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Nonclinical Imaging Studies
for the Diagnosis of Lymph
Node Metastases
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Abstract

Nonclinical studies using animal models are essential to elucidate the pathogen-
esis of lymph node metastases and the application of imaging tests in this research
field is very important because these tests can yield reliable results at the sacrifice
of minimal number of animals.

Animal models and imaging modalities must be carefully selected to obtain
fruitful results. Recently, imaging devices dedicated for small animal tests have
been developed for various kinds of imaging modalities including combined
scanners and they have contributed to the improvement of the quality of images
of metastatic lesions in lymph nodes.

In the imaging study of lymph node metastases, direct detection of metastatic
foci in lymph nodes is ideal. But, it is often difficult because early stages of meta-
static lesions are too small to depict. Sentinel node mapping is an alternative way
to diagnose small metastatic lesions in regional lymph nodes. Since new imaging
modalities including optical imaging are recently proposed to identify sentinel
nodes, nonclinical animal experiments to investigate these new imaging tests are
attracting attentions of researchers.

Another idea to detect small metastatic foci is to observe the change in non-
tumor areas of metastatic lymph nodes. As recent animal models can simulate tumor
microenvironments in human tumors well, visualization of functional information
inside lymph nodes such as immunological response in sentinel nodes is expected.

Keywords
Lymph node metastases - Small animal imaging - Dedicated scanner
Sentinel node

K. Ohnuki - H. Fujii (B)

Division of Functional Imaging, Exploratory Oncology Research and Clinical Trial Center
(EPOC), National Cancer Center, Kashiwa, Japan

e-mail: fujii-rad @umin.org

© Springer Nature Singapore Pte Ltd. 2019 127
S. Natsugoe (ed.), Lymph Node Metastasis in Gastrointestinal Cancer,
https://doi.org/10.1007/978-981-10-4699-5_6

6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-4699-5_6&domain=pdf
https://doi.org/10.1007/978-981-10-4699-5_6
mailto:fujii-rad@umin.org

128 K. Ohnuki and H. Fujii

6.1 Introduction

Nonclinical studies using animal models play an important role to elucidate the
pathogenesis of various kinds of disease including cancer. As for the investigation
of lymph node (LN) metastases of malignant tumors, animal experiments are useful
to develop methods to evaluate lymphatic flow from tumor foci and to evaluate
metabolic changes inside metastatic nodes. When a good candidate of a new tracer
for sentinel node (SN) mapping is successfully developed, preclinical studies to
evaluate its biodistribution and toxicity are essential before starting its clinical trial.

An in vivo imaging test can provide biological information in living bodies. It is
very important in biological studies because it is doubtful whether the information
obtained from conventional postmortem studies can correctly express the activities
inside living animals or not. Recent advance in veterinary science such as gene
recombination has also enabled researchers to reproduce almost natural environ-
ments in animal models. The investigation of immune response is extremely impor-
tant in researches about metastases of cancer. Now, we can have animal models with
human tumor xenografts whose immune system is almost natural [1]. Under such
conditions, immunological response in metastatic nodes might be experimentally
evaluated.

When animal experiments are performed, it is very important to derive reliable
and meaningful results from the least number of animals in the light of animal wel-
fare. Researchers can observe the longitudinal change of same animals by examin-
ing them using in vivo imaging tests. As a result, the total number of sacrificed
animals can be minimized in in vivo imaging studies because researchers do not
have to dissect animals at each time point of the study. Moreover, in vivo imaging
tests can enhance the preciseness of investigations because interindividual errors
would be minimized by longitudinally observing same animals.

Considering these merits, the usefulness of in vivo imaging tests would be
immeasurable. In this chapter, we introduce current in vivo imaging tests that are
applicable to animal experiments such as computed tomography (CT), magnetic
resonance imaging (MRI), nuclear medicine tests, ultrasonography (US) tests, and
optical imaging tests. Recently, many kinds of imaging devices dedicated for small
animal tests have been developed. The features of scanners for small animals are
also mentioned. After that, we describe the usefulness of these in vivo imaging tests
in researches of LN metastases [2].

6.2  Animal Models for Studies with Lymph
Node Metastases

6.2.1 Types of Animal Models
Animal models that are used in experimental oncology studies are roughly classi-

fied into the following three groups: (1) transplantation models, (2) carcinogen-
induced models, and (3) genetically modified models including transgenic models
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Table 6.1 Classifications of preclinical animal models

Characterization
Category (description) Advantages Disadvantages
Transplantation | 1. The most commonly 1. Simple procedure | 1. Considered “poorly
models used animal models and easy tumor realistic” for
2. Transplantation of monitoring multiple reasons
cancer cell lines or 2. Easy-to-use (rapid | 2. Genetically
xenografts into assessment, homogeneous tumor
wild-type or reproducible and development lacks
immunocompetent low cost) many features of
inbred animals spontaneously

occurred tumors.

Carcinogen- 1. Induced by carcinogens | 1. More realistic 1. Long time to obtain
induced models such as UV light and features such as 2. Difficulties in
DNA-damaging agents diversity and high continuous tumor
such as DMBA and heterogeneity monitoring
TPA 2. Normal immune 3. Absence of defined
system genetic manipulation
Genetically 1. Transgenic expression 1. Accurately reflect | 1. Long time to obtain
modified model of oncogenes or the features of human | 2. Features of tumors
inactivation of tumor diseases depend on the strain
suppressor genes 2.Yield useful of host animals.

