Contraindications for SIRT (according to [29])

Absolute contraindications

Not correctable gastrointestinal shunt

Lung dose > 30 Gy

Contraindications against angiography of the liver artery

Severe liver and lung dysfunction

Relative contraindications

Thrombosis of the portal vein (only SIR-Spheres®)

Bilirubin > 2 mg/dl

Infiltrative tumor growth

Tumor volume > 70% of the target volume

Transaminases > 5 ULN

Extrahepatic metastases

Situation after papillotomy of the Papilla Vater and/or biliary stent insertion
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29.1.2 Radiopharmaceuticals with Accumulation in Areas
of Bone Remodeling

Patients in late stages of their disease often have bone metastases with severe pain.
In these patients, radionuclide therapy with bone-searching molecules has great
potential. The procedure is used when multiple lesions with associated pain
symptoms are shown in the bone scintigraphy. The anionic bone-seeking sub-
stances, mostly based on organic phosphates, are incorporated into the bone matrix.
Rhenium and samarium phosphonates accumulate specifically at the site of the
osseous conversion zones. In this case, the c-portion of the radiation allows a
post-therapeutic imaging or the follow-up when several cycles are given. Initially,
this therapy was more likely to be used in late stages. However, it is now believed
that earlier use could also lead to an increase in survival. Absolute contraindications
are pregnancy and breastfeeding, relative contraindications are low hematological
parameters, i.e., values for platelets < 1 � 105/ll, leukocytes < 3 � 103/ll, red
blood cells < 3 � 106/ll, hemoglobin < 12 g/l, or hematocrit < 30. Some ran-
domized studies showed a significant improvement in the pain symptoms for rhe-
nium and samarium versus placebo with pain reduction in over 80%. In 30–60%,
there was a complete disappearance of the pain. A short-term increase of pain
known as flare phenomenon can be observed in less than 10% of cases, which
usually occurs on day 2 or 3 and disappears after 1 week. The reduction in pain can
last up to a year. Furthermore, it can lead to a stabilization or even regression of the
lesions. Decrease of tumor markers and prolonged survival up to 1 year have been
described as further effects, especially in case of early use.

The hematological toxicity is usually low and only transient with a normaliza-
tion within 3 months. The nadir with a drop of 25–30% is reached after about 2–
6 weeks. Factors that influence the extent and duration of toxicity are dose and
concomitant chemo or radiotherapy. Even repeated treatment with 153Sm-EDTMP
in patients with metastatic prostate cancer did not lead to pronounced and
long-lasting hematological effects. Radionuclide therapy with rhenium or samarium
has so far only been used to a limited extent by oncological colleagues, despite its
known effect and low side effects. All the more surprising is the acceptance of
radium-223 chloride (Xofigo). Radium-223 is an alpha emitter with a half-life of
11.4 days and a penetration distance of 80–90 microns. A multinational Phase III
study (ALSYMPCA trial) evaluated the efficacy and side effects of Xofigo in
patients with metastatic, castration-resistant prostate cancer versus a placebo group
[31, 49, 60, 62]. Therapy with Ra-223 prolonged the median survival by about 3
months with minor hematological and non-hematological (diarrhea) side effects.
There was also a delay of osseous complications and pain reduction in at least 50%
of patients. A controlled study investigating the therapeutic potential of rhenium or
samarium compounds over radium 223Ra would be desirable.
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29.1.3 Specific Procedures

Specific methods use transport molecules that specifically bind to target structures.
These transport molecules can be coupled with chemotherapeutic agents or
radioactive isotopes. In most cases, antibodies are used against tumor antigens or
peptides that bind to overexpressed receptors.

29.1.4 Peptide Receptor Radionuclide Therapy (PRRT)

Peptides are useful molecules for the targeted delivery of radionuclides to the
desired localization in an organism. If the corresponding receptor is overexpressed
in a tumor, therapeutically relevant doses can be achieved in tumor lesions with low
or moderate side effects. Depending on the isotopes used, radioactively labeled
peptides additionally allow imaging. The attractive feature here is that first the
peptide can be labeled with a c or positron emitter and used to identify those
patients who can benefit from a PRRT, i.e., those patients showing a high accu-
mulation in tumor lesions. Then the same molecule can be labeled with an a or b
emitter and used for therapy.

29.1.5 Somatostatin Receptor Ligands

Imaging and therapy with somatostatin receptor ligands can be seen as a paradigm
for a whole range of possible methods based on the use of peptides. The high
affinity of the peptides for the receptor as well as the internalization of the receptor–
peptide complex facilitates the retention of the radiation source in receptor-positive
tumors, while the relatively small size enables a quick clearance from the blood.
Somatostatin receptors are overexpressed by a variety of tumors such as neuroen-
docrine tumors of the pancreas and intestine, pituitary adenoma, pheochromocy-
toma, paraganglioma, small cell lung carcinoma, neuroblastoma, medullary thyroid
carcinoma, and meningioma (Table 29.2). Due to their high receptor density,
gastroenteropancreatic neuroendocrine tumors, pheochromocytomas, paragan-
gliomas, and bronchial carcinoids are promising candidates for PRRT. In some
cases, small cell lung and medullary thyroid carcinomas or a small proportion of
non-operable meningiomas, neuroblastomas, thyroid carcinomas, renal cell carci-
nomas, or breast cancers can be treated. Various peptides have already been labeled
for therapeutic use with the following radionuclides: 111In, 90Y, and 177Lu. The
physical properties of isotopes that may possibly be used for endoradiotherapy are
shown in Table 29.3. Due to the high particle energy and relatively short half-life,
90Y-labeled molecules result in a higher tumor cell dose per peptide and a better
cross-fire effect. This feature is particularly needed for the treatment of larger
tumors and tumors with heterogeneous receptor expression. In contrast, the lower
energy and smaller particle range of 177Lu lead to better absorption in smaller
tumors. Furthermore, the c radiation of 177Lu can be used in addition to therapy for
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Table 29.2 Peptide receptor expression in different tumors (modified according to [23])

Tumor Receptors

Carcinoid (intestine) SSTR2 > SSTR1, SSTR5, VIP, GRP/Bombesin (NMB-R), CCK
(CCK1)

Gastrinoma SSTR2, VIP, GRP-R

Insulinoma SSTR, VIP, CCK (CCK2)

Paraganglioma SSTR2, VIP (PAC1), CRF1

Pheochromocytoma SSTR2, VIP(PAC1)

C-cell carcinoma SSTR, NTR1, CCK (CCK2), NK1

SCLC SSTR2, VIP, GRP/Bombesin (BB3), CCK (CCK2), NK1

NSCLC VIP (VPAC1)

Meningioma SSTR2, VIP, NTR1, CCK (CCK1)

Neuroblastoma SSTR2, VIP (PAC1), CCK (CCK1)

Medulloblastoma SSTR2, VIP, NTR1

Astrocytoma SSTR, VIP (PAC1), NTR1, CCK (CCK2), NK1

Glioblastoma VIP (PAC1), NK1

Exocrine pancreatic
cancer

VIP (VPAC1), NTR1

Colorectal carcinoma VIP (VPAC1)

Gastric cancer SSTR, VIP (VPAC1)

Hepatocellular
carcinoma

SSTR, VIP (VPAC1)

Esophageal carcinoma VIP (VPAC1)

Renal cell carcinoma SSTR, VIP (VPAC1), GRP/Bombesin

Prostate carcinoma SSTR1, VIP (VPAC1), GRP/Bombesin

Bladder cancer VIP (VPAC1)

Breast cancer SSTR, VIP (VPAC1), GRP/Bombesin (GRP-R), NK1, NPY-R
(Y1)

Ovarian cancer SSTR, VIP (VPAC1)

Lymphoma SSTR, VIP

Ewing sarcoma NTR1

Leiomyoma SSTR, VIP (VPAC2)

GIST BB2, CCK2, VIP2

BB2 and BB3: Bombesin receptor subtype 2 and 3

CCK1 and CCK2: Cholecystokinin receptor subtype 1 and 2

CRF1 and CRF2: Corticotropin-releasing factor 1 and 2

GRP: gastrin-releasing peptide

NK1: Neurokinin receptor subtype 1

NPY: Neuropeptide Y

NTR1: Neurotensin receptor subtype 1

PAC1: PACAP receptor subtype 1

SSTR1, SSTR2, and SSTR5: Somatostatin receptor subtype 1, 2, and 5

VIP: vasoactive intestinal peptide

VPAC1 and VPAC2: VIP receptor subtype 1 and 2

Y1: NPY receptor subtype 1
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imaging and dosimetry. Preclinical studies on tumor-bearing animals confirmed
these properties by showing excellent antitumor effects and the expected influence
of tumor size. Therefore, a combination of both radionuclides has been proposed for
the treatment of tumors of different sizes and inhomogeneous distribution of
receptor expression [16].

