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Abstract

Analyses of DNA methylation in human cancers have
identified hypermethylation of individual genes and di-
minished methylation at repeat elements as common
alterations, and have thereby provided important mech-
anistic insights into cancer biology as well as biomark-
ers for cancer detection, prognosis and prediction of
therapy responses. The techniques available in the past
were best suited for investigations of individual candi-
date genes and sequences, whereas recently developed
high-throughput techniques promise to generate unbi-
ased and comprehensive surveys of DNA methylation
states across entire genomes. In this minireview we
give a short overview of established and novel tech-
niques and outline some major questions that can now
be addressed to develop further cancer biomarkers and
therapies based on DNA methylation.

© 2011 Baishideng. All rights reserved.

Key words: Bisulfite; CpG-island; Deep sequencing;
DNA hypermethylation; Hypomethylation; Methylcyto-
sine-binding domain
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DNA METHYLATION CHANGES IN
HUMAN CANCERS

Epigenetic alterations are now firmly established as caus-
ative factors in the development and progression of hu-
man cancers, especially changes in DNA methylation.
In mammalian cells, methylation of DNA bases occurs
almost exclusively at the 5-position of cytosines and in
adult somatic cells it is essentially only present at cytosines
in the dinucleotide cytosine-guanosine (CpG). Since their
discovery in the 1980’s, DNA methylation changes in hu-
man cancers have mostly been analyzed on a gene-by-gene
basis, i.e. metaphorically speaking, from a frog petspective.
Now, novel techniques which have developed over the
last decade provide the means to survey DNA methyla-
tion in a more comprehensive fashion across the genome.
This eagle’s view of the DNA “methylome” of various
normal and cancer cells is expected to generate ample op-
portunities for the development of diagnostic, prognostic
and predictive biomarkers to be used in clinical oncology.
In this minireview, we will give a brief overview of DNA
methylation changes in human cancers, desctibe current
and emerging techniques for their analysis, with their re-
spective strengths and limitations, and outline possible
future developments.

In the human genome, CpG-sites occur at only one
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quarter of the expected frequency in general and the re-
maining CpG-sites are often clustered in CpG-islands.
Many of the approximately 30000 CpG-islands straddle
the transcriptional start sites of genes. Most CpG-islands
are never methylated under physiological conditions, not
even during germ cell or embryonic development. In con-
trast, isolated CpG-sites within genes or intergenic regions
are often methylated. In particular, most of the CpG sites
located in repeat sequences within the genome are densely
methylated in normal somatic cells. Many repeat sequences
originate from ancient retroviruses (human endogenous
retroviruses, HERV) or simpler endogenous retroelements
(SINEs and LINEs). Methylation of such retroelements
helps to constrain their activity. In addition to repeat se-
quences, selected single copy genes can be methylated in
normal cells, among them some important determinators
of pluripotency and cell lineagem. Here, methylation aids
in restricting their expression to certain cell types. Finally,
DNA methylation of specific sequences helps in the selec-
tion of a single allele for expression, as in imprinted genes,
and in choosing one active gene out of a cluster, e.g. in the
immune system and presumably in the brain®”,

This elaborate pattern of DNA methylation is dis-
turbed in almost every human cancer. There are principal-
ly two types of changes, which occur quite independent
of each other. In the case of DNA hypermethylation,
methylation appears at otherwise unmethylated CpG-
islands. CpG-island hypermethylation is usually associated
with silencing of the affected gene prornoterm. In the case
of DNA hypomethylation, methylation is lost from retro-
elements and single-copy genes, permitting transcription
of normally repressed sequences”. As one might predict,
abnormalities in DNA methylation patterns are generally
more pronounced in high-stage and high-grade cancers.
Nevertheless, research over the last two decades has re-
vealed a high degree of specificity in DNA methylation
changes between different cancer types and among can-
cers of the same type at different stages of progression.
These differences can be exploited for cancer detection
and classification with respect to subtype and prognosis.
For instance, the GSTP1 gene is hypermethylated in ap-
proximately 90% of all prostate cancers”. Additionally,
certain methylation changes are associated with differen-
tial response to specific therapies and can be used as pre-
dictive biomarkers. A prominent example is hypermethyl-
ation of the MGMT CpG-island which indicates silencing
of the gene. The MGMT gene encodes the methyl-O-
guanosyl DNA methyltransferase, which reverses and re-
pairs DNA alkylation. Accordingly, gliomas with MGMT
hypermethylation can be predicted to respond more fa-
vorably to the alkylating drug temozolomide'”.

Analyses of DNA methylation changes in cancer di-
agnostics have unique advantages resulting from the very
biochemical properties of this epigenetic mechanism.
First, DNA per se is a rather stable molecule. Second,
methylation at the 5-position of cytosine is chemically
stable, is difficult to establish except by enzymatic transfer
and equally difficult to reverse in the absence of specific
enzymes. Third, the turnover of methylcytosine at most
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genomic sites is, under most conditions, slow. As a con-
sequence of these properties, DNA methylation changes
can be robustly analyzed in a large variety of biological
samples, including biopsies, body fluids, and archival
material™. With modern techniques, minute amounts of
DNA can be analyzed, permitting high sensitivity. In ad-
dition, since most CpG-islands are never methylated, hy-
permethylation in CpG-islands is often highly specific for
tumor cells. Importantly, analyses from clinical samples
and body fluids especially should always include appropri-
ate quality controls to avoid artefacts resulting from, e.g
limited amounts of DNA or fixation.

In practice, a limitation to the specificity of DNA hy-
permethylation assays arises from the tendency of some
CpG-islands to become hypermethylated in aging, inflamed
and preneoplastic tissues, albeit usually not quite as densely
as in full-blown malignancies”. Another practical limit to
the sensitivity of DNA hypermethylation assays is set by
the heterogeneity of the changes within one tumor type
and within individual tumors. Typically, a particular CpG-
island is hypermethylated in a fraction of all cases and not
all CpG-sites within the island are affected to the same
extent in each individual tumor cell. Cases like GSTP7
hypermethylation in prostate cancer, where practically all
CpGs within a CpG-island are methylated in almost all
tumors of one entity constitute fortunate exceptions (Fig-
ure 1). In such cases, the sensitivity of a methylation assay
will strongly depend on the technique used (as discussed
below) and its specificity may suffer, if hypermethylation
of the gene is also present in preneoplastic tissue. Finally,
tumor tissues comprise a mixture of several different cell
types including stromal, endothelial and immune cells, in
addition to the actual cancer cells. Although most CpG-
islands are completely unmethylated in all cell types, meth-
ylation can display considerable specificity at some CpG-

10]
P 2nd even more so

[11]

islands, in particular at their “shores

at CpG-dinucleotides outside CpG-islands

ESTABLISHED TECHNIQUES FOR
ANALYZING DNA METHYLATION
CHANGES IN HUMAN CANCERS

Many currently used assays for DNA methylation are
based on bisulfite conversion of DNA"?. Bisulfite at-
taches itself to the C-6 of the cytosine ring, Subsequently,
under alkaline conditions, the sulfonated cytosine is de-
aminated and desulfonated to uracil. The methyl group
at the C-5 position prevents sulfonation and, therefore,
methylcytosine remains the same. When polymerase chain
reaction (PCR) is performed on the modified DNA,
uracil results in thymine and methylcytosine in cytosine.
Sequencing of the PCR products yields a reliable picture
of the DNA methylation pattern at each CpG in the
amplified sequence and is the current gold standard for
DNA methylation analysis. Sequencing can be performed
directly on the PCR product or after cloning. Direct
sequencing yields an overall picture of the methylation
pattern across several hundred bases, but standard Sanger
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Figure 1 Assaying various methylation states by different techniques. Idealized bisulfite sequencing results of cytosine-guanosine (CpG)-sites in a proximal
promoter region (TSS denoting the transcriptional start site), showing fully methylated, unmethylated, heterogeneously methylated and typical imprinted (differentially
methylated) states. Each circle corresponds to a single CpG site, each line to one cloned allele. Filled circles represent methylated and empty circles unmethylated
cytosines. Bisulfite sequencing gives an excellent indication of methylation state at every single CpG site, but quantification requires an adequate number of
investigated clones. Pyrosequencing, methylcytosine-binding domain (MBD)- or methylation-specific polymerase chain reaction (MS-PCR)-based assays will detect
100% methylation at fully methylated and 0% methylation at unmethylated sequences, respectively. Imprinting results in methylation values of 50% at every single
CpG site in pyrosequencing. In addition, MS-PCR-assays will detect signals for methylated and unmethylated DNA. For heterogeneously methylated DNA, bisulfite
sequencing yields quite clear results, if a sufficient number of clones are used. In contrast, pyrosequencing will identify high methylation values (dotted rectangle) for
several CpG sites and low values (solid rectangle) for other sites, whereas MBD-based analyses lead to intermediate overall methylation values. The results of MS-
PCR methods depend critically on the chosen CpG-sites and may vary enormously even with small changes in the PCR stringency. For example, MS-PCR assay
using primers interrogating CpG sites 2 and 10 (dotted arrow) yields higher methylation values compared to an assay aimed at CpG sites 6 and 12 (solid arrows).

sequencing is not quantitative. Pyrosequencing of PCR
products allows a quantitative measure of average methyl-
ation at each individual CpG site, but only over relatively
short stretches of DNA (up to 100 bases). Sequencing
of multiple clones provides the most precise information
and can reveal heterogeneous methylation at individual
sites or the presence of differentially methylated alleles
at imprinted genes. However, this technique is relatively
lengthy and expensive.

Many exploratory studies on clinical samples have
been performed by the methylation-specific PCR (MS-
PCR) techniquem. Here, PCR primers are chosen to
selectively fit either the methylated or unmethylated se-
quence of interest after bisulfite treatment. Hypermeth-
ylation events at CpG-islands result in the appearance
of a PCR product with the methylated-specific primers,
whereas healthy tissues yield a PCR product only with the
unmethylated-specific primers. The PCR products can be
visualized on a gel or can be quantitatively determined by
real-time PCR using fluorescence probes. In particular, the
MethyLight variant of MS-PCR, which employs selective
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Taqman type probes for detection of the PCR products,
is in widespread use!™. The MethyLight method can
be designed to avoid the potential problem of bias intro-
duced by using different primer pairs in MS-PCR. MS-
PCR or MethyLight are excellent techniques to detect or
even quantify methylation that is homogeneously absent
or present, but they can result in highly variable results at
partially and heterogeneously methylated sequences.

Many problems of applying DNA methylation analysis
in clinical practice arise from the heterogeneous character
and distribution of methylation changes on the one hand
and of partially altered methylation in prencoplastic tissues
on the other hand. For cancer detection, assaying multiple
methylation markers increases sensitivity and helps to dis-
criminate against changes caused by aging, inflammation
and preneoplasia. For prognosis and classification, multiple
markers are mandatory to cover biological heterogeneity
arising during cancer progression and due to histological
subtypes. For therapy prediction, using multiple mark-
ers could allow prediction of the response to alternative
therapies. The most straightforward way to analyze multiple
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CpG sites and sequences is multiplexing of individual as-
says. The MethyLight technique can be straightforwardly
automated and has been employed to measure methylation
at dozens of genes across hundreds of samples in a semi-
quantitative fashion"”. More recently, mass spectrometry
has been developed for automated analysis of DNA meth-
ylation at multiple sites in large sample sets. Typically, the
analyses exploit differences in nucleotide molecular mass
following bisulfite treatment' """, Conceivably, these or oth-
er automatable multiplex techniques may form the basis of
DNA methylation assays in clinical routine use in the near
future. For instance, some of the difficulties arising from
the heterogeneous composition of tumor samples may be
solved by digital PCR combined with high resolution melt-
ing (HRM) or pyrosequencing methods as discussed by
Mikeska ez a™. Obviously, however, multiplex assays inter-
rogate a predefined set of sequences and cannot provide
a global and unbiased overview of DNA methylation pat-
terns and their changes in cancers.

Detection of DNA hypomethylation in cancer poses
still another set of challenges. Hypomethylation occurs
foremost at retroelements and other repetitive sequences
in the genome. These repeats are similar, but not identical
and methylation at retroelements in particular can be het-
erogeneous in normal cells and the decrease in cancer cells
at various CpG-sites variable. Hypomethylation at single-
copy sequences is likewise often partial and heteroge-
neous. In general, DNA hypomethylation accrues in many
cancers with tumor progression™. Therefore hypometh-
ylation alterations might be exploited as biomarkers of
prognosis, but unfortunately the specificity and sensitivity
of assays for hypomethylation in cancer are so far limited.
Global and comprehensive surveys of DNA methylation
in cancer might help to identify specific hypomethylation
changes useful as biomarkers.

NOVEL TECHNIQUES FOR ANALYZING
DNA METHYLATION CHANGES IN
HUMAN CANCERS

Several techniques have now come close to providing
comprehensive surveys of the methylation pattern of
normal and cancerous cells and tissues.

Some of these techniques ate also based on bisulfite
modification of DNA. The most straightforward approach
to screening whole genomes for methylation changes
would be genome-wide high-throughput sequencing fol-
lowing bisulfite conversion, which has become a realistic
prospect with the advent of novel high-throughput (“deep”)
sequencing techniques”. The main obstacles prohibiting -
at present - a broad use of this technique are the high frac-
tion of repeat sequences in the genome and the reduced
complexity of the DNA after bisulfite treatment due to
the conversion of many cytosines to uracils. Both factors
complicate the assignment of sequences from the sequenc-
ing “reads” to the genome. These same factors have also
limited the use of arrays in DNA methylation analysis, al-
though, e.g. bead-based arrays have already provided some
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promising results™?, It is expected that these technical
and bioinformatic obstacles will be overcome in the near
future. For the time being, many researchers avoid them
by investigating only more easily accessible parts of the
genome isolated from the rest, e.g. by digestion with certain
restriction enzymes and fractionation. The great advantage
of bisulfite sequencing is that it yields information on the
methylation of individual CpGs, deep sequencing with suf-
ficient coverage (meaning multiple sequencing of the same
segment) can even provide quantitative information at het-
erogeneously methylated sites.

In the meantime, techniques based on the biological
recognition of methylcytosine by enzymes or antibodies
- rather than on its chemical properties as in the bisulfite
reaction - have made great advances. The oldest technique
of this kind is the use of restriction enzymes that cut
DNA dependent on its methylation status”™". Methylation
differences result in differentially sized fragments that can
be detected by Southern blotting or in the loss of a PCR
product spanning the restriction site. Based on this simple
principle, a variety of techniques have been developed
in the past to explore differential methylation at a larger
scale, such as 2D gels or hybridization to arrays after dif-
ferential amplification of cut and uncut sequences[zs’zﬂ. A
novel technique for genome-wide methylation analysis,
referred to as comprehensive high-throughput array-based
relative methylation (CHARM), uses the bacterial enzyme
McrBC for cleaving of DNA dependent on its methyla-
tion state followed by array hybridization of the frag-
ments””. This technique was used to unravel cell lineage
and tumor-specific methylation differences at CpG island
shores!" ™.

The more recently developed technique of methyla-
tion-dependent immunoprecipitation (MeDIP) exploits
the affinity of a methylcytosine antibody to enrich methyl-
ated sequences from the genome. Differences between tu-
mor cells and their normal counterparts can be identified
by comparative hybridization of the selected sequences to
arrays or by high-throughput sequencing“s’m].

In the cell nucleus, methylated DNA is recognized by
specific proteins such as MBD2 or MeCP2 vz a specific
domain, the methylcytosine-binding domain (MBD). This
biological recognition mechanism is exploited by novel
techniques. They use recombinant proteins containing an
MBD fused to another protein that can be easily captured
on beads or columns, such as an antibody Fc domain or a
glutathione transferase. As in MeDIP, array hybridization
or high-throughput sequencing can follow to characterize
the selected DNAP. A promising variation of this tech-
nique has entered research using proteins that recognize
specifically unmethylated CpGSW]
facilitate the analysis of hypomethylation events.

. This technique may

All present-day capture techniques do not provide
methylation information at single CpG resolution, but
enrich methylated or unmethylated sequences. Another
limitation is the need for a certain CpG density to achieve
efficient precipitation or binding of methylated DNAPY,
DNA with lower CpG-density will not be as reliably cap-
tured, even if fully methylated. Neither, however, requires
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bisulfite treatment of DNA and capture techniques based
on MBD proteins even work with native DNA which
needs only to be fragmented.

DNA METHYLATION CHANGES IN
HUMAN CANCERS: OPEN QUESTIONS

Together, these approaches promise to provide us with a
more complete picture of DNA methylation patterns in
normal cells from different cell types, tissues and devel-
opmental stages. They will reveal how much individuals
differ from each other. The results will help to elucidate
the physiological functions of DNA methylation, e.g.
in the immune system and in the brain, which are in-
triguing but poorly understood. We hope to learn how
DNA methylation changes in autoimmune, neurological,
psychiatric and cardiovascular diseases. In the field of
oncology, eagle-eye perspectives of DNA methylation
patterns are expected to yield important mechanistic in-
sights into cancer pathogenesis and to provide a robust
basis for the rational development of methylation-based
diagnostic assays and epigenetic targeted drugs.

One of the most burning questions is how many DNA
methylation changes cancers may harbor. Extrapolating
from current knowledge, it is anticipated that large differ-
ences will be detected among cancer types and subtypes.
For instance, carcinogenesis in the prostate involves a
coordinate change in the methylation of several genes in-
cluding GSTP7, whereas methylation changes in bladder
cancer appear to accrue in a rather stochastic fashion with
cancer progression, the largest differences existing between
papillary and invasive subtypesm. In colorectal cancers,
the molecularly defined CpG-island methylated phenotype
(CIMP)+ cases are already known to contain an unusually
large number of methylation changes, which may ulti-
mately turn out to range into the thousands. In compari-
son, the average number of aberrantly methylated genes
(primarily CpG-islands) across all cancers is speculated to
figure in the lower hundreds, similar to the average number
of point mutations within genes emerging from the first
genome-wide sequencing projectsm. We should also find
out which methylation changes occur across many cancers
and which are relatively specific. From current knowledge,
RASSF1.A4 and GSTP7 hypermethylation, respectively, are
representatives of these kinds of changesm%]. Morteovet,
the identification of cell-type specific methylation patterns
may provide markers for estimating the cellular heteroge-
neity of tumors, or identifying specific cell populations, as
has been proposed for regulatory T cells®. Methylation
signatures of tumor stem cells should be particularly inter-
esting, not only for heuristic purposes, but also for prog-
nosis and therapy. Already, DNA methylation profiles have
been successfully established for embryonic stem cells®™!.

A second important question coming closer to being
answered 1s what causes alterations of DNA methyla-
tion in cancer. Are the changes determined by systematic
defects in the molecular network of factors directing and
maintaining normal patterns or do they occur in a more
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random manner by accidents, perhaps followed by selec-
tion for those changes lending a growth advantage to the
tumor cells? The answer to this question is essential for
the further development of epigenetic therapies. In the
former case, therapies will rather be directed towards re-
storing normal methylation regulation. In the latter case,
therapies should aim at reexpression of individual antitu-
mor genes which have been inactivated by epigenetic ac-
cidents. In cither case, detailed analysis of the undetlying
molecular mechanisms will have to follow on the large-
scale surveys to accompany and support drug develop-
ment. This research will also provide biomarkers for pre-
diction and monitoring of therapy responses.

The third result of systematic surveys of genomic
methylation will be a broad and robust basis from which
candidates can be chosen for further investigation and
development for clinical use as biomarkers for detection
and classification. Experience from the past suggests
that methylation analyses of single genes will only pro-
vide reliable biomarkers in exceptional cases. Evidently,
only a very small part of cancer genomes has been ana-
lyzed for methylation so far and this conclusion could be
wrong. However, we think that the development of an
optimized set of methylation markers for each cancer or
tissue may be the most promising strategy, because of
maximum sensitivity and specificity, but also the poten-
tial to cover the different scopes of detection, prognosis
and prediction. Costs for high-throughput analyses, espe-
cially DNA sequencing, are declining fast. It may, there-
fore, even be possible that appropriately standardized
and controlled whole-genome analyses could replace
multiplex assays for DNA methylation in the future. In
any case, development and validation of an optimal set
of methylation biomarkers will certainly be necessary for
each cancer type individually.

Finally, large-scale methylation analyses of human
cancers will provide an important database for researchers
studying molecular mechanisms of pathogenesis. Hyper-
methylation events are often associated with gene silenc-
ing and some of the silenced genes may be functionally
importantw. In this fashion, important pathogenetic pro-
cesses in particular cancers may be identified and new tat-
gets for therapy may be developed. The same expectation
applies to DNA hypomethylation which often occurs at
genes associated with invasion and metastasis and leads to
expression of cancer-testis antigens™. It also may permit
reactivation of retroelements that promote genomic insta-
bilitym. Therefore, anti-metastatic and immune therapies
should benefit from insights into DNA hypomethylation,
in particular.

Large-scale approaches have not only offered new pos-
sibilities for analysis of DNA methylation in cancer, but
also for studying global patterns of gene copy number
alterations and mutations as well as changes in expression
of mRNAs and other RNA species. More and more, inte-
grative analyses assessing changes at various levels are used
to classify cancer subtypes” or to identify aberrantly active
molecular pathwaysw. Analyses of DNA methylation are
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expected to become integrated into these global analyses
shortly. In particular, large-scale sequencing has revealed a
¥ in which

a relatively small number of genes are frequently mutated

peculiar landscape of point mutations in cancer

in each cancer type and a larger number of others carry
point mutations in only a few cases each. Most of the fre-
quently mutated genes, such as TP53 or KRAS, have indeed
long been known. Even after integrating copy number
alterations with such studies, fewer consistent and obvi-
ously functionally important genetic changes have emerged
from a large number of recently published studies. Many
researchers now suspect that epigenetic changes, termed
epimutations, may account, to a large extent, for the elusive
“drivers” of tumor development and progression. If so,
targeting epigenetic changes may turn out to be even more
valuable in cancer therapy than hitherto assumed. Integrat-
ing large-scale analyses of DNA methylation with those of
other changes will help to address this issue.

Developments in science are often driven by the fruit-
ful interplay between large-scale surveys and detailed anal-
ysis of individual factors and mechanisms, the synergism
between frog and eagle approaches. In the 1980s, DNA
methylation research encompassed both the analysis of
single restriction sites at individual genes and global, albeit
unspecific measurements of total methylcytosine content.
Similarly, the comprehensive surveys of genomic meth-
ylation patterns are complemented by detailed molecular
analysis of the interaction of multiple epigenetic regula-
tors at individual genes during the establishment of DNA
methylation and chromatin patterns. The development of
DNA methylation assays for clinical oncology by analysis
of candidate genes has clearly reached a limit. Likewise,
the further development of epigenetic drugs for cancer
treatment requires a broader understanding of the overall
changes in DNA methylation. Thus, the reports of the
eagles are eagerly awaited.
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Abstract

Recent advances in high intensity focused ultrasound
(HIFU), which was developed in the 1940s as a viable
thermal tissue ablation approach, have increased its
popularity. In clinics, HIFU has been applied to treat
a variety of solid malignant tumors in a well-defined
volume, including the pancreas, liver, prostate, breast,
uterine fibroids, and soft-tissue sarcomas. In compari-
son to conventional tumor/cancer treatment modalities,
such as open surgery, radio- and chemo-therapy, HIFU
has the advantages of non-invasion, non-ionization, and
fewer complications after treatment. Over 100000 cases
have been treated throughout the world with great suc-
cess. The fundamental principles of HIFU ablation are
coagulative thermal necrosis due to the absorption of
ultrasound energy during transmission in tissue and
the induced cavitation damage. This paper reviews the
clinical outcomes of HIFU ablation for applicable can-
cers, and then summarizes the recommendations for a
satisfactory HIFU treatment according to clinical experi-
ence. In addition, the current challenges in HIFU for
engineers and physicians are also included. More recent
horizons have broadened the application of HIFU in tu-
mor treatment, such as HIFU-mediated drug delivery,
vessel occlusion, and soft tissue erosion (“histotripsy”).
In summary, HIFU is likely to play a significant role in
the future oncology practice.
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INTRODUCTION

Cancer is a major public health problem for human beings
in both developed and developing countries. Currently,
one in four deaths in the United States is due to cancer!.
Cancer therapy demand in the United States will grow
annually by 10% through 2009. Increases will be driven
by more incidence and detection of cancer coupled with
a range of highly effective, but expensive, new treatment
modalities. $16.8 billion are spent each year for cancer
therapies in the United States”. This represents historical
demand data from 1994, 1999 and 2004 and forecasts to
2009 and 2014 by cancer type (e.g: breast, digestive system,
genital system, leukemia, lymphoma), by product/proce-
dure (e.g. chemotherapy drugs, surgery, radiation therapy,
biotechnology-based drugs, hormonal therapy, vaccines,
nanotechnology, stem cells), and by institution/provider
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Figure 1 The high intensity focused ultrasound beam passes through
overlying skin and other tissues without harming them and is focused to
necrose a localized tumor region, which may lie deep within the body. There
is a very sharp boundary between dead and live cells at this contour.

(e.g. hospitals, outpatient facilities, physicians’ offices,
home health care). The conventional therapy modalities
are open surgery, chemo- and radio-therapy, which carry
significant morbidity and mortality, and may be associated
with long in-patient stays and recovery periods. A major
goal of technological and medical research in fighting can-
cer is to significantly reduce local, regional, and systemic
side effects, as compared with conventional therapies and
to provide additional therapeutic options in cases where
conventional therapies fail. New modalities have been
introduced in recent years, such as radiofrequency, laser,
microwaves, and cryoablation therapies.

The application of ultrasound in clinics is no longer
limited to diagnosis. High intensity focused ultrasound
(HIFU) is being promoted as the only completely nonin-
vasive and extracorporeal method to treat primary solid
tumors and metastatic disease. The key of HIFU treat-
ment is to deliver the energy required to raise the tissue
temperature to a cytotoxic level sufficiently fast such that
the tissue vasculature does not have a significant effect on
the extent of cell killing (Figure 1). Coagulative necrosis
caused by heat differs in microscopic appearance and
host response from the classical ischemic-type coagulative
necrosis: heat coagulation favors giant cell reaction with
chronic inflammation whereas ischemic-type necrosis
causes healing mainly with granulation tissue. In addition,
with heat coagulation, the surrounding normal fatty tis-
sue frequently shows histological signs of fat necrosis.
The boundary between apparently totally disrupted cells
and normal tissue is no more than 50 pm in width™,
However, lethal complications may develop if some vital
blood vessels adjacent to the tumors are severely dam-
aged. This indicates that large blood vessels are probably
less vulnerable to HIFU damage than solid tissues (such
as tumor tissue), presumably due to the blood flow dissi-
pating the thermal energy from the vessel wall. Therefore,
HIFU is a relatively safe method to ablate tumors in close
proximity to major blood vessels, where surgical resection
is often contraindicated and may be hazardous. The clini-
cal applications for HIFU have been widely explored in
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neurosurgery, ophthalmology, urology, gynecology, and
oncology[}s] for about 100000 patients to date, mainly in
Asia and Europe. Preliminary reports suggest that there is
reduced toxicity with HIFU ablation compared with other
ablation techniques, such as cryotherapy, percutaneous
alcohol ablation, and either percutaneous or laparoscopic
radiofrequency because of the noninvasive nature of the
procedure'”. In addition, there is an upper size limit for
tumors that can be treated, approximately 3-4 cm in diam-
eter, with minimally invasive methods.