2. Bring in important insights into the 3. Difficulties in
insights into the interaction continuous tumor
relationship between between monitoring
cancer and the immune malignant cells 4. High cost
system. and immune

effectors

Modified with permission from Table 1 in Ref. [1]

[1]. Each model has both advantage and disadvantage and these are summarized in
Table 6.1.

Since most commonly used in studies about LN metastases are transplantation
models among them, we mainly describe this types of models in this chapter.

Transplantation models can be sub-classified from two kinds of viewpoints. In
the light of the relationship between host and transplantation cells, these models can
be classified into syngeneic ones and xenograft ones. In the light of transplantation
sites, transplantation models can be classified into orthotropic ones and ectopic
ones. The features of these models are summarized in Table 6.2.

Some animal models that are used for experiments of LN metastases are reported
in mice, rats, swine, and so on. Among them, mouse models are most popular.
Mouse models are generally easy to handle and there are many immunocompro-
mised models.

Xenograft-orthotopic models and syngeneic-orthotopic models are common and
some syngeneic-ectopic (mainly subcutaneous transplantation) models are also
reported. Representative animal models with LN metastases are shown in Table 6.3.

When human tumor cells are examined, xenograft models whose hosts are (1)
BALB/c ™™ mice that are most popular nude mice, (2) severe combined immuno-
deficiency (SCID) ones, and (3) nonobese diabetic (NOD)/SCID ones are
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Table 6.2 Classifications of tumor transplantation models

Category | Advantages Disadvantages
The original Synergic 1. Normal immune system in host Hard to evaluate
species animals human tumors
2. Easy-to-use (rapid assessment,
reproducible and low cost)
Xenograft | 1. Use tumor cells obtained from Expensive host
actual patients. animals
Recently, patient-derived xenograft
(PDX) models are actively
investigated.
The Orthotopic | Investigation of original features of 1. High cost
transplantation tumor cells including tumor 2. Difficulties in
sites microenvironments would be tumor monitoring
expected. 3. Difficult to
evaluate the tumor
initiation.
4. Limited metastatic
ability
Ectopic Transplantation site can be chosen The features of
according to the purpose of studies. tumors might be
The interval changes of size would be | different from
easy in subcutaneous models. original ones.

Modified with permission from Ref. [3]

Table 6.3 Animal models with lymph node metastases

Mouse models

Syngeneic-Orthotopic models

Tumor type Cell line Host Inoculation site Lymph nodes Refs.
of interest
Colon cancer CT26 BALB/c | Submucosal layer | Mesenteric [4]
of the cecal wall LNs
Pancreatic Pan02 C57BL/6 | Head or tail of the | Mesenteric and | [5, 6]
cancer 6606PDA pancreas peritoneal LNs
Bladder tumor MBT-2 C3H Bladder epithelial | Iliac LN [7]
layer
Breast cancer 4T1 BALB/c | Mammary fat pad | Axillary and [8,9]
inguinal LNs
Melanoma B16 [FO, F1, |C57BL/6 | Subcutaneous Inguinal LN [10, 11]
F10]
Xenograft-Orthotopic models
Gastric cancer SGC-7901 BALB/c | Implanted in the Mesenteric [12]
nu/nu gastric wall LNs
(2 mm diameter
pieces)
OCUM- BALB/c | The stomach wall | Regional LNs [13]
2MLN nude of the antrum
2x10°—1x107)
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Table 6.3 (continued)

44As3, BALB/c | Implanted in the Regional LNs | [14]
58Asl, nude middle wall of the
58As9 greater curvature
(Derived from of the stomach
HSC-44PE, (2 x 10%
HSC-58)
Colorectal HT-29 BALB/c | Implanted in the Peripancreatic, | [15]
cancer HCT116 nu/nu cecal wall between | axillary and
the mucosa and inguinal LNs
the muscularis
externa layers
(2 x 10%
HT-29 CB17 1 mm3-sized Regional LNs [16]
HCT116 SCID fragment
implanted in the
cecal wall
LS174T, CB17 Techniques of Mesenteric and | [17]
HT-29 SCID transanal low-dose | retroperitoneal
colonic mucosal LNs
electrocoagulation
(1 x 10%)
Esophageal PT1590 NMRI/nu | 1 mm?3-sized Mesenteric, [18]
cancer fragment coeliac,
implanted in the paraesophageal
abdominal and axillary
esophagus LN
Breast cancer MDA-MB BALB/c | Mammary fat pad | Axillary and [19]
-231 nu/nu inguinal LN
Rat models
Tumor type Cell line Host Inoculation site Lymph nodes Refs.
of interest
Liver hepatoma | AH130 Donryu Cecum submucosa | Meso-cecum [20]
rats LNs
Hepatocarcinoma | He/De Buffalo Capsule of the left | Parathymic [21]
rat kidney LNs
Other animal models
Animal Cell line Host Inoculation site Lymph nodes Refs.
of interest
Rabbit VX2 New Submucosal layer | Intraperitoneal | [22]
squamous Zealand | of the stomach LN
cell white
carcinoma rabbits
Rabbit VX2 New The submucosa of | Parotid LN [23]
squamous Zealand | the lateral wall of
cell white the pyriform sinus.
carcinoma rabbits
Swine (Melanoma) Sinclair (Spontaneous) Regional [24]
miniature draining LNs
swine
Swine (Melanoma) Sinclair (Spontaneous) LN in the [25]
miniature posterior neck

swine




132 K. Ohnuki and H. Fujii

commonly used. Among xenograft models, orthotopic ones are recently getting
popular because the interaction between tumor cells and stromal cells is attracting
attention of researchers.