Many of the available reports suffer somewhat from the heterogeneity of patient
populations and the use of different isotopes, peptides, and non-standardized doses.
In contrast to antibodies in radioimmunotherapies, no evidence of immunogenicity
of the peptides was found. Initial studies with high doses (cumulative doses between
20 and >100 GBq) of the Auger electron-emitting 111In-DTPA0 octreotide in
patients with metastatic neuroendocrine tumors and in poor clinical condition have
shown positive symptom-related effects, but few partial remissions [70]. Toxicity
was mainly observed in the form of bone marrow suppression. 90Y-DOTA0, Tyr3
octreotide (DOTATOC) binds to the somatostatin receptor subtype 2 with an
approximately 10-fold higher affinity than 111In-DTPA0 octreotide. Therefore, some
Phase 1 and Phase 2 PRRT studies were performed with this molecule. Initial
therapies with doses of 6 and 7.4 GBq given over four cycles showed a general
response rate of 24 or 33% with administration of 7.4 GBq in two cycles [73].
A dose escalation of up to 5.6 GBq/cycle did not result in severe acute reactions and
in reversible grade 3 hematologic toxicity in 43% of patients after administration of
5.2 GBq. This dose was then defined as the maximum tolerated dose per cycle. The
proportion of partial (PR) and complete remissions (CR) was 28% in 87 patients
[12]. Other studies report similar results with a median interval to clinical pro-
gression of 33 months [9]. In summary, despite differences in protocols, CRs and
PRs were at 10–30% with 90Y-DOTA0, Tyr3 octreotide in most of these studies,
higher than those obtained with 111In-DTPA0 octreotide.

Replacement of the C-terminal threoninol by threonine at the C-terminus of
DOTATOC results in DOTA0, Tyr3 octreotate (DOTATATE), which results in a
further increase (9-fold) in affinity to DOTATOC [55]. The 177Lu DOTATATE
complexes showed a higher affinity than the 90Y complexes. Preclinical studies with

Table 29.3 Physical properties of isotopes with possible application for radionuclide therapy
(modified according to [23])

Isotope Emission Half-life (d) Max b energy (keV) Max distance (mm)
90Y b− 2.7 2,270 12
177Lu c, b− 6.7 497 2.1
131I c, b− 8 606 2.4
64Cu b−, b+ 0.5 570 2.5
67Cu c, b− 2.5 40; 480; 580 0.4
166Ho b− 1.1 711; 1,850 8.7
188Re b− 0.7 1,960; 2,120 11
211At a 7.2 h 5.867; 7.450 <0.1
213Wi a 45 min 8.380 <0.1
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tumor-bearing rats revealed improved tumor regression and survival of the animals
with the 177Lu compound. 177Lu-DOTATATE was comparable to 111In-DTPA0
octreotide in terms of its accumulation in kidney, spleen, and liver, but showed a
3–4-fold higher accumulation in tumors [38]. Therefore, 177Lu-DOTA0, Tyr3
octreotate represents an interesting development as it results in higher absorbed
tumor doses at comparable doses for potentially dose-limiting organs. Therapy of
patients with gastroenteropancreatic neuroendocrine tumors with 177Lu-DOTA0,
Tyr3 octreotate resulted in complete or partial remissions in 30%, metabolic
response in 12%, stable disease in 40%, and progression in 18% of 76 patients.
Figure 29.1 shows an example of a patient with metastasized NET receiving four
doses of 177Lu-labeled DOTATOC. The tumor regression was positively correlated
to a higher uptake observed in OctreoScan® scintigraphy, a limited hepatic tumor
mass, and a high Karnofsky index. Adverse events were rare and transient, mainly as
low-to-moderate bone marrow suppression. In summary, improvements in symp-
toms after therapy with somatostatin analogs have been observed, with better results
for tumor regression after therapy with 90Y-DOTA0, Tyr3 octreotide and
177Lu-DOTA0, Tyr3 octreotate. Renal toxicity could be reduced by the simultaneous
infusion of lysine and arginine solutions. Further side effects of this therapy were
only mild. The duration of therapy response was more than 2 years for both
radiopharmaceuticals. Differences in therapeutic efficacy are most likely caused by
the already mentioned variations in doses, regimens of therapy (dose-escalating
versus fixed dose) and patient populations. A critical point here is the proper
selection of patients who can benefit from treatment. Criteria for successful appli-
cation are the level of uptake in pretherapeutic imaging (i.e., receptor density), total
tumor burden, and the extent of liver and kidney accumulation.

10/17 
MIP (PET)
Ga-68 
Dotatoc

10/18 
MIP (PET)
Ga-68 
Dotatoc

12/17 
7.4 GBq
Lu-177 
Dotatoc

03/18 
7.4 GBq
Lu-177 
Dotatoc

05/18 
7.4 GBq
Lu-177 
Dotatoc

08/18 
7.4 GBq
Lu-177 
Dotatoc

Fig. 29.1 Patient with metastasized NET with multiple lesions in the liver and one lesion in the
lower abdomen as shown in the DOTATOC-PET/CT from 10/2017 (MIP). The patient got four
doses of 7.4 GBq 177Lu-DOTATOC until 8/2018. The corresponding scintigraphic images
(images 2–5 from the left) during therapy demonstrated a decline in number and intensity of the
lesions. Finally, the DOTATOC-PET taken in 10/2018 revealed only a few remaining metastases
in the liver
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Recently, the NETTER trial, a randomized multicenter study evaluating
177Lu-DOTATATE therapy in 229 patients with advanced progressive,
somatostatin-receptor-positive midgut neuroendocrine tumors was published. In this
study, the patients were randomized to receive either four doses of 7.4 GBq 177

Lu-DOTATATE every 8 weeks and best supportive care including i.m. 30 mg
octreotide long-acting repeatable (LAR) or 60 mg octreotide LAR alone every
4 weeks (control group).

The estimated rate of progression-free survival at month 20 was 65.2% in
the 177Lu-DOTATATE group and 10.8% in the control group. In addition, the
response rate was 18% in the 177Lu-DOTATATE group versus 3% in the control
group (P < 0.001). During that period 14 deaths occurred in the 177Lu-DOTATATE
group and 26 in the control group (P = 0.004). Grade 3 or 4 neutropenia, thrombo-
cytopenia, and lymphopenia occurred in 1%, 2%, and 9%, respectively, of patients in
the 177Lu-Dotatate group as compared with no patients in the control group. No
evidence of renal toxicity was seen [67]. A second evaluation determined the impact
of 177Lu-DOTATATE treatment on time to deterioration in health-related quality of
life. Patients completed the European Organisation for Research and Treatment of
Cancer quality-of-life questionnaires QLQ C-30 and G.I.NET-21 at baseline and
every 12 weeks until tumor progression. The analysis showed that the time to
quality-of-life deterioration (TTD) was significantly longer in the 177

Lu-DOTATATE group versus the control group with respect to global health status
(hazard ratio [HR], 0.406), physical functioning (HR, 0.518), role functioning (HR,
0.580), fatigue (HR, 0.621), pain (HR, 0.566), diarrhea (HR, 0.473), disease-related
worries (HR, 0.572), and body image (HR, 0.425). Differences in median TTD were
clinically significant with 28.8 months versus 6.1 months for global health status and
25.2 months versus 11.5 months for physical functioning [68].