HIFU technology has the following advantages that
justify research efforts: pain is minimized (the procedure
is minimally- or non-invasive); the procedure cost is low
as compared with traditional surgery; there are no remain-
ing scars; recovery is faster than with traditional surgical
methods; if any hemorrhage occurs, ultrasound (US) has
the potential to stop the bleeding; the therapy can be re-
peated, theoretically, an infinite number of times because
there is no dose limit; there is no ionizing radiation from
magnetic resonance imaging (MRI) and diagnostic US, as
opposed to other systems that are guided by X-rays; and
maintenance of the system is low. Unpleasant side effects
of current cancer therapies are often the limiting factor
for treatment. For example, neurotoxic effects may limit
the dose of a cytotoxic agent in chemotherapy. Similarly,
in radiotherapy some critical surrounding normal tissues
may receive an irradiation dose causing irreversible dam-
age. Clinical trials, in which 68 patients have been treated
at the Royal Marsden Hospital in London, have demon-
strated that HIFU treatment for liver cancer is well toler-
ated by fully conscious patients who are treated on an
outpatient basis and have not needed local anesthesia or
sedation”. Altogether, HIFU has been becoming a viable
thermal tissue ablation modality for solid tumors and an
interesting topic for ultrasound researchers and engineers.

This article initially introduces the principles of HIFU,
its history and development from a technical viewpoint.
Secondly, clinical outcomes of current HIFU applications
in the treatment of prostate, breast, liver, renal tumors,
and uterine fibroids are reviewed. It is noted that, with the
development and wide acceptance of HIFU ablation, its
application is not limited to the diseases mentioned above.
Finally, the practical experiences of successful tumor abla-
tion and technical challenges met in clinical applications
are summarized from numerous trials. Furthermore, other
HIFU-related technologies, which may play an important
role in future cancer treatment, are also introduced.

HIFU BACKGROUND

History

The first therapeutic trial of high intensity ultrasound
beams was carried out in 1942, The Fry brothers are
credited with the first application of HIFU for neurologic
disorders in humans. Early attempts to generate HIFU
lesions in the brain through the intact skull bone were
unsuccessful™”. Small lesions were found in the brain,
but there was profound damage to the scalp. Although
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it was claimed that the symptoms of Parkinsonism were
climinated, this treatment was not taken further, prob-
ably because of the concurrent development of the drug
L-dopa. The requirement to remove a section of the skull
bone and the lack of imaging sophistication limited the
progtress of this neurosurgical research in its eatlier days.
In 1970s, US was used to induce hyperthermia (elevation
of tissue temperature to about 43°C) in the entire tumor
volume for an extended time (about 1 h)!"". A rediscovery
of HIFU for the treatment of tumors occurred in the
1990s with the refinement of modern technologies in
transducer design, modes of energy delivery, and real time
imaging. Precise targeting and good treatment follow-
up techniques (with anatomical and functional imaging)
were available with diagnostic US scanning and MRI tech-
niques, which paved the way to realizing the full potential
of HIFU treatment. The ability of HIFU to target subcu-
tancous tissue volumes and produce almost instantaneous
cell death by coagulation necrosis in the selected regions
of deep-secated soft tissue tumors has made it a candidate
for direct and rapid treatment of tumors” .

HIFU principles

HIFU relies on the same principles as conventional US.
The time-averaged intensities of typical diagnostic US
(B-mode, pulsed or continuous Doppler) can be up to
720 mW/ cm’ according to United States Food and Drug
Administration (USFDA) regulations. In contrast, the in-
tensity of HIFU in the focal region is about several orders
higher, 100-10000 W/cm?®, with peak compression pres-
sures of up to 70 MPa and peak rarefaction pressures up
to 20 MPa.

Two main mechanisms are involved in the HIFU abla-
tion: a thermal effect and a mechanical effect. The thermal
effect of HIFU is heat generation due to absorption of the
acoustic energy with a rapid elevation of temperature in
the local tissue. Tissue temperature elevated to more than
60°C for 1 s will generally lead to instantaneous and irre-
versible cell death »iz coagulation necrosis in most tissues,
which is the primary mechanism for tumor cell destruction
in HIFU therapy. Ultrasound beam focusing results in high
intensities only at a specific location within a small volume
(e.g. about 1 mm in diameter and about 10 mm in length),
which minimizes the potential for thermal damage to tis-
sue outside the focal region. Since the thermal mechanism
is better understood and its effect is easier to control, it is
preferred in tissue ablation.

Tissue thermal damage at high-temperature expo-
sures can be predicted by using an Arrhenius analysis or
the Sapareto-Dewey iso-effect thermal dose relationship,
which demonstrate that tissue thermal damage is approxi-
mately linearly dependent on exposure time and exponen-
tially on the temperature elevation”. For convenience, a
thermal dose, which is expressed in equivalent minutes at
43°C (EM43°C or #3), is usually applied in hyperthermia
or high-temperature hyperthermia. Thermal doses of
120-240 min at 43°C irreversibly damage and coagulate
critical cellular protein, tissue structural components and
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the vasculature leading to immediate tissue destruction,
however, the threshold varies with tissue typem]. At the
borders of the thermal coagulated lesion, the tissue will
die within 2-3 d.

Mechanical effects induced by HIFU ate associated with
acoustic pulses only at high intensities, including cavitation,
micro-streaming, and radiation force. Cavitation is defined
as the creation or motion of a gas cavity in an acoustic field
due to alternating compression and expansion of tissue as
an ultrasound burst propagates through it. There are two
forms of cavitation: stable and inertial cavitation". Stable
cavitation is the stable oscillation of the size of the bubble
when exposed to a low-pressure acoustic field. Inertial
cavitation is violent oscillations of the bubble and rapid
growth of the bubble during the rarefaction phase when
they reach their size of resonance, eventually leading to the
violent collapse and destruction of the bubble. The violent
collapse will produce shock waves of very high pressure
(20-30000 bars) and high temperature (2000-5000 K) in the
microenvironment" . The oscillating motion of stable cavi-
tation causes the rapid movement of fluid near the bubble
due to its oscillating motion, which is called the “micro-
streaming’” effect. Micro-streaming can produce high shear
forces that can cause transient damage to cell membranes
and may play a role in US-enhanced drug or gene deliv-
ery“s]
acoustic wave is either absotbed or reflected. If the me-
dium is liquid and can move freely, the liquid motion will
lead to the generation of microscopic streaming, which can

. Meanwhile, radiation force is developed when an

also induce cell apoptosis“(ﬂ. In apoptotic cells, the nucleus
of the cell self-destructs with rapid degradation of DNA
by endonucleases. Apoptosis may be an important delayed
bioeffect in tissue exposed to HIFU, especially in cell types
that regenerate poorly, such as neurons.

HIFU system
HIFU devices for clinical use fall into three main catego-
ries: extracorporeal, transrectal, and interstitial. Extracor-
poreal transducers are used for targeting organs that are
readily accessible through an acoustic window on the skin,
wheteas transrectal devices are used for the treatment of
the prostate and interstitial probes are being developed for
the treatment of biliary duct and esophageal tumors.
Focusing a high-intensity US beam can be achieved by
a concave self-focusing transducer (e.g. Sonablate-500, Fo-
cus Surgery, USA), or arranging multiple piston transduc-
ers on the truncated surface of a spherical bowl (e.g. FEP-
BY02, Beijing Yuande Biomedical Engineering, China), or
fronting a flat transducer with a suitably designed acoustic
lens (e.g. Model-JC, Chongging HAIFU™, China). The -6
dB beam size of HIFU system in its focal region is usually
1-3 mm in width and about 10 mm in length, depending
on the geometrical size and acoustic parameters of the
HIFU transducer applied. However, the detectable and
treatable tumor/cancer in HIFU is at least 1 cm in size. In
order to treat the target, HIFU focus should be scanned
throughout the entite volume. Moving and/or rotating the
HIFU transducer with a fixed focus in a mechanical way
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Figure 2 The structure of (A) an extracorporeal (FEP-BY02) and (B) a transrectal (Ablatherm) high intensity focused ultrasound transducer. HIFU: High

intensity focused ultrasound.

was the common method used in the first generation of
HIFU systems because of the simplicity in control regard-
less of the system type. Thanks to developments in electri-
cal control and US transducer fabrication, another focus-
ing and scanning approach became available in the second
generation by utilizing phased array technology and adjust-
ing the amplitude and phase of each element individually.
Phased array allows more rapid and electrical steering of
the HIFU focus through tissue, and greater flexibility in
focal geometry. Tissue inhomogeneity in abdominal-pelvic
(e.g. utetine fibroids and renal tumors) or transcranial ap-
plications might cause focal beam distortion and might
largely dectease the focusing ability in deep-seated tissues.
Focal beam patterns can be virtually restored by using the
phase correction procedure as in US imaging. Subsequent-
ly, significant improvement on the shape of temperature
profiles and the accuracy of temperature control are ex-
pected.

The acoustic energy may be delivered in two ways
in HIFU ablation. A single exposure may be made with
the transducer held stationary. When larger volumes are
to be ablated, the transducer may be moved in discrete
steps either mechanically or electronically, and fired at
each position, where the distance between “shots” will
determine whether lesions are overlapped or sepatated,
depending on the necessity to achieve confluent regions
of cell killing (e.g. FEP-BY02 and Sonablate-500 sys-
tems). An alternative exposure strategy is to move the
active therapy transducer in pre-determined trajectories
(e.g. linear tracks or spirals) to conform to the required
treatment volume. If the correct combination of trans-
ducer velocity and US energy is used, these result in con-
fluent volumes of cell damage (e.g. Model-JC system).

The optimal choice of therapeutic US frequency is
application-specific, and represents a compromise be-
tween treatment depth and the desired rate of heating,
Frequencies near 1 MHz have been found to be most
useful for heat deposition, with frequencies as low as
0.5 MHz being used for deep treatments or with large
absorption portion in the propagation path (e.g. tran-
scranial application) and as high as 8 MHz for superfi-
cial treatments (e.g. prostatic application)'”. Usually an
extracorporeal device has a wide aperture and a long
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focal length and is driven at high power. Wide aperture
sources have the advantage of distributing the incident
energy over a large skin area, thus reducing the acoustic
intensity at the wave entry site and the consequent pos-
sibility of skin burn. Transrectal and interstitial sources
operate at lower powers and higher frequencies as they
can be placed closer to the target volume. Typical HIFU
systems are shown in Figure 2.

An extracorporeal HIFU device is usually used for
targets lying within the breast, abdomen, brain or limbs.
Transcutaneous treatments require an appropriate acous-
tic window on the entry site that provides a propagation
path for the focused US beam that is uninterrupted by
intervening gas. In addition, it must be possible to cou-
ple the US energy to the skin surface using coupling gel,
a water balloon, or other suitable liquid path. Extracor-
poreal HIFU treatments are guided using either US (e.g.
FEP-BY02 of Beijing Yuande Biomedical Engineering
and Model-JC of Chongging HAIFU™ Co.) or a MRI
modality (ExAblate 2000 of InSightec, Israel).

MRI has excellent anatomical resolution and high sen-
sitivity for tumor detection, thereby offering accurate plan-
ning of the tissue to be targeted. In order to be used in
the high magnetic fields of MRI, HIFU transducers must
be specially designed for compatibility. The lead zirconate
titanate (PZT) ceramic material, commonly used for US
transducers, contains nickel, which is necessary for the
high levels of electrical excitation and mechanical stress
induced. However, nickel causes magnetic field distortion.
Therefore, the new piezo-composite matetials are usually
used to develop MRI-compatible transducers. Using MR
thermometry, it enables calculation of thermal dose and
supetimposes a tepresentation of the regions in which the
thermal dose has achieved cytotoxic levels on the anatomi-
cal MR image. The phase-shift image used to visualize the
temperature-dependent changes in proton-resonance fre-
quency using a fast spoiled gradient-recalled echo sequence
(SPGR)" is more reliable than T1-weighted imaging"”.
MR proton resonance frequency thermometry at 1.5 T
with segmented gradient-echo echo planar imaging (GRE-
EPI) sequences has been evaluated during liver tumor ra-
diofrequency (RF) ablation. It was found that MR proton
resonance frequency thermometry at 1.5 T yields precise
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and accurate measurements of temperature increments (1.3
1 0.4°C with frame rate of 0.6 s/image). Rapid GRE-EPI
sequences minimize intra-scan motion effects and can be
used for MR thermometry during RF ablation in moving
organsm]. In addition, T1 or T2 weighted fast spin-echo
(FSE) were proven successful to image thermal lesions
created by HIFU in rabbit liver 7z vivo. The contrast to
noise ratio (CNR) with T'1-weighted FSE was significantly
higher than T2-weighted FSE (25 25 14). With T1-weighted
ESE, the range of repetition time (TR) under which CNR
is high ranges from 400 to 900 ms”". Therefore, during
the HIFU procedure, the temperature-sensitive MRI pro-
vides the ability of closed-loop control of energy deposi-
tion, with temperature accuracy of 1°C, spatial resolution
of 1 mm, and temporal resolution of 1 s. Immediate post-
treatment assessment of the therapy is also available.
Although MRI has the advantage of providing tem-
perature data within seconds after HIFU exposure and it
Is superior to sonography in obese patients[zz], MRI guid-
ance is expensive, labor-intensive, and of lower spatial res-
olution in some cases. The temporal and spatial averaging
effect of the MRI thermometry cannot be ignored and
leads to the underestimation of temperature. The tem-
perature measured in a single MRI voxel by water proton
resonance frequency shift attained a maximum value of
only 73°C after 7 s of continuous HIFU exposure when
boiling started, which was detected by visual observation
and appearance on the MR images. Theoretical simula-
tion predicted 100°C after 7 s of exposure and the aver-
aged temperature field over the volume of the MRI voxel
0.3 mm X 0.5 mm X 2 mm yielded a maximum of 73°C,
which agreed with the MR thermometry measurement',
In comparison, US imaging modality is generally more
convenient and mechanically compatible. US guidance
provides the benefit of imaging using the same form of
energy that is being used for therapy. The most significant
is that the condition of the acoustic window can be veti-
fied with sonography in real-time (usually 30 Hz frame
rate depending on the imaging depth and configuration).
Therefore, if the target cannot be well visualized with
sonography before or during the HIFU ablation, it is
unlikely that HIFU therapy will be effective in the target
region, and it may potentially cause thermal injury to unin-
tended tissue (e.g. skin on the acoustic wave entry site). An
US diagnostic transducer is usually incorporated into the
treatment head (Figure 2), which allows real time imaging
of the ablation process. However, the thermally ablated
region is not visible on standard B-mode images unless
gas bubbles have been induced as hyperechoic spots. In
addition, the US image quality may be less than optimal.
HIFU with MRI and US guidance have their advantages
and shortcomings. US guidance is good for preprocedural
tumor localization, but not good for intraprocedural assess-
ment of therapeutic boundaries because the non-specific
acoustic contrast generated by heat-induced tissue bubbles.
MRI is good for transient tissue temperature measurement,
but cannot effectively measure the “lethal thermal dose”
and is not sensitive to fat tissue®. In recent years, magnetic

resonance-guided focused US surgery (MRgFUS) has been
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developed as an integrated system for HIFU therapy. Heat
sensitive microbubbles have also been explored for en-
hanced US imaging of lethal thermal doses™.

The transrectal devices that have been developed for
the treatment of benign and malignant prostate disease
can be inserted per rectum. The two commercially avail-
able devices, the Ablatherm” (Edap Technomed, France)
and the Sonablate™ (Focus Surgery, USA), incorporate
therapy and imaging transducers into a treatment head
mounted at the end of a transrectal probe. Prostate abla-
tion is achieved by placing touching lesions side by side.
In the Ablatherm device, lesion length is varied by adjust-
ment of the US power. However, thicker prostates are ab-
lated using two layers of lesions in the Sonablate system,
the deeper layer being created using a longer focal length
than the more superficial layer. The different focal lengths
are achieved by rotating the transducer since the two
sides have different geometries. Usually coupling water is
circulated and cooled during the HIFU therapy to avoid
thermal damage to the interface tissue due to the tem-
perature increase on the surface of the HIFU transducer
and to maintain working stability of the HIFU transducer.
In contrast, because of the large size of the water balloon
in the extracorporeal HIFU system, water cooling in real-
time is not required and the degassed water is suggested
to be changed every 1-2 h.

There has been increasing interest in the development
of high intensity US probes for interstitial use, and vol-
ume destruction is obtained by rotating the probem. Usu-
ally plane transducers, rather than focusing elements, are
used. Once 360° of rotation has been achieved the probe
can be repositioned under fluoroscopic or MRI guidance
to create other adjacent rings. The interstitial devices can
be used for biliary and esophageal tumors, or bloodless
partial nephrectomy. It can also be developed into a MR
compatible device, or percutanecous and laparoscopic
devices. Commercial products are expected to enter the
market in the near future.

Popular HIFU systems that have been reported in
clinical use are listed in Table 1. With development of
the HIFU market, more devices are being developed or
are in different stages of clinical trials. Therefore their
performance and specifications have not been offered to
the public.

System characterization

Conventionally, US exposures are characterized in terms
of the acoustic field determined in the free field. The
parameters necessary for describing HIFU exposures are
frequency, exposure time, transducer characteristics (ge-
ometry and configuration), total power delivered, acous-
tic pressure and intensity, and energy delivery mode. The
total acoustic output power is usually determined using
a radiation force balance method””. The acoustic expo-
sure power is proportional to the discrepancy of force
applied to an absorbing target between HIFU on and
off, and depends on the beam convergence angle, the
shape and properties of the absorbing target, and the
HIFU transducer configuration. Other important factors
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Model Manufacturer Size (mm) Focal length Frequency Focusing method Imaging guidance Clinical applications
(mm) (MHz)
FEP-BY02 Beijing Yuande OD =370 255 1 251 elements driven GE Logiq series Liver, kidney, breast,
Biomedical ID =120 in phase ultrasound system  pancreatic, bone tumor and
Engineering Inc, China uterine fibroid
Model-JC Chongqing Haifu Tech D =120 or 90,130,160 0.8,1.6,3.2 Flat ceramics with ~AU3 ultrasound Liver, kidney, breast,
Ltd, China 150 acoustic lens imaging system pancreatic, bone tumor and
uterine fibroid
ExAblate 2000 InSightec Ltd, Israel 120 150 0.9,1.3 Phased array GE Signa 1.5/3.0T Uterine fibroids, breast
208 hexagonal MR imaging system  tumor, liver cancer, bone
elements, 3 metastases, neurosurgery,
cavitation detector prostate cancer
Sonalleve Philips, USA N/A N/A 12,14 Phased array Philips Achieva Uterine fibroids
1.5/3.0T MR imaging
system
Sonablate 500 Focus Surgery Inc., 30x22 30 and 40 or 4 2 elements Element for both Prostate cancer
USA 45/50 mounted back-to-  therapy and imaging
back
Ablatherm Edap-Technomed, 40 x 22 45 8 Single concave 7.5 MHz integrated =~ Prostate cancer
France ID=8 element ultrasound imaging
TH-One Theraclion, France 56 38 3 Single concave B-K Medical Hyperparathyroidism
element ultrasound imaging
system

N/ A: Not available; GE: General electronics; MR: Magnetic resonance.

affecting the measurement are the distance of the tar-
get from the source, absorption of energy in the water
bath between the transducer and the target, and acoustic
streaming effects. The radiation force balance method is
particularly useful when very strongly focused transduc-
ers and phased arrays are being characterized.

Acoustic pressure is measured using a hydrophone.
Both needle and polyvinylidene fluoride (PVDF) mem-
brane hydrophones have been used widely in the calibra-
tion acoustic field at low (e.g. US diagnostic system) and
intermediate (e.g. physiological US devices) power level.
PVDF hydrophones have the advantage of only mini-
mally disturbing the field and high sensitivity, but may
be prone to cavitation damage at their surface in a high
intensity field. Once damaged, the PVDF and needle
hydrophone will not be usable until recalibration. Beam
profiles are usually measured at much lower output levels
than are used for clinical HIFU treatment and it is as-
sumed that a linear extrapolation to high levels is valid®™,
This method introduces errors since it ignores the effects
of nonlinear propagation occurring at high pressures,
which increases the amplitude of peak positive pressure
significantly, reduces the wave front rise time (formation
of shock wave), and introduces harmonic components.
Recently, a fiber optic probe hydrophone (FOPH) was
used in the HIFU acoustic field measurement™. FOPH is
robust to the cavitation damage to sensor and has a broad
bandwidth (up to 100 MHz after deconvolution) to guar-
antee the accurate measurement of all harmonics. A new
tip can be prepared easily with self-calibration even after
damage (optical fiber included in the FOPH is supposed
to be used for a life time). With use, the acoustic pressure
at high power can be measured directly and operation
is rather straight-forward. Once the position of the fo-
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cal peak has been established, the peak acoustic pressure
amplitude can be measured, from which intensity will be
calculated. The hydrophone is scanned in the focal region
under the automatic control of the three-dimensional
translational stage, and measured waveforms are trans-
ferred to a computer for further off-line processing. The
beam size (usually -6 dB/half of maximum pressure in
the lateral and axial directions) can be determined from
the pressure distribution. Hill e a/*” defined a parameter,
Isar, which is the acoustic intensity spatially averaged over
the area enclosed by the half pressure maximum contour.
It was demonstrated that there was a correlation between
lesion diameter and Isal™”.

CLINICAL APPLICATION

Prostate tumor

Transrectal HIFU treatment of prostate tumors is one of
the pilot investigations. Both benign prostate hyperplasia
(BPH) and prostate carcinoma have been targeted at a few
medical centers in Europe and Japan in the past decade.
Initial clinical trials for BPH treatment were encourag-
ing[31,32]

void residual volume. However, the long-term results were
disappoin'ring[33], with 43.8% of patients requiring a salvage
trans-urethral resection of the prostate (IURP) within 4
years. Therefore, HIFU has not been proved significantly
better than the “gold standard” treatment (TURP), and is
not recommended for treatment of this condition"”.

In contrast, treatment of prostate cancer presents
different problems from those associated with BPH treat-
ment™. Prostate cancer is a multi-focal disease, with the
foci difficult to detect with diagnostic US. The most suc-
cessful HIFU treatments have been those that have ab-

, with increases in flow rate and decreases in post-
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Figure 3 Complete destruction of the glandular tissue due to coagulation necrosis lesion which reaches the capsula and the periprostatic fat 48 h after
high intensity focused ultrasound treatment (A) and the necrotic prostatic tissue is replaced by a fibrotic tissue, including the capsula, 3 mo after high
intensity focused ultrasound therapy (B).

Figure 4 Sagittal contrast-enhanced T1-weighted fat-saturated magnetic resonance sagittal (A) and axial (C) images of a 1.8-cm poorly differentiated invasive
ductal carcinoma in a 44-year-old woman before MRgFUS. An irregular enhancing mass is seen in the upper outer quadrant of the right breast (arrow heads). Three
days after magnetic resonance-guided focused US surgery (MRgFUS), minimal strikes of enhancement are seen without mass like enhancement in the sagittal image
(arrow heads in B), which may represent hyperemia due to reactive inflammation or residual tumor. On the axial image (D), dark signal void area is seen at the site of the
prior enhancing mass (long arrows). At histopathology, about 50% of the carcinoma and adjacent normal tissue showed thermal effects and the remaining portion of the
carcinoma appeared viable.

lated the whole gland”"*. With experience, control rates been reduced from 40 to 7 d*’. Prostate HIFU seems most
for the treated tumor have tisen from 50% at 8 mo in the approptiate in men older than 65 years, those who atre not
early days to 90% more recently®”’. Mid-term follow- candidates for surgery, and those who are obese*"*".,

up (2-5 years) has shown that the prostate specific antigen
(PSA) levels remain low and that the negative biopsy rate Breast tumor

remains around 90%***, Success rates for the treat- The standard treatment for women with breast cancer desit-
ment of prostate cancer range from 60%" to 80%*" of ing breast conservation is lumpectomy followed by external
patients being disease-free at repeat biopsy and show a radiation therapy. There is increasing interest in recent years
reduction of serum PSA values to less than 4 ng/mL"™. (0 use nonsurgical ablation as part of a breast-conservation
Whole-gland versus focal treatment resulted in a reduced therapy in patients with eatly breast cancer. The cosmetic
incidence of recurrent tumor of 35% to 17% in one se- results and side effects after conventional breast-conserva-
ries; in patients not found to be disease-free, reductions in tion treatment are acceptable to most patients; however, the
tumor volume greater than 90% have been reported™’. A nonsurgical ablation methods are thought to be psychologi-
representative complete destruction of the glandular tis- cally and cosmetically more satisfactory. HIFU is one of
sue due to coagulation nectosis lesion is shown in Figure 3. the noninvasive and effective techniques to induce local
Complications reported from prostate HIFU include tumor necrosis, and is also suitable for treating patients who
urinary retention, incontinence, urinary infection, impo- are at high risk for surgery with less anesthesia, reduced in-
tence, chronic pain, rectal anal fistulas, and incomplete hospital recovery time and cost, less risk of infections, and
treatment of disease!*. Repeat treatment with HIFU is no scar formation'”’ (Figure 4).
associated with much higher complication rates than single The HIFU can precisely deliver energy to a given point
treatments' "', To mitigate urinary retention associated in soft tissue without interrupting skin integrity. Very few
with prostate HIFU, transurethral resection was performed severe (3rd-degree skin burn) and a few minor adverse
before treatment™*; and in these patients, the length of events were reported. Proximity to the skin should be
time with indwelling catheters remaining in the bladder has avoided, and it is important to keep safety margins duting
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Figure 5 Images of a uterine fibroid pretreatment and posttreatment with MRgFUS. Top, Sagittal T2 fast spin-echo (A), coronal spoiled gradient-recalled echo
sequence (SPGR) postgadolinium (B), and axial SPGR postgadolinium (C) are obtained pretreatment. The low SI homogenous fibroid depicted in Figure 3A demonstrates
slight heterogenous enhancement pretreatment (Figure 3B, C). Bottom, Sagittal SPGR post-gadolinium (D), coronal SPGR post-gadolinium (E), and axial SPGR post-
gadolinium (F) are obtained immediately post-treatment. A new large nonperfused area is identified, consistent with treatment-induced necrosis.

the HIFU treatment of breast carcinomas. In total, 19 of
24 patients were considered to have undergone success-
ful treatment (breast biopsy free of neoplasia after 1 or 2
sessions of HIFU). All patients remained free of metas-
tasis on routine follow-up (mean follow-up, 20.2 mo)™.
The main argument against noninvasive treatments of
breast cancer, including HIFU, is that the margin status
cannot be assessed due to lack of pathological specimen.
Radiological assessment, mainly post-procedure contrast-
enhanced MRI, must replace histopathology.