Cancer immunotherapies including immune checkpoint molecules such as pro-
grammed cell death-1 ligand-1 (PD-L1), programmed cell death-1 (PD-1), and
cytotoxic T-lymphocyte antigen-4 (CTLA-4) are current topics. Since animal mod-
els used in researches in this field must have normal immune system, syngeneic
models with normal immune system must be selected instead of immunocompro-
mised xenograft models. A recent study reported that transplantation of human
hematopoietic stem cells into NOG (NOD/Shi-scid, IL-2Ry™") [26] or NSG (NOD-
scid TL2Ry™™) [27] mice can simulate human immune system to some degree.

The optimal models should be selected considering the aim of researches and
this is very important to investigate the pathogenesis [28].

6.2.2 The Production of Transplantation Model for Experiments
of LN Metastases

When transplantation models with LN metastases are produced by injecting tumor
cells in tissues, researchers must carefully inject tumor cells with minimal pressure.
When cancer cells are injected in soft tissues of footpads of mice putting pressure, the
pressure in tissues increases and gaps between endothelial cells of lymph channels are
enlarged [29]. As a result, cancer cells can easily migrate into lymphatic vessels and
move into popliteal LNs, which correspond to SNs of footpads, on nonphysiological
lymphatic flow. Then, unexpected metastatic lesions can appear inside popliteal LNss.

Lymphatic flow is an important factor in experiments to identify SNs and evalu-
ate the location of metastatic foci inside SNs [30]. When the results of experiments
are sensitive to the conditions of lymphatic flow, tumor cells and/or SN-seeking
probes should be slowly injected using injecting devices (Fig. 6.1).

6.3 Imaging Tests for Animal Models with Lymph
Node Metastases

6.3.1 Computed Tomography (CT) Tests

In X-ray computed tomography tests, the object is irradiated from multiple direc-
tions, and X-ray signals that penetrated the object are acquired by X-ray detectors.
The acquired X-ray signals are mathematically reconstructed and tomographic
images of the object are obtained. CT images can provide minute anatomical infor-
mation and this test is the most basic and important imaging test.

Recently, X-ray CT scanners dedicated for small animals are developed (Fig. 6.2).

Its spatial resolution is very excellent and it is usually less than 0.1 mm. But, the
tissue contrast of CT images is not so good. As CT numbers of tumors and paren-
chymal organs are similar, it is not easy to distinguish tumors from normal



6 Nonclinical Imaging Studies for the Diagnosis of Lymph Node Metastases 133

HARVARD

Fig. 6.1 Slow injection with constant speed by a syringe pump (Harvard Apparatus, Holliston,
MA, USA)

Fig. 6.2 Preclinical CT
imaging system (Latheta
LCT-200; Hitachi, Tokyo,
Japan)

parenchymal organs on CT images. Since CT numbers of fat and parenchymal
organs are different, tumors can be depicted when they are surrounded by fat tis-
sues. But, fat deposition between organs is not prominent in rodents and it is not
easy to interpret CT images of small animals. LNs are usually depicted as small soft
tissue nodules in fat tissues on CT images (Fig. 6.3).
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Fig. 6.3 A normal
popliteal LN of a mouse in
the CT image (arrow)

Contrast media including iodine compounds for small animal CT tests are now
commercially available as clinical CT tests. Contrast media can contribute the diag-
nosis of tumors because tumors are often rich in vasculature.

6.3.2 Nuclear Medicine Tests

In nuclear medicine tests, radioactive compounds that emit gamma rays or X-rays
are administered in living bodies and the biodistribution of administered agents are
imaged by acquiring emitted photons by detectors, which is usually made of scintil-
lators such as sodium iodine. But, recently, semiconductor detectors are also used.

Nuclear medicine tests are classified into two categories: (1) conventional nuclear
medicine tests in which single photon emitters such as *"Tc and '''In are used and
(2) positron emission tomography (PET) in which positron emitters such as '8F are
used. Recently, dedicated scanners for small animal imaging are commercially
available for both nuclear medicine tests.

In conventional nuclear medicine tests of small animal imaging, tomographic
imaging called single photon emitted computed tomography (SPECT) is usually
performed. The performance of SPECT scanner strongly depends on that of colli-
mators. In clinical SPECT scanners, parallel-hole collimators are usually equipped
to get good sensitivity. But, the spatial resolution of parallel-hole collimators is bad.
Since the size of the object is much smaller than human bodies in small animal
imaging, both excellent spatial resolution and good sensitivity, which are generally
trade-off, are required in small animal imaging. To overcome this trade-off issue,
unique multi-pinhole collimators are used in small animal SPECT scanners
(Fig. 6.4).

Scanners with multi-pinhole collimators can show excellent spatial resolution as
short as 1 mm and good sensitivity of approximately 0.1% for **Tc [31].

In PET scanners, annihilation gamma rays produced by the collision of positron
and regular electron are acquired by coincidence detectors. This detection system
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Fig. 6.4 A multi-pinhole
collimator for small animal
SPECT imaging

enables to omit collimators from scanners and PET scanners show rather better
sensitivity (>1%) than SPECT scanners.