Improvement of therapeutic efficacy can be obtained by changing the adminis-
tration route of the tracer. This was first evaluated in 15 patients with gastroen-
teropancreatic neuroendocrine tumors where intravenous and intraarterial
administration of 68Ga-DOTATOC was compared and quantified using PET [33].
Compared with i.v. infusion, the i.a. infusion resulted in an increased SUV in 117
of 122 (96%) liver metastases. The average increase in SUV was 3.75-fold higher
for the i.a. administration. The increase in uptake of primary tumors was dependent
on the selectivity of the catheter placement with increases in SUV after i.a. injection
which were between 1.44- and 7.8-fold higher. Consequently, the therapeutic
effectiveness of arterial administered DOTATOC, labeled with 90Y and 177Lu, was
evaluated in 15 patients with liver metastases from GEP-NETs [34]. Response was
assessed using DOTATOC-PET, multiphase contrast-enhanced computed tomog-
raphy, magnetic resonance imaging, and chromogranin A values. Complete
remission was obtained in one (7%) patient and partial remission in eight (53%)
patients, and six patients were classified as stable (40%). Furthermore, there was a
correspondence of the decrease of chromogranin A and the radiologic response.
The median time to progression was not reached within a mean follow-up period of
20 months. Receptor saturation and redistribution effects were identified as limiting
factors for i.a. DOTATOC therapy. The high rate of objective radiologic response
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in these NET patients treated with arterial infusion of 90Y-/177Lu-DOTATOC
compared favorably with systemic chemotherapy and intravenous radiopeptide
therapy.

Another interesting group of radioactively labeled peptides is somatostatin
receptor antagonists. DOTA coupled to [NH2-CO-c (DCys-Phe-Tyr-DAgl8 (Me,
2-naphthoyl)-Lys-Thr-Phe-Cys)-OH (DOTA-sst3-ODN-8) and [4-NO2-Phe-c
(DCys-Tyr-DTrp-Lys-Thr-Cys)-DTyr-NH2] (DOTA-sst2-ANT)] showed high
sst3 and sst2 binding affinity after complexing with 111In [20]. The uptake and
persistence of both peptides in ST3- or sst2-receptor-transfected HEK293 cells and
tumor transplants were surprisingly high. This effect was explained by more than
10-fold higher number of binding sites on the receptor compared to the agonist.
Whether these promising properties can also be used on human tumors and within
the framework of a PRRT remains to be clarified. In addition to combinations of
peptide analogs labeled with different radionuclides, future activities could use
several strategies: upregulation of somatostatin receptor expression of tumors, early
diagnosis with PET tracers could identify patients with a low tumor burden and
higher chance of response, peptides with binding to multiple receptors or receptor
subtypes and combination with radiosensitizers, surgery, chemotherapy,
immunotherapy, and radiotherapy.

29.1.6 Cholecystokinin (CCK) Receptor Ligands

These receptors show increased expression in medullary thyroid carcinomas, gas-
troenteropancreatic neuroendocrine tumors, SCLC, ovarian carcinomas, and also in
gastrointestinal stromal tumors. Therefore, various cholecystokinin (CCK)-A and
CCK-B/gastrin-related peptides have been developed and evaluated in preclinical
studies [14]. The human heptadecapeptide gastrin-I and 111In-DOTA/DTPA-CCK-B
analogs [54] showed biological half-lives of several hours, a predominantly renal
excretion and a specific uptake both in CCK-B-expressing organs and in medullary
thyroid carcinomas with values up to 9% ID/g 1 hour after administration of the
tracer. Since medullary thyroid carcinomas express CCK2 receptors in almost all
cases, a first clinical study was performed in patients with these tumors.
A DTPA-D-Glu-modified minigastrin labeled with 90Y was used. Unfortunately, this
first attempt had to be stopped because of kidney and hematotoxicity [6]. The situ-
ation changed with the development of new CCK analogs with lower renal uptake
and improved affinity for the target structure. These new ligands were obtained by
removing four glutamic acid residues from a minigastrin analog and showed a 5-fold
higher binding affinity for the CCK2 receptor (0.2 nM) and a 25-fold lower renal
uptake [6]. In a European collaboration as part of a COST action, the in vitro stability
of a series of peptides binding to the CCK2 receptor was compared [48]. Twelve
different 1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’-tetraacetic acid (DOTA)-
minigastrin/CCK conjugates were radiolabeled with 177Lu and the in vitro stability
was tested in fresh human serum. In these compounds, a variable stability in human
serum was found with half-lives between 4.5 ± 0.1 and 198 ± 0.1 h. In urine of
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normal mice, only metabolized peptide fragments were detected even at short times
after injection for all peptides. MALDI-TOFMS revealed a major cleavage site of all
minigastrin derivatives between Asp and Phe-NH(2) at the C-terminal end.

29.1.7 Vasoactive Intestinal Peptide (VIP) Receptor Ligands

Since VIP receptors are overexpressed in a variety of tumors including gastroin-
testinal adenocarcinomas and carcinoids, studies to develop diagnostic tracers were
first performed by labeling VIP with 123I [51] or its TP-3654 analogs with 99mTc [69].
Unfortunately, these compounds showed a rapid degradation in the blood. Further-
more, VIP is pharmacologically highly potent with the potential for toxic effects at
submicrogram doses, requiring preparations with high specific activity. These dis-
advantages limited the clinical application of VIP-derived tracers to a few studies
reporting imaging in selected patients [28, 72]. In these studies, 123I-VIPwas used as a
non-specific molecule for the receptor subtypes VIP-pituitary adenylate cyclase-
activating polypeptide 1 and 2 (VPAC1 and 2). Targeting of subtype 1, despite its
expression in many tumors, does not appear promising because th
e receptor is ubiquitously expressed. In contrast, VPAC2 shows low expression in
normal tissues and could be used as a target in patients with VPAC2-expressing
tumors such as GIST.

29.1.8 Bombesin (BN) Receptor Ligands

Bombesin receptors belong to the group of G-protein-coupled receptors and are
overexpressed in common tumors such as prostate and breast cancers [43].
Therefore, some bombesin-based radioligands have been developed and evaluated
in preclinical and clinical studies [10, 65]. One of the first molecules, 99mTc-BN
(7-14), showed a high specific binding to rat cortex membranes in the nanomolar
range (IC50 0.8 nM) [3]. Preliminary clinical results showed good tumor demar-
cation in prostate cancer patients. Some of these new bombesin-based radiopeptides
were conjugated to DOTA and labeled with 68Ga. 67Ga or 68Ga-DOTA-PEG2-
[D-Tyr6, bAla11, Thi13, Nle14] bombesin (6-14) showed in a pancreatic carcinoma
model (AR42J) high affinity and rapid internalization in vitro with more than 85%
internalized activity after 1 h. The tumor uptake in vivo at 1 h p.i. was between 5.5
and 11% ID/g depending on the amount of injected peptide and with a biological
half-life of 15 h. Scintigraphic images after 1 h p.i. showed a high specific accu-
mulation in the tumor, kidneys, intestine, and pancreas [64], which was confirmed
by biodistribution and competition studies. Since internalization has been described
for the DTPA-coupled BN agonists, these molecules are of interest not only for
diagnostic but also for PRRT, as the chelator also allows labeling with 90Y or 177Lu.
Nevertheless, the pharmacological activity of the BN derivative could limit thera-
peutic application of these peptides.
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The gastrin-releasing peptide (GRP) receptor is overexpressed in a variety of
tumors such as carcinoma of the lung, breast, prostate, and pancreas. GRP receptor
heterogeneity often occurs in breast cancer and may be a problem for GRP receptor
radiotherapy. On the other hand, GISTs are exceptionally well suited for a PRRT
because of their extremely high GRP receptor density [57]. Prostate carcinomas
represent another interesting field of application, especially because overexpression
of GRP receptors is seen in invasive or advanced tumors. Although the 14 amino
acid neuropeptide bombesin (BN) has a high binding affinity for GRP receptors,
various derivatives of this molecule showed suboptimal hepatobiliary clearance
with a correspondingly difficult interpretation of the abdomen due to high back-
ground activity. However, a BN derivative with low liver and intestinal uptake has
been synthesized [42].