Uterine fibroids

Uterine leiomyomas (fibroids) are gonadal steroid-depen-
dent benign smooth-muscle tumors and are one of the
most common female pelvic tumors, occurring in approx-
imately 25% of women"". Whereas many patients remain
asymptomatic, others experience symptoms such as pelvic
pain, menorrhagia, dysmenorrhea, dyspareunia, urinary
frequency, and infertility. The most common organ of
origin is the uterus, although fibroids can also atise from
the fallopian tubes, broad ligament, or cervix. Women are,
however, increasingly seeking less invasive treatment op-
tions, perhaps motivated toward fertility preservation and
a reduction in procedure recovery time. MRI is an optimal
modality for further characterizing fibroids because of
its good inherent tissue contrast. The addition of post-
intravenous gadolinium imaging further characterizes
these benign tumors, detecting homogenous enhancement
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or areas of internal necrosis, which may affect treatment
decisions. Gadolinium helps differentiate cellular from
degenerating fibroids; cellular lesions usually demonstrate
diffused early homogenous enhancement with dynamic
imaging, whereas degenerating fibroids demonstrate ir-
regular, delayed, or no enhancement (Figure 5).

MRgFUS was approved by the USFDA in October
2004, with more than 2000 patients treated to date world-
wide. Clinical trials were carried out at 5 medical centers
across the United States™] in addition to centers in Ja-
panm, the United Kingdom, Germany, and Israel. Enroll-
ment of phase I /I began in 1999. The purpose of this
study was to assess the safety and feasibility of MRgFUS in
the treatment of fibroids. Suitable symptomatic candidates
were chosen using an 8-item symptom severity score (SSS)
of the Uterine Fibroid Quality of Life Questionnaire™
An SSS of 21 of a possible 40 points were required for
entry into the clinical trial, as a reflection of the significant
fibroid-related symptom burden. Premenopausal women
with symptomatic uterine fibroids who have no desire for
future pregnancy were included. This treatment is not in-
dicated for pregnant women, postmenopausal women, or
those with contrast-enhanced MRI contraindications. The
MRgFUS did indeed result in hemorrhagic necrosis in the
area of non-perfusion on the post-treatment MR. Only
10% of patients reported taking pain medication within 72
h of treatment. The phase Il clinical trial involved treat-
ment of larger volumes in the fibroids of women with
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symptomatic uterine fibroids. Seventy-nine percent of
treated patients reported a 10-point reduction in their SSS,
at 6 mo post-treatment, with a 13.5% mean reduction in
treated fibroid volume. Most of the improvement in SSS
occurs within the first 3 mo of treatment. However, at 12
mo post-treatment, only 51% of those evaluable reported a
10-point reduction in SSS and 28% of patients underwent
an alternative treatment by 12 mo". These results should
be interpreted in view of the fact that on average only 10%
of the fibroid volume was treated, as this FDA-approved
study design sought to maximize safety. Gonadotrophin-
releasing hormone agonists (GnRHa) are well known to
cause a reduction in fibroid size when administered in a
continuous fashion. It has recently been demonstrated that
the pretreatment of patients who have fibroids measuring
10 cm or greater with GnRHa, before MRgFUS, has a ben-
eficial effect, enhancing the tissue response to HIFUP™,

Although the clinical outcome is best assessed using a
disease-specific questionnaire, symptom relief and fibroid
volume reduction cannot be assessed until some period
later. Immediately post-treatment with MRgFUS, it was
found that apparent diffuse coefficient (ADC) values were
significantly lower within the area of treatment, which
may suggest cell necrosis and loss of membrane integrity
due to this treatment. Long-term changes in ADC values
on follow-up studies, and the reason for these changes,
remain to be determined. In 109 patients studied, leg and
buttock pain were reported after treatment. Although the
MR neurography and electromyography studies failed to
show any intrinsic damage, the sciatic nerve was revealed
in the far field of the sonication region.

Liver tumor

Hepatocellular carcinoma (HCC) is rapidly becoming
the most common malignancy worldwide. Surgery, par-
ticularly liver transplantation, offers the only real hope
for cure; but survival rates are only 25%-30% at 5 years.
Despite considerable advances in diagnostic modalities,
the overall prognosis of primary and metastatic liver
cancer remains dismal. The poor outcome is attributed
mainly to the characteristic biological behavior of hepat-
ic cancer: multiple foci of origin, resulting in low rates
of respectability and a high risk of postoperative recur-
rence. For such a multi-focal and frequently recurrent
malignancy, a logical and attractive method of treatment
would be using a noninvasive therapeutic modality that
can selectively destroy multiple tumor nodules scattered
throughout the liver without impairing liver function. A
noninvasive therapeutic system would also allow repeat-
ed application when necessary. Tumors can be destroyed
by producing a contiguous lesion lattice encompassing
the tumor and appropriate margins of surrounding tis-
sue determined by computer coordination.

Small animal models have established that HIFU
can ablate areas of normal liver™, and energy thresh-
olds for liver tissue destruction have been published[sg].
A maximum lesion size was observed on the third day
after treatment, and its replacement by a thin fibrous scar
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after several months™. When intensity was kept constant
and exposure time increased, the lesion size increased to
a maximum, after which longer exposure times did not
cause larger lesions. An optimal result was reached when
the necrosis area in the liver had the same dimensions as
the desired volume at the desired location. After treat-
ment of normal rabbit livers, hyperechogenic patterns
at the target location were rarely observed, even when a
homogenous lesion was observed at autopsy. When this
hyperechogenic pattern was present immediately, it disap-
peared 3 wk later. In contrast, the hyperechogenic pattern
was always present after successful treatment of rabbits
bearing a liver tumor. However, there was no correlation
between the size of the hyperechogenic area and the vol-
ume of the coagulation necrosis at autopsyﬁs].

Studies of the treatment of HCC and secondary liver
metastasis in human clinical trials have also been pub-
lished™*". Destruction rates as estimated by quantitative
microscopy on millimetric tissue slices ranged from 42.5%
to 100%. Histology showed a homogenous dwell-delineat-
ed coagulation necrosis corresponding to the target volume
in the depth of the liver. No viable tumor tissue remained
in the treated area™. A model-]JC HIFU device has been
used to treat 68 patients with liver malignancies in China.
In 30 cases in which surgical excision followed HIFU abla-
tion, the tumor was totally ablated”. Subsequently, 474
patients with HCC were treated using the same device™.
HIFU has also been used for palliation in patients with
advanced-stage liver cancer™. After treatment, 87% of pa-
tients reported symptomatic improvement. Patients were
also randomized between transarterial chemoembolization
(TACE) and HIFU"™, The median patient survival times
wete 11.3 mo in the combined HIFU-TACE group and 4
mo in the TACE-only group (P = 0.0042). Overall, HIFU
has been shown significant promise in the treatment of
hepatic malignancies. Tumor growth inhibition rates from
65%-93% were seen in the HIFU-treated group. They also
showed a longer median survival in groups treated with
HIFU or HIFU combined with doxorubicin'®”.

Renal tumor

Surgery remains as the mainstay of treatment for renal
tumors, with 5-year survival rates greater than 80% after re-
section'™. Because most renal tumors are small, 2 noninva-
sive approach for their treatment would be attractive. Cur-
rently HIFU ablation of renal tumors in humans remains in
the eatly stages of clinical trials. A clinical feasibility study
has been performed on 8 patients who showed histological
evidence of ablation in the treated areas after excision!
Wu et al” reported a series of 13 patients with renal cell
carcinoma. Nine of 10 patients treated for palliation re-
ported a reduction in pain. No side effects occurred after
ablation using an experimental handheld device. Further
investigations continue to study the efficacy of HIFU treat-
ment of renal cell carcinoma for both cure and palh'ationm].

Pancreatic cancer
More than 32000 people are diagnosed with pancreatic
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Figure 6 Dynamic contrast-enhanced gradient-echo T1-weighted magnetic resonance images (180/6.0, 90° flip angle, 128 x 256 matrix, 10-mm-thick sections,
2-mm intersection gap, one signal acquired, and 18-s acquisition time) obtained with breath holding in 48-year-old man who underwent high-intensity focused
ultrasound ablation for advanced pancreatic cancer. The tumor was 4.5 cm x 4.5 cm in diameter and located in the body of the pancreas. A: Image obtained before
high-intensity focused ultrasound shows the blood supply in the pancreatic lesion (arrowhead); B: Image obtained 2 wk after high-intensity focused ultrasound shows no
evidence of contrast enhancement in the treated lesion (arrowhead), which is indicative of complete coagulation necrosis in the pancreatic cancer.

cancer annually in the United States and as many as 200000
patients annually wotldwide; the 5-year survival rate is less
than 5%, Pancreatic adenocarcinoma accounts for 5%
of cancer deaths in the United States and is the fourth lead-
ing cause of cancer mortality. However, only less than 20%
of pancreatic cancer patients can undetgo open surgery.
Two hundred and twenty-three patients with advanced
pancreatic cancer (Tumor Node Metastasis stages I-IV)
have been treated in China, and the results from this open-
label study suggested that HIFU can reduce the size of
pancreatic tumors without causing pancreatitis and thus
prolong survival . Before HIFU treatment, all patients had
obvious visceral pain that necessitated management with
oral analgesic drugs. The pain associated with untesectable
pancreatic cancer in 84% of patients, however, had resolved
significantly within 24-48 h after a single session of HIFU
treatment and the pain relief persisted during the follow-up
period. 223 patients were followed up from 8 to 36 mo. The
average survival time was 12.5 mo and 6 patients survived
more than 3 years. No skin burns caused directly by HIFU
wete observed in this group, and no deaths had occurred
1 mo after HIFU therapy (Figure 6). During the hospital
stay, no signs of tumor hemorrhage, large blood vessel
rupture, or gastrointestinal perforation were detected in
any patient. No dilatation of the common bile duct or
pancreatic duct was visible at follow-up imaging. There was
no evidence of postinterventional pancreatitis, petitonitis,
or jaundice in any patient during the follow-up period™".
Other initial nonrandomized open-label human studies
have provided additional evidence that HIFU treatment of
pancreatic tumors indeed relieves pancreatic adenocarcino-
ma-related pain and focally ablates malignant tissue'®”.

Bone tumor

Surgical removal and radiation therapy are commonly
used strategies to treat bone tumors. The former is often
used for primary bone tumors, whereas the latter is more
often than not adopted for bone metastases. Initially
HIFU was not consideted as a suitable modality for bone
diseases because of the great difference of acoustic im-
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pedance of bone from that of the surrounding soft tissue.
However, Smith ¢z a/™ found that focused US beams can
target bone tissues and induce necrosis of osteocytes in
normal rabbits. In fact, after the bone was destroyed by a
lesion, such as an aneurismal bone cyst, the lesion inside
the marrow cavity could be verified by diagnostic US im-
aging™. In the targeted region, the destruction of endo-
thelium cells of microvessels and thrombosis was readily
detected, suggesting that HIFU could potentially prevent
hematogenous dissemination of the tumor cells'”. The
treatable diameters of bone tumor increased with the ab-
sorption ratio of bone marrow to tumor, acoustic window
of surface skin, and diameter of bone, but decreased with
muscle depth and specific absorption rate ratio (SARR)
of the bone tumor to the surface skin, bone marrow, and
bone!”, The optimal driving frequency was dependent on
tumor depth, US absorption of bone matrow, and bone
diameter, but was independent of the acoustic window
area and SARR ratio under the three SARR criteria'”.
Ninety-six cases of bone tumors have been suc-
cessfully treated using HIFU technology as of 2002 in
China™. 4 patients with primary stage I malignant bone
tumors, including 3 chondrosarcoma and 1 malignant gi-
ant cell tumor of bone, and 4 patients with breast cancer
bone metastases were treated with HIFU ablation alone™.
All treated regions after HIFU had no intensification and
there was an even, thin intensification rim around the re-
gion (Figure 7). In ?™c-MDP bone scan, disappearance
of radioactive uptake was found and a radioactive cold
region was produced, suggesting complete inactivation of
the tumor foci. After an average follow-up of 23.1 mo,
no local recurrence was found in any of the cases, which
shows HIFU can be an effective stand-alone therapy to
manage malignant bone tumors. However, when diagnos-
tic US was used for guidance of HIFU treatment, nerves
might not always be clearly detected. In clinics, there were
no significant changes in ECG, renal function, and blood
electrolytes of patients before and after HIFU. Although
ALP activity (a measure of liver function) increased 3 d
after HIFU, it returned to the same or lower pre-HIFU
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Figure 7 Contrast-enhanced magnetic resonance images (A) before and (B) 14-d after high intensity focused ultrasound ablation in a 45-year-old patient with

osteosarcoma at the upper right tibia.

level 1 wk later. Those findings indicated that HIFU abla-
tion had no significant influence on the vital organs.

Further studies were also done using the combination
of HIFU and chemotherapy for managing malignant bone
tumors in a total of 44 patients™”. After a mean follow-up
time of 17.6 mo, the overall survival rate was 84.1%. For
the 34 cases of stage IIb, 30 cases continued to sutrvive
disease-free, 2 died of lung and brain metastases, and the
other 2 had local recurrence. Among 10 of the stage b
cases, 5 survived with tumor, 1 had local recurrence, and
5 died of lung metastases. It is conceivable that a limb
salvage procedure can be carried out to treat malignant
bone tumors of limbs using HIFU and chemotherapy
because the preliminary results demonstrated that HIFU
is effective and well tolerated. HIFU ablation results in
fewer complications and well-preserved limb function be-
cause there were no surgical traumas and blood vessels >
2 mm in diameter were retained, which could be beneficial
to revascularization and the repair of inactivated tumor
bones. In addition, because surgical trauma and repair of
the trauma are not involved with HIFU treatment, there
would be no delay of postoperative chemotherapy, which
is beneficial to ensute the efficacy of chemotherapy and
to improve the prognosis™’

Opverall, representative HIFU clinical trials are sum-
marized in Table 2. Although the summation is not com-
plete because of unfinished publication collection, cut-
rent results show HIFU as a safe and effective modality
in multiple cancer treatment.

CLINICAL EXPERIENCE

Among the most important factors that determine the
success of HIFU is patient selection. General exclusion
criteria are: women who are pregnant or nursing, clini-
cal evidence of brain metastases, subjects with tumors
lying < 5 mm from vital structures or either adjacent to
the skin or the chest wall, concurrent antiarrhythmic,
disease with good prognostic factors, anticoagulant or
immunosuppressive medication, ductal carcinoma 7 situ
(DCIS) and cancers with an extensive intraductal com-
ponent or lymphovascular invasion, tumors with very
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irregular margins, too large size, scattered multiple foci,
of in proximity to the nipple, more than one focal breast
lesion per quadrant, previous radiation or local thermal
therapy, significant background illness or undetlying
medical condition (e.g. congestive heart failure, chronic
obstructive pulmonary disease), metallic implants or oth-
er incompatibility with MRI (e.g. permanent implanted
pacemakers), an inability to lie still for up to 150 min,
and those who had previously documented severe intra-
abdominal adhesions.

Critical to the performance of HIFU is the ability
to obtain an adequate and optimal acoustic window and
ultrasonic beam conformation, including, if possible, al-
gorithms for correcting beam distortion in the presence
of interfaces. There are a limited number of such acoustic
windows because bone, air, and gas interfere with the
propagation of US beams into the body, thus obscuring
targets beyond these interfaces. In addition, unavoidable
microscopic bubbles in the coupling media and local
anesthesia caused scattering of the US beam and thus
limited the power delivered to the target. It is therefore
recommended that, if local anesthesia is used, it should be
placed not in front rather beyond the lesion. The effect of
interfaces requires particular attention because it is known
that an interface is a potential site of cavitation. The skin
of the HIFU entry site must be hair-free, the patient hav-
ing been instructed to shave all hair the night before the
procedure. Although patients with extensive skin scarring
in the beam path ate excluded, it may, however, be pos-
sible to treat patients with non-extensive abdominal wall
scarring by angling the beam path, ensuring that the scar
is not traversed. Placement of a gel spacing device may al-
low the bowel loops to be “pushed” out of the treatment
field, thereby enlarging the acoustic window and allowing
for greater treatment volume. Care should be taken to en-
sute that the pathway of the treatment beam does not tra-
verse any critical structures (such as bowel loops antetior
to the selected outlined sub-volume).

Definition of the target volume by the radiologist
or/and operator is of the highest importance because
tumor margins must be correctly identified and included
in the target volume. During any cancer surgery or abla-
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Cases Authors HIFU system Patients Outcomes
BPH Sullivan Sonablate 25 patients (mean age 67 5 patients with large glands were withdrawn; the remaining 20 patients had
et al™ years, range 47-84) improvements in the AUA symptom score (20.25 to 9.56), Qmax (9.2 to
13.7 mL/s) and QOL score (4.75 to 2.50)
Uchida Sonablate 35 patients mean age 68.5 IPSS and QOL scores showed significant improvement at 3, 6, and 12 mo
et al® Sonablate 200 * 7.7 (52-84) treated by follow-up (P < 0.001-0.01); maximum flow rate (8.9-15.5 mL/s, P < 0.001) and

Sonablate; 22 patients mean prostatic volume (32.2-22.8 mL, P < 0.01) were significantly improved at 12
age 68 + 6.8 (57-81) treated  moths follow-up treated by Sonablate 200

by Sonablate 200
Prostate Chaussy Ablatherm 271 patients were selected: 96 A significant impact was observed on catheter time (40.0 d vs 7.0 d),
cancer et al™ in the HIFU group and 175 in incontinence (15.4% vs 6.9%), urinary infection (47.9% vs 11.4%), and the

the TURP + HIFU group evolution of the post-treatment IPSS (8.91 vs 3.37) in favor of TURP + HIFU
group; no significant changes were observed regarding efficacy during short-
term follow-up, 25% and 4% retreatment rate in the HIFU and TURP + HIFU
group, respectively

Gelet Ablatherm 14 patients (mean age 72.5  Early complications occurred in 6 (rectal burns 3, urinary retention 2, transient
et al®™ years) with clinical stage incontinence 1) and late complications in 5 (incontinence 2, bladder neck
T1 (3) and T2 (11) prostatic ~ stenosis 3) patients; the PSA nadir value (1.79 + 2.35 ng/mL) was achieved at
cancers 6 mo and the final PSA value was 2.94 + 3.27 ng/mL (mean follow-up 380 d);

No residual cancer was observed in 7 patients; Residual cancer was found in 7
patients: 4 required complementary treatment (orchidectomy 2, external beam

radiation therapy 2)
Gelet Ablatherm 82 patients (mean age 71 +5.7 62% of patients exhibited no disease progression at 60 mo follow-up; the
et al™ years) with biopsy-proven  disease-free rate was 68% for the moderate-risk group of 50 patients (PSA
localized (stage T1-T2) cancer < 15.0 ng/mL, Gleason sum < 8, prostate volume < 40 cm®, and number of
positive biopsies < 5); for the low-risk group of 32 patients (PSA <10 ng/mL
and Gleason sum < 7), the disease-free survival rate was 83%
Chaussy Ablatherm 184 patients (mean age of 72 Cancer free in 80% of patients and the tumor mass was reduced more than
et al®"! years, range 59-81) 90% in the residual cancer; the nadir value of PSA was < 4 ng/mL in 97%,
including 61% who had values < 0.5 ng/mL; no severe side effects (fistula,
grade 2 or 3 incontinence, rectal mucosal burn) were seen
Uchida Sonablate-500 181 patients (median age The disease-free survival rates at 1, 3 and 5 years in all patients were 84%,
et ™" of 70 years, range 44-88) 80% and 78%, respectively; the disease-free survival rates at 3 years for
and pretreatment PSA patients with pretreatment PSA less than 10 ng/mL, 10.01-20.0 ng/mL and
was 9.76 ng/mL (range more than 20.0 ng/mL were 94%, 75% and 35%, respectively (P < 0.0001)
3.39-89.60)
Blana Ablatherm 223 patients with age of The complications rates were: urinary tract infection 0.4%, chronic pelvic
et al™ 68.2 £ 6.8 years, PSA11.3+ pain 0.9%, infravesical obstruction 19.7%, stressincontinence 7.6%, impotence
10 ng/mL (range 0.5-81.2),  49.8%; among the 49 patients who received a second HIFU therapy, the
Gleason score 5.3+ 1.5and  cumulative incontinence rate (12.2%, P = 0.024) and cumulative impotence
a prostate volume of 23.5+  rate (55%, P < 0.001) were significantly increased
10.7 cm” (range 3-62.5)
Blana Ablatherm 146 patients with a mean age The median PSA nadir 3 mo after treatment was 0.07 ng/mL (0-5.67); The
et al™ of 66.9 + 6.7 years, mean PSA median PSA at 22 mo follow-up was 0.15 ng/mL (0-12.11), and 87% of
of 7.6 £ 3.4 ng/mL, mean patients had constant PSA <1 ng/mlL; 93.4% of patients had negative control
Gleason score of 5+ 1.2, and biopsies; Of all the patients, 12% underwent transurethral resection because
prostate volume of 23 + of obstruction with no severe stress incontinence (grade 2-3)
7.7 cm®
Vallancien ~ Ablatherm 30 patients with a mean At a mean of 20 mo of follow-up 86% of patients had negative biopsies
et al™ age of 72 years, a median after HIFU; Median PSA was 0.9 ng/mL; At 1 year of follow-up the mean

prostate volume of 30 cc,a  International Prostate Symptom Score was 8; Regarding sexual function, 73%
median Gleason score of 6, a of previously potent patients reported preserved sexual activity
median PSA of 7 ng/mL
Leeetal®  Ablatherm 62 patients with clinical stage After HIFU treatment, 78% of patients had a decreased PSA level to < 0.5 ng/mL
T1-2, PSA value < 30 ng/mL within 3 mo; the median value of the last PSA was 0.6 ng/mL and the median
nadir PSA was 0.2 ng/mL; The success rates of HIFU were 85, 77 and 47% in
low-, intermediate- and high-risk groups, respectively
Thiiroff Ablatherm 402 patients with localized =~ Negative biopsy rate in T1-2 primary cancer population was 87.2%, 92.1% in
et al® (stage T1-2N0-xMO0) prostate low-risk patients
cancer at 6 sites, mean age
of 69.3 +7.1 years, mean
prostate volume 28.0 +13.8
cc, mean PSA 10.9 +

8.7 ng/mL
Breast Wu et al™ JC 22 patients (4 in TNM stage I, After a median follow-up of 54.8 mo, 1 patient died, 1 was lost, and 20
cancer 9instage A, 8instage I were still alive; 2 of 22 patients developed local recurrence; 5-year disease-
B, and 1 in stage); Tumor size free survival and recurrence-free survival were 95% and 89%, respectively;
ranged from 2 to 4.8 cm in cosmetic result was judged as good to excellent in 94% of patients
diameter (mean 3.4 cm)
Furusawa  ExAblate 2000 21 cases median age is 54 1 case of recurrence of pure mucinous carcinoma; 2 cases of skin burns

et g™ years (range 34-72), median
diameter of tumor is 15 mm

(range 5-50)
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Uterine LeBlang ExAblate 2000 147 symptomatic
fibroids et al™ leiomyomas in 80 women
(average age: 46, range:
34-55) with average fibroids
volume of 175 + 201 cm”
Funaki ExAblate 2000 91 Japanese women (45 of
et al™ Type 1-2 and 46 of Type 3)

Liver cancer Li et al'®”

JC 100 patients (80 male,

20 female, mean age of

56, ranging 30-74 years)
including 62 primary and 38
metastatic liver cancers

50 patients with stage IVA
HCC (T4N0-1MO0) The
tumors were 4-14 cm in
diameter (mean, 10.5 cm)
12 patients with advanced
stage renal cell carcinoma
and 1 patient with colon
cancer metastasized to
kidney

8 patients mean of 62 years
range 48 to 86 years

Wu et al®! JC

70]

Renal cancer Wu ef al! JC

Pancreatic ~ Wu et al™

cancer

JC

Heetal”  FEP-BY02 251 (147 men and 104
women) patients in 25
hospitals with mean age

of 59, range 39-82, 3-12 cm
tumor diameter; TNM grade
I 7%, 1T 34%, IV 59%;
Concurrent jaundice 18.7%
and pain 68%; Head 183,
body 53, 14 trail

ExAblate 2000 31 patients in 3 medical

centers

Liberman
et al®™

Bone
metastases

The average nonperfused volume ratio was 55% # 25% immediately after
treatment; 6 mo after treatment, the average volume of treated fibroids had
decreased to 112 + 141 cm® (n = 81) (P < 0.0001) with an average volume
reduction of 31% + 28%

The mean volume change ratios of Type 1-2 myomas were -36.5% and
-39.5% at 6 and 24 mo follow-up, respectively; SSS value for patients

with Type 1-2 myomas before MRgFUS was 35.1 + 21.0, and the values
diminished significantly during the 24-mo follow-up period to a mean value
of ~15.0; Type 3 myomas did not decrease in size 6 mo after MRgFUS; The
reintervention rates were 14.0% for Type 1-2 patients and 21.6% for Type 3
patients at 24 mo follow-up, respectively

Clinical symptoms were relieved in 86.6% (71/82) of patients; the ascites
disappeared in 6 patients; ALT (95 + 44) U/L and AST (114 + 58) U/L were
reduced to normal in 83.3% (30/36) and 72.9% (35/48) patients after HIFU,
respectively; AFP was lowered by more than 50% in 65.3% (32/49) patients

The 6-mo and 1-year survival rate was 80.4%-85.4%, and 42.9%, respectively;
median reductions in tumor volume at 1, 3, 6, and 12 mo after treatment were

28.6%, 35.0%, 50.0%, and 50.0%, respectively

After HIFU hematuria disappeared in 7 of 8 patients and flank pain of
presumed malignant origin disappeared in 9 of 10 patients; it showed
decrease in or absence of tumor blood supply and significant shrinkage of the
ablated tumor; 7 patients died (median survival 14.1 mo, range 2-27) and 6
were alive with median follow-up of 18.5 mo (range 10-27)

No complications were observed, and preexisting severe back pain
disappeared after intervention; Follow-up images revealed an absence of
tumor blood supply and shrinkage of the ablated tumor; a median survival
time was 11.25 mo

21.5% cases exhibited a remarkable effect, 64% exhibited a general effect;
survival time is 12.5 mo; 6 patients survived more than 3 years; no
complications, such as skin burn, gastrointestinal perforation and pancreatic
fistula were observed

25 patients underwent the planned treatment and were available at 3 mo
follow-up; 72% of the patients reported significant pain improvement;
average VAS score was reduced from 5.9 to 1.8 at 3 mo follow-up; 67% of
patients reported a reduction in their opioid usage

HIFU: High intensity focused ultrasound; BPH: Benign prostate hyperplasia; AUA: American Urology Association; QOL: Quality of life; PSA: Prostate

specific antigen; AFP: a-fetoprotein; MRgFUS: Magnetic resonance-guided focused US surgery.

tion, tumors are excised or ablated along with a surround-
ing margin of normal tissue, usually no less than 1 cm.
The radiological analysis of HIFU-treated liver tumors
shows that the median area of ablation seen on MRI is
45% smaller than that predicted at the time of treatment,
which is greater than the difference between histological
ablation and intended area, 6%, If a target tour is situ-
ated at a depth greater than 10 cm from the skin, the at-
tenuation of the normal tissues in the beam-path reduces
the likelihood of successful ablation with current devices.
Additional factors, such as obstruction of the incident
ultrasound energy by the ribs or reflection by tissue inter-
faces, can also lead to under-treatment. Computation of
the optimal planning for dosimetry must be performed as
fast as possible (in minutes) and 7z situ (patient installed in
the final setup for treatment), to deliver a uniform lethal
dose over the entire target volume and to spare as many as
possible thermal lesions in healthy tissue. The HIFU plan-
ning should include, if possible, physiological information
(perfusion) and border conditions.