Although both kinds of nuclear medicine tests can provide meaningful func-
tional information of the object animals, locations where interesting reactions occur
are often unclear because nuclear medicine tests can provide no anatomical infor-
mation. To overcome this issue, combined scanners of nuclear medicine ones and
morphological imaging ones are developed for animal imaging (Fig. 6.5).

When radiopharmaceuticals accumulate in LNs, the LNs are drawn as hot spots.
SN mapping using radiocolloids is performed based on this concept. The details of
this test are described in the latter section.

6.3.3 Magnetic Resonance Imaging (MRI) Tests

MRI is an imaging test in which signals induced by nuclear magnetic resonance
(NMR) phenomena are visualized. When the objects are put in high magnetic fields
and electric waves with special frequency are irradiated, tissue-specific signals are
emitted based on NMR phenomena. MR images can be obtained by acquiring these
NMR signals and mathematically reconstructing them. By changing the strength of
magnetic fields and the patterns of irradiating electric waves, which is called pulse
sequence, images with various kinds of tissue contrast are available. The most
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Fig.6.5 A SPECT/CT
combined scanner
(NanoSPECT/CT, Mediso,
Budapest, Hungary)

important parameters to acquire images are repetition time (TR) and echo time
(TE). By changing these two imaging parameters, various kinds of images are avail-
able. The representative images are T1-weighted image (T1WI) and T2-weighted
image (T2WI).

Normal tissues show intermediate signals on both T1WIs and T2WIs (Fig. 6.6).

Compared to normal tissues, tumor lesions usually show lower signals on T1WIs
and higher signals on T2WIs.

Contrast media including paramagnetic agents such as gadolinium and iron are
used to enhance the contrast between tissues.

MRI tests can provide detailed anatomical information with good tissue contrast.
Spatial resolution can reach less than 0.1 mm. Moreover, MRI tests can also present
unique functional information about temperature, pH, and so on by modifying pulse
sequences of electric waves.

Some scanners dedicated for small animal imaging are developed for MRI, too.
As the diameter of the bore can be short for these animal imaging scanners, compact
scanners with high magnetic fields can be manufactured (Fig. 6.7).

In MRI, image quality can be improved by using receiver coils that can be set
near the target sites. When special receiver coils that fit bodies of small animals such
as rodents are introduced, images of small animals with good quality can be obtained
even when clinical scanners with large bores are used [32].
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Fig.6.6 A normal
popliteal LN of a mouse on
the T2ZWI MR image
obtained by a 3.0T scanner
(arrow)

Fig. 6.7 A preclinical
9.4T MR scanner
(BioSpec, BRUKER,
Etlingen, Germany)
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6.3.4 Optical Imaging

Optical imaging is now attracting interests of researchers in the field of molecular
imaging because optical imaging devices are usually more compact than other
imaging devices such as CT scanners and MRI scanners and it is easy for research-
ers in biological fields to operate optical imaging devices (Fig. 6.8).

In optical imaging, signals from living bodies are acquired by detectors dedi-
cated for light signals such as charge coupled device (CCD) detectors and comple-
mentary metal oxide semiconductor (CMOS) detectors. Optical agents are often
administered to the animals before imaging. Previously, signals of only visual lights
were observed. But, recently, optical technology has advanced and optical signals
with wide range of wave lengths can be acquired. Especially, imaging of

Fig. 6.8 Anin vivo
optical imaging system
(IVIS® Spectrum,
PerkinElmer, Waltham,
MA, USA)
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near-infrared light signals, whose wave length is longer than 800 nm and which are
invisible to human eyes, is actively investigated because little background signals
are detected from living bodies in the range of wave length of near-infrared lights.
That is why this range of wave length is called “biological windows.” When optical
imaging agents that emit fluorescent lights with this range of wave length are admin-
istered, the biodistribution of imaging agents can be depicted with good contrast to
background areas of normal tissues.

Indocyanine green (ICG, Daiichi-Sankyo, Tokyo), which is a blue dye that is
used for SN mapping, also emits near-infrared fluorescent signals. As this dye has
already been used in routine clinical practice under the coverage of health insurance
in Japan, near-infrared light imaging using this dye are investigated in many insti-
tutes (Fig. 6.9).

6.3.5 Ultrasonography (US)

US is an imaging test in which the behavior of high-frequency sound waves inside
living bodies is observed. High-frequency sound waves produced by piezoelectric
transducers are transmitted to the objects. Some sound waves in the objects are
reflected from the layers between different tissues and some of these echoes are
detected as signals. The obtained echo signals are reconstructed into images. As US
imaging devices are usually compact and some devices are portable, US tests can be
easily performed in regular experimental rooms (Fig. 6.10) [33].

The depth to which sound waves can reach depends on the frequency of sound
waves and structure of the objects. Sound waves with high frequency can visualize
the minute structure of tissues while they cannot reach deep areas. There is the
trade-off between image resolution and observable depth. In small animal imaging,
sound waves whose frequency was 10-50 MHz were used to visualize minute struc-
ture in small objects. Although the depth that can be observed would be limited to a
few centimeters, LNs located in the superficial area can be clearly detected by US
[34] (Fig. 6.11).