In addition to agonists, also antagonists have been developed [18, 22, 44, 50, 66].
These have been used for mono- or combined therapy with rapamycin of prostate
cancer. The antagonist 177Lu-RM2 was applied alone and in combination with
rapamycin in tumor cells and tumor-bearing animals. Monotherapy with 177Lu-RM2
was effective at doses of 72 and 144 MBq with complete tumor remission in 60% of
the treated mice. However, combination therapy with 37 MBq 177Lu-RM2 and
rapamycin resulted in a significantly longer survival than with either agent alone
without treatment-related toxicity [18]. Since the gastrin-releasing peptide receptor
(GRPR) is also overexpressed in breast cancer, 68Ga-labeled RM2 was used for an
imaging study in 15 patients with breast cancer [66]. In 13 of 15 tumors a high tracer
uptake was found, whereas normal breast tissue showed inter- and intraindividually
variable and moderate tracer accumulation. The uptake in other organs was consid-
erably less except in the pancreas. The implication of these findings for radiopeptide
therapy of breast cancer has to be determined.

29.1.9 Glucagon-like Peptide 1 (GLP1) Receptor Ligands

A high density of GLP1 receptors has been reported in insulinomas and gastrino-
mas, suggesting the use of GLP1 analogs for the PRRT of these tumors [23].
A GLP1 analog [Lys40 (Ahx-DTPA-111In) NH2] exendin-4 was presented in 2006
[75] which is now in clinical use for imaging. The molecule showed a high binding
affinity (IC50 = 2.1 nM) and specific tumor targeting in biodistribution experi-
ments (up to 290% ID/g). Furthermore, an exclusively renal metabolism and a short
plasma half-life were observed, with a simultaneous long retention in transgenic
Rip1Tag2 mice developing tumors originating from pancreatic b-cells. The high
uptake and the long tumor retention are good prerequisites for a PRRT.

29.1.10 Neurotensin (NT) Receptor Ligands

A subgroup of ductal pancreatic tumors is considered to be good candidates for a
PRRT as they have a high density of NT receptors. Various 99mTc and 111In-DTPA/
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DOTA-labeled neurotensin derivatives were, therefore, evaluated in preclinical and
clinical studies, unfortunately with the result of rapid degradation in vivo [23].
Nevertheless, several 111In-labeled NT analogs with better serum stability and rapid
internalization after binding to the NT receptor could be found and recently
promising new tracers have been developed [46]. Biodistribution experiments
revealed evidence of high potential for efficient tumor targeting [15]. Other tumors
with NT receptor expression are meningiomas and Ewing sarcomas.

29.1.11 Other Targets

Other possible target structures are located on the membranes of endothelial cells,
such as z-B. av integrins (avb3, avb5), vascular endothelial growth factor (VEGF)
receptors, and fibroblast growth factor (FGF) receptors. 123I-labeled VEGF165 and
VEGF121 have been used in animal experiments, as well as in initial clinical trials,
and demonstrated binding to a variety of human tumor cells or tissues and a 58%
detection rate in a study of 40 patients with gastrointestinal tumors [41]. Further-
more, some other peptides are considered, e.g., for CXCR4 [39, 74], melanocortin
receptors [45, 59, 77], endoglin (CD105), epidermal growth factor (EGF), or avb6
ligands [2, 58].

Future developments of PRRT are the transfer of this therapeutic approach from
somatostatin receptors to other target structures, as many tumors, including mam-
mary, prostate, colon, pancreatic, and brain tumors overexpress various other
peptide receptors (see above and Table 29.2). Since tumors can simultaneously
express multiple peptide receptors, combinations of two or more peptides represent
a promising option. This approach should result in a higher tumor dose and a more
homogeneous distribution of the radioactivity in the tumors. Tumors that are good
targets for multi-receptor targeting are breast cancers (GRP and NPY receptors) and
GISTs (GRP, CCK2, and VPAC2 receptors) [56, 57].

29.1.12 Prostate-Specific Membrane Antigen

The prostate-specific membrane antigen (PSMA) is an ideal membrane-bound
structure for imaging and targeted therapy of prostate cancer: as a transmembrane
protein with glutamate-carboxypeptidase activity and its active site located extra-
cellularly it can be addressed by rational design of inhibitors mimicking the binding
of the natural substrates, for example, the peptidic neurotransmitter NAAG. Fur-
thermore, after binding of a ligand internalization occurs via clathrin-coated pits and
subsequent endocytosis. This results in enhanced uptake and retention in the tumor,
which are prerequisites for a high contrast in imaging and a high local dose deposit
obtained in therapeutic applications. Finally, the protein shows high expression in
most tumors and low expression in normal tissues. Possible ligands for PSMA are
antibodies like J591 and small molecule inhibitors. Both have been used for
imaging as well as for therapy and, therefore, are candidates for in vivo
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theranostics. With respect to the influence of PSMA ligand imaging on the planning
of therapies other than endoradiotherapy, several studies showed changes in up to
63% of the cases in the setting of biochemical relapse and approximately in 25% in
the primary situation [24, 25, 35, 36]. On the other hand, the attractive feature of
endoradiotherapy is that patients may first be identified as possible candidates for
this treatment after labeling of the carrier molecule with a beta or positron emitter.
Upon positive findings, the same molecule can be used for therapy by labeling with
an a- or b-emitting isotope. In addition, a pretherapeutic dosimetry is possible.

29.1.13 Endoradiotherapy with Antibodies and Small
Molecules

Although phase I and II studies with 90Y- or 177Lu-labeled J591 revealed benefits with
respect to survival and stabilization of PSA and manageable side effects [4, 47, 71],
small molecule radiopharmaceuticals have some advantages over antibodies such as
better tumor penetration, fast blood clearance, and low background activity. This
should result in a lower dose for normal organs. Dosimetry with the compound
124I-MIP-1095 revealed that the organs receiving the highest absorbed doses after
administration of 131I-MIP-1095 are the salivary glands (mean dose 4.6 mGy/MBq),
the liver (1.5 mGy/MBq), and the kidneys (1.5 mGy/MBq). The mean total whole
body absorbed dose was 0.38 mGy/MBq resulting in 0.76 to 2.7 Gy based on the
injected activities. Due to faster kinetics, the PSMA-targeted small molecule
131I-MIP-1095 showed a better therapeutic range in comparison to J591 with PSA
responses after one therapeutic dose (mean activity 4.8 GBq) in 17/28 patients [76].