Performing the HIFU ablation should be under active
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feedback control of the temperature evolution. On-line
adjustment of the acoustical power level and/or of the
spatial distribution of heat deposition is therefore neces-
sary. Thermal safety in those regions where the delivered
thermal dose is close to the lethal threshold and the stabil-
ity of the temperature controllers for thermal dose feed-
back require both very accurate thermometry. The MR
thermometry measurements have been used in real time
to control the power of a stationary, focused US transduc-
er to achieve the desired treatment outcome in minimum
time without violating the imposed safety constraints.
Mis-registration, due to respiratory or bulk patient
movement, may be problematic. Detection and compen-
sation of physiological or accidental motion of the patient
during the treatment provides significant advantage for
accurate control of the delivered thermal dose. There-
fore, the tumor location should be monitored throughout
therapy. Before the start of an HIFU procedure, an anx-
lolytic can be given to reduce movement, and an analgesic
can be administered to counter the associated discomfort.
Patients should be under sedation and local anesthesia
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during HIFU ablation, but avoiding general anesthesia
(because the procedure is to stay minimally invasive as
much as possible). In addition, digestive peristaltic motion
was reversibly blocked during the HIFU ablation using
a common antispasmodic administrated intramuscularly
(tiemonium methylsulfate, Visceralgine).

When addressing cancer applications, the accurate
spatial control of the delivered thermal dose is mandatory.
Geometrical information from diagnostic imaging and
from the positioning system of the HIFU probe must be
co-registered to provide referencing of the HIFU probe
otientation. The HIFU probe is moved using the freedom
degrees of the positioning system (translation and rota-
tion) with the focus of the transducer coinciding with the
center of the target volume. A checkup for the correct lo-
cation of the focal point is preferred, with one or several
low-power sonications prior to the high-power ablation.

Immediate post-treatment assessment of the therapy
is typically performed with contrast-agent uptake, to as-
sess for local perfusion within the tumor and the neigh-
boring tissues. The best time for follow-up MRI may be
approximately 1 wk after HIFU. It was found that more
than 90% of the identified tumor volume was treated
and the residual cancer was predominantly identified
at the periphery of the tumor mass. This shortcoming
indicated the need to increase the total targeted area at
the periphery. Microbubble contrast-enhanced sonog-
raphy is also being used to evaluate the treatment effect
of HIFU™. Another method currently being examined
in oncologic applications is the use of PET to assess
changes in metabolic activity after HIFU treatment.

The HIFU ablation was well tolerated by patients, with
the exception of minor skin burns, and no complications
occurred. However, high rate of overall side effects on the
diaphragm, abdominal wall or skin at relatively low intensi-
ties may be explained by the fact that the skin is close to
the focus area (e.g. the target HCC is close to the proximal
surface of the liver). Autopsy revealed a perforation of the
diaphragm in 50% of the cases and a gastric perforation
in 25%"". Such complications seem to be related to the
size of the target volume: with a large target area, some of
the volume may be more frequently located outside of the
liver so damaging adjacent organs. Although the majority
of patients experienced some discomfort, this was gener-
ally transient. Skin toxicity was treated with cool-packs and
aloe gel. All adverse events were local to the treatment site
and self-limiting, Solution is establishing artificial ascites by
injecting normal saline solution or 0.2% hyaluronan wa-
ter solution into the abdominal cavity or under skin. The
method of artificial ascites increases the distance between
the skin surface and target and serves as a heat sink to cool
overlying structures. It has been illustrated that this method
not only reduces the probability and extent of thermal
damage to intervening structures but also has no adverse
affect on the efficacy of HIFU ablation™.

LIMITATIONS AND CHALLENGES

Despite its promising noninvasive and nonionizing ef-

(49

TR
JBaishideng®

WJCO | www.wjgnet.com

21

Zhou YF. HIFU in tumor ablation

fects in the therapy of malignancies, particularly those
that are widespread or inoperable, the application of
HIFU has certain limitations. Continuing research is still
in great need in the area of focusing the HIFU pulses,
the technique of gradual pulsed exposures to achieve a
cumulative therapy result, improving imaging quality for
accurate tumor determination and post-treatment evalu-
ation, and developing a real-time monitoring modality
for lesion generation and temperature elevation.

Since HIFU is essentially US, any artifacts related to
US, such as in US imaging, would apply to HIFU as well,
such as acoustic shadowing, reverberation, and refraction.
Hence, bones and lungs oppose the penetration of US and
some areas of the liver parenchyma adjacent to a rib may
be difficult to reach with the focused beam. Gas in the
bowel cannot be penetrated by HIFU, and sound waves
are reflected back toward the transducer, which have high
energy and may produce burns in the intervening tissue.
Even small amounts of gas in the gastrointestinal tract can
produce burns in the wall of the bowel anterior to the gas
and in the abdominal wall musculature overlying the gas.
Refraction artifacts can result in energy deposition in the
soft tissues adjacent to the target area, and energy deposi-
tion can occur superficially to the target.

Non-invasive transcranial HIFU therapy remains very
limited due to the strong phase aberrations and absorp-
tion induced by the skull. To compensate this distortion,
the idea of phased array corrections was introduced to US
diagnostic imaging through the skull. Thomas and Fink
proposed to use a time reversal mirror in therapeutic US.
However, a hydrophone has to be inserted in the neigh-
bothood of the tumor in order to record the signals relat-
ing this hydrophone to each element of the therapeutic
array™. Recently, adaptive corrections of the distortions
induced by the skull bone have been performed using a
previously acquired 3D computational tomography (CT)
scan of the skull bone structure. These CT scan data are
used as entry parameters in a finite differences time do-
main (FDTD) simulation of the full wave propagation
equation. A numerical computation is used to deduce the
impulse response relating the targeted location and the
ultrasound therapeutic array, thus providing a virtual time-
reversal mirror®*”, Research on a fast algorithm of aber-
ration cotrection (for both trans-abdominal and cranial
applications) on site is still ongoing;

A treatment session lasting for 2 h for a superficial
2-3 cm tumor may be acceptable when compared to the
alternative of surgical resection, but is less favorably in
comparison to other minimally invasive techniques. The
longer treatment time may be justified on the grounds
of a lower morbidity and mortality than conventional
surgery. Treatment time will be reduced with develop-
ment of HIFU technology, expetience, and in combina-
tion with methods to reduce tumor perfusion, such as
trans-arterial embolization®”.

Nonsurgical ablation relies on imaging quality for an
accurate determination of tumor extent, which is why
MRI guidance for HIFU has initially become more rapidly

[22]

accepted clinically than sonographically guided HIFU™.
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Although MRI is shown to be more accurate than mam-
mography or US in size assessment, even MRI currently
cannot exclude small amounts of residual invasive cancet.
3D sonogtaphy is likely to better delineate a volume of
tissue to be treated than just a single plane or orthogonal
planes, which provide valuable information to the petfor-
mance of HIFU, and most commercially available HIFU
systems display with 2D sonography systems. Therefore,
the application of 3D sonography techniques is an excit-
ing area of future opportunity, especially for HIFU treat-
ment planning, monitoring, and post-treatment evaluation.

Currently the most important problem of US-guided
HIFU ablation is the lack of reliable thermometry and
lesion production monitoring. There have been several
methods under investigation. A sonographic thermom-
etry is being actively investigated and incorporated in
FEP-BY02 systemlsoj. Elastographic techniques will mea-
sure the variation of tissue stiffness during the ablation
process in real time"”, especially in some cases in which
tissue contrast is not sufficient to visualize a tumor in
the background of normal tissue. The speed of sound is
temperature dependent, which causes the apparent change
in position of echoes in the images of heated tissues in
comparison to the unheated ones"”. However, none of
these techniques have achieved wide-spread clinical use
yet, although some promising results have been provided
with a smaller range of temperature elevation in ex vivo
experiments.

A controversial question is the possibility of increased
risk of metastases after the tumor has been distrupted by
HIFU. In a report by Fry e a/™, a higher rate (17%-44%)
of metastases was observed after HIFU treatment than in
the control group. However, that feature was not found
in other studies. Yang e7 al’™ described a lower rate of
lung metastases in the HIFU-treated group. In a model
of prostatic cancer, metastases in 16% of the treated rats
was found as compared to 28% in the control groupm. It
was found that one of the most important biological con-
sequences of HIFU treatment is the creation of a large
amount of tumor antigens in the form of necrotic cells
and the local release of a diverse array of endogenous
danger signals from HIFU damaged tumor cells. This
biological response has the potential to stimulate an anti-
tumor immune response”””". However, little is known
about how such significant HIFU-induced changes in the
tumor microenvironment may influence the host’s anti-
tumor immune response.

Clinical thermal ablation methods also include the ap-
plication of radiofrequency (RF), laset, microwave, and
their combination”. Currently RF is the front-runner and
the most widely practiced and preferred technique. Laser
has the advantage of being more MR compatible permit-
ting direct MR monitoring. MR compatible RF electrodes
are now available but the application of RF current and
image acquisition are incompatible and have to be alter-
nated. Microwave has been used particulatly in China to
treat small HCC. Current microwave applicators are large
and several are usually required for open surgery; one
of the focuses of development is to produce a smaller
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percutaneous probe. Most of these technologies are mini-
mally invasive with almost the same effectiveness in small
tumors as with a surgical approach (i.e. complications of
2%-10.6% and mortality of 0.1%-1.4%). In compatison,
HIFU requires longer treatment times, limited depth of
penetration, and an excellent acoustic window, and ex-
cludes the applications with overlying ribs or lung,

HIFU-RELATED TUMOR THERAPY
METHODS

Thermal ablation HIFU technology can also be used in
treating cancers in the following ways.

Immune response

Adjunctive thermal ablation with carmustine, cyclophos-
phamide and doxorubicin was found to be beneficial in
improving the results of HIFU treatment. It has been
postulated that sono-modification of the tumor tissue
may enhance tumor immunogenicity and subsequently
augment the host immune response against the tumor, al-
though the mechanisms behind this phenomenon remain
unknown. Animal experiments show that while there were
a few HSP70 positive cells in rabbit VX2 bone tumors be-
fore HIFU ablation, HSP70 positive cells significantly in-
creased up to 3 wk after HIFU treatment””. Furthermore,
HIFU ablation also increased CD25 positive cells in the
same rabbit bone tumor model. The increase of HSP70
and CD25 positivity in malignant bone tumors may facili-
tate tumor-specific antigen presentation to T lymphocytes,
which stimulate the proliferation of T lymphocytes and
enhance the anti-tumor immune response. In a clinical
trial, 16 patients with solid malignancies, including 6 with
osteosarcoma, were treated with HIFU. There were signif-
icant increases in the population of CD4 (+) lymphocytes
(P < 0.01) and in the ratio of CD4 (+)/CDS8 (+) (P < 0.05)
after HIFU ablation””. Their findings suggest that HIFU
ablation may eliminate or significantly reduce potential
circulating tumor cells in patients with solid malignancies.
While the long-term therapeutic benefits and molecular
mechanisms of HIFU-treatment-elicited host immune
responses in cancer patients require further investigation,
it is conceivable that HIFU ablation may induce massive
tumor cell death and/or necrosis, which could lead to the
release of tumor antigens to stimulate a host anti-tumor
immune response. These changes may ultimately enhance
the immune function of tumor-bearing patients and im-
prove their prognosis.

Drug delivery

Drug delivery across the blood-brain barrier (BBB) is one
of the most important key factors in the treatment of
diseases of the central nervous system (CNS). The BBB
is a barrier system of the vessels in the brain that hampers
various substances from leaking into the brain. Although
this barrier system is important for the maintenance of
homeostasis of the brain, it prohibits the delivery of ther-
apeutic agents into the brain and complicates the treat-
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Figure 8 The axial (A) and the coronal magnetic resonance images (B) are presented with a tissue block showing the blood-brain barrier disruption from
the mice, overview of the half hemisphere of a mouse with focused ultrasound-induced blood-brain barrier disruption (C) and high magnification of the
lesions with severe damage (D).

ment of CNS disorders””. The intracellular space in the
BBB is so tight that even one of the smallest molecules,
such as ions, cannot easily cross the bartier. Current trans-
BBB delivery methods include modifying drug formats or
attaching with carriers, or focusing on delivery methods
such as intracarotid injection and direct catheter insertion
into the brain. The major disadvantage of drug modifica-
tion is its lack of site specificity and not all drugs can be
modified. The invasive techniques also limit the candidates
for treatment'”.

Although the possibility of using US for BBB disrup-
tion has been previously documented, reproducible and
reliable opening of the BBB remains difficult™. Creating
BBB opening without or with only an acceptable mag-
nitude of tissue damage is one of the most challenging
issues. When BBB disruption was attempted by means of
US with the combined use of microbubble US contrast
agent (Optison, Amersham Health Inc., Princeton, NJ), a
more reliable and reproducible BBB opening was achieved
compared with that when US alone was used. The BBB
disruption was achieved at both 1.0- and 3.3-MPa sonica-
tion with a burst length of 100 milliseconds”™. When tem-
perature elevation was measured using MR thermometry,
temperature elevation was only 4.8°C even at the highest
amplitude tested. In addition, when the same procedure
was performed without the injection of Optison, nearly no
BBB opening was achieved (Figure 8). These results indi-
cate that local temperature elevation is not the key mecha-
nism for BBB disruption, and the presence of micro-
bubbles is necessary for the reliable opening of the BBB.
The time course study showed that the disrupted BBB
repairs itself within approximately 6 h and that the BBB
disruption is a transient and reversible event. Long-term
follow-up of the sonicated rabbit brain showed neatly no
damage, suggesting that the long-term adverse effect of
US-induced BBB disruption is minimal””. Altogether, it
seems reasonable to assume that the parameters for BBB
disruption in humans are similar to those used in animal
studies. Electron microscopic study suggests that the tran-
scellular pathway is enhanced with US treatment. Drugs
wete taken up by the endothelial cells by means of vesicle
transportation through the endothelial cells and on the
loosening or destruction of the tight junctions[%]. From an
acoustic point of view, the BBB disruption occurred only
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with stable cavitation and without the presence of inertial
cavitation””. US-induced BBB disruption technique can
also deliver antibodies to the brain in a localized fashion
and the delivered antibodies do not lose their innate func-
tion. Herceptin is an antibody against HER-2, which is a
receptor for a growth factor and has been shown to be a
powerful chemotherapeutic agent against breast tumor.
When herceptin was injected into mice using ultrasound-
induced BBB disruption technique, the agent was success-
fully delivered into the brain. Because brain metastases
following breast tumors is a very common problem in the
clinical field, these results seem promising in providing al-
ternative options for curing patients with brain metastases
following breast cancer.

Focusing the US through the intact skull is probably
the most exciting and challenging application of the HIFU.
CT-derived preliminary information must be coregistered
with MR images to correct for wave distortion in bone,
in particular, to determine the driving signal (amplitude
and phase) for each transducer element to achieve a well-
focused beam through the skull. However, until now, no
clinical trials have been performed using US-induced BBB
disruption techniques. In humans, the cranium is much
thicker than that of mice or rats, which means that a more
careful and delicate control of US is necessary to form a
target inside the brain.

Beside the trans-BBB drug delivery, the cytotoxic po-
tential of the anti-cancer drugs, such as bleomycin and
adriamycin, may be restricted by its low membrane per-
meability. Morphological evaluation of US irradiated cells
with scanning electron microscopy showed minor disrup-
tion of the cell surface and disappearance of microvilli. It
suggests that low intensity US altered the cell membrane
thus resulting in anticancer drug uptake into carcinoma
cells™. Application of low-intensity US to growing tumors
is found to enhance intracellular delivery after intraperito-
neal or intratumoral administration, thereby potentiating its
cytotoxicity. Cell death after treatment was shown to occur
by an apoptotic mechanism””'"”. HIFU was also delivered
to a mouse model prior to doxorubicin hydrochloride lipo-
somes. Mean doxorubicin concentration in tumors treated
with HIFU pulses was significantly higher (124%) than in
the control group. Extravasation of dextran-fluorescein
isothiocyanate was observed in the vasculature of HIFU-
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Depth (mm)

Figure 9 Representative (A) image and (B) histology of tissue erosion after histotripsy, and (C) “M” shape lesion generated by histotripsy shown in

ultrasound imaging.

treated tumors but not in that of untreated tumors™ .

Meanwhile, addition of microbubbles in the ultrasound-
mediated drug delivery can lower the threshold of bubble
cavitation and transiently increase capillary permeability in
tumor cells""”. Although no clinical trials have been per-
formed, this technique could be developed into a localized
and effective anticancer treatment with little or no systemic
toxicity with enhanced efficiency of thermal ablation.

Vessel occlusion

Blood vessel occlusion is useful for treating arteriovenous
malformations (AVM) in different parts of the body for
controlling abdominal, peritoneal and pelvic hemorrhage
and also for treating some tumors with an identifiable blood
supply. HIFU has recently been used to interrupt blood
flow in experimental animals™. The renal artery branches
of rabbits (diameter about 0.6 mm) were occluded by
HIFU. Complete cessation of blood flow was observed by
color Doppler imaging and MRI, and lack of perfusion was
also obsetved in the renal cortex in the contrast-enhanced
image. Postmortem histological evaluation showed an in-
fracted tissue volume corresponding to the wedge shape
seen in the ultrasound and MRI images. No damage to the
surrounding soft tissue was noted"". These results demon-
strated that HIFU can be used to induce artetial occlusion,
thus producing infarction and necrosis of the perfusion tis-
sue. HIFU may offer a non-invasive, non-surgical technique
that effectively obliterates blood flow. However, before
clinical applications can be considered, additional studies
are needed to obtain data concerning the relationship be-
tween the intensity of HIFU required for flow occlusion,
blood vessel diameter, and flow velocity, and to investigate
possible long-term adverse effects. Blood vessel occlusion
may be useful in cancer therapy, where interruption of flow
to a tumor may lead to its shrinkage.

Histotripsy

A new technique, “histottipsy”, has also been developed to
achieve mechanical fractionation of tissue structure using a
number of short, high intensity US pulses (20 us duration,
1 kHz pulse repetition rate, 18 MPa rarefactional pres-
sure)'™. The transducer has similar geometry and acoustic
intensity as the HIFU type, but its center frequency is
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around 750 kHz. At a fluid-tissue interface, histotripsy
results in localized tissue removal with sharp boundaries,
which is used to remove cardiac tissue in the treatment
of congenital heart disease! ™. In bulk tissue, histotripsy
produces mechanical fragmentation of tissue resulting in
a liquefied core with very sharply demarcated boundaries.
Histology demonstrates treated tissue within the lesion is
fragmented to a subcellular level surrounded by an almost
imperceptibly narrow margin of cellular injury. As shown
in Figure 9B, at the lesion boundary, half of the cell is cut
off, and the other half is still intact. The mechanism of
histotripsy is acoustic cavitation and enetgetic microbubble
activities fragment and subdivide tissue resulting in cellular
destruction"". Histotripsy has vast clinical applications
where precise tissue ablation and removal are needed (e.g
tumor treatment). Compared to non-invasive thermal ther-
apy, histotripsy has some important advantages: (1) micro-
bubbles produced at the US focus, shown as bright spots
on US imaging; (2) energetic microbubble activities can be
seen on imaging and provide real-time feedback; (3) the le-
sions appear darker on US imaging post-treatment; and (4)
the lesions can be produced in a very controlled and precise
manner. It suggests that in the near future, imaging guided
histotripsy can be a potential non-invasive surgery tool.
Current clinical targets are: kidney, breast cancer, prostate
cancer, several cardiac applications (perforation of the arte-
tial septum for congenital heart disease), BPH, and breast
fibroadenoma'""",

CONCLUSION

The drive in modern medicine is towards the develop-
ment of treatments and techniques that minimize inter-
vention to the patient and length of hospital stay. Thermal
ablation therapies provide a minimally invasive approach
to cancer therapy that is gaining rapid clinical acceptance.
Of the available ablative techniques, HIFU is the least in-
vasive and, in many ways, the most attractive. HIFU is be-
ing increasingly used for limited applications in Asia and
Europe; however, these studies have all been preliminary,
and clinical trial results to date have demonstrated HIFU
to be safe and clinically effective. Further studies will be
necessary before the widespread use of HIFU can be rec-
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ommended. Long-term medical benefit and perhaps the
beneficial economic impact of this therapy for oncology

are of clinical and social importance and will be an area of

continuing interest. However, HIFU is still in its infancy,
and there remain outstanding technical and treatment de-
livery questions to be addressed. With improving imaging,
advances in transducer technology and energy delivery
techniques, and better understanding of HIFU-induced
bioeffects, it is probable that the versatility of HIFU will
increase and its range of applicability will expand.
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Abstract

Imaging of gastroenteropancreatic neuroendocrine tu-
mors can be broadly divided into anatomic and function-
al techniques. Anatomic imaging determines the local ex-
tent of the primary lesion, providing crucial information
required for surgical planning. Functional imaging, not
only determines the extent of metastatic disease spread,
but also provides important information with regard to
the biologic behavior of the tumor, allowing clinicians to
decide on the most appropriate forms of treatment. We
review the current literature on this subject, with em-
phasis on the strengths of each imaging modality.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION

Neuroendocrine tumors (NETSs) are a rare and heteroge-
neous group of neoplasms, which as the name suggests,
are derived from cells of the neuroendocrine system. It
was Lubarsch ez a/" in 1888, 2 German pathologist at the
University of Munich, who is generally credited with the
first report of a carcinoid tumor. He gave the classical
microscopic description of multiple ileal carcinoids in two
patients, termed “little carcinomata”, which he thought
originated in the intestinal crypts of Lieberkuhn.

Later in 1907, Ciacco M C coined the term “entero-
chromaffin” to describe the cells that were thought to
give rise to the tumor, and this was further expanded by
Feyrter et al”, who proposed the concept of the diffuse
neuroendocrine system in an attempt to unify tumors in
diverse sites that had similar histological features.

The term neuroendocrine is derived from the similar-
ity of such cells to neural cells in the expression of certain
proteins, such as synaptophysin, neuron-specific enolase
and chromogranin A. Currently, the following criteria
proposed by thngleyl3J are generally accepted as defining
neuroendocrine cells: (1) The production of a neurotrans-
mitter, neuromodulator ot neuropeptide hormone; (2) The
presence of dense-core secretory granules from which the
hormones are released by exocytosis in response to an ex-
ternal stimulus; and (3) The absence of axons and synapses.

DIAGNOSIS OF NEUROENDOCRINE

TUMORS
The morphologic appearance of well-differentiated NETs
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Behaviour Metastasis Muscularis propria invasion

Differentiation

Size (cm) Angioinvasion Ki-67 (%) Hormonal index

WHO criteria (gastrointestinal)
Benign - -
Benign/Low-grade malignant - -
Low-grade malignant + +
High-grade malignant + +
WHO criteria (pancreas)
Benign - -
Benign/Low-grade malignant - -
Low-grade malignant + +
High-grade malignant + +

Well-differentiated <1 - <2 -
Well-differentiated 1-2 -/+ <2 -
Well-differentiated >2 + 2-20 TF
Poorly-differentiated ~ Any + >20 -
Well-differentiated <1 - <2 -/+
Well-differentiated >2 -/+ <2 -/+
Well-differentiated >4 + 2-20 TF
Poorly-differentiated ~ Any + >20 -

Exceptions: Malignant duodenal gastrinomas are usually <1 cm and confined to submucosa. Benign neuroendocrine tumors of the appendix usually

invade the muscularis propria. WHO: World Health Organization.

is fairly typical, demonstrating an organoid-type pattern
under light microscopy, and diagnosis can be fairly confi-
dently made on the basis of such morphology. In cases of
pootly differentiated tumors or neuroendoctine origin or
variant morphology, electron microscopy or immunohis-
tochemical assessments might be necessaryH’SJ.

Several commonly used immunohistochemical markers
include synaptophysin, chromogranin, vasoactive mono-
amine transporter 2, serotonin and substance PY. Chromo-
granin appears to be the most consistent general marker,
and has been found to have high sensitivity and specificity
in diagnosing NETs". In addition, circulating levels of
chromogranin A have been found to correlate with tu-
mor volume and are related to disease extent, and could
potentially play a role in disease monitoring and progno-

.. [89
stlcatlonl ? J.

CLASSIFICATION AND STAGING OF
NEUROENDOCRINE TUMORS

Historically, the diverse and widespread nature of disease
presentation meant that a large number of descriptions
have been used for NETs in different body regions. Also,
certain descriptive terms have been used loosely with dif-
ferent connotations between physicians, surgeons and pa-
thologists, leading to further confusion and miscommuni-
cation. In response, attempts have been made to organize
and categorize the tumors that comprise the neuroendo-
crine disease spectrum. In 2000, the World Health Orga-
nization (WHO) published a classification for NETs of
the gastroenteropancreatic system that categorized tumors
into 3 broad categorieslm]: (1) Well-differentiated neuroen-
doctine tumor (benign or uncertain malignant potential); (2)
Well-differentiated neuroendocrine carcinoma (low grade
malignancy); and (3) Poorly differentiated neuroendocrine
carcinoma (high grade malignancy). The criteria used for
differentiating the various grades include tumor size, an-
gloinvasion, proliferative activity, histological differentia-
tion, presence of metastasis/local invasion, association
with certain syndromes, and hormonal/functional activity.
In an attempt to clarify terminology, the term “carci-
noid” was reserved to describe well-differentiated NETS,
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and the term “malignant carcinoid” was used to describe
well-differentiated neuroendoctrine carcinomas.