Fig.6.9 A SNin the
popliteal region of a mouse
visualized by near-infrared
fluorescent signal. The
image was obtained after
the subcutaneous injection
of the ICG in the left
footpad by an in vivo
optical imaging system
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Fig.6.10 A high-frequency ultrasound imaging
system (Vevo® 3100, FUJIFILM Visualsonics,
Inc.; Toronto, Canada)

Fig.6.11 A normal
superficial cervical LN of a
mouse in the ultrasound
image (arrow). Reprinted
with some modification
with permission from

Ref. [34]

There are some contrast media for US, too. Most of contrast media for US are
microbubble agents made of phospholipids or carbohydrates. When these agents are
administered and accumulated in the target tissues, echo signals on US images
are enhanced by the increase of the reflection of sound waves.
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Fig. 6.12 Photoacoustic imaging (PAI) system. (a) Schematic diagram of PAI system. (b) The
Vevo® LAZR Photoacoustic Imaging System (FUJIFILM Visualsonics, Inc.; Toronto, Canada)

6.3.6 Opt-acoustic (Photoacoustic) Imaging

Opt-acoustic or photoacoustic imaging is a new imaging modality although the
mechanism of this imaging modality was first reported by Alexander Graham Bell,
who is famous for the invention of telephone, in 1880 [35].

When light signals are delivered into the tissues, some energy of light signals is
converted into heat and, finally, photoacoustic waves are induced. These phenom-
ena are called photoacoustic effects and sound waves induced by these effects can
be detected by US scanners [36] (Fig. 6.12).

According to the review article by James ML and Gambhir SS [33], opt-acoustic
imaging tests have the following advantage compared with the conventional US
tests: (1) the amount of imaging agent used for opt-acoustic imaging is picograms
to micrograms, whereas US requires microgram to milligram amounts of imaging
agent; and (2) US images contain speckles (noise) due to coherent addition of sound
waves. In the case of “light in and sound out, opt-acoustic imaging” there is very
minimal interference for the sound waves on their way out; therefore, the images are
speckle free.

6.4 Direct Visualization of LN Metastases
6.4.1 Computed Tomography (CT)

When LNs are involved by metastatic lesions, the size of LNs increase and their
shape changes to round sphere from flat ellipsoid according to the growth of meta-
static lesions. CT tests can detect these morphological changes. Among them, the
enlargement of the short axis of LNs can be usually the most important finding to
diagnose LN metastasis. There are many reports about the size criteria on LN
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Fig.6.13 A metastatic
popliteal LN in the CT
image (arrow), which is
swollen compared to the
contralateral one

metastases in human CT tests. For example, Dorfman, et al. reported that the normal
upper limit of LN size in human upper abdomen would be 6—-11 mm in human CT
studies [37].

But, there are little reports about the size criteria on LN metastases in animal CT
tests. As for animal studies, it would be useful to compare the size of affected LN
with that of the LN on the opposite side (Fig. 6.13).

As described above, these morphological changes can occur when metastatic
lesions in LNs grew to some size. It is difficult to detect early stage of metastases by
CT tests.

When contrast media are administered, metastatic LNs are likely to be more
strongly enhanced than normal LNs. This finding on CT tests with contrast media
might improve the accuracy in the diagnosis of LN metastases. But, it is not easy to
detect small LN metastases even by contrast-enhanced CT tests.

There are some other pitfalls in the diagnosis of LN metastasis by CT tests. One
of the most important pitfalls is the enlargement of LNs due to inflammation.
Inflamed LN can be also enlarged and round-shaped.

6.4.2 Nuclear Medicine Tests

In nuclear medicine tests, LN metastasis can be diagnosed by evaluating the func-
tional information in LNs. The most popular nuclear medicine test to diagnose malig-
nant tumors is '®F-fluorodeoxyglucose (FDG) PET test. This test can evaluate the
activity of glucose metabolism in lesions. Glucose metabolism in LNs is usually acti-
vated when LN are involved by tumors. Therefore, metastatic LNs show high avidity
to FDG and they are visualized as hot spots on FDG PET images [38](Fig. 6.14).
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Fig.6.14 LN metastases of plasma cell tumor-bearing
mouse in ¥F-FDG-PET image. Reprinted with some

modification with permission from Ref. [38] Cervical

lymph node

Brachial
lymph node

Axillary
lymph node

Mesenteric
lymph node

Inguinal
lymph node

Popliteal
lymph node

FDG PET tests have the potential to detect metastatic LNs with normal size by
the increased activity of glucose metabolism. But, it is impossible to detect small
metastatic LNs even by FDG PET tests, too. Inflammatory lesions in LNs can also
be false-positive findings in FDG PET tests because some kinds of cells inside
inflamed LNs such as activated macrophages show high avidity to FDG.

The activation of glucose metabolism is a common finding in malignant lesions.
As a finding more specific to lymph node metastasis, lymphangiogenesis in LNs,
which is considered as an early sign of LN metastasis, is attracting attention of
researchers. Lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1) is a
lymphatic-specific epitope and it is expected to be a biomarker of lymphangiogen-
esis (Fig. 6.15). Mumprecht et al. [39] reported that immuno-PET using !>*I-labled
LYVE-1 successfully detected early stage of LN metastasis in mouse experiments.