Since 177Lu has a better beta-to-gamma ratio as compared to 131IPSMA, ligands
coupled to more universal chelates were developed such as PSMA617 [7, 8]. Doses
obtained with 177Lu-PSMA-617were even lower with 1.4 mGy/MBq for the salivary
glands, 0.1 mGy/MBq for the liver, 0.75 mGy/MBq for the kidneys, and
0.03 mGy/MBq for the red marrow. These dosimetric data were found independently
by four centers [17, 30, 32, 35, 36]. Consequently, side effects with respect to bone
marrow were mild to moderate. Diffuse bone marrow involvement was a risk factor
for higher grade myelosuppression but could be identified by PSMA imaging in
advance. A therapy response as measured by a decrease in PSA as well as lesion
number and size was seen in approximately 70% for both 131I-MIP1095 and
177Lu-PSMA-617 [35, 36, 76]. Furthermore, pain relief was obtained in almost all
patients. Another chelator-coupled tracer, 177Lu-DOTAGA-(I-y)fk(Sub-KuE),
resulted in high absorbed tumor doses (median 3.3 Gy/GBq) as compared to normal
organs of 0.8 Gy/GBq for kidneys or 1.3 Gy/GBq for salivary glands. Furthermore, a
high rate of overall PSA responders without presence of severe acute toxicity was
seen [5]. However, the first reports suffered from variations of dose and schedule as
well as from heterogeneity of the patient population.

Ahmadzadehfar et al. [1] reported therapeutic effects in 24 patients receiving two
doses 177Lu-PSMA-617 (mean dose 6 GBq per cycle). Although the PSA response
after the first dose was approximately 80%, some patients presented with early
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relapse and in only 70% of the patients the PSA response lasted until 8–10 weeks
after the first dose. Kratochwil et al. [35, 36] found in 30 patients receiving up to 3
doses 177Lu-PSMA-617 given bimonthly at a dose of 6 GBq a PSA response (any
decline of PSA at week-8) in 70% of the patients after the first dose. Figures 29.2
and 29.3 show examples of a varying response after treatment with multiple doses
of 177Lu-PSMA-617. However, the duration of response was also limited and only
40% of the patients presented with ongoing response until 6 months after initiation
of treatment. In both analyses, few patients died early after therapy by tumor
progression, and only grade-1/2 hematologic toxicities were seen as well as spo-
radically mild xerostomia and fatigue.

Furthermore, the >50% PSA decline rate at week-8 was similar with 41.6% [1]
and 43.3% [35, 36]. Another analysis in patients treated with 7.4 GBq
177Lu-PSMA-I&T reported a >50% PSA response rate of 33% at 8 weeks after
therapy [26]. In summary, independent of the PSMA ligand applied all centers
reported that the treatment was well tolerated with no or only few grade-3/4 toxi-
cities. However, a further common finding was that 20–40% of the patients were
refractory to treatment with 177Lu-PSMA ligands despite a high tracer uptake in the
pretherapeutic PSMA ligand PET/CT. Patients with a diffuse infiltration of the red
marrow have to be considered as patients at risk for the development of higher
grade hematotoxicity [35, 36].

03/18 
PSA 0.8

07/17 
PSA 9.6

3 x 7,4 GBq
177Lu-PSMA617 

Fig. 29.2 PSMA ligand PET/CT (MIP) of a patient with metastasized prostate cancer prior (left)
and after (right) three doses of 7.4 GBq 177Lu-PSMA-617. The PSA value decreased from 9.6 to
0.8 indicating a partial response. Imaging revealed a substantial decrease in the number of lesions
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A multicenter retrospective analysis in Germany was performed for 145 patients
with mCRPC receiving 1–4 therapy cycles with 2–8 GBq 177Lu-PSMA-617.
Nineteen patients died during the observation period. Grade 3–4 hematotoxicity
occurred in 18 patients: 10%, 4%, and 3% of the patients experienced anemia,
thrombocytopenia, and leukopenia, respectively. Xerostomia occurred in 8%.
The overall biochemical response rate was 45% after all therapy cycles, whereas
40% of patients already responded after a single cycle [52].

Replacement of beta emitters by alpha emitters such as 225Ac is one option to
address resistance to beta irradiation as well as diffuse involvement of the bone
marrow. In a first approach, a dosimetry estimate was calculated on the basis of
time-activity curves derived from serially obtained 177Lu-PSMA-617 scans extrap-
olated to the physical half-life of 225Ac, assuming instant decay of unstable daughter
nuclides. This revealed mean doses of 2.3 Sv for salivary glands, 0.7 Sv for kidneys,
and 0.05 Sv for red marrow. Thereafter, therapy was initiated in final stage patients
with 50, 100, 150, and 200 kBq/kg of 225Ac-PSMA-617. Severe xerostomia was
identified as the dose-limiting toxicity for therapeutic doses greater than 100 kBq/kg
per dose.With 100 kBq/kg, the duration of a decrease in PSAwas less than 4 months.
However, repeated bimonthly administration resulted in additive antitumor effects.
Significant antitumor activity measured as radiologic response and/or decrease of
PSA was seen in 9 of 11 patients [37]. A further analysis was done in 40 patients after
treatment with three 100 kBq/kg doses of 225Ac-PSMA-617 at 2-mo intervals [53].
The median duration of tumor control after 225Ac-PSMA-617 last-line therapy was
9 months; 5 patients had a long-lasting response of more than 2 years. Since all
patients were final stage patients, this compares favorably with the tumor control rates

10/18 
PSA 45.9

5/18 
PSA 81.7

10/17 
PSA 522.0

3 x 7,4 GBq
177Lu-PSMA617 

2 x 6 GBq
177Lu-PSMA617 

Fig. 29.3 PSMA ligand PET/CT (MIP) of a patient with metastasized prostate cancer prior (left)
and three doses of 7.4 GBq 177Lu-PSMA-617 (middle) and after two additional doses of 6 GBq
177Lu-PSMA-617 (right). The PSA value decreased from 522 to 81.7 and 45.9 after three doses
and five doses of 177Lu-PSMA-617, respectively. Imaging showed a corresponding decrease in
number and intensity of the tumor lesions
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associated with medications given at earlier stages of the disease such as abiraterone
(10 months), docetaxel (6.5 months), enzalutamide (6.5 months), and cabazitaxel
(6 months), respectively. Xerostomia was the main reason for discontinuation of
therapy and was in the same dimension as nonresponse. According to these prelim-
inary experiences, there is a clear benefit of 225Ac over 177Lu in prostate cancer
patients with disseminated late-stage disease in the bone marrow. This relates to
antitumor effects as well as to hematologic side effects. However, effects as well as
side effects are a matter of radionuclide, dose, and time. Although more efficient with
respect to tumor cell killing a emitters will destroy the salivary glands with a reduction
of quality of life. For this reason, strategies need to be developed which reduce the
tracer accumulation in these organs.

Another aspect to be considered is the obvious heterogeneity of PSMA
expression in primary tumors and metastases. This heterogeneity may lead to the
selection of clones with low or even no PSMA expression and, therefore, to
resistance to endoradiotherapy with PSMA ligands. In the latter case, new bio-
logical targets and new radiopharmaceuticals have to be identified and developed
for clinical application.
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30.1 Introduction

To understand genetics of cancer and its proliferative nature remains the main
objective of current cancer research. Improved knowledge of cancer pathogenesis
results in an array of biomarkers to be used for diagnosis and treatment of the
disease. Molecular imaging is the visualization, characterization, and measurement
of biological processes at the molecular and cellular levels in a living system.
Molecular imaging techniques using radiotracers allow the demonstration of
functional or phenotypic changes associated with pathology in vivo, and the
characterization of both genotypic and phenotypic tumoral signatures.
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Positron emission tomography/computed tomography (PET/CT) and
single-photon emission computed tomography/computed tomography (SPECT/CT)
have procured advances in research and clinical application of fusion imaging
unthinkable before, due to its simultaneous developments of new technologies,
acquisition and reconstruction parameters, and advanced quantitative methods to
measure absolute concentration of radiotracers related to the severity and/or pro-
gression of cancer.

The introduction of new hybrid imaging systems such as the digital PET/CT and
PET/MRI opened horizons for multimodality molecular imaging, more precise,
with simultaneous morphologic, functional, and molecular information of a living
system. Moreover, the combinations of anatomic and functional imaging modalities
hold further promise in basic medical research or in clinical medicine, especially in
the field of staging/restaging and follow-up of oncological diseases. These devel-
opments are paralleled by advances of biomolecules and particles that will provide
new agents useful for more than one imaging modality and will facilitate the study
of the same target by different imaging devices.