Several publications have supported the clinical ef-
fectiveness of the WHO criteria in management decision
support (Table D" but there was a need for improved
prognostication assessment of NETS.

In response, the European Neuroendocrine Tumor
Society has attempted to address the staging of NETs.
Their staging system addressed 2 issues; the cell character-
istics/proliferation capacity of the tumor, and an adapted
tumor node metastasis (TNM) staging system'>"",

The TNM staging system was sub-divided into specific
areas such as the stomach, duodenum/proximal jejunum,
lower jejunum/ileum, and pancreas, and follows conven-
tional grading criteria assessing for tumor size/invasion,
nodal and distant spread.

With regard to cellular grading, three tumor grade cat-
egories were identified. Grade I tumors show a low pro-
liferative index (Ki67 </= 2% or < 2 mitoses per HPF),
Grade II tumors show a moderate proliferative index
(Ki67 3%-20% or 2-20 mitoses per HPF), and Grade Il
tumors show a high proliferative index (Ki67 > 20% or >
20 mitoses per HPF). In general, Grade 1 and 2 tumors
should refer to well-differentiated NETs while Grade 3
tumors indicate poorly differentiated neuroendocrine cat-
cinomas.

Publications have supported the utility of this TNM
classification system for prognostication stratification
(Table 2)!™, but further validation is required.

ANATOMIC IMAGING OF
NEUROENDOCRINE TUMORS

Anatomic imaging of NETs still plays a crucial role in the
diagnosis and management of this condition, largely due
to its ability to provide anatomical information for surgi-
cal planning. The widespread availability of ultrasound
(US) and computed tomography (CT), and in most large
centers, magnetic resonance imaging (MRI), has led to
a number of publications on the imaging detection of
NET. Due to the relative paucity of this condition, most
of the published data describing the efficacy of each
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TNM staging Gastric Duodenum/ampulla/proximal Pancreas Lower jejunum/lleum
jejunum
Tx Primary tumor cannot be assessed ~ Primary tumor cannot be assessed ~ Primary tumor cannot be  Primary tumor cannot be
assessed assessed
TO No evidence of primary tumor No evidence of primary tumor No evidence of primary ~ No evidence of primary tumor
tumor
Tis In situ tumor/dysplasia (> 0.5 mm) - - -
T1 Tumor invades lamina propria or ~ Tumor invades lamina propria or ~ Tumor limited to pancreas Tumor invades mucosa or
submucosa and </=1 cm submucosa and </=1cm and size <2 cm submucosa and size </=1 cm
T2 Tumor invades muscularis propria Tumor invades muscularis propria Tumor limited to pancreas Tumor invades muscularis
or subserosa or > 1 cm or>1cm and size 2-4 cm propria or size > 1 cm
T3 Tumor penetrates serosa Tumor invades pancreas or Tumor limited to pancreas Tumor invades subserosa
retroperitoneum and size >4 cm or invading
duodenum or bile duct
T4 Tumors invade adjacent structures  Tumor invades peritoneum or other Tumor invading adjacent Tumor invades peritoneum/
(for any T, add M for multiple structures (for any T, add m for organs (stomach, spleen,  other organs (for any T, add m
tumors) multiple tumors) colon, adrenal gland) or the for multiple tumors)
wall or large vessels (celiac
or superior mesenteric
artery)
Nx Regional lymph nodes cannot be Regional lymph nodes cannot be  Regional lymph nodes Regional lymph nodes cannot
assessed assessed cannot be assessed be assessed
NO No regional lymph node metastasis No regional lymph node metastasis No regional lymph node = No regional lymph node
metastasis metastasis
N1 Regional lymph node metastasis Regional lymph node metastasis ~ Regional lymph node Regional lymph node
metastasis metastasis
Mx Distant metastasis cannot be Distant metastasis cannot be Distant metastasis cannot  Distant metastasis cannot be
assessed assessed be assessed assessed
MO No distant metastasis No distant metastasis No distant metastasis No distant metastasis
M1 Distant metastasis Distant metastasis Distant metastasis Distant metastasis
Appendix Colon/rectum
Tx Primary Tumor cannot be assessed Primary Tumor cannot be assessed

TO No evidence of primary tumor

T1 Tumor invades lamina propria or submucosa and </=1 cm

T2 Tumor invades submucosa, muscularis propria and/or minimally (up to 3 mm)
invading subserosa/ mesoappendix and </=2 cm

T3 Tumor > 2 cm and/or invasion (more than 3 mm) of the serosa/ mesoappendix

T4 Tumors invade peritoneum/ other organs

Nx Regional lymph nodes cannot be assessed

NO No regional lymph node metastasis

N1 Regional lymph node metastasis

Mx Distant metastasis cannot be assessed

MO No distant metastasis

M1 Distant metastasis

No evidence of primary tumor
Tumor invades mucosa or submucosa, Tla <1 c¢m, T1b 1-2 cm
Tumor invades muscularis propria or > 2 cm

Tumor invades subserosa/ pericolic/ perirectal fat
Tumor directly invades other organs and/or perforates
visceral peritoneum

Regional lymph nodes cannot be assessed

No regional lymph node metastasis

Regional lymph node metastasis

Distant metastasis cannot be assessed

No distant metastasis

Distant metastasis

modality, and consequently studies directly comparing be-
tween modalities, suffer from small sample sizes with wide
variability in results. Nevertheless, for gastroenteropancre-
atic (GEP) NETs, it is generally agreed upon that CT and
MRI are supetior to US, both in terms of lesion detection,
and characterization.

Ultrasound

The use of transabdominal ultrasound (TAUS) in GEP
NETs is largely confined to the solid viscera. This is due
to the fact that sound waves are heavily attenuated by air,
and US is therefore not usually suitable for assessment
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of lesions within the gastrointestinal tract or mesentery.
The use of US in tumor diagnosis and staging is further
limited by inter-operator variability. Nevertheless, newer
techniques, such as contrast enhanced US (CEUS) and
endoscopic US (EUS), have found a greater role for US in
the management of GEP NETs.

The use of TAUS for assessment of pancreatic lesions
is limited, especially in the body and tail region, which are
commonly obscured by air and ingested material in the
ovetlying stomach. Therefore, the patient should ideally
have fasted for several hours prior to scanning. Using the
stomach and proximal duodenum as an acoustic win-
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Disease stage T N M
Gastric, duodenum, ampulla, jejunum, ileum, pancreas
Stage | T1 NO MO
Stage Ila T2 NO MO
Stage II'b T3 NO MO
Stage Illa T4 NO MO
Stage Illb Any T N1 MO
Stage IV Any T Any N M1
Appendix
Stage | T1 NO MO
Stage Ila T2 NO MO
Stage II'b T3 NO MO
Stage Illa T4 NO MO
Stage IlIb Any T N1 MO
Stage IV Any T Any N M1
Colon/rectum
Stage I a Tla NO MO
Stage 1 b T1b NO MO
Stage [la T2 NO MO
Stage II'b T3 NO MO
Stage Illa T4 NO MO
Stage b Any T N1 MO
Stage IV Any T Any N M1

dow by drinking water is recommended"”. Characteristic
features of pancreatic NETs on US would be a homog-
enously hypoechoic mass that may sometimes have a hy-
perechoic halo. Use of CEUS shows promise but requires
validation. Detection rate of US for pancreatic NET var-
ies widely and ranges from 0%-66%"".

EUS is a more invasive method of imaging assessment.
Its advantage over TAUS lies in the fact that the US probe
is positioned much closer to the organ of interest. This
allows the use of higher frequency probes 7.5-12 MHz
which provide better spatial resolution in the order of mil-
limeters. Rosch e al”" reported a sensitivity of 82% and a
specificity of 95% for EUS in localizing pancreatic NET
lesions. In a similar study by McAuley ¢ o/ on insulino-
mas, for lesions smaller than 2 cm in diameter, EUS cartied
a sensitivity of 80%-90%, leading the authors to recom-
mend EUS as a screening tool for patients with a known
diagnosis of multiple endocrine neoplasia (MEN) type 1.

While previously considered to represent the gold stan-
dard of assessment of NETS, preoperative imaging by CT
and MRI has largely superseded intraoperative US (IOUS).
This is partly because IOUS entails a longer operating time,
and carries with it the potential risk of iatrogenic injury (e.g
to the splenic vein) during the course of examination.

CT

Significant improvements in the spatial and temporal reso-
lution of CT have been made over the past decade, with
the advent of multidetector row CT (MDCT). This has
allowed for multiphasic contrast enhanced CT (CECT)
while achieving spatial resolutions in the order of millime-
ters. The use of biphasic or triphasic CECT is generally
considered a prerequisite for detection and characteriza-
tion of NETs, both for primary disease involving the pan-
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creas, as well as for liver metastases (Figure 1). The reason
for this is that the majority of NET lesions show avid
eatly enhancement. CT is regarded as a first-line imaging
modality for detection and staging of NETs.

A recommended protocol for imaging of pancreatic
NETs would require the patient to be adequately fasted.
Ingestion of water just before the CT scan would act as a
negative contrast for visualization of periampullary tumors.
An unenhanced scan can initially be performed to look for
calcifications, which occur in around 20% of cases, and
differentiate this from pancreatic adenocarcinomas, which
calcify in only approximately 2% of cases””. Thin collima-
tion allows for depiction of submillimeter lesions, and this
is usually performed at 1.25 to 2.0 mm section thickness””.
Multiplanar reconstructions may also help improve lesion
assessment.

Typically, intravenous administration of iodinated
contrast at a rate of 3-5 mL/s is required to provide an
adequate bolus. Most MDCT' scanners are equipped with
automated bolus tracking capabilities, hence allowing for
patient-specific adjustments of scan delay times following
bolus injection of contrast. On average, arterial phase imag-
ing is performed at 20-25 s following initiation of contrast
injection, while the portal venous phase is timed at approxi-
mately 50 s. The pancreatic parenchymal phase, which is the
time at which the pancreas enhances maximally, is usually at
35-40 s.

The typical pancreatic NET lesion is isodense on the
non-contrast scan but shows homogeneous avid arterial
enhancement. Vascular encasement and biliary obstruc-
tion are considered rare. Atypical lesions include those
that are hypovascular (or hypoenhancing), hyperdense on
non-contrast scan, cystic (Figure 2) or calcified®*. Non-
functioning lesions tend to be larger, and present with
mass effect such as biliary dilatation. They may, therefore,
appear as heterogencous lesions with central necrosis or
cystic degeneration. Functioning tumors are usually small,
with around 50% of lesions measuring less than 1.3 cm in
diameter, and therefore, do not cause deformation of the
contour of the gland. The main differential for pancreatic
NETs would be metastases from clear cell type renal cell
carcinoma, both of which may be present in patients with
von Hippel Lindau's disease.

CT has the advantage of a wider field of view than US.
It is, therefore, suited for detection of nodal and metastatic
disease. In the presence of a NET originating from the
bowel, the high contrast to noise ratio between the primary
lesion and mesenteric fat allows for excellent depiction of
the extent of mesenteric retraction (Figure 3). The second-
ary lesions, most notably liver metastases, tend to show a
similar imaging pattern as the primary lesion itself. Esoph-
ageal hyperenhancement and small bowel mural thickening
are concomitant findings associated with gastrinomas and
best depicted on CT.

In terms of lesion detection, sensitivity of detection
with CT increases proportionately with lesion size. In
gastric NETSs, Binstock ez al’ showed that those lesions
that were larger than 1 cm in diameter and presented with
focal wall thickening were detected with increased fre-
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Figure 1 Axial contrast enhanced computed tomography image. A: The primary lesion arising from a loop of the ileum, with extension along the mesenteric
border. Typical central stipple calcification is evident; B: In the arterial phase showing multiple hypoenhancing bilobar lesions in a non-cirrhotic liver consistent with
neuroendocrine tumor metastases; C: In the equilibrium phase showing the typical washout pattern of the lesions corresponding to that in (B).

Figure 2 Computed tomography images of a patient with metastatic
neuroendocrine carcinoma. A: Axial T1 weighted fat-suppressed image
of the brain in a patient with metastatic neuroendocrine carcinoma. Multiple
ring enhancing lesions (arrows) are present in the right cerebral hemisphere,
consistent with metastases. The dominant lesion in the right frontal lobe was
hemorrhagic; B: Reconstructed contrast enhanced computed tomography image
of the same patient in the coronal plane shows multiple sites of metastases:
perigastric nodes (arrowhead), bilateral adrenal glands (black *), extension into
the left renal vein (arrow) and a left axillary lymph node (white *). The primary
lesion is believed to have originated from the stomach, which presented as an
ulcerated mass on endoscopy (not shown).

quency. Similarly, for the small bowel lesions, CT was able
to detect around half of the lesions when the size of the
mesenteric masses exceeded 1.5 cm®”’. Interestingly, it is
not uncommon to find that the sizes of the metastatic le-
sions far exceed the size of the primary tumor (Figure 4).

Improvements in CT technology over time, probably
also due to the use of multiphasic CECT, have led to a
concomitant increase in lesion detection of pancreatic
NETs. For example, a retrospective study of cases over
13 years by Gouya ez a/*” in 2003, showed lesion sensitiv-
ity of 94.4% with the use of dual phase thin section CT
compared to 28.6% with the use of single slice section CT
technology.

Similarly, for metastatic disease to the liver, which can
be the most common imaging finding in GI NETS, multi-
phasic imaging is recommended, with the hepatic arterial
phase being best for lesion detection™. On standard radi-
ography and CT, bone metastases frequently demonstrate
either an osteosclerotic or a mixed osteolytic-osteosclerot-
ic pattern™
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Figure 3 Axial computed tomography image of a patient following gastro-
intestinal and intravenous administration of iodinated contrast. Spiculated
mass with central stippled calcifications and tethering of the mesentery which is
characteristic of neuroendocrine tumor. The primary lesion (not shown) is usually
small and most commonly found in the ileum. Vascular occlusion is a known com-
plication and may present with features of small bowel ischemia.

Magnetic resonance imaging

MRI is considered superior to CT for lesion assessment
in the solid visceral organs. In a comparison study be-
tween MRI and CT as well as angiography for detection
of metastatic lesions, MRI was shown to be superior”,

As with CT, multiphasic CE MRI is recommended,
with fat-suppressed CE T1-weighted (T1W) imaging pro-
viding the best accuracy, with an area under the receiver-
operating curve (AUROC) of 0.98". This has been cor-
roborated by a more recent study by Herwick ez 2/

The advantages of MRI over CT are the lack of ion-
izing radiation and the use of gadolinium chelate contrast
agents, which have a better safety profile in terms of al-
lergic reactions and nephrotoxicity, although the latter
point is slightly mitigated by the concerns of nephrogenic
systemic fibrosis. Nonetheless, MRI provides added in-
formation about the lesions, such as T'1 relaxivity and T2
dephasing;

Typically, NET lesions show T2 hyperintensity and T1
hypointensity (Figure 5). In the study by Owen ¢z 2™, 14
out of 29 (48.3%) lesions demonstrated this finding, while
only one out of 29 (3.4%) showed a reversal of signal, that
is, T1 hyperintensity and T2 hypointensity. The study by
Semelka ¢ al™ showed a positive predictive value of 96%

January 10, 2011 | Volume 2 | Issuel |



Tan EH et a/. Imaging of gastroenteropancreatic NETs

Figure 4 Axial computed tomography images of a patient with histologically proven metastatic neuroendocrine carcinoma. A: Axial contrast enhanced
computed tomography (CT) image of the rectum (R) showing focal eccentric thickening of the left posterolateral wall (arrow) with associated enlarged perirectal lymph
node (arrowhead). Biopsy confirmed neuroendocrine carcinoma. Note the iodinated contrast in the urinary bladder (UB) indicating the delayed phase of imaging; B:
Axial CT image of the same patient in the delayed phase showing multiple hypodense masses (arrows) and nodules (arrowhead) in the liver. These are consistent with
metastatic disease. Note that the metastatic disease burden is considerable larger than the primary tumor itself, a not uncommon finding in neuroendocrine tumor.

Figure 5 Axial magnetic resonance imaging images of a patient with Zollinger Ellison’s syndrome. A: Axial non-contrast T2 weighted image of a patient with
known Zollinger Ellison’s syndrome secondary to a hyperfunctioning islet cell tumor (arrow) in the pancreatic tail. A T2 hyperintense nodule is present in the pancreatic
tail. This corresponded to the site of increased tracer uptake on the octreotide scan (not shown). Note the relatively small size of the lesion, a finding that is typical for
functioning islet cell tumors; B: Axial pre-contrast T1 weighted fat-suppressed image showing the lesion (arrow) to be hypointense. This contrasts well with the normal
high signal of the pancreatic parenchyma; C: Axial post-contrast T1 weighted fat-suppressed image in the hepatic arterial phase showing avid enhancement within the
lesion (arrow). This is the typical enhancement pattern of a neuroendocrine tumor.

for MRI in pancreatic NETs. Gastrinomas tend to show flect lesion changes in treatment response. In the study by
ring or peripheral enhancement while most other subtypes Liapi e# i, ADC values rose concomitantly with response
of NETs demonstrated a diffuse pattern of enhancement. to transarterial chemoembolization (TACE), in tandem
For GI NETs, MRI is able to detect around two-thirds with decreased enhancement of the treated lesions. For the
of lesions™, with fat-suppressed T1W imaging yielding ptimary lesions, DWI may allow for preoperative localiza-
maximal results. Similarly, hepatic metastases are well de- tion of tumors in the pancreas, especially those which do
picted on MRI, and MRI is often used to further charac- not demonstrate the typical hypervascular patternw’m.
terize lesions that are equivocal on CT. Like the primary
lesions, hepatic metastases appeat as T1 hypointense and

T2 hyperintense. Bader e# aP showed this finding in 75% FUNCTIONAL IMAGING OF
of cases. Interestingly, 15% of cases showed increased en- NEUROENDOCRINE TUMORS

hancement only in the arterial phase. Furthermore, some
of the metastases may display T2 hypetintensity approach- The basis of functional imaging lies with the targeted de-

ing that of hemangiomas””. Nevertheless, T2WT and tection of specific cell targets or receptors, allowing pre-
hepatic arterial phase TIWI fat-suppressed imaging have cise localization of lesions. In the context of diagnostic
been shown to be most sensitive" . imaging, the concentration of receptor molecules in target

Advances in diffusion weighted imaging (DWI) have tissues may be hard to differentiate from background non-
led to its widespread clinical use in abdominal imaging, specific binding™. As such, molecular imaging techniques
Vossen ¢ al” showed that there was a statistically signifi- have often been confined to nuclear-based modalities such
cant difference in apparent diffusion coefficient (ADC) as positron emission tomography (PET) or single photon
values between hemangiomas and NET metastases (as well emission CT (SPECT), which are able to generate images
as other hypervascular liver lesions), with an AUROC of with micromolar to picomolar concentrations of imaging

0.91. An added advantage of using DW1I is its ability to re- probes
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The Delphi consensus with regard to the diagnostic
imaging of NETs, has acknowledged that functional imag-
ing in the form of somatostatin receptor scintigraphy (SRS)
plays a central role in the diagnosis of NETs", and we will
explore this and vatious other functional imaging modali-
ties and techniques in relation to their clinical utility in the
diagnosis of NETs. Our discussion will focus largely on
the gastroenteropancreatic system, but general principles
are likely applicable to NETs in other parts of the body.

Somatostatin receptor scintigraphy

Somatostatin receptors are widely distributed in the hu-
man nervous system and tissues in the body, including the
adrenals, kidneys, pancreas and prostate[m. Currently, 5
subtypes of somatostatin receptors have been identified
in humans (SSRT1, SSRT2, SSRT3, SSRT4, SSRT5), with
SSRT2 further classified into subtypes 2A and 2B,

Of particular interest, somatostatin receptor expres-
sion has been found in a large number of tumors, of
which NETs are the archetypical class, and this forms
the basis for the molecular imaging of NETs.

The half-life of somatostatin itself is too short (<
2 min) for use in either diagnosis or therapy. As a result,
synthetic somatostatin analogues with sufficiently long
half-lives have been developed for use in diagnostic im-
aging or therapeutics.

The first commercially available somatostatin analogue
was Octreotide (Sandostatin, Novartis Pharmaceutical
Corp), with an approximate half-life of 2 h, and a radiola-
beled analogue of octreotide, Octreoscan” (mIn—DTPA—
Octreotide, D-Phe-Cys-Phe-D-Trp-Lys-Thr-Cys-Tht|[ol]),
was successfully used to visualize somatostatin receptor
positive tumors by gamma camera scintigraphy in the early
19905,

Normal physiological uptake is seen in the thyroid,
spleen, liver and pituitary due to receptor binding of the
peptides, while tracer uptake in the kidneys is predominant-
ly secondary to reabsorption of filtered peptides, and bowel
uptake is presumably secondary to hepatobiliary clearance
(Figures 6 and 7).

Gamma-based SRS (Octreoscan”) has proved to be a
safe, sensitive imaging agent in the detection of GEP NET;,
with an overall sensitivity of approximately 80%-90% in pa-
tients with gastrointestinal neuroendoctine neoplasmsmw.
However, limitations include false negative results in or-
gans with significant physiological uptake (e.g liver) where
background uptake may mask lesions, and small volume
diseases that may be below the intrinsic spatial resolution of
gamma imaging, Additionally, false positives can occur with
a variety of lesions, such as the thyroid gland, accessory
spleens, granulomatous or inflammatory tissue, and benign
or malignant breast lesions™. Other types of neoplasms
that demonstrate somatostatin receptor expression include
meningiomas and lymphomas.

Nonetheless, SRS is considered the “gold standard”
in the diagnosis, staging and follow-up of patients with
NETs (Figure 8).

Newer generation somatostatin analogues have since
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Figure 6 Gallium 68 DOTATATE positron emission tomography from the
skull vertex to mid-thigh. The coronal maximum intensity projection image
demonstrates physiological areas of tracer uptake in the pituitary (black arrow-
head), kidneys (black arrows), liver and spleen (curved arrows).

been developed, allowing radiolabeling with positron emit-
ting tracers. Together with the development and adoption of
hybtid PET/CT modalities, this potentially addresses several
limitations faced with first generation SRS, largely related to
the poorer spatial resolution of gamma-based probes and the
issue of precise anatomical localization (Figures 9 and 10).

PET-based SRS has shown high sensitivities, speci-
ficities and accuracies in the evaluation of NETs. Initial
evaluations using PET-based SRS were encouraging, Hof-
mann e al” found higher tumor to non-tumor contrast
ratios with significantly higher detection ratios for PET-
based SRS, and Kowalski ¢z o/ also concluded that PET-
based SRS was able to detect more lesions and was supe-
rior in detecting smaller lesions.

A larger prospective study by Gabriel ef al™ evaluat-
ing the diagnostic value of “Ga-DOTATOC PET in 84
patients with known or suspected NETs demonstrated a
sensitivity of 97%, specificity of 92% and an overall ac-
curacy of 96%, showing significantly higher diagnostic
efficacy as compared with SPECT imaging using gamma-
based SRS and normal diagnostic CT. In addition, PET-
based SRS detected more tumor sites in the liver, nodes
and bone as compared with the other modalities, and
provided further clinically relevant information in 14% of
patients compared with gamma-based scintigraphy and
21% as compared with CT.

This was substantiated by Putzer ez a/””, who evaluated
51 patients with histologically proven NETs with 68Ga-
DOTATOC PET/CT. Reported sensitivity and specificity
were 97% and 92%, respectively, higher than CT or bone
scan, and detected bone metastasis in patients at a signifi-
cantly higher rate. This is particularly important as osseous
metastasis has a negative prognostic implication on clinical
outcomes.
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Figure 7 Indium 111 Octreotide Planar whole-body images. A: Indium 111 Octreotide 24-h delayed anterior and posterior planar whole body images in a patient
with prior resected pancreatic neuroendocrine carcinoma. Several abnormal tracer foci (white arrows) are seen in the peri-hepatic region, suspicious for somatostatin
receptor expressing lesions. These were later confirmed as neuroendocrine nodal metastasis in the peri-hepatic and peri-gastric nodes; B: Indium 111 Octreotide 24-h
delayed anterior and posterior planar whole body images in a patient with histologically confirmed neuroendocrine carcinoma of the pancreatic body. Increased tracer
focus in the region of the pancreas (curved white arrow) corresponds to the primary pancreatic lesion, while multiple abnormal foci of uptake in the liver (white arrows)
are in keeping with hepatic metastasis.

Anterior Posterior

RT lateral LT lateral

Figure 8 Patient with prior history of neuroendocrine carcinoma in the pancreatic tail, status post partial pancreatectomy and splenectomy. A: Gallium
68 DOTATATE positron emission tomography/computed tomography (PET/CT). Axial CT and fused PET/CT images of the abdomen shows a mass in the left upper
abdomen demonstrating significant DOTATATE tracer avidity (white arrow). Considerations included tumor recurrence or splenunculus; B: Technetium 99m Sulfur
Colloid scintigraphy. Anterior and posterior planar spot views of the upper abdomen demonstrates a focus of uptake (black arrows) in the left upper abdomen,
corresponding to the area of uptake seen on the previous Gallium 68 DOTATATE scan, confirming the mass to be a splenunculus.

Furthermore, the increased diagnostic accuracy of PET- with discordant PET and CT findings (# = 42), PET result-

based SRS has been shown in publications to impact on ed in stage modification in 28.6% of patients and a change
actual clinical management. Ambrosini ez al™ evaluated the in management in 76.2% of patients. Overall, PET imaging
clinical impact of 68Ga-DOTANOC PET/CT imaging affected either staging or therapy in 55.5% of patients im-
in 90 patients with histologically proven NETs. In the sub- aged, with the most frequent management impact being
group of patients with concordant PET and CT findings ( initiation or continuance of peptide receptor radionuclide
= 47), PET resulted in a modification of therapeutic man- therapy, initiation or continuance of somatostatin analogue
agement in 36.2% of patients. In the subgroup of patients treatment, or referral for surgery. The author also reported
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Figure 9 Gallium 68 DOTATATE positron emission tomography/computed tomography of a patient with right hepatic lobe neuroendocrine tumor
metastasis, status post resection, but of unknown primary. A: Axial computed tomography (CT) and fused positron emission tomography/CT (PET/CT) image of
the pelvis shows an intensely DOTATATE tracer avid eccentric thickening of the rectum (white arrow), suspicious for a rectal primary. This was histologically confirmed
as a neuroendocrine carcinoma; B: Axial CT and fused PET/CT image of the abdomen. Surgical clips are seen along the right liver margin, in keeping with previous
surgery. There is an intensely tracer avid focus seen in segment 3 (white arrow). Although there were no obvious findings on the correlative non-contrast CT, this is
suspicious for an additional liver metastasis. Note the normal physiological uptake in the kidneys, spleen and liver.

that PET prevented unnecessary surgery in 6 patients, and Firstly, the study utilized a dedicated PET scanner, while
excluded 2 patients with peptide receptor radionuclide the majority of newer installations are hybrid PET/CT

treatment who did not show significant somatostatin ana- scanners, and the intrinsic limitations of dedicated PET
logue avidity. imaging is accounted. Indeed, based on the 4 discrepant
With regard to post-therapy response assessment of findings reported in the study, if a hybrid PET/CT scan-
NETs following peptide receptor radionuclide therapy, ner was utilized, it is expected that such discrepancies
findings are controversial. would not exist. Secondly, the emergence of non-soma-
Gabriel e a/*" evaluated 46 patients with advanced tostatin analogue avid lesions on post -therapy assessment
NETSs who underwent peptide receptor radionuclide scans is of clinical use, as it indicates dedifferentiation of
therapy. 68Ga-DOTATOC PET (dedicated PET) and tumor, suggesting the need for alternative treatment from
conventional CT was performed pre- and post-therapy for peptide receptor radionuclide therapy or somatostatin
all patients. RECIST criteria were used to evaluate therapy analogues (Figures 9 and 10).
response, with a reported 30% response rate, 48% stable Overall, PET-based SRS has been routinely found to
disease and 22% progressive disease. Concordant findings demonstrate high diagnostic sensitivity, specificity and ac-
were noted in 70% of cases. In the 30% discrepant group curacym], with positive clinical impact during pre-therapy
(n = 14), PET-based SRS outperformed CT in 10 patients, staging. The use of SRS for post-therapy assessment is
was able to detect lesions not seen on CT in 5 patients more indeterminate, and further evaluation needs to be
and accurately determined disease response in 5 patients. cartied out.