6.4.3 Magnetic Resonance Imaging (MRI) Tests

Metastatic LNs are imaged as enlarged LNs in MR tests as shown in CT ones. In
addition to these morphological changes, MRI can provide more detailed informa-
tion about interiors of metastatic LNs than CT. The most common MR images are
T1WIs and T2WIs on spine echo sequences. Generally speaking, tumor lesions
show lower signal on TIWI and higher signal on T2WI, compared with normal
LNs. Complicated interiors of LNs including metastatic foci cause heterogeneous
signal pattern on MR images (Fig. 6.16).
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Fig.6.15 The theory to visualize metastatic LNs by targeting lymphangiogenesis. The lymphatic
vessels induced in SLN are composed of LYVE-1-positive lymphatic endothelia, which are
expected to be the target of the anti-LY VE-1 antibody

Fig.6.16 A metastatic
popliteal LN of a Balb/c
mouse inoculated with
Colon26 tumor cells in the
T2W MR image (arrow)

Heterogeneous signal patterns can be more significant on MR images obtained
by scanners with strong magnetic field such as 9.4T. Administration of contrast
media including paramagnetic agents can also enhance the contrast between tumors
and non-affected areas. Contrast media can shorten both T1 and T2 relaxation times.
When the concentration of contrast media is low, T1 relaxation time is prominently
shortened. On the contrary, when the concentration of contrast media is high, T2
relaxation time is strongly shortened. In the diagnosis of LN metastases, contrast-
enhanced TIWIs with Gd-chelating agents are usually acquired utilizing the T1
shortening effect. Metastatic lesions in LNs are brightly depicted on these images.

Inflammatory changes and fat deposits in LNs can cause false-positive findings.
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6.4.4 Optical Imaging

In optical imaging, optical signals can be detected from metastatic LNs when opti-
cal agents that show high affinity to tumor tissues are administered. Unfortunately,
no good optical imaging agents to visualize wide variety of tumors like FDG in PET
tests. One of the popular optical imaging methods to visualize metastatic LN is to
use tumor-seeking agents conjugated with IRDye 800 CW, a fluorescent dye that
emits near-infrared lights with the wave length of 800 nm [40] (Fig. 6.17).

In animal experiments with transplantation models, bioluminescence imaging is
also available to investigate LN metastases. When tumor cells with luciferase activ-
ity are implanted to animals, tumor lesions can emit luminescent lights. When these
tumor cells metastasized to LNs, these LNs with metastatic lesions are also visual-
ized by bioluminescence imaging system (Fig. 6.18).

6.4.5 Ultrasonography (US) and Opt-acoustic
(Photoacoustic) Imaging

As ultrasonography is primarily a morphological imaging test, metastatic LNs are
diagnosed based on the size and shape. Enlarged and round shaped LNs can be
diagnosed as metastatic like CT and MRI tests although it is often difficult to distin-
guish inflamed LNs from metastatic ones. Generally speaking, the heterogeneity of
interior signals would be more significant in metastatic LNs than inflamed ones.
Some US devise can provide doppler images. On doppler images, perfusion of met-
astatic lesions is likely to be enhanced. In contrast-enhanced studies, metastatic LNs
are often strongly enhanced.

Recently, opt-acoustic imaging, which is also called photoacoustic imaging, is used
for the detection of metastatic lesions. When some agents that can enhance the photo-
acoustic effects are administered, metastatic lesions in LNs show strong signals. Zhang
et al. [41] reported the possibility of ultrasound-guided photoacoustic imaging for the
selective detection of EGFR-expressing breast cancer and lymph node metastases in the
experiments using anti-EGFR antibody-conjugated gold nanorods (Fig. 6.19).

6.5 Nonclinical Imaging Studies for SN Mapping

Direct visualization of LN metastasis at early stage is not easy even when imaging
scanners with high performance are used because LNs with early metastases is
often as small as normal LNs.

SN biopsy is an alternative way to diagnose LN metastases at the early stage. This
procedure has been already performed for patients with early stage of breast cancer
and malignant melanoma in routine clinical practice. Accurate identification of SNs
is essential to successfully perform SN biopsy. In the clinical situation, two kinds of
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Fig. 6.17 Metastatic
lesions including LN
lesions in the mouse model
visualized by the optical
imaging using EGF
conjugated with IRDye
800CW. Reprinted with
some modification with
permission from Ref. [40]
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Ventral Dorsal Ventral

Dorsal

Fig.6.18 An involved axillary LN (arrowhead) of an HT-29 orthotopic colorectal cancer (arrow)
mouse model depicted by in vivo bioluminescence imaging. Reprinted with some modification
with permission from Ref. [15]
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Fig. 6.19 The primary tumor and the metastatic LN in MDA-MB-231 orthotopic mouse xeno-
graft model on the superimposed images of ultrasonography and acoustic imaging. Photoacoustic
signal was enhanced by photo absorber (gold nanorods) conjugated antibodies. Reprinted with
permission from Ref. [41]
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lymphotropic agents are used for the detection of SNs: radiopharmaceuticals and
optical imaging agents including blue dyes. In the preclinical investigation about SN
mapping, these two kinds of new imaging agents are mainly under investigation.

6.5.1 Nonclinical Studies About Radiopharmaceuticals
for SN Mapping

Most commonly used radiopharmaceuticals used in actual clinical SN mapping are
radioactive colloids. In Japan, ®™Tc-labeled phytate (FUJIFILM RI Pharma, Tokyo)
and *™Tc-labeled tin colloids (Nihon Medi-physics, Nishinomiya) are covered by
health insurance for SN mapping of breast cancer and malignant melanoma.

Regional LNs show high activity on SPECT images after *"Tc-labeled colloids
are injected in animal models. For example, radiocolloids are injected in the mouse
footpad, the popliteal LN shows high activity (Fig. 6.20).