30.2 Technology and Probe Design

After the introduction of multimodality systems combining CT with SPECT and
PET that changed significantly the capabilities of stand-alone SPECT and PET,
fused functional and anatomic images have gained wide acceptance, becoming a
powerful clinical tool especially in oncology. With multimodality imaging the
research efforts were mostly focused on the integration of MRI with PET and
SPECT [46]. The recent introduction of digital detectors in PET/CT systems may
change the paradigm in hybrid imaging and may improve the diagnostic perfor-
mance in oncological and non-oncological diseases, such as neurodegenerative and
inflammatory processes [23, 40, 45].

30.2.1 SPECT/CT

New technologies have improved the performance of SPECT and SPECT/CT
beyond the technology invented by Hal Anger in 1957 [1]. The initial primary goal
of simultaneous SPECT and CT studies was to improve sensitivity and specificity
by the combination of coregistered anatomical and functional images and to
facilitate lesion localization and attenuation correction [39]. With the incorporation
of diagnostic CT, the clinical information from SPECT/CT has been significantly
improved. In consequence, guidelines of clinical practice and a number of clinical
protocols in cancer, especially in neuroendocrine and thyroid tumors, incorporate
SPECT/CT to facilitate precise diagnosis.

Involuntary motions because of cardiac contraction, respiration, or bowel
movement are common technical problems encountered in SPECT/CT. Respiratory
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motion results in inaccuracy of attenuation correction for lung tumors because of
eventual misregistration between emission and transmission data. Research efforts
developed methods for correction of respiratory motion effects, such as external or
internal devices that make possible to estimate respiratory motion gating emission
data and the adequate matching to CT cine data, or the use of modeling motion and
matching of CT data from a single CT and a respiratory-gated emission study.
Additionally, the development of new technologies such as dose modulation and
iterative reconstruction methods can help to reduce radiation dose [39].

The adoption of cadmium zinc telluride (CZT) detectors has impacted the design
of new SPECT/CT technologies, such as the adoption of solid-state reading sys-
tems. This includes pin diodes (PD), avalanche photodiodes (APD) including
position-sensitive devices (PSAPD), silicon photomultipliers (SiPM), and silicon
drift detectors (SDD) [31]. The collimator continues to be the main barrier to
SPECT/CT progress. Multipinhole collimators in combination with high intrinsic
resolution have demonstrated greater potential [31].

30.2.2 PET/CT

The introduction of combined PET/CT in 2001 opened a new era in the field of
nuclear and molecular imaging, improving the sensitivity and specificity of clinical
PET, and facilitating clinical acceptance and implementation of multimodality
imaging [6]. The combination of PET and CT into a single gantry has provided the
paradigm for multimodality imaging and has improved and simplified clinical
management of patients. Currently, PET/CT is a critical component in the diagnosis
and treatment management of oncologic and non-oncological diseases, being a
well-known useful in vivo noninvasive imaging tool to measure disease burden [43,
55, 75].

Continuing advances in PET technology include detectors with improved spatial
resolution, increased axial field of view (aFOV) with subsequent improvement of
sensitivity, faster and more efficient iterative reconstruction algorithms, and
improved signal-to-noise ratio by incorporating time-of-flight (TOF) information.
Additionally, on the CT field, the development of faster scanner multislice detectors
allows the implementation of new acquisition protocols. These evolution advances
also include significant changes in reconstruction softwares, integrating resolution
recovery with advance iterative techniques [62].

Recently, the introduction of the new generation of PET/CT based on the use of
digital detectors may improve detectability and result in enhanced diagnostic per-
formance. The higher detectability of the digital system lies in the different scin-
tillator element coupling technology. Until now, the conventional (analog) PET/CT
scanners have been mainly based on multiple scintillation crystals coupled to
multiple detectors, while in the digital PET/CT scanners each scintillation crystal is
coupled to a single detector. This 1:1 counting coupling of the digital systems
provides an enhanced time of flight (TOF) and lower dead time, as well as higher
timing and spatial resolution [17, 22, 47, 62]. These advantages of the digital
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system improve localization of the annihilation events, significantly influence
image quality, diagnostic confidence, and detection/characterization of small
lesions (subcentimeter) [23, 40]. Additionally, the smaller volume definition and the
improved lesion conspicuity and sharpness of digital system allow more accurate
tumor rendering over the analog PET/CT, facilitating radiotherapy planning,
prognostication, and treatment monitoring [45]. Therefore, clinical implementation
of digital PET/CT opens new perspectives in the assessment of tumor quantification
and characterization [40, 55].

In this scenario, digital PET/CT may bring new opportunities for personalized
nuclear medicine, as enhanced image quality can be used to optimize administered
radioactivity and/or scan duration. In clinical practice, such factors should be
considered especially in pediatric (low-dose radiation) or unstable patients (from
intensive care units) who cannot sustain long scanning periods [35, 42, 59]. Further
developments may include advances in timing resolution and the construction of the
first total-body PET/CT with an increase of the geometric coverage to encompass
the whole body, which may increase sensitivity by a factor of about 40 for entire
body and a factor of about 4–5 for a single organ [16, 55].

As it happens in SPECT/CT, motion between or during PET/CT studies poses
technical problems, with remaining uncertainties in the registration process. The
correction of respiratory motion effects, which may result in inaccuracy in atten-
uation correction for lung tumors, represents a challenge for PET/CT. Methods to
reduce the effect of respiratory motion include breath-hold during treatment,
“gating” in which the beam is turned on or off in synchrony with the respiratory
cycle and “tracking” in which the beam follows the tumor based on imaging
technology [7, 12, 14]. It has been shown that respiratory gating PET/CT is a valid
approach not only to improve quantification, detectability, and definition of
radiotherapy of moving lesions and organs, but to be applied routinely in most
PET/CT scans [26].

Accurate definition of the boundaries of active disease is of clinical relevance in
guiding biopsy sites and in planning surgery and radiotherapy fields. PET/CT
studies facilitate the correct anatomical delineation of 18F-FDG uptake optimizing
biopsy and improving the planning of surgical procedures [2, 25]. The better
delineation of tumor tissue by PET/CT has supported the implementation of this
multimodality system in radiation therapy planning of various tumors as non-small
cell lung carcinomas, head and neck tumors, and lymphoma [20, 27, 64].

30.2.3 SPECT/MRI and PET/MRI

Over the years, numerous working prototypes of PET/MRI systems have been
described and introduced [8, 33, 56, 62]. The combination of SPECT and PET with
MRI can be important in areas where this technique is the preferred anatomic
imaging modality. There are clear synergies between these modalities in areas
where, beyond anatomic landmarking, MRI can detect organ-specific abnormalities
and pathologies by spectroscopic quantification of concentrations of molecules.
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Moreover, the expected radiation dose for SPECT and PET/MRI is significantly
less than that for SPECT and PET/CT, which may be of importance in oncologic
patients that are followed with multiple studies to monitor disease progression and
response to therapy.

A potential limitation of MRI in multimodality imaging systems is that this
technique does not provide adequate information for attenuation correction of
emission studies, being a challenge to separate air and bone, and to measure the
variations of density in the lung. Attenuation correction based on MRI is an active
area of research, and its developments will be key for future clinical applications of
PET/MRI [30, 41, 44, 76].