In contrast, CT was able to detect small pulmonary lesions
in 1 patient not seen on PET, and in the remaining 3 pa- F18-fluorodeoxyglucose PET/CT
tients, PET-based SRS showed decreased tracer uptake in Fluorodeoxyglucose (FDG) PET imaging is a molecular

the lesions, but these were due to tumor dedifferentiation imaging technique that addresses the glucose metabolism
rather than therapy response, while CT clearly showed tu- of tissue. As a rule of thumb, malignant tumors tend to
mor size and extent of progression. demonstrate significantly higher levels of glucose metabo-

The author concluded that PET-based SRS showed no lism as compatred with normal physiological tissue, and
advantages over conventional imaging in response assess- this has proven true across a wide range of tumor typcsm.
ment, but several limitations in the study have to be noted. The molecular basis of increased glucose metabolism
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Figure 10 Gallium 68 DOTATATE positron emission tomography/computed tomography of a patient with histologically proven abdominal paraganglioma.
For pre-therapy staging. A: Axial computed tomography (CT) and fused positron emission tomography/CT (PET/CT) image of the abdomen demonstrates an intensely
DOTATATE avid mass in the inter aorto-caval region (white arrow), correlating with the primary tumor; B: Axial CT and fused PET/CT image of the abdomen shows a
peritoneal mass adjacent to the spleen that shows avid tracer uptake (white arrow). This is compatible with a peritoneal deposit.

in tumor cells is complex, and there appears a multitude
of factors controlling aerobic glycolysis in tumors'*.
However, 2 major factors have been implicated with in-
creased FDG tumor uptake. Firstly, the overexpression of
glucose transporters and activity in tumor cells (predomi-
nantly GLUT-1, 3 and 5) which actively drive glucose into
the cells, and secondly, the overexpression of hexokinase
enzymes (predominantly hexokinase-2) that increase glu-
cose metabolism!**,

The use of FDG PET in NETs is currently contro-
versial. There are limited sensitivities overall, but there is
emerging evidence that the presence of increased glucose
metabolism in tumors highlights an increased propensity
for invasion and metastasis, and overall poorer prognosis.
This correlates with mathematically-based telogenic mod-
els and empiric data reviewed by Gillies e7 " where such
increased glucose metabolism confers an “evolutionary
advantage” in cancer cells over normal parenchymal tissue.

An early study performed by Adams ez 2/*” found that
FDG PET only demonstrated increased glucose uptake in
less differentiated tumors with high proliferative activity.
Another small study performed by Pasquali ez a/™ evaluat-
ed the clinical use of FDG PET against conventional gam-
ma-based SRS and CT, and again found that FDG PET
was able to detect NETS characterized by rapid growth or
aggressive behavior. Garin ez al™” performed a prospec-
tive study evaluating the clinical outcomes of 38 patients
with metastatic NETs. FDG PET, SRS and conventional
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CT were performed for these patients, and patients were
tracked to determine progression-free survival and over-
all survival. Overall 2 year survival and progression-free
survival was 73% and 45%, respectively, and it was found
that most patients with FDG PET positive lesions had
early progressive disease (14/15 for FDG PET positive
as compared with 2/23 for FDG PET negative). Further-
more, when only patients with low-grade tumors were
considered, FDG PET was able to predict those with early
progtession. Progression-free survival was 87% * 7% and
75% £ 10% at 1 and 2 years, respectively, for FDG PET
negative lesions, as compared with 7% £ 6% and 0% at 1
and 2 years, respectively, for FDG PET positive patients.
Overall, the relative risk of eatly progression with FDG
PET positive lesions was 10.7 (95% CI: 2.8-40.6).

In terms of survival, FDG PET negative patients
fared better than patients with FDG avid lesions. Overall
survival was 95% £ 5% at both 1 and 2 years, respec-
tively, for FDG PET negative patients, »s 72% £ 12%
and 42% £ 13% at 1 and 2 years, respectively, for 18F-
FDG PET positive patients.

Overall, the use of FDG PET appears promising in
disease prognostication, possibly influencing aggressive-
ness of management. In addition, dual tracer imaging
using both FDG and SRS PET might possibly be used in
post-therapy assessment following peptide receptor radio-
nuclide therapy to evaluate for tumor dedifferentiation or
the “flip-flop” phenomenon”"! (Figure 11).
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Figure 11 Gallium 68 DOTATATE and Fluorine 18 fluorodeoxyglucose positron emission tomography/computed tomography of a patient with metastatic
neuroendocrine carcinoma. A: Axial computed tomography (CT), fused DOTATATE positron emission tomography//CT (PET/CT) and fused fluorodeoxyglucose (FDG)
PET/CT images of the brain. There is a focus of moderately increased DOTATATE uptake seen in the right occipital lobe (black arrow) associated with adjacent vasogenic
edema, but no definite corresponding FDG uptake is seen; B: Axial CT, fused DOTATATE PET/CT and fused FDG PET/CT images of the thorax. There is an intensely FDG
avid mass in the left upper lobe, but no corresponding DOTATATE tracer avidity is seen (white arrows), demonstrating an example of the “flip-flop” phenomenon secondary
to tumor dedifferentiation; C: Axial CT, fused DOTATATE PET/CT and fused FDG PET/CT images of the abdomen. Again, there are intensely FDG avid lesions in the right
liver lobe (white arrowheads) that do not demonstrate significant DOTATATE uptake, indicative of neuroendocrine tumor dedifferentiation.

F18-Dihydroxyphenylalanine PET/CT DOPA PET, conventional CT and SRS without any CT
The APUD Concept by Everson Pearse”” describes the correlation, and reported that 18F-DOPA PET detected
ability of neuroendocrine type cells to take up and decar- more lesions, more positive regions and more lesions per
boxylate amino acid precursors, and there have been vari- region as compared with the other modalities. Reported
ous efforts to evaluate the utility of radiolabeled amine sensitivities at the patient, region and lesion levels were
precursors to image NETs. Examples of such precursors 100%, 95% and 96%, respectively.

include hydroxytryptophan, hydroxyephedrine, dopamine Kauhanen ef a/™ evaluated 82 patients with suspect-
and dihydroxyphenylalanine (DOPA). The radiolabeled ed/known NETs using 18F-DOPA PET, comparing the
DOPA analogues are transported into NETs zia the sodi- diagnostic accuracy with histological findings and clinical
um independent system L, and the activity of amino acid follow-up. 32 patients were for primary diagnosis and
decarboxylase in the cells is important for intracellular re- staging, while 61 patients were for restaging. Overall accu-
tention of the metabolized radiolabeled DOPA analogue. racy for gastrointestinal NETs was approximately 89%.
Becherer ¢z a/” in the evaluation of 23 patients with his- Overall, based on a meta-analysis by Jager ¢ al'?, the

tologically proven NETSs concluded that 18F-DOPA PET radiolabeled DOPA analogues have reported sensitivities
performed better that gamma-based SRS in visualizing in the range of 65%-96% for the detection of individual

lesions, with the highest sensitivity in visualizing skeletal lesions, with most of the values in the upper half of this

and mediastinal lesions. Reported sensitivities were 81.3% range.

for the liver, 90.9% for the skeleton and 100% for the me- The advantages of DOPA PET over conventional

diastinum and lymph nodes. anatomic imaging or gamma-based SRS are fairly con-
Koopmans ¢ al’? evaluated 53 patients in a prospec- clusive, but the role in comparison with PET-based SRS

tive single-center diagnostic accuracy study using 18F- techniques is still uncertain. Accuracies for PET-based
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Advantages

Disadvantages

Utility

Ultrasound

CT

Widely available modality, dynamic

visualization of lesions, no ionizing radiation

Widely available modality, wide field of

Limited to solid organ systems, inter-
operator variability
Ionizing radiation, non specific

Possible use as a screening tool for
assessing the liver and pancreatic head
First line imaging modality

view, allowing evaluation of nodal disease
and metastasis, good sensitivity

Superior to CT for assessment in solid organs,
no ionizing radiation, gadolinium contrast
agent safety profile better than CT agents in
terms of allergic reaction and nephrotoxicity,
ability to further characterize lesions using
different sequencing

MRI

SRS Good sensitivity and specificity, able to
accurately characterize lesions; single
modality staging; allows for dosimetric
evaluation of suitability for peptide receptor
radionuclide therapy; proven impact on
clinical management

Possible use in disease prognostication and
management stratification, possible use in
post treatment assessment to evaluate for
tumor dedifferentiation

Flurodeoxyglucose PET

Good sensitivities in the evaluation of
neuroendocrine tumors, shows promise
especially in assessments of insulinomas

Dihydroxyphenylalanine
PET

modality, low negative predictive
value for small volume nodes

Not as widely available as compared
with CT or ultrasound, more
specialized diagnostic imaging
expertise in interpretation, lower

Local staging of disease, including
vascular involvement, use in pediatric
age group in which ionizing radiation
is of greater concern

specificity in characterizing
neuroendocrine lesions as compared
with functional imaging modalities

Ionizing radiation; not as widely
available as CT or ultrasound,

Gold standard in the evaluation of
neuroendocrine tumors

requiring nuclear imaging capabilities;
more specialized diagnostic imaging
expertise in interpretation

Generally poor sensitivity for
neuroendocrine tumors, ionizing
radiation

Requires more specialized nuclear
facilities (e.g. gaseous F18) for

Not routinely performed for
neuroendocrine tumor assessment,
possible utility in prognostication and
post therapy assessment

Possible clinical utility in the
evaluation of insulinomas

synthesis of the radioisotope, PET
based SRS has generally similar or
better accuracies in the detection and
staging of neuroendocrine tumors,
ionizing radiation

CT: Computed tomography; MRI: Magnetic resonance imaging; PET: Positron emission tomography; SRS: Somatostatin receptor scintigraphy.

SRS as discussed eatlier appear to be comparable or better
than DOPA PET. In a head to head comparison between
68Ga-DOTATATE and 18F-DOPA PET in the diagnosis
of differentiated metastatic NETS, patient-based sensitivi-
ties were 96% for 68Ga-DOTATATE compared with
56% for 18F-DOPA, with 68Ga-DOTATATE PET prov-
ing clearly superior for detection and staging of NETs"".

In addition, the clinical impact of PET-based SRS has
been established in several publications, and the added ad-
vantage of SRS is that it allows the suitability assessment
for peptide receptor radionuclide therapy, something that
DOPA PET does not allow.

FUNCTIONAL IMAGING OF PANCREATIC
NEUROENDOCRINE TUMORS

Pancreatic endocrine tumors comprise approximately
2%-10% of all pancreatic tumors™", and are named after
the predominant hormone that they secrete.

Insulinomas are the most common, accounting for
approximately 60% of pancreatic NETSs. They are tumors
arising from pancreatic B-cells and are frequently solitary
and largely benign. Typically, only 10% of insulinomas
are multiple, 10% malignant, and 10% are associated with
the Multiple Endocrine Neoplasm (MEN) type 1 syn-
drome™. Gastrinomas are the second most common tu-
mors, accounting for approximately 20% of such tumors.
Other rarer types include glucagonomas, somatostatino-
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mas, vasoactive intestinal peptide secreting tumors (VIPo-
mas), adrenocorticotropic secreting tumors (ACTHoma),
GRFomas, calcitonin-producing tumors and parathyroid
hormone-related peptide tumors.

Such tumors can be broadly classified as functional or
non-functional, and although earlier studies estimated non-
functional tumors to account for 18%-66% of tumors®",
later large studies have classified 60%-80% of pancreatic
NETSs as non-functional™*,

In approaching functional or molecular imaging of
pancreatic neuroendocrine or islet-cell tumors, it is pru-
dent to do so based on 2 separate groups: Insulinomas
and non-insulinoma pancreatic NETs.

With regard to insulinomas, the role of SRS is uncer-
tain, as there is generally poor sensitivity in the detection
of such tumors. The reasons for this are multifactorial.
Firstly, a significant percentage of insulinomas do not
express significant densities of somatostatin receptors,
especially subtypes 2 and 5. In addition, somatostatin re-
ceptors are not significantly expressed in non-malignant
insulinomas further limiting SRS sensitivity[&q. However,
malignant insulinomas are known to overexpress soma-
tostatin receptors, and SRS has potential imaging roles in
such tumors for prognostication and staging” .

In contrast, gamma-based SRS has reported sensitivity
and specificity for non-insulinoma pancreatic NETs of
approximately 80%-90%""", and is indicated for use in
pre-therapy localization and staging, especially when dem-
onstration of extra-hepatic metastatic lesions is required.
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Several reports have established the promising utility
of PET-based SRS for imaging non-insulinoma pancreatic
NETs™". The use of PET-based SRS is expected to have
improved resolutive capabilities as compared with conven-
tional gamma-based SRS, in keeping with findings from
gastrointestinal catcinoid imaging, but further validation is
needed.

The utility of FDG PET in the evaluation of pancre-
atic NETs 1s indeterminate. FDG PET has generally poor
sensitivities in the detection of such tumors (approximately
50%)"", but may have a role in prognostication as it allows
the identification of NETs characterized by aggressive
growth or behavior”* ™,

DOPA PET appears to show promise in the evalua-
tion of pancreatic NETs. Koopmans ez 2/ in the evalu-
ation of 23 patients with pancreatic islet cell tumors
reported a sensitivity of 89% using 18F-DOPA PET, as
compared with 78% and 87% for gamma-based SRS and
conventional CT, respectively.

In the same study, 5-hydroxytryptophan (5-HTP)
was also used as a delivery ligand in the targeted imaging
of NETs. 5-HTP is the direct precursor for the serotonin
pathway, and thus, is potentially of use in all neuroendo-
crine type tumors”. In relation to pancreatic islet cell tu-
mors, the study reported sensitivities of 100% for 11C-5-
HTP in the detection of pancreatic NETSs (Table 3).

CONCLUSION

The discussions on the various imaging modalities used in
the diagnostic imaging of NETSs highlight several of the
modalities and vatious key points, but this is not a com-
prehensive review. This is partly due to the extensive and
complex nature or NETSs, and partly due to the explosive
growth and developments in medical imaging. In sum-
mary, an understanding of the historical and molecular
underpinnings of NETs, and the intrinsic uses and limita-
tions of each diagnostic imaging modality, are essential for
the physician involved in the management of this com-
plex disease.

REFERENCES

1  Lubarsch O. Ueber den priméren krebs des ileum nebst
bemerkungen tiber das gleichzeitige vorkommen von krebs
und tuberculose. Virchows Arch Pathol Anat 1888; 111: 280-317

2 Feyrter F. Uber diffuse endokrine epitheliale Organe.
Zentralblatt Innere Medizin 1938; 59: 546-556

3 Langley K. The neuroendocrine concept today. Ann N Y
Acad Sci 1994; 733: 1-17

4 Said JW, Vimadalal S, Nash G, Shintaku IP, Heusser RC,
Sassoon AF, Lloyd RV. Immunoreactive neuron-specific
enolase, bombesin, and chromogranin as markers for neuro-
endocrine lung tumors. Hum Pathol 1985; 16: 236-240

5 Hainsworth JD, Wright EP, Johnson DH, Davis BW, Greco
FA. Poorly differentiated carcinoma of unknown primary
site: clinical usefulness of immunoperoxidase staining. ] Clin
Oncol 1991; 9: 1931-1938

6  Chetty R. An overview of practical issues in the diagnosis
of gastroenteropancreatic neuroendocrine pathology. Arch
Pathol Lab Med 2008; 132: 1285-1289

7 Campana D, Nori F, Piscitelli L, Morselli-Labate AM, Pez-

(49

TR
JBaishideng®

WJCO | www.wjgnet.com

40

10

11

12

13

14

15

16

17

18

19

20

21

22

zilli R, Corinaldesi R, Tomassetti P. Chromogranin A: is it a
useful marker of neuroendocrine tumors? | Clin Oncol 2007;
25:1967-1973

Zatelli MC, Torta M, Leon A, Ambrosio MR, Gion M, Tomas-
setti P, De Braud F, Delle Fave G, Dogliotti L, degli Uberti EC.
Chromogranin A as a marker of neuroendocrine neoplasia: an
Italian Multicenter Study. Endocr Relat Cancer 2007; 14: 473-482
Nobels FR, Kwekkeboom DJ, Coopmans W, Schoenmakers
CH, Lindemans J, De Herder WW, Krenning EP, Bouillon
R, Lamberts SW. Chromogranin A as serum marker for
neuroendocrine neoplasia: comparison with neuron-specific
enolase and the alpha-subunit of glycoprotein hormones. |
Clin Endocrinol Metab 1997; 82: 2622-2628

Solcia E, Kloppel G, Sobin LH. Histological typing of en-
docrine tumours. World Health Organization International
Histological Classification of Tumours. 2nd ed. Berlin, Ger-
many: Springer, 2000

Artale S, Giannetta L, Cerea G, Maggioni D, Pedrazzoli P,
Schiavetto I, Napolitano M, Veronese S, Bramerio E, Gam-
bacorta M, Vanzulli A, Pisconti S, Pugliese R, Siena S. Treat-
ment of metastatic neuroendocrine carcinomas based on
WHO classification. Anticancer Res 2005; 25: 4463-4469
Bajetta E, Catena L, Procopio G, Bichisao E, Ferrari L, Della
Torre S, De Dosso S, Iacobelli S, Buzzoni R, Mariani L, Rosai
J. Is the new WHO classification of neuroendocrine tumours
useful for selecting an appropriate treatment? Ann Oncol
2005; 16: 1374-1380

Panzuto F, Nasoni S, Falconi M, Corleto VD, Capurso G,
Cassetta S, Di Fonzo M, Tornatore V, Milione M, Angeletti S,
Cattaruzza MS, Ziparo V, Bordi C, Pederzoli P, Delle Fave G.
Prognostic factors and survival in endocrine tumor patients:
comparison between gastrointestinal and pancreatic local-
ization. Endocr Relat Cancer 2005; 12: 1083-1092

Mezzetti M, Raveglia F, Panigalli T, Giuliani L, Lo Giudice F,
Meda S, Conforti S. Assessment of outcomes in typical and
atypical carcinoids according to latest WHO classification.
Ann Thorac Surg 2003; 76: 1838-1842

Oberg K, Jelic S. Neuroendocrine gastroenteropancreatic
tumors: ESMO clinical recommendation for diagnosis, treat-
ment and follow-up. Ann Oncol 2009; 20 Suppl 4: 150-153
Rindi G, KlI6éppel G, Alhman H, Caplin M, Couvelard A,
de Herder WW, Erikssson B, Falchetti A, Falconi M, Kom-
minoth P, Kérner M, Lopes JM, McNicol AM, Nilsson O,
Perren A, Scarpa A, Scoazec JY, Wiedenmann B. TNM stag-
ing of foregut (neuro)endocrine tumors: a consensus pro-
posal including a grading system. Virchows Arch 2006; 449:
395-401

Rindi G, Kloppel G, Couvelard A, Komminoth P, Kérner
M, Lopes JM, McNicol AM, Nilsson O, Perren A, Scarpa A,
Scoazec JY, Wiedenmann B. TNM staging of midgut and
hindgut (neuro) endocrine tumors: a consensus proposal in-
cluding a grading system. Virchows Arch 2007; 451: 757-762
Pape UF, Jann H, Miiller-Nordhorn J, Bockelbrink A, Berndt
U, Willich SN, Koch M, Récken C, Rindi G, Wiedenmann B.
Prognostic relevance of a novel TNM classification system
for upper gastroenteropancreatic neuroendocrine tumors.
Cancer 2008; 113: 256-265

Rockall AG, Reznek RH. Imaging of neuroendocrine tu-
mours (CT/MR/US). Best Pract Res Clin Endocrinol Metab
2007; 21: 43-68

McAuley G, Delaney H, Colville J, Lyburn I, Worsley D,
Govender P, Torreggiani WC. Multimodality preoperative
imaging of pancreatic insulinomas. Clin Radiol 2005; 60:
1039-1050

Roésch T, Lightdale CJ, Botet JF, Boyce GA, Sivak MV Jr, Ya-
suda K, Heyder N, Palazzo L, Dancygier H, Schusdziarra V.
Localization of pancreatic endocrine tumors by endoscopic
ultrasonography. N Engl ] Med 1992; 326: 1721-1726

Noone TC, Hosey ], Firat Z, Semelka RC. Imaging and lo-
calization of islet-cell tumours of the pancreas on CT and

January 10, 2011 | Volume 2 | Issuel |



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

MRI. Best Pract Res Clin Endocrinol Metab 2005; 19: 195-211
Sheth S, Hruban RK, Fishman EK. Helical CT of islet cell
tumors of the pancreas: typical and atypical manifestations.
AJR Am ] Roentgenol 2002; 179: 725-730

Power N, Reznek RH. Imaging pancreatic islet cell tumours.
Imaging 2002; 14: 147-159

Balci NC, Semelka RC. Radiologic features of cystic, endo-
crine and other pancreatic neoplasms. Eur | Radiol 2001; 38:
113-119

Binstock AJ, Johnson CD, Stephens DH, Lloyd RV, Fletcher
JG. Carcinoid tumors of the stomach: a clinical and radio-
graphic study. AJR Am | Roentgenol 2001; 176: 947-951
Woodard PK, Feldman JM, Paine SS, Baker ME. Midgut
carcinoid tumors: CT findings and biochemical profiles. |
Comput Assist Tomogr 1995; 19: 400-405

Gouya H, Vignaux O, Augui ], Dousset B, Palazzo L, Louvel A,
Chaussade S, Legmann P. CT, endoscopic sonography, and a
combined protocol for preoperative evaluation of pancreatic
insulinomas. AJR Am ] Roentgenol 2003; 181: 987-992

Paulson EK, McDermott VG, Keogan MT, DeLong DM,
Frederick MG, Nelson RC. Carcinoid metastases to the liver:
role of triple-phase helical CT. Radiology 1998; 206: 143-150
Gibril F, Doppman JL, Reynolds JC, Chen CC, Sutliff VE, Yu F,
Serrano ], Venzon D], Jensen RT. Bone metastases in patients
with gastrinomas: a prospective study of bone scanning,
somatostatin receptor scanning, and magnetic resonance im-
age in their detection, frequency, location, and effect of their
detection on management. | Clin Oncol 1998; 16: 1040-1053
Pisegna JR, Doppman JL, Norton JA, Metz DC, Jensen RT.
Prospective comparative study of ability of MR imaging and
other imaging modalities to localize tumors in patients with
Zollinger-Ellison syndrome. Dig Dis Sci 1993; 38: 1318-1328
Ichikawa T, Peterson MS, Federle MP, Baron RL, Haradome
H, Kawamori Y, Nawano S, Araki T. Islet cell tumor of the
pancreas: biphasic CT versus MR imaging in tumor detec-
tion. Radiology 2000; 216: 163-171

Herwick S, Miller FH, Keppke AL. MRI of islet cell tumors
of the pancreas. AJR Am ] Roentgenol 2006; 187: W472-W480
Owen NJ, Sohaib SA, Peppercorn PD, Monson JP, Gross-
man AB, Besser GM, Reznek RH. MRI of pancreatic neuro-
endocrine tumours. Br | Radiol 2001; 74: 968-973

Semelka RC, Custodio CM, Cem Balci N, Woosley JT. Neu-
roendocrine tumors of the pancreas: spectrum of appear-
ances on MRI. | Magn Reson Imaging 2000; 11: 141-148

Bader TR, Semelka RC, Chiu VC, Armao DM, Woosley ]JT.
MRI of carcinoid tumors: spectrum of appearances in the
gastrointestinal tract and liver. ] Magn Reson Imaging 2001;
14: 261-269

Debray MP, Geoffroy O, Laissy JP, Lebtahi R, Silbermann-
Hoffman O, Henry-Feugeas MC, Cadiot G, Mignon M,
Schouman-Claeys E. Imaging appearances of metastases
from neuroendocrine tumours of the pancreas. Br | Radiol
2001; 74: 1065-1070

Dromain C, de Baere T, Baudin E, Galline J, Ducreux M,
Boige V, Duvillard P, Laplanche A, Caillet H, Lasser P, Sch-
lumberger M, Sigal R. MR imaging of hepatic metastases
caused by neuroendocrine tumors: comparing four tech-
niques. AJR Am ] Roentgenol 2003; 180: 121-128

Vossen JA, Buijs M, Liapi E, Eng ], Bluemke DA, Kamel
IR. Receiver operating characteristic analysis of diffusion-
weighted magnetic resonance imaging in differentiating
hepatic hemangioma from other hypervascular liver lesions.
J Comput Assist Tomogr 2008; 32: 750-756

Liapi E, Geschwind JF, Vossen JA, Buijs M, Georgiades
CS, Bluemke DA, Kamel IR. Functional MRI evaluation of
tumor response in patients with neuroendocrine hepatic
metastasis treated with transcatheter arterial chemoemboli-
zation. AJR Am ] Roentgenol 2008; 190: 67-73

Lee SS, Byun JH, Park BJ, Park SH, Kim N, Park B, Kim
JK, Lee MG. Quantitative analysis of diffusion-weighted

(49

TR
JBaishideng®

WJCO | www.wjgnet.com

Tan EH et a/. Imaging of gastroenteropancreatic NETs

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

magnetic resonance imaging of the pancreas: usefulness in
characterizing solid pancreatic masses. | Magn Reson Imag-
ing 2008; 28: 928-936