These radioactive colloidal agents accumulate in SNs by phagocytosis of macro-
phages in SNs. Since molecular size of colloidal agents is large, most of injected
colloidal agents stay at the injection site. This hinders the detection of SNs located
near the injection site.

Therefore, new SN mapping agents with smaller molecular size are required.
Although small molecules can easily move into lymphatic channels, they are likely
to pass through SNs because they can be escaped from phagocytosis by macro-
phages. Therefore, SN seeking agents with small molecular size have to be trapped
in SNs by some mechanisms. Mannose receptors on macrophages inside SNs can be
good candidates to trap small molecular SN mapping agents. Vera et al. reported
mTc-labeled tilmanocept that shows high affinity to these mannose receptors [42].
In Japan, Arano et al. [43] is also studying a new SN imaging agent that shows high
affinity to mannose receptors on macrophages inside SNs. Nonclinical imaging
tests are useful in the development of these new imaging agents. Arano’s team dem-
onstrated the clear visualization of SNs on SPECT tests in rat studies (Fig. 6.21).

These agents show good retention in SNs and they have potentials to clearly
depict SNs located near the primary tumors since the molecular weight of these
radioactive agents are small enough to wash out from the injection site.

Fig. 6.20 A hot node in
the popliteal region in
9mTc-labeled phytate
SPECT/CT image. This
hot node can be regarded
as a SN of the left footpad
lesion
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Fig.6.21 The SN of a rat
footpad visualized by the
injection of *"Tc-labeled
unique compounds with
high affinity to mannose
receptors on macrophages.
By courtesy of Professor
Yasushi Arano, Chiba
University

Fig.6.22 The
experimental SN mapping
by quantum dots using a
swine. Quantum dots can
emit stronger fluorescent Sentinel
lights than that of ICG. By Lymph Nade
courtesy of Professor John
V. Frangioni, Harvard
Medical School

™
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6.5.2 Nonclinical Studies About Optical Imaging Agents
for SN Mapping

Optical methods are also important to identify SNs. Blue dyes are traditional optical
imaging agents. In Japan, two kinds of blue dyes, ICG and Indigo carmine (Daiichi-
Sankyo, Tokyo), are covered by health insurance for SN mapping of breast cancer
and malignant melanoma.

As mentioned above, optical imaging with near-infrared lights is recently attract-
ing interests of researchers. Since ICG emits near-infrared fluorescent lights in addi-
tion to blue visible lights, this dye is now used in SN biopsy under near-infrared
light because optical imaging with near-infrared lights can visualize imaging agents
with good contrast to low background signal.

As quantum dots can emit much stronger near-infrared fluorescent lights than ICG,
they would be useful if they could be used in the clinical situation [44] (Fig. 6.22).

But, no quantum dots are approved for clinical use because of the toxicity issues
due to heavy metals included in these agents.

Recently, optical imaging using near-infrared lights whose wave length is longer
than 1000 nm (OTN-NIR lights) is spotlighted. An imaging scanner with InGaAs
detectors and organic imaging dyes are developed [45, 46].
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Since OTN-NIR lights can penetrate thicker soft tissues and observe deeper areas
in the body, compared with conventional NIR lights, clinical application of SN
mapping by optical imaging with these lights will be examined after this.

The clinical application of opt-acoustic imaging, another new imaging method,
is also actively investigated [47].

6.5.3 Nonclinical Studies About Multi-modality
Imaging for SN Mapping

In clinical SN mapping, it is reported that dual modality methods can yield the best
performance, compared with radionuclides or optical agents alone.

Some dual modality imaging probes are reported in western countries. In Europe,
the cocktails of ICG and *™Tc-labeled colloidal albumin are examined in mouse
xenograft model [48].

Recently, Araki and our group [49] found that the cocktail of ICG and phytate
showed good performance to detect SNs. When this cocktail was injected to mouse
models, near-infrared fluorescence slowly appeared in SNs and this fluorescence
continued for more than 1 day. This long fluorescent activity is suitable for the
operation on head and neck regions. When phytate is labeled by *™Tc, the obtained
radioactive ICG is expected to be useful to dual-modal detection of SNs. Since both
of ICG and *™Tc-pytate are covered by health insurance in Japan, the clinical appli-
cation of this unique cocktail would be feasible.

As for the evaluation of these dual-modality probes, fusion of two kinds of
images is useful. Recently, as three-dimensional reconstruction method of optical
images is proposed [50], information of optical images can be superimposed on
tomographic scintigrams (Fig. 6.23).

Fig.6.23 The SN of a
mouse forepaw
(arrowhead) in optical and
radionuclide fusion image.
Three-dimensionally
reconstructed optical
images using ICG were
superimposed on SPECT
images with *™Tc-pytate
after the injection of the
cocktail of these two kinds
of imaging agents
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6.6 Indirect Visualization of Metastases in SNs

Although SN mapping is a useful method to detect LNs that are likely to have metas-
tases, it is difficult to directly diagnose metastatic lesions only by SN mapping.

Since metastatic foci in SNs are usually small, most parts of interiors of SNs are
occupied by non-tumor tissues. The evaluation of signals of these non-tumor tissues
in SN has a potential to detect metastatic lesions in SNs.