To integrate SPECT and PET with MRI is a technical challenge because these
systems can interfere each other. Several prototypes have been designed and are at
various stages of development [48, 74]. Even if to merge the hardware of SPECT or
PET and MRI into a single device is limited by space, the principal challenge
derives from conventional PET detectors based on photomultiplier tubes (PMTs),
which do not operate properly in presence of the magnetic field of MRI. The
consequent mutual interference between both image modalities needs to be reduced
at maximum to provide high-quality studies, as much PET as MRI. PET systems
can interfere with MRI systems degrading the homogeneity of magnetic and
radiofrequency fields resulting in a loss of image quality with presence of artifacts.
On the other hand, the strong external magnetic field of MRI systems can interfere
with PET systems deflecting the normal trajectory of electrons into the PMTs, and
the radiofrequency field and the gradient system pulses can affect the electronic of
PET producing artifacts on image. To solve mutual interference between PET and
MRI, light fibers coupled to the scintillation crystals of PET detectors have been
used, with only the MRI elements remaining in the magnetic field and directing the
scintillations out of this field through light fibers. Scintillation crystals produce
several distortion and artifacts on MRI image, due to their different magnetic
susceptibilities compared with human tissue. The replacement of photomultipliers
tubes by solid-state scintillation detectors has been proposed and developed [71].
These detectors, based on avalanche photodiodes, have the advantage of being
insensitive to magnetic fields and can be directly connected to the scintillation
crystal block within the magnetic field using a short 1–2 mm light guide. In this
way, light loss is minimized and the conversion of light to electronic signals takes
place inside the MRI system, avoiding the use of optical fibers. Another advantage
of avalanche photodiodes is that these are smaller than PMTs allowing a design
with a fully integrated PET. This design has the advantages that no metallic
components are placed directly in the MRI field of view and that the short light
guides lossless light. The design of compact systems using solid-state light detec-
tors and based on superconducting magnet (split magnet) or on field cycling MRI is
a challenging task [15, 61].

The integration of PET with MRI is a promising hybrid imaging tool in many
aspects (including decreased radiation dose, improved motion correction, and the
convenience of a combined exam), but there are many obstacles that prevent
PET/MRI widespread worldwide (access, cost, speed, and familiarity). In this
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scenario, clinical PET/MRI systems are still relatively rare and therefore the precise
clinical patient’s benefit remains unclear. However, PET/MRI seems to be
promising in characterization of primary bronchogenic tumors, it fails to detect
small pulmonary nodules [29, 52, 53] as well as the determination of their extent
and metastases [52, 53, 57]. In the same line, PET/MRI seems also to be promising
in non-traumatic neurological disease (dysplasias, tuberous sclerosis, and temporal
lobe epilepsy) [9, 13, 50], detection and characterization of hepatic lesions [34], and
head and neck tumors [49]. Overall, PET/CT scanners are unlikely to be replaced
by PET/MRI in a short-term period [19].

30.3 Tracers

The clinical use of PET for diagnosis, staging, and characterization of tumors is
based on the assessment of increased metabolism as an important hallmark of
cancer. As most tumors display considerably increased glycolytic activity, uptake
and accumulation of 18F-FDG have been widely employed for tumor localization
and characterization and have been approved for clinical use in suspected or
existing cancers by most international health care regulatory agencies [73].

However, 18F-FDG has some disadvantages and limitations. Increased gly-
colytic activity is a relatively nonspecific and sometimes imprecise indicator of
malignancy mainly because increased 18F-FDG uptake is also observed in
inflammatory disorders and infections. 18F-FDG PET is less suitable for brain
tumors because of the high background in normal brain tissues. Relatively indolent
tumors, such as prostate cancer, low-grade lung adenocarcinomas, renal cell can-
cers, and mucinous neoplasms, are known to have generally low 18F-FDG uptake
[21]. Another tumor type with generally low uptake of 18F-FDG is the group of
neuroendocrine tumors [67]. Therefore, additional PET imaging tracers have been
developed, such as 68 Ga-labeled somatostatin analogs (68 Ga-SSA). Other new
tracers are in development, labeled with various isotopes such as 124I. 124I is a
PET isotope with a favorable half-life of 4.2 days. It offers superior imaging
characteristics with enhanced spatial resolution and image sensitivity, and permits
the evaluation of in vivo iodine kinetics. Therefore, 124I made it possible to detect
and scan thyroid cancer lesions with high sensitivity [36, 51].

68 Ga-SSA include several tracers sharing a similar structure
(68 Ga-DOTA-TOC, 68 Ga-DOTA-NOC, 68 Ga-DOTA-TATE) and bind, with
specific affinity, to somatotropin receptors which are frequently overexpressed in
neuroendocrine tumors (NETs) [5]. Other tracers available for PET/CT included
choline labeled with 11C or 18F and PSMA labeled with 68 Ga or 18F for prostate
cancer. Choline is a water-soluble nutrient that is incorporated into cell membranes
as phosphatidylcholine. Radiolabeled choline is found in proliferating cells, such as
cancer and inflammation, and therefore may be less specific demonstrating modest
sensitivity [63]. PSMA is a transmembrane protein that is highly overexpressed in
prostate cancer cells. The recent development of small-molecule inhibitors (i.e.,
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68 Ga-PSMA-11 and 18F-labeled PSMA agents) that target the active substrate
recognition site of PSMA has demonstrated superior sensitivity even at very low
PSA levels with high background-to-tumor ratios [63].

PET compounds available for multimodality imaging also include those capable
to target specific key biologic processes in oncogenesis, such as proliferation
(18F-3-fluoro-3-deoxy-L-thymidine [18F-FLT]), hypoxia (18F-fluoromisonidazole
[18F-FMISO] and 18F-fluoroazomycin arabinoside [18F-FAZA]), angiogenesis
(18F-galacto-arginine-glycine-aspartic acid [18F-galacto-RGD]), and apoptosis
(124I- or 64Cu-Annexin V). Imaging of these biologic targets is expected to pro-
vide meaningful information for the selection and monitoring of targeted therapy in
individual cancer patients, facilitating personalized treatment of the disease.

18F-FMISO is a highly stable radiopharmaceutical directly derived from
misonidazole and has been extensively studied for regional mapping of hypoxia.
18F-FMISO shows high accumulation in hypoxic tissue which is proportional to the
hypoxic fraction of the tumor and allows identification of patients who may benefit
from changes in their therapeutic regimen as hypoxia has been identified as a major
adverse prognostic factor for tumor progression and for resistance to treatment. In
addition, such mapping of hypoxia can be used to guide intensity-modulated
radiotherapy [32, 65]. Clinical trials are being developed to further investigate the
feasibility and safety of individualized, hypoxia-adapted, radiotherapy.

The thymidine analog 18F-FLT, derived from the cytostatic drug azidovudine,
has been suggested for noninvasive assessment of cell proliferation. Hence, it
should provide valuable information for response assessment to tumor therapies,
and more could offer more specific tumor imaging than 18F-FDG. 18F-FLT is
taken up by cell by the same mechanisms as the nucleoside thymidine. This
transport step is facilitated by nucleoside transporters, especially by the human
nucleoside transporter 1 (hENT1). Once within the cell, 18F-FLT is phosphorylated
by the enzyme thymidine kinase 1 (TK1), which results in the intracellular accu-
mulation of the tracer. 18F-FLT PET has still seldom been used for tumor therapy
follow-up in clinical trials, in part due to limited knowledge of the factors deter-
mining 18F-FLT uptake and therapy-induced changes of its retention [54]. Labeled
amino acids have been used for the diagnosis of brain tumors, like 18F-labeled
fluoroethyltyrosine or 18F-fluorodihydroxyphenylalanine (DOPA) as well as
11C-methionine. 18F-fluoroestradiol has been used for the assessment of the
estrogen receptor status in breast cancer [18].