Anaye A, Mathieu A, Closset ], Bali MA, Metens T, Matos C.
Successful preoperative localization of a small pancreatic in-
sulinoma by diffusion-weighted MRI. JOP 2009; 10: 528-531
Katzenellenbogen BS, Fang H, Ince BA, Pakdel F, Reese
JC, Wooge CH, Wrenn CK. William L. McGuire Memorial
Symposium. Estrogen receptors: ligand discrimination and
antiestrogen action. Breast Cancer Res Treat 1993; 27: 17-26
Mankoff DA, Link JM, Linden HM, Sundararajan L, Krohn
KA. Tumor receptor imaging. | Nucl Med 2008; 49 Suppl 2:
1495-163S

Ricke J, Klose K], Mignon M, Oberg K, Wiedenmann B. Stan-
dardisation of imaging in neuroendocrine tumours: results of
a European delphi process. Eur | Radiol 2001; 37: 8-17
Mundschenk J, Unger N, Schulz S, Hollt V, Schulz S, Stein-
ke R, Lehnert H. Somatostatin receptor subtypes in human
pheochromocytoma: subcellular expression pattern and
functional relevance for octreotide scintigraphy. | Clin Endo-
crinol Metab 2003; 88: 5150-5157

Taniyama Y, Suzuki T, Mikami Y, Moriya T, Satomi S,
Sasano H. Systemic distribution of somatostatin receptor
subtypes in human: an immunohistochemical study. Endocr
]2005; 52: 605-611

Bakker WH, Krenning EP, Reubi JC, Breeman WA, Sety-
ono-Han B, de Jong M, Kooij PP, Bruns C, van Hagen PM,
Marbach P. In vivo application of [111In-DTPA-D-Phel]-
octreotide for detection of somatostatin receptor-positive
tumors in rats. Life Sci 1991; 49: 1593-601

Bakker WH, Albert R, Bruns C, Breeman WA, Hofland
LJ, Marbach P, Pless ], Pralet D, Stolz B, Koper JW. [111In-
DTPA-D-Phel]-octreotide, a potential radiopharmaceutical
for imaging of somatostatin receptor-positive tumors: syn-
thesis, radiolabeling and in vitro validation. Life Sci 1991; 49:
1583-1591

Krenning EP, Bakker WH, Kooij PP, Breeman WA, Oei HY,
de Jong M, Reubi JC, Visser T], Bruns C, Kwekkeboom DJ.
Somatostatin receptor scintigraphy with indium-111-DT-
PA-D-Phe-1-octreotide in man: metabolism, dosimetry and
comparison with iodine-123-Tyr-3-octreotide. | Nucl Med
1992; 33: 652-658

Carcinoid tumors, carcinoid syndrome, and related disor-
ders. Williams textbook of endocrinology. 10th ed. Philadel-
phia, Pa: Saunders, 2003: 661-690

Kilkner KM, Janson ET, Nilsson S, Carlsson S, Oberg K,
Westlin JE. Somatostatin receptor scintigraphy in patients
with carcinoid tumors: comparison between radioligand
uptake and tumor markers. Cancer Res 1995; 55: 5801s-5804s
Kwekkeboom DJ, Krenning EP, Bakker WH, Oei HY, Kooij
PP, Lamberts SW. Somatostatin analogue scintigraphy in
carcinoid tumours. Eur | Nucl Med 1993; 20: 283-292

Westlin JE, Janson ET, Arnberg H, Ahlstrom H, Oberg K,
Nilsson S. Somatostatin receptor scintigraphy of carcinoid
tumours using the [111In-DTPA-D-Phel]-octreotide. Acta
Oncol 1993; 32: 783-786

Gibril F, Reynolds JC, Chen CC, Yu F, Goebel SU, Serrano
J, Doppman JL, Jensen RT. Specificity of somatostatin recep-
tor scintigraphy: a prospective study and effects of false-
positive localizations on management in patients with gas-
trinomas. | Nucl Med 1999; 40: 539-553

Hofmann M, Maecke H, Borner R, Weckesser E, Schoffski P,
Oei L, Schumacher ], Henze M, Heppeler A, Meyer ], Knapp
H. Biokinetics and imaging with the somatostatin receptor
PET radioligand (68)Ga-DOTATOC: preliminary data. Eur |
Nucl Med 2001; 28: 1751-1757

Kowalski J, Henze M, Schuhmacher J, Mdcke HR, Hofmann
M, Haberkorn U. Evaluation of Positron Emission Tomogra-
phy Imaging Using [68Ga]-DOTA-D Phel-Tyr3-Octreotide
in Comparison to [111In]-DTPAOC SPECT. First Results in

January 10, 2011 | Volume 2 | Issuel |



58

59

60

61

62

63

65

66

67

68

69

70

71

72

Tan EH et a/. Imaging of gastroenteropancreatic NETs

Patients with Neuroendocrine Tumors. Mol Imaging Biol 2003;
5:42-48

Gabriel M, Decristoforo C, Kendler D, Dobrozemsky G,
Heute D, Uprimny C, Kovacs P, Von Guggenberg E, Bale
R, Virgolini IJ. 68Ga-DOTA-Tyr3-octreotide PET in neuro-
endocrine tumors: comparison with somatostatin receptor
scintigraphy and CT. ] Nucl Med 2007; 48: 508-518

Putzer D, Gabriel M, Henninger B, Kendler D, Uprimny C,
Dobrozemsky G, Decristoforo C, Bale R], Jaschke W, Vir-
golini IJ. Bone metastases in patients with neuroendocrine
tumor: 68Ga-DOTA-Tyr3-octreotide PET in comparison to
CT and bone scintigraphy. | Nucl Med 2009; 50: 1214-1221
Ambrosini V, Campana D, Bodei L, Nanni C, Castellucci P,
Allegri V, Montini GC, Tomassetti P, Paganelli G, Fanti S.
68Ga-DOTANOC PET/CT clinical impact in patients with
neuroendocrine tumors. | Nucl Med 2010; 51: 669-673
Gabriel M, Oberauer A, Dobrozemsky G, Decristoforo C,
Putzer D, Kendler D, Uprimny C, Kovacs P, Bale R, Vir-
golini IJ. 68Ga-DOTA-Tyr3-octreotide PET for assessing
response to somatostatin-receptor-mediated radionuclide
therapy. | Nucl Med 2009; 50: 1427-1434

Modlin IM, Oberg K, Chung DC, Jensen RT, de Herder WW,
Thakker RV, Caplin M, Delle Fave G, Kaltsas GA, Krenning
EP, Moss SF, Nilsson O, Rindi G, Salazar R, Ruszniewski P,
Sundin A. Gastroenteropancreatic neuroendocrine tumours.
Lancet Oncol 2008; 9: 61-72

Gambhir SS, Czernin J, Schwimmer J, Silverman DH, Cole-
man RE, Phelps ME. A tabulated summary of the FDG PET
literature. | Nucl Med 2001; 42: 1S-93S

Pauwels EK, Sturm EJ, Bombardieri E, Cleton FJ, Stokkel MP.
Positron-emission tomography with [18F]fluorodeoxyglucose.
Part I. Biochemical uptake mechanism and its implication for
clinical studies. | Cancer Res Clin Oncol 2000; 126: 549-559
Zhao S, Kuge Y, Mochizuki T, Takahashi T, Nakada K, Sato
M, Takei T, Tamaki N. Biologic correlates of intratumoral
heterogeneity in 18F-FDG distribution with regional expres-
sion of glucose transporters and hexokinase-II in experi-
mental tumor. | Nucl Med 2005; 46: 675-682

Bos R, van Der Hoeven ]J, van Der Wall E, van Der Groep
P, van Diest PJ, Comans EF, Joshi U, Semenza GL, Hoeks-
tra OS, Lammertsma AA, Molthoff CF. Biologic correlates
of (18)fluorodeoxyglucose uptake in human breast cancer
measured by positron emission tomography. ] Clin Oncol
2002; 20: 379-387

Gillies R], Robey I, Gatenby RA. Causes and consequences
of increased glucose metabolism of cancers. | Nucl Med 2008;
49 Suppl 2: 245-42S

Adams S, Baum R, Rink T, Schumm-Dréger PM, Usadel
KH, Hor G. Limited value of fluorine-18 fluorodeoxyglucose
positron emission tomography for the imaging of neuroen-
docrine tumours. Eur | Nucl Med 1998; 25: 79-83

Pasquali C, Rubello D, Sperti C, Gasparoni P, Liessi G, Chi-
erichetti F, Ferlin G, Pedrazzoli S. Neuroendocrine tumor
imaging: can 18F-fluorodeoxyglucose positron emission
tomography detect tumors with poor prognosis and aggres-
sive behavior? World | Surg 1998; 22: 588-592

Garin E, Le Jeune F, Devillers A, Cuggia M, de Lajarte-Thir-
ouard AS, Bouriel C, Boucher E, Raoul JL. Predictive value
of 18F-FDG PET and somatostatin receptor scintigraphy in
patients with metastatic endocrine tumors. | Nucl Med 2009;
50: 858-864

Krenning EP, Valkema R, Kwekkeboom DJ, de Herder WW,
van Eijck CH, de Jong M, Pauwels S, Reubi JC. Molecular
imaging as in vivo molecular pathology for gastroentero-
pancreatic neuroendocrine tumors: implications for follow-
up after therapy. | Nucl Med 2005; 46 Suppl 1: 765-82S
Pearse AG. The cytochemistry and ultrastructural of poly-
peptide hormone producing cells of the APUD series and
the embryogenic, physiologic and pathologic implications
of the concept. | Histochem Cytochem 1969; 17: 303-313

(49

TR
JBaishideng®

WJCO | www.wjgnet.com

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

Becherer A, Szabé M, Karanikas G, Wunderbaldinger P,
Angelberger P, Raderer M, Kurtaran A, Dudczak R, Kletter
K. Imaging of advanced neuroendocrine tumors with (18)F-
FDOPA PET. ] Nucl Med 2004; 45: 1161-1167

Koopmans KP, de Vries EG, Kema IP, Elsinga PH, Neels
OC, Sluiter W], van der Horst-Schrivers AN, Jager PL. Stag-
ing of carcinoid tumours with 18F-DOPA PET: a prospec-
tive, diagnostic accuracy study. Lancet Oncol 2006; 7: 728-734
Kauhanen S, Seppianen M, Ovaska ], Minn H, Bergman ],
Korsoff P, Salmela P, Saltevo J, Sane T, Viliméki M, Nuutila
P. The clinical value of [18F]fluoro-dihydroxyphenylalanine
positron emission tomography in primary diagnosis, stag-
ing, and restaging of neuroendocrine tumors. Endocr Relat
Cancer 2009; 16: 255-265

Jager PL, Chirakal R, Marriott CJ, Brouwers AH, Koopmans
KP, Gulenchyn KY. 6-L-18F-fluorodihydroxyphenylalanine
PET in neuroendocrine tumors: basic aspects and emerging
clinical applications. | Nucl Med 2008; 49: 573-586

Haug A, Auernhammer CJ, Wangler B, Tiling R, Schmidt
G, Goke B, Bartenstein P, Popperl G. Intraindividual com-
parison of 68Ga-DOTA-TATE and 18F-DOPA PET in pa-
tients with well-differentiated metastatic neuroendocrine
tumours. Eur ] Nucl Med Mol Imaging 2009; 36: 765-770
Barakat MT, Meeran K, Bloom SR. Neuroendocrine tu-
mours. Endocr Relat Cancer 2004; 11: 1-18

Mignon M. Natural history of neuroendocrine enteropan-
creatic tumors. Digestion 2000; 62 Suppl 1: 51-58

de Herder WW, Niederle B, Scoazec JY, Pauwels S, Klop-
pel G, Falconi M, Kwekkeboom DJ, Oberg K, Eriksson B,
Wiedenmann B, Rindi G, O'Toole D, Ferone D. Well-differ-
entiated pancreatic tumor/carcinoma: insulinoma. Neuroen-
docrinology 2006; 84: 183-188

Falconi M, Plockinger U, Kwekkeboom DJ, Manfredi R,
Korner M, Kvols L, Pape UF, Ricke J, Goretzki PE, Wildi S,
Steinmuller T, Oberg K, Scoazec JY. Well-differentiated pan-
creatic nonfunctioning tumors/carcinoma. Neuroendocrinol-
ogy 2006; 84: 196-211

Pape UF, Bohmig M, Berndt U, Tiling N, Wiedenmann B,
Plockinger U. Survival and clinical outcome of patients with
neuroendocrine tumors of the gastroenteropancreatic tract in
a german referral center. Ann N'Y Acad Sci 2004; 1014: 222-233
Corleto VD, Panzuto F, Falconi M, Cannizzaro R, Angeletti
S, Moretti A, Delle Fave G, Farinati F. Digestive neuroendo-
crine tumours: diagnosis and treatment in Italy. A survey
by the Oncology Study Section of the Italian Society of Gas-
troenterology (SIGE). Dig Liver Dis 2001; 33: 217-221
Virgolini I, Traub-Weidinger T, Decristoforo C. Nuclear
medicine in the detection and management of pancreatic
islet-cell tumours. Best Pract Res Clin Endocrinol Metab 2005;
19: 213-227

Proye C, Malvaux P, Pattou F, Filoche B, Godchaux JM, Mau-
noury V, Palazzo L, Huglo D, Lefebvre ], Paris JC. Noninva-
sive imaging of insulinomas and gastrinomas with endoscop-
ic ultrasonography and somatostatin receptor scintigraphy.
Surgery 1998; 124: 1134-1143; discussion 1143-1144

Lebtahi R, Cadiot G, Sarda L, Daou D, Faraggi M, Petegnief
Y, Mignon M, le Guludec D. Clinical impact of somatostatin
receptor scintigraphy in the management of patients with
neuroendocrine gastroenteropancreatic tumors. | Nucl Med
1997; 38: 853-858

Krenning EP, Kwekkeboom DJ, Bakker WH, Breeman WA,
Kooij PP, Oei HY, van Hagen M, Postema PT, de Jong M,
Reubi JC. Somatostatin receptor scintigraphy with [111In-
DTPA-D-Phel]- and [123]-Tyr3]-octreotide: the Rotterdam
experience with more than 1000 patients. Eur | Nucl Med
1993; 20: 716-731

Henze M, Schuhmacher J, Dimitrakopoulou-Strauss A,
Strauss LG, Miacke HR, Eisenhut M, Haberkorn U. Ex-
ceptional increase in somatostatin receptor expression in
pancreatic neuroendocrine tumour, visualised with (68)Ga-

January 10, 2011 | Volume 2 | Issuel |



89

90

91

92

DOTATOC PET. Eur ] Nucl Med Mol Imaging 2004; 31: 466
Froidevaux S, Eberle AN, Christe M, Sumanovski L, Hep-
peler A, Schmitt JS, Eisenwiener K, Beglinger C, Méacke HR.
Neuroendocrine tumor targeting: study of novel gallium-
labeled somatostatin radiopeptides in a rat pancreatic tumor
model. Int | Cancer 2002; 98: 930-937

Gabriel M, Decristoforo C, Kendler D, Dobrozemsky G,
Heute D, Uprimny C, Kovacs P, Von Guggenberg E, Bale
R, Virgolini IJ. 68Ga-DOTA-Tyr3-octreotide PET in neuro-
endocrine tumors: comparison with somatostatin receptor
scintigraphy and CT. ] Nucl Med 2007; 48: 508-518
Nakamoto Y, Higashi T, Sakahara H, Tamaki N, Itoh K,
Imamura M, Konishi J. Evaluation of pancreatic islet cell tu-
mors by fluorine-18 fluorodeoxyglucose positron emission
tomography: comparison with other modalities. Clin Nucl
Med 2000; 25: 115-119

Pasquali C, Rubello D, Sperti C, Gasparoni P, Liessi G, Chi-
erichetti F, Ferlin G, Pedrazzoli S. Neuroendocrine tumor
imaging: can 18F-fluorodeoxyglucose positron emission

(49

TR
JBaishideng®

WJCO | www.wjgnet.com

43

Tan EH et a/. Imaging of gastroenteropancreatic NETs

93

94

95

tomography detect tumors with poor prognosis and aggres-
sive behavior? World | Surg 1998; 22: 588-592

Eriksson B, Orlefors H, Oberg K, Sundin A, Bergstrom M,
Léngstrom B. Developments in PET for the detection of en-
docrine tumours. Best Pract Res Clin Endocrinol Metab 2005;
19: 311-324

Koopmans KP, Neels OC, Kema IP, Elsinga PH, Sluiter W],
Vanghillewe K, Brouwers AH, Jager PL, de Vries EG. Im-
proved staging of patients with carcinoid and islet cell tumors
with 18F-dihydroxy-phenyl-alanine and 11C-5-hydroxy-
tryptophan positron emission tomography. ] Clin Oncol 2008;
26: 1489-1495

Orlefors H, Sundin A, Garske U, Juhlin C, Oberg K, Skog-
seid B, Langstrom B, Bergstrom M, Eriksson B. Whole-body
(11)C-5-hydroxytryptophan positron emission tomography
as a universal imaging technique for neuroendocrine tu-
mors: comparison with somatostatin receptor scintigraphy
and computed tomography. ] Clin Endocrinol Metab 2005; 90:
3392-400

S- Editor Cheng JX L- Editor Webster JR E- Editor Ma WH

January 10, 2011 | Volume 2 | Issuel |



J‘ g World Journal of
Clinical Oncology

Online Submissions: http:/ /www.wjgnet.com/2218-4333office World | Clin Oncol 2011 January 10; 2(1): 44-49
wjco@wijgnet.com ISSN 2218-4333 (online)
doi:10.5306/wjco.v2.i1.44 © 2011 Baishideng. All rights reserved.

TOPIC HIGHLIGHT

E YK Ng, PhD, PGDTHE, Associate Professor, Series Editor

Cancer prognosis using support vector regression in
imaging modality

Xian Du, Sumeet Dua

Xian Du, Sumeet Dua, Department of Computer Science, non-feature selection methods. The SVCR regression
Louisiana Tech University, Ruston, LA 71272, United States results, perform better than Cox regression when the
Author contributions: Both authors contributed equally to this techniques are used with either CI or BS. The best CI
work. value in the validation results is 0.6845. The best CI

Correspondence to: Dr. Sumeet Dua, Department of Com-
puter Science, Louisiana Tech University, Nethken-235, Rus-
ton, LA 71272, United States. sdua@coes.latech.edu

value corresponds to the best BS value 0.2065, which
were obtained in the combination of SVCR, individual

Telephone: +1-318-2572830 Fax: +1-318-2574922 feature selection, and stratified sampling of the number
Received: August3,2010  Revised: August 24, 2010 of positive lymph nodes. In addition, we also observe
Accepted: August 31,2010 that SVCR performs more consistently than Cox re-
Published online: January 10, 2011 gression in all prognosis studies. The feature selec-

tion method does not have a significant impact on the
metric values, especially on CI. We conclude that the
combinational methods of SVCR, feature selection, and
Abstract sampling can improve cancer prognosis, but more sig-

) ) ) nificant features may further enhance cancer prognosis
The proposed techniques investigate the strength of accuracy.

support vector regression (SVR) in cancer prognosis us-

ing imaging features. Cancer image features were ex- © 2011 Baishideng. All rights reserved.

tracted from patients and recorded into censored data.

To employ censored data for prognosis, SVR methods  Key words: Breast cancer imaging; Cancer prognosis;
are needed to be adapted to uncertain targets. The ef-  sampling; Support vector regression

fectiveness of two principle breast features, tumor size

and lymph node status, was demonstrated by the com- Peer reviewer: Harun M Said, Assistant Professor, Depart-
bination of sampling and feature selection methods. In ment of Radiation Oncology, University of Wuerzburg, Josef
sampling, breast data were stratified according to tu- Schneider Str.11, D-97080 Wuerzburg, Germany

mor size and lymph node status. Three types of feature

selection methods comprised of no selection, individual Du X, Dua S. Cancer prognosis using support vector regres-

feature selection, and feature subset forward selection, sion in imaging modality. World J Clin Oncol 2011; 2(1): 44-49
were employed. The prognosis results were evaluated Available from: URL: http://www.wjgnet.com/2218-4333/full/
by comparative study using the following performance v2/il/44.htm DOTI: http://dx.doi.org/10.5306/wjco.v2.i1.44
metrics: concordance index (CI) and Brier score (BS).

Cox regression was employed to compare the results.

The support vector regression method (SVCR) performs
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possible 4.6 million increase from the recorded 7.4 million
cancer-related deaths that occurred in 2004. Extensive
research into cancer and cancer-related problems helps
average people understand behavioral and environmental
causes of cancer. The discovery and understanding of
cancer pathology, in turn, can help people prevent, detect,
and control and treat cancer. This discovery is important,
as it has been shown that one-third of cancer cases can be
controlled in cases where early detection, diagnosis, prog-
nosis, and treatment occut.

Cancer prognosis is the long-term prediction of cancer
susceptibility, recurrence, and survivability”, Early prog-
nosis of cancer can improve the survival rate for cancer
patients. Using imaging modalities, such as functional mag-
netic resonance imaging (fMRI), positron emission tomog-
raphy (PET), and computed tomography (CT), histological
information about patients can be integrated for cancer
diagnosis and prognosism. High throughput imaging tech-
nologies lead to a large number of features and param-
eters in molecular, cellular, and organic images, which can
support the clinical prognosis of cancer. However, large
amounts of imagery data overwhelm clinicians involved
in oncological decision making. The need to analyze and
understand these large amounts of data have led to the
development of computational statistical machine learning
and data mining methods for oncological imagery.

Breast cancer is the most frequent type of cancer, and
is the leading cause of death among women (ranking first
in the world and second in the USA as a cause of cancet-
related deaths among women)™™*. Breast imaging tech-
niques, including ultrasound, mammography, MRI, and
PET, provide mechanisms to screen and diagnose breast
tumors based on the geometry level (e.g, tumor and/or tis-
sue shape) and the cell level (e.g. tumor cells)”. The use of
in vivo molecular and cellular imaging of breast cancer has
increased because it is advantageous for bridging breast and
cellular macrofeatures. The screening and measurement of
breast cancer at the molecular and cellular levels also de-
rives from our knowledge that cancer begins in a single cell,
transforming that cell from a normal state to a tumor and
cloning the tumor to multiple cells, also called metastasiz-
ing, Thus, a cancer prognosis based on the processing and
analysis of cell imaging is highly efficient and effective™”.

Imaging techniques that are entirely non-invasive can-
not provide a perfect diagnosis and/or prognosis for a
breast cancer case. A traditional biopsy can help clinicians
examine the pathology of a breast mass perfectly, but this
process causes pain for patients. For example, clinically,
tumor size, lymph node status, and metastasis (INM) are
mostly employed in breast staging systems as predicative
factors”. To acquire the TNM information from pa-
tients, clinicians need to measure the excised tumor and
examine the presence and status of lymph nodes obtained
from patients’ axilla. The above invasive operations cause
pain in patients’ arms and can further cause infections.
Hence, researchers use fine needle aspirations (FNAs) to
minimize the invasiveness and enhance the imaging tech-
niques (e.g. mammography) in breast cancer examination
and prognosis. To obtain FNAs, clinicians insert a gauge
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needle into a breast lump and remove a small number
of cell samples. Using microscopes, we can capture cell
images and examine the features of cells for cancer prog-
nosis. Thus, the prognosis procedure includes three steps:
acquisition of cell images using FINAs and imaging tech-
niques, image processing and feature extraction from cel-
lular images, and pattern recognition and prediction using
machine learning techniques. The first two steps result in
a set of features for breast cancer diagnosis and prognosis.
In breast cancer diagnosis, pattern recognition methods
provide labels for breast features: benign or malignant. In
cases where breast images are labeled malignant, machine-
learning methods will be applied to predict the long-term
effects of the cancer. Cancer prognosis is difficult because
the censored medical data are uncertain information.
Censored data are the observations recorded without the
precisely known event time during follow-ups in cancer
patients, e.g. the survival time of a cancer patient after the
tumor was removed by surgery. Censored data include
left-censored data and right-censored data. Left censored
data are observations of cancer after cancer recurs. This
data only include the upper bound of the cancer recurring
time (the time at which the clinicians obsetved the recut-
rence). Right-censored data are observations of cancer
before cancer recurs, e.g. patient dies disease-free. This
data only includes the lower bound of cancer recurring
time (the time at which the patient dies). Both types of
censored data are incomplete and lack specificity required
for clinical research. As conventional regression methods
were designed to predict certain target values, new algo-
rithms are needed to predict the censored data.

In this paper, we present a novel computational frame-
work for cancer prognosis that uses support vector regres-
sion (SVR) and sampling algorithms. We use the publicly
available dataset: Wisconsin prognostic breast cancer
(WPBC) " to evaluate the strength of SVR for cancer pro-
gnosis. In the next section, we briefly describe the WPBC
dataset. Then, we desctibe how the SVR method is applied
for cancer prognosis. Next, we demonstrate the experi-
mental prognosis results using various sampling methods.
Finally, we conclude the strength and limitations of using
the SVR method in cancer prognosis.

BREAST IMAGING AND CELL FEATURES

The WPBC dataset was collected from several breast
cancer cases, and image features were extracted by the
researchers in the University of Wisconsin'. The dataset
largely comprises of 155 patients monitored for recur-
rence within 24 mo. The data comprises of 30 cytological
features and 2 histological features: number of metas-
tasized lymph nodes and tumor size. The records only
included the patients who had invasive breast cancer. The
images of FNA samples were acquired from the breast
masses of the patients. For each image, 30 cell features
were extracted to describe the cell nuclei in the image. The
imaging cell features include radius, texture, perimeter,
area, smoothness, compactness, concavity, concave points,
symmetry, and fractal dimension (see the details in”).
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Three descriptors of each feature were recorded for each
image in the WPBC dataset: mean, standard deviation,
and largest value of the feature. As tumor size, lymph
node status, and metastasis (TNM) are clinically employed
in breast staging systems as predicative factors”™ tumor
size and lymph node status were also collected in mea-
surements of centimeters and number of positive axil-
lary lymph nodes, respectively. There are 198 instances:
151 censored (nonrecurring) instances and 47 recurring
instances. For the recurring cases, the recurrence time
(left-censored data) was recorded, and for the censored
instances, the disease-free time (right-censored data) was
recorded. The censored data make the prognosis challeng-
ing because of its uncertainty.

In the next section, we review support vector ma-
chines (SVM) and SVR methods, and explain the above
challenge in depth.

SVM AND SVR

SVM is a machine-learning method that uses support vec-
tors, instead of modeling structures, (e.g. multilayer pre-
ceptor), to map inputs to outputs. SVM was introduced
by Vapnik"” as a classification and prediction method.
SVM can be applied for both regression and classification.
Given a dataset (x;)), where x: represents data points us-
ing vectors and y: denotes label of the vector xi(e.g ye{-1,
+1}), SVM algorithms can be applied to classify the data
points with the hyperplane that has the maximum distance
to the nearest data points on each side.

SVR incorporates the concepts of g-threshold area
and loss function into support vector machines to ap-
proximate the state value of a given system using feature
vectors. In SVR™, 5 denotes the obtained target value of
vector xi, and f{xi) denotes the predicted target value of
vector xi. The central motivation for using SVR is to seek
the small or flat g-neighborhood that describes most data
points and to panelize the data points that fall outside of
g-neighborhood. As shown in Figure 1A, the data points
that fall into g-insensitive area will have zero-loss and the
data points outside of g neighborhood will have a loss de-
fined by slack variables & or £*. The slack variables can be
defined as a loss function. For example, the g-insensitive
linear loss function is most employed as follows (as shown
in Figure 1A):

¢/={

Thus, a linear SVR can be formulated formally in the
following:

0 when ‘C ‘ <e
‘(; ‘ otherwise

o1 ! .
min E"W"2 +CZ(Q,. +¢, )
i=1

y,—-w'x,—-b<e+(,
r .
wx, +b-y <e+(,

CI’CI'* ZO

s.t.
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A

Figure 1 ¢-insensitive linear loss function (A) and the linear loss function
in support vector regression method (B).

Where, C is a positive constant that determines the
trade-off between the flatness of function and the amount
up to which deviations larger than the threshold g are tol-
erated.

Using Lagrangian multipliers @ = 0 and a = 0 for the
constraints in Equation, and taking derivatives with re-
spect to primal variables, the optimal solution to the above
regression formulation is:

f(x):il(ai o Yew) b o

"o 2(“1 S o)

The traditional SVR method has been employed suc-
cessfully for event prediction because of its robustness
and accuracy. However, we can only find few applications
using SVR for medical and cancer prognosis, because tra-
ditional SVR methods require that the training data have
certain target values, while clinicians can only provide
uncertain censored target values, e.g interval target values.
Shivaswamy ez al™ proposed a SVR method, called SVCR,
to approximate the target values for censored data. We
apply the SVCR method in the project. We summarize the
SVCR algorithm in the next section.

SVR FOR CENSORED DATA
The SVCR algorithm solves the censored data problem by

adapting the loss function to interval values in censored
data. Given the interval bounds: lower bound 4, i = 1,...7,
and upper bound # for each censored data (xi,/4,), the loss
function is defined as:

(f ()l )y=max (1, = £ (x,).f (x,)-u,) @
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As illustrated in Figure 1B, the modified loss func-
tion in SVCR follows the theory that when the predicted
value f{xi) falls into the interval (4,), no penalization is
applied in the loss function. Then, the SVR for censored
data is formulated as follows:

.1 .
min E||w||2+c(zg.+zg.]
ieU iel
w'x, +b>1+¢, VieL;
wix, +b<u, +¢; ,VieU,;

Ci’Ci* 20'

s.t.
®)

In the above, U includes the indices of the data points
that have a finite right upper bound, and L includes the in-
dices of the data points that have finite left lower bound.
Using Lagrangian multipliers and optimization methods,
the above problem can be solved by Equation.

COMPARATIVE EVALUATION

To evaluate the strength of SVRC in cancer prognosis
using imaging features, we compare the regression results
by combining feature selection and sampling methods.
We also compare the results of SVRC with those of the
conventional prognosis method: Cox regression, using
the concordance index (CI) and Brier score (BS) as
performance metrics. We review these methods below.

Cox regressionﬂa] is an approach used to measure the
effect of a set of features on the event outcomes, e.g. the
recurrence of cancer. The Cox regression model uses a
hazard function to measure the decline of survival time.
Using the hazard function, we can estimate the non-sur-
vival (or event) probability at a time point. Given a set of
feature values {fi}, 7 = 1,...,d, and their associated decline
parameters & for an individual, the hazard function for
that individual is formulated as follows:

b= O X(1)

i

©)

In the above, decline parameters si can be approxi-
mated using maximum likelithood estimation. We use the
above function in Cox regression.

To accurately measure the performance of regres-
sion models, we need to investigate the combination of
feature subsets which can generate the optimal regres-
sion result. Feature selection can be programmed in two
directions: by removing the most insignificant individual
features one-by-one from the feature set after ranking
features according to their significance of prediction re-
sults, or by adding the most significant features one-by-
one into a feature subset pool after evaluating prediction
accuracy of various feature subsets. The ranking of indi-
vidual features or feature subsets both require metrics, e.g
redundancy and independency. We used the algorithms
and metrics proposed in'" for the above removing or
adding feature procedures: individual features are scored
by P-value according to their pair-wise association with
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the events (see details in""*).

Feature selection methods cannot guarantee a fair vali-
dation of regression models because samples may present
stratified effects on the model. For example, in clinical re-
search, breast cancer can be graded by tumor size!™. This
stratification indicates that the normal cross-validation
method may not be able to generalize the breast cancer
prognosis model. One solution to this problem is to ran-
domly select the same number of instances in each grad-
ing level of the known grading features for each training
dataset. This solution, in turn, evaluates the strength of a
regression model at different levels of grading features.

The combination of the above feature selection, sam-
pling, and regression methods results in a set of prognos-
tic values for performance evaluation. Given certain target
values, we can calculate prediction errors to measure the
accuracy of regression algorithms. However, for cancer
data, prediction errors cannot be accessed because most
of the data are censored. Predication accuracy can be eval-
uated by measuring whether the predicted time is ahead
of the target value. Researchers have proposed a variety
of evaluation metrics to measure the prediction accuracy
of methods that use censored data, e.g. C1" and BS",

The CI is a generalization of the area under the ROC
curve. The CI measures the concordance between pre-
dicted and observed events. When the predicted prob-
ability of events pris bigger than the actual occurrence of
the events ¢ at time # we say that the prediction result is
concordant with the actual event. Hence, the paired com-
parison between all samples in the given dataset results in
the percentage of correct predicted concordances among
all sample pairs. In particular, CI =1, CI = 0.5and CI =0
denote the perfect prediction, random prediction, and all-
fail prediction, respectively.

BS is a metric function that measures the difference
between the predicted probability of events pr and the oc-
currence of events ¢ at time # Using the notions above,
the BS is formulated as follows for T predicted results:

r

1 2
=2 )

EXPERIMENTAL RESULTS

In the experiment, we aim to evaluate the power of the
SVCR method for cancer prognosis using CI and BS. We
evaluate cancer prognosis using the following sampling
methods: cross validation of all data, stratified sampling
of data for tumor size, and lymph node status. We choose
4-fold cross validation for all experiments and sort the
data by their increasing tumor size (noted in centimeters),
divide them in bins, and then select the same number of
random samples from each bin. It is generally accepted
that bigger tumors indicate more cancer complexity. We
divide the data into three groups according to tumor size:
<2cm;2cm <but < 5cm;5cm <.

As inflammation and number of lymph nodes atre
" we perform
stratified sampling, as above, for the lymph node status

e
related to breast cancer complexlty[ '
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Table 1 Cross validation results for three feature selection

methods using 32 features and 194 instances

SVCR Cox regression
IS FFS NS IS FFS NS
CI 0.6316 0.6333 0.6321 0.6623 0.6333 0.5677
BS 0.2770 0.3609 0.2675 0.2487 0.3319 0.2294

IS: Individual feature selection; FFS: Forward feature selection; NS: Non-
feature selection; SVCR: Support vector regression method.

Table 2 Cross validation results for three feature selection

methods and without lymph nodes status (32 features) and
198 instances

SVCR Cox regression
IS FFS NS IS FFS NS
CI 0.6532 0.6733 0.6579 0.6465 0.6733 0.5981
BS 0.1969 0.3468 0.2109 0.2504 0.4975 0.3321

IS: Individual feature selection; FFS: Forward feature selection; NS: Non-
feature selection; SVCR: Support vector regression method.

as well. We divide the data into three groups according
to the number of positive lymph nodes observed in sur-
gery: < 2 cm; 2 cm < but < 5 cm; 5 cm <.

As shown in Tables 1-4 we demonstrate the perfor-
mance of various combinational methods. The results
shown in Table 1 are obtained after we delete the four
instances that have unknown feature values and use all 32
imaging features for feature selection. We find that SVCR
performs consistently in three feature selection methods
and performs better than Cox regression in the non-feature
selection method by measuring the CI values. This result
follows those of Khan ef o/ who obtained test results
for the same dataset using Cox and their proposed SVRC
algorithm respectively: 0.6031 and 0.6963. They did not
describe the feature selection or sampling algorithms in the
report”. The results shown in Table 1 demonstrate that
feature selection methods can improve the performance
of Cox regression measured by CI and BS. As shown in
Tables 1-4, seven of eight Cox regression results using fea-
ture selection perform better than the reported Cox regres-
sion result"”. These results demonstrate that stratified sam-
pling of the number of positive lymph nodes can achieve
the best regression results using feature selection methods.
This phenomenon corresponds to the conclusion that
lymph node status can improve the accuracy of breast can-
cer prognosis using imaging features, especially when used
in correlation with the SVCR method. As shown in Tables
2-4, SVCR regression performs better than Cox regression
measured by CI and BS. The best CI value in all validation
results is 0.6845, which is almost the same as the 0.6963 us-
ing the patented method, SVRC, which was reported in"”
The above best CI value corresponds to the best BS value
0.2065. In addition, we also observe that SVCR performs
more robustly than Cox regression in all prognosis studies.
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Table 3 Cross validation results for three feature selection

methods and stratified sampling with respect to tumor size
and 194 instances

SVCR Cox regression
IS FFS NS IS FFS NS
CI 0.6390 0.6021 0.6246 0.6244 0.6021 0.5867
BS 0.2904 0.3149 0.3377 0.2588 0.4424 0.3390

IS: Individual feature selection; FFS: Forward feature selection; NS: Non-
feature selection; SVCR: Support vector regression method.

Table 4 Cross validation results for three feature selection

methods and stratified sampling with respect to lymph nodes
status and 194 instances

SVCR Cox regression
IS FFS NS IS FFS NS
CI 0.6845 0.6769 0.6572 0.6341 0.6769 0.6145
BS 0.2065 0.3311 0.2643 0.2147 0.3400 0.3273

IS: Individual feature selection; FFS: Forward feature selection; NS: Non-
feature selection; SVCR: Support vector regression method.

The metric values, especially CI, remain consistent regard-
less of the feature selection method used in the three sam-
pling data sets.

CONCLUSION

We conclude that the combinational methods of SVCR,
feature selection, and sampling can improve cancer prog-
nosis for the following reasons: First, SVCR performs bet-
ter than Cox regression for cancer prognosis, measured by
CI and BS, particularly when accompanied by feature selec-
tion and stratified sampling, Second, feature selection and
stratified sampling can improve the accuracy of the SVCR
regression results by introducing expert knowledge, such as
tumor size and lymph node status. Third, SVCR performs
more robustly when used in conjunction with feature se-
lection for cancer prognosis than sampling algorithms do.
This conclusion indicates that SVCR inherits the robust-
ness of SVR algorithms. Fourth, we discover that using the
current regression model and cancer cell image features,
even accompanied by the FNA features and expert knowl-
edge, the prognosis accuracy is lower than the accuracy
of traditional biopsies. The discovery of more significant
cancer cell image features may improve prognosis accuracy.
Lastly, more accurate regression methods are needed for
considering the censored data in cancer prognosis.
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Optical spectroscopy has been intensively studied for ) 1o "o b/ doi.org/10.5306/wicov2.i1.50

cancer management in the past two decades. This re-
view paper first introduces the background of optical
spectroscopy for cancer management, which includes
the advantages of optical techniques compared to
other established techniques, the principle of optical INTRODUCTION

spectroscopy and the typical setup of instrumentation. Optical spectroscopy for cancer diagnosis has been a hot

Then the recent progress in optical spectroscopy for research area over the past two decades. This paper will
cancer diagnosis in the following organs is reviewed:

the brain, breast, cervix, lung, stomach, colon, prostate
and the skin. Reviewed papers were selected from the
PubMed database with keywords combining the terms
of individual optical spectroscopy techniques and can-
cers. The primary focus is on the /n vivo applications of
optical spectroscopy in clinical studies. £x vivo studies
are also included for some organs to highlight special
applications or when there are few /n vivo results in
the literature. Practical considerations of applying opti- ' -
cal spectroscopy in clinical settings such as the speed, the PubMed database with keywords combining the terms

review several popular optical spectroscopy techniques
including diffuse reflectance spectroscopy, fluorescence
spectroscopy and Raman spectroscopy, which are based
on interrogating endogenous optical contrasts in tissues.
Several other promising optical spectroscopy techniques
such as light scattering spectroscopy', coherent backscat-
tering spectroscopy ', and low coherence spectroscopym,
are not included because they are relatively less studied in
clinical applications. Reviewed papers were selected from

cost, complexity of operation, accuracy and clinical of individual optical spectroscopy techniques and cancers.
value are discussed. A few commercially available clini- This paper first introduces the background of optical
cal instruments that are based on optical spectroscopy ~ spectroscopy for cancer management, which includes the
techniques are presented. Finally several technical chal- advantages of optical spectroscopy techniques compared
lenges and standard issues are discussed and firm con- to other established techniques, the principle of optical
clusions are made. spectroscopy and the typical setup of instrumentation.
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The recent progress of optical spectroscopy for cancer
diagnosis in the following organs is then reviewed, which
includes the brain, breast, cervix, lung, stomach, colon,
prostate and the skin. The practical considerations of ap-
plying optical spectroscopy in clinical settings such as the
speed, cost, complexity of operation, accuracy and clinical
value are discussed, in which several commercially avail-
able clinical instruments based on optical spectroscopy
techniques are also presented. Finally several technical
challenges and standard issues are discussed, and the con-
clusions ate made.

BACKGROUND IN OPTICAL
SPECTROSCOPY FOR TISSUE
CHARACTERIZATION

Advantages of optical techniques in clinical oncology
compared to other established modalities
Optical spectroscopy and imaging techniques have em-
erged as promising alternative or adjunct tools to other
established imaging modalities in clinical oncology such as
ultrasonography, X-ray computed tomography (CT) and
magnetic resonance imaging (MRI) in recent years. Tremen-
dous growth has been achieved in the past three decades.
Compared to these established imaging modalities, optical
techniques possess several unique advantages that make
them particularly attractive in clinical cancer management.
First, optical irradiation is non-ionizing, thus, does not
present a health hazard even for a relatively long expo-
sure time. Thus, optical measurements can be repeated as
necessary. Second, optical measurements are sensitive to
biochemical and morphological changes associated with
carcinogenesis through the interaction between light and
endogenous molecules in tissues. Third, technical advances
in light sources and detectors have made it practical to
achieve real time, or close to real time, optical measure-
ments in many situations. Although the penetration depth
of light is in general considered to be small as compared to
X-ray or ultrasound, the sensing depth of optical measure-
ments can actually be varied from a few hundred microm-
eters to several centimeters by tuning light wavelengths and
manipulating source-detector conﬁgurationw. The tunable
sensing depth adds extra flexibility and sensitivity for those
special clinical scenatios. Last but not least, the develop-
ment of fiber-optic probes and miniaturized detectors has
made it feasible to incotporate optical spectroscopy into
commercial endoscopy systems to reach internal organs.

Principles of optical spectroscopy for cancer diagnosis
The basis of optical spectroscopy for tissue characteriza-
tion is built upon various light-tissue interactions including
absorption, scattering and fluorescence. In the following
paragraphs, how the three basic light-tissue interactions
contribute to detected optical signals and how the optical
signal can be used for cancer diagnosis will be described.
Absorption refers to the phenomenon in which a mol-
ecule absorbs excitation light photons without emitting
new photons. The major light absorber in tissues is hemo-
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globin in the whole optical spectrurnm. Total hemoglobin
concentration reflects the degree of vasculatization, which
can be useful in examining angiogenesis during cancer
development. The absorption spectrum of hemoglobin
can change with its degree of oxygenation. Therefore,
hemoglobin oxygenation is another important parameter
that can affect tissue absorption in addition to total hemo-
globin concentration. As hemoglobin is the oxygen carrier
present in human blood, the variation in hemoglobin oxy-
genation could indicate the change in the balance between
oxygen demand and oxygen supply in tissues. Water and
lipid can absorb neat-infra-red light. Previous studies have
demonstrated that water and lipid contents are significantly
different between normal breast tissue and breast cancer.

Scattering refers to the phenomenon in which a photon
is deflected from the incident direction after interacting
with a molecule in the tissue. There are two types of scat-
tering in general, i.c. elastic scattering and inelastic scat-
tering. Elastic scattering is a type of scattering that occurs
without a frequency change from the incident photon to
the scattered photon, which is also called Raleigh scattering,
Major tissue elastic scatterers include nuclei, mitochondria
and collagen fibers”. Elastic scattering has been shown to
be effective in detecting epithelial pre—cancers[s’g] because
of the changes in nuclei size, nucleus-to-cytoplasm ratio
and the density of collagen fibers in cancer cells. Inelastic
scattering refers to the scattering type in which a frequency
change occurs. Depending on whether the frequency of
scattered photons decreases or increases, inelastic scattet-
ing is called Stokes Raman scattering (frequently just Ra-
man scattering) or anti-Stokes Raman scattering’ . Raman
scattering will be covered in this paper as the fundamental
phenomenon behind Raman spectroscopy. However, anti-
Stokes Raman scattering will not be touched because it is
much less explored in clinical settings. Raman scatterers
in tissues include cell cytoplasm, cell nucleus, fat, collagen,
cholesterol-like lipid deposits and water .

Fluorescence refers to the emission of light that results
from the return of a molecule from a singlet excited state
to the ground state. Due to energy loss in the process, the
emission wavelength is always longer than the excitation
wavelength. The fluorophore refers to those molecules ex-
hibiting fluorescence when illuminated by light at certain
wavelengths. Fluorescence light emitted from fluorophore
molecules is subject to absorption and scattering when
propagating in tissues, which could induce difficulty in the
interpretation of fluorescence spectra. The most exten-
sively studied fluorophore molecules are reduced nicotin-
amide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FAD). These two molecules are metabolic
coenzymes involved in the reduction-oxidation process to
produced energy for cellular activities. The fluorescence
contributed by these two fluorophores has been explored
to estimate redox ratios to reflect the variation in the met-
abolic rate of tissues'”

Table 1 lists primary absorbers and scatterers; while
Table 2" tabulates endogenous fluorophores and their
peak excitation and emission wavelengths.

Diffuse reflectance spectroscopy measures light inten-
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Light-tissue interaction Source

Absorption
(Raleigh) scattering
Raman scattering

Hemoglobin, p-carotene, water, lipid
Nuclei, mitochondria, collagen fibers
Cell cytoplasm, cell nucleus, fat, collagen,
cholesterol-like lipid deposits and water

White light Dlspersnjg D|sper5|pg Multi/single
element/filter element/filter channel
source/laser 3 N .
for illumination for detection | detector

Conduit for illumination and
detection of light

Figure 1 A general schematic of a fiber-optic system for optical spectros-
copy.

sity at the excitation wavelengths. Measured diffuse reflec-
tance spectra are sensitive to the absorption and scattering
properties of tissues. Fluorescence spectroscopy measures
fluorescence light intensity at the emission wavelengths
that are longer than the excitation wavelength. Measured
fluorescence light is subject to the effect of light absorp-
tion and scattering especially when the sensing volume is
large. Raman spectroscopy measures Raman light intensity
at the wavelengths longer than the excitation wavelength,
but the wavelength range of detected Raman light is typi-
cally smaller than that in fluorescence spectroscopy. De-
tected Raman spectra are also subject to the effect of light
absorption and scattering,

Instrumentation

A general schematic of a fiber-optic optical spectroscopy
system for point measurements' ' is shown in Figure 1.
This system consists of a light source (a white light source
or laser), a dispersing element or band-pass filter for selec-
tion of illumination wavelengths, a conduit for delivery of
illumination light and collection of emitted light, a dispers-
ing element or band pass filter for selection of emission
wavelengths, and a single-channel or multi-channel detector
for measurement of signal intensities at the wavelengths of
interest.

The fiber-optic probe is often used as the conduit for
delivery of illuminating light and collection of emitted
lightM. A fiber-optic probe is usually a metal cylindrical
tube with one or multiple optical fibers assembled in it.
Some fibers are used for delivering light onto the tissue
surface; the same fibers or other fibers depending on the
probe design are used for collecting light emanating from
the tissue sutface.

In diffuse reflectance spectroscopy and fluorescence
spectroscopy, a white light source such as xenon lamp is
frequently used to provide a large range of wavelengths.
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Category of Endogenous Peak excitation- Primary
fluorophores fluorophores emission wavelength tissue

pair (nm) location

Structural protein Collagen 325-400 Stroma
Electron carrier FAD 450-535 Cells
NADH 351-460 Cells

Amino acid Tryptophan 280-350 Proteins

FAD: Flavin adenine dinucleotide; NADH: Reduced nicotinamide adenine
dinucleotide.

Various lasers can also be used when the excitation light
with high power is needed. The dispersing element for il-
lumination is typically a monochromator and sometimes
there is no dispersing element which is called broadband
llumination. The dispersing element for detection can be
a monochromator, which is often followed by a single-
channel detector such as a photomultiplier tube (PMT).
Alternatively, the dispersing element can be a spectrograph,
which is followed by a multi-channel detector such as a
charge coupled device (CCD). This configuration enables
rapid measurements of optical spectra, but frequently at the
cost of lower sensitivity to light at certain wavelengths as
compared to the configuration of single-channel detectors.

In Raman spectroscopy, the excitation light is typically
provided by a high power laser because of weak Raman
signals. A laser line filter, which transmits laser light while
suppressing ambient light, is frequently used to clean ex-
citation light. In the detection module, a long pass filter
is used to remove excitation light. Then a spectrograph
disperses Raman light of various wavelengths at differ-
ent spatial locations, which are then mapped onto a CCD
to achieve rapid measurements. The laser line filter and
the long pass filter could be mounted at the tip of the il-
lumination fibers and the detector fibers in the probe to
reduce the background Raman signal from fibers.

OPTICAL SPECTROSCOPY TECHNIQUES
IN CLINICAL CANCER DIAGNOSIS

While optical spectroscopy may play an important role in
many aspects of clinical cancer management such as cancer
screening in the breast' ", cervix"™"”, oral Cavity[zo], and
treatment planning and monitoring in the brain®", breast™”
and the prostate™, emphasis will be placed on cancer di-
agnosis due to the following reasons: First, cancer diagnosis
appears to be the most frequently cited goal in relevant pub-
lications. Second, the optical techniques developed for can-
cer diagnosis are in general also applicable to cancer screen-
ing and treatment planning as well as outcome evaluation.
In this literature review, the preference will be given
to in vive clinical studies. Ex vivo ot in vitro studies are
sometimes mentioned to highlight specific applications.
No preclinical studies will be included. The review will be
organized in terms of organ sites, which cover the brain,
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breast, cervix, lung, stomach, colon, prostate and the skin.
For each organ site, a brief description of the state of the
art is presented, followed by representative studies.

Brain

Diftuse reflectance spectroscopy in the near infra-red (NIR)
spectrum, sometimes named NIR spectroscopy, has at-
tracted much attention in brain imaging since the 1990s,
because of the relatively large penetration depth of NIR
light. It was found feasible to detect brain activities through
intact skulls”™ especially in children. The major physiologi-
cal parameters extracted from NIR spectroscopy include
total hemoglobin concentration and tissue oxygenation. Be-
cause of weak scattering in this range, light transport in this
region can be described by an analytical expression, i.e. dif-
fuse theory, which greatly facilitates data analysis. This tech-
nique is frequently used in an imaging modality, i.e. diffuse
optical tomography (DOT). Multiple detectors are used to
reconstruct three-dimensional images of cerebral hemody-
namics. For a review of DOT imaging in the brain, please
refer to Jacobs et al™® | Gibson et a”", and Huppert ¢ al.
However, because most brain cancers in an intact skull are
not within the reach of light, this technique is less studied
in clinical oncology.

Diffuse reflectance spectroscopy in the visible spec-
trum and fluorescence spectroscopy have been studied in
tumor margin assessment or tissue characterization during
neurosurgery procedures. Compared to NIR spectroscopy,
diffuse reflectance spectroscopy in the visible spectrum
and fluorescence spectroscopy possess higher chemical
sensitivity. The problem of small penetration depth as-
sociated with ultraviolet and visible light is no longer an
issue during surgery, which opens a new venue to apply
optical spectroscopy in brain cancer management. For a
review on the neuro-oncological applications of optical
spectroscopy, please refer to Toms e# al”. A few represen-
tative studies were briefly reviewed below:.

Lin ef a/™ investigated the applicability of combined
autofluorescence and diffuse-reflectance spectroscopy for
intraoperative detection of infiltrating tumor margins (I'TM)
in a pilot iz vivo clinical trial consisting of 26 brain tumor
patients. A two-step empirical discrimination algorithm
yielded a sensitivity and specificity of 100% and 76%, re-
spectively, in differentiating I'TM from normal brain tissues.

Antonsson ¢ al”" investigated the use of diffuse reflec-
tance spectroscopy for differentiating tissue types to im-
prove intracerebral guidance during deep brain stimulation.
Diffuse reflectance spectroscopy measurements in 10 pa-
tients were recorded for three different functional targets
including the subthalamic nucleus (STN), internal globus
pallidus (GPi) and zona incerta (Zi). Significant intensity
differences between white and gray matter were found to
be at least 14% (P < 0.05) and 20% (P < 0.0001) for MRI
and spectral-sorted data, respectively.

Lin e a/™ further investigated the feasibility of using
diffuse reflectance and fluorescence spectroscopy to dif-
ferentiate pediatric neoplastic and epileptogenic brain from
normal brain in an 7z vitro study. Statistically significant
differences (P < 0.01) were found between (1) neoplastic
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brain and normal gray matter; (2) epileptogenic brain and
normal gray matter; and (3) neoplastic brain and normal
white mattet.

Krafft et al explored the use of Raman spectroscop-
ic mapping for distinguishing between normal brain tissue
and gliomas and meningiomas. Ex vivo tissues were ex-
amined by a Raman spectrometer with 785 nm excitation
coupled to a microscope. Normal brain tissue was found
to contain higher levels of lipids, intracranial tumors have
more hemoglobin and lower lipid to protein ratios, me-
ningiomas contain more collagen with maximum collagen
content in normal meninges.

Breast

Breast cancer is perhaps the most extensively studied cancer
in the community of biomedical optics. Optical spectrosco-
py techniques have been explored in a variety of forms in
breast cancer diagnosis, including non-invasive breast can-
cer imaging, tumor characterization for margin assessment
during breast surgery and “optical biopsy” measurements
in needle biopsy or fine needle aspiration procedures.

Non-invasive breast cancer imaging can be performed
in diffuse optical tomographym’asl or diffuse reflectance
spectroscopy often in the frequency domain'**", Multiple
wavelengths are used to achieve spectroscopic measure-
ments and provide functional images of the breast, which
include hemoglobin concentration, oxygen saturation, water
and lipid content as well as scattering