6.6.1 Visualization of Metastases in SNs by Negative
Contrast Enhancement

Modifying signals of non-tumor tissues in SNs to enhance the contrast between
metastatic foci and non-tumor areas can be alternative way to depict metastatic
lesions in SNs. As described in the previous section, there are many macrophages in
SNs and macrophages show strong phagocytic activity. When superparamagnetic
iron oxide-based colloids are administered as contrast media of MRI, macrophages
located in non-tumor areas in LNs phagocytose them and non-tumor areas are nega-
tively enhanced, that is these areas show significant low signal, on T2*WI (When
images are acquired using gradient echo sequences, T2*WIs were obtained instead
of T2WIs).

Harisinghani et al. [51] reported small tumor lesions in LNs could be success-
fully diagnosed by this method in patients with prostatic cancer. Tatsumi et al. [52]
reported that this strategy is also useful to diagnose LN metastases in gastric
cancer.

But, some follow-up reports including our experimental study [53] revealed
that inflammatory process or fat deposition could be false-positive findings
(Fig. 6.24).

Fig.6.24 An
inflammatory swollen LN
in the T2-star weighted
MR image obtained after
the injection of
superparamagnetic iron
oxide-based colloids. This
non-tumor bearing LN
looks like metastatic one.
Reprinted with some
modification with
permission from Ref. [53]
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6.6.2 Surrogate Imaging Based on Immune Response
in Metastatic SNs

There are many immune cells in SNs besides macrophages and various kinds of
immune reactions occur when SNs are involved by tumors. Although most
researches have focused on the behavior of T cells, especially CD8+ T cells (CTL),
B cells also react to metastatic lesions in SNs.

B cells are mainly located in superficial areas of LNs and these areas are called
B-cell areas. When tumor antigens flow in LNs through afferent lymphatic chan-
nels, B cells interact with antigen-presenting cells and form follicles. Then, germi-
nal centers appear in follicles.

We recently studied the interval changes of numbers of immune cells inside SNs
by flow cytometry using C57BL/6 mice inoculated with B16 melanoma B cells and
BALB/c mice with mouse breast cancer cells. Localization of these immune cells
inside SNs was also longitudinally observed by immunohistochemistry.

Flow cytometry analyses revealed that, when compared to the control, the rela-
tive growth ratio of CD19-positive cells (B cells) increased more significantly than
that of CD3-positive cells (T cells) according to the progression of metastases inside
SNs. Immunohistochemical findings demonstrated the formation of germinal cen-
ters inside SNs was facilitated by advances of metastases (Fig. 6.25).

In the light of diagnostic imaging tests, more attention should be paid to cell
groups that show more dramatic change in numbers according to the progress of
metastases. We think that significant increase of the B cells and the formation of
germinal centers inside SNs according to the progress of metastases would be good
candidates for surrogate imaging biomarkers of metastases in SNs.

B cell
B16 melanoma (CD19+) Breast cancer cells

o 5]

SLN

P
H

d Red:Bcell Blue:GC
TNT cell (1gD) (PNA)
(CD3+)

Fig.6.25 Lymphocytes in the SN. The flow cytometry analyses showed that the B-cell (CD19+)/
T-cell (CD3+) ratio in SNs increased compared to that in control nodes. Immunohistochemical
analysis of SNs showed abundant germinal centers organized by lymphocytes with the expression
of B-cell markers
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Recently, Li et al. reported that Tc-labeled rituximab was useful to visualize
SN of patients with breast cancer [54]. Since rituximab is the monoclonal antibody
drug that shows high affinity to CD20 antigen on B cells, it is considered that CD20-
positive B cells increase in SNs of patients with breast cancer and these increased B
cells are successfully detected by *™Tc-labeled rituximab on scintigrams.

As CD19 is an antigen that appears on B cells, like CD20, radioactive anti-CD19
antibodies have potential to evaluate the metastatic status of SNs. Since rituximab
has been already approved as a drug to treat CD20-positive malignant lymphoma,
anti-CD19 antibodies would be clinically applicable.

6.7 Summary and Key Points

In this chapter, we explained nonclinical imaging study to investigate LN
metastases.

In the research of LN metastases, animal experiments are essential like other
biomedical researches. The application of imaging tests is very useful because
imaging tests can yield reliable and meaningful results at the sacrifice of minimal
number of animals. But, the design of animal experiments must be carefully consid-
ered to obtain the fruitful results.

The followings are key points to achieve the aim of the study.

e The optimal animal models must be chosen considering the aim of researches
although various kinds of animal models are now available.

e The most suitable imaging modality should be used although many different
imaging scanners have been developed. Recently, combined scanners of different
imaging modalities are getting popular such as PET/CT scanners. These com-
bined scanners can provide more information that the simple summation of that
is acquired from each scanner. Imaging devices dedicated for small animal imag-
ing have been also developed, which show excellent spatial resolution and good
sensitivity that are suitable for small animal imaging although these devices can
image only small size of objects.

e Alternative imaging strategy should be considered in the detection of metastatic
foci in LNs. Although direct visualization of metastatic lesions in LNs is ideal,
small metastatic lesions in LNs are often difficult to visualize by current in vivo
imaging technology. SN mapping is useful to identify LNs that are most likely to
be invaded by tumors. The evaluation of signals of non-tumor areas in LNs would
be a new strategy to diagnose small metastases in LNs because most parts of inte-
riors of LNs are occupied by non-tumor tissues when metastatic lesions are small.

Since LN metastases are most important prognostic factors of gastrointestinal
cancer, it is expected that accurate and reliable diagnostic criteria in in vivo diagnos-
tic imaging tests will be established based on the valuable results induced by non-
clinical animal imaging experiments.
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