One of the primary goals in cancer research is to increase knowledge on genetics
of the disease and its proliferative nature. High-throughput gene-sequencing tech-
niques of the primary tumor or its metastases will allow genetic analysis of the
tumor on an individual basis. The integration of molecular imaging into clinical
routine and the combination with gene-sequencing techniques should be the goal
for the near future to provide a personalized medicine for most oncological patients
and not only for scientific purposes [18]. Along this line, non-somatostatin receptor
biomarkers overexpressed on the surface of malignant cell have been explored.
These are VPAC receptors, a family of 3G protein-coupled receptors located on the
plasma membrane of tumor cells that mediate the biological action of vasoactive
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intestinal peptide (VIP) and pituitary adenylate cyclase-activating polypeptide
(PACAP). These receptors are present on several common tumors, such as breast,
prostate, bladder, and colon, and VIP and PACAP can be labeled with 99mTc,
64Cu, and 68 Ga, with opportunities to image these oncologic diseases early and
specifically in the future [24, 37, 58].

Another exciting and challenging goal in cancer research is the possibility to
target intracellular biomarkers for diagnostic application. It has been demonstrated
that oncogene expression of tumoral cells is different from their normal cohorts.
Targeting specific oncogene mRNA copies with 99mTc, 64Cu, and 68Ga for
SPECT or PET in dividing cells may permit imaging of oncogene expression in
several tumors. This technique could be also useful to monitor effectiveness of
therapy, with assessment of the upregulation or downregulation of oncogene
mRNA copies and of proliferative tumoral status after treatment [10, 11, 38, 68–70,
72]. Other studies have examined the possibility to assess tumor suppressor gene
p53 transcription in a cell or to determine the expression of Ki-67 protein as
proliferative index of tumoral cells [60, 66]. Currently, therapeutic approaches are
focused to block the division of cells, even if these approaches do not discriminate
between normal and cancerous cells. To increase cell specificity, antisense tech-
nology has emerged. It is based on the sequence-specific binding of an antisense
oligonucleotide to target RNA, preventing the oncogene mRNA translation and
modulating the oncogene expression involved in the pathogenesis of oncologic
diseases [28, 38]. Challenges to be resolved include in vivo stability, sequence
length, and poor uptake in malignant cells. For new targeted therapy approaches,
the identification of the correct concentration of therapeutic agent and its dose
schedule has to be investigated [3, 4].

Molecular PET imaging provides diverse structural and functional information
of drug development: drug distribution and concentration can be assessed using the
radiolabeled compound, thereby demonstrating that the compound reaches the
target and does not accumulate at sites of potential toxicities. The development of
new therapeutic antibodies which have been approved for the treatment of hema-
tologic malignancies and for solid tumors with good therapeutic results led to new
attempts of radiolabeling these promising therapeutic antibodies. Such a newly
developed tracer is 64Cu-DOTA-trastuzumab, which is a humanized monoclonal
antibody against HER2 that is widely used for treatment of HER2-positive breast
carcinomas. Another interesting newly developed tracer is Zr-89-bevacizumab,
which is a recombinant humanized monoclonal antibody that blocks angiogenesis
by inhibiting the VEGF-A. This approach may allow a noninvasive evaluation of
the antiangiogenic therapeutic result in patients with, for example, colorectal cancer
or breast cancer [18, 73].

The new technological achievements in both genomics and proteomics as well as
in the bioinformatics will allow a better understanding of the molecular mechanisms
of a cancer disease and will help to identify specific biomarkers for both diagnostic
and therapeutic purposes. The clinical use of the new hybrid scanners together with
the application of cancer-specific biomarkers will revolutionize treatment and open
new ways of individual treatment.
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Main existing PET tracers of 18F and of other positron-emitting radionuclides
available for multimodality molecular imaging and their biochemical process, mech-
anism of uptake, and localization are, respectively, shown in Tables 30.1 and 30.2.

Table 30.1 PET tracers of 18F: biochemical process, mechanisms of uptake and localization

Radiotracer Biochemical
process

Mechanism of uptake and localization

18F-FDG Glucose Facilitate diffusion via glucose transporters

Metabolism Substrate for hexokinase in glucose metabolism
18F-Fluoride Bone

metabolism
Incorporation in the hydroxyapatite crystals in bone

18F-Fluorocholine Membrane Substrate for choline kinase in choline metabolism

Synthesis
18F-Fluoroacetate Lipid

synthesis
Acetate is activated to acetyl-CoA in both the cytosol and
mitochondria by acetyl-CoA synthetase

18F-Fluorothymidine DNA
synthesis

Substrate for thymidine kinase in DNA synthesis and
reflects tumor cell proliferation rate

18F-FMISO Hypoxia Intracellular reduction and binding
18F-FES Receptor

binding
Specific binding to estrogen receptors in breast cancer

18F-FDOPA AA transport
and

Precursor for the synthesis of dopamine

18F-FMT Protein
synthesis

Transport into the cells involves amino acid carrier
protein

18F-FCCA Intracellular trapping involves protein synthesis or
transmethylation

18F-FB- Angiogenesis Integrin receptors on endothelial cells of

E[c(RGDyK)]2 Neovasculature
18F-Oligonucleotide
18F-FHBG

Gene
expression

In vivo hybridization with mRNA Substrate to herpes
virus thymidine kinase

18F-labeled PSMA Membrane
antigen

Binding sites for PSMA ligands

Table 30.2 PET tracers of positron-emitting radionuclides non-18F: biochemical process,
mechanisms of uptake and localization

Radiotracer Biochemical
process

Mechanism of uptake and localization

15O-Water Blood
flow/perfusion

Freely diffusible across membranes

11C-Choline Membrane
synthesis

Substrate for choline kinase in choline metabolism

11C-Thymidine DNA synthesis Substrate for thymidine kinase in DNA synthesis
and reflects tumor cell proliferation rate

(continued)
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30.4 Future and Conclusions

Molecular imaging employing multimodality systems will strongly influence the
practice of medicine in the next generations. Specific imaging biomarkers will be
developed to enable physicians to ensure better strategies of patient management, to
stratify cancer, and to perform personalized medicine. Smarter devices, coupling
different imaging modalities, with higher spatial resolution and greater sensitivity
will be developed, allowing the visualization of a cluster of cells in vivo. These
smart devices will use smart probes to target specific biologic phenomena that will
provide a true early diagnosis and will drive the design of therapy and the
assessment of its effectiveness. Even if PET/CT will ultimately replace SPECT/CT,
advances in instrumentation, CT technology, and development of radiotracers have
the potential to advance beyond its current level of performance. The horizon for
hybrid imaging lies in the development of new tumor-specific agents that can
improve oncologic clinical diagnostic and therapeutic applications.

In the near future, digital PET/CT may emerge as a powerful multimodality
technique in clinical oncology, offering considerable potential for imaging appli-
cations beyond simple correlation of functional and anatomic images. Future
developments should include the simultaneous acquisition of multifunctional data
with quantification of PET tracer accumulation. Finally, the use of imaging as a
surrogate endpoint requires demonstration of a significant relationship between
imaging results and clinical outcome. Cooperation with the pharmaceutical and the
instrumentation industry is needed to foster prospective randomized multicenter
trials that are mandatory to demonstrate the relationship between appropriate use of
multimodality imaging and better patient outcomes.

Table 30.2 (continued)

Radiotracer Biochemical
process

Mechanism of uptake and localization

68Ga-DOTATOC
68Ga-DOTANOC
68Ga-DOTATATE

Receptor binding Specific binding to somatostatin receptor
(SSTR-II)
Specific binding to somatostatin receptor
(SSTR-II, III, V)
Specific binding to somatostatin receptor
(SSTR-II)

11C-L-methionine AA transport and
protein synthesis

Transport into the cells involves amino acid
carrier protein
Intracellular trapping involves protein synthesis or
transmethylation

124I-64Cu-88Y-Labeled
Antibodies

Binding to tumor
antigens

Specific binding to tumor-associated antigenic
binding sites

124I-64Cu-Annexin V Apoptosis Specific binding to phosphatidylserine
On cell membrane

68Ga-PSMA-11 Membrane antigen Binding sites for PSMA ligands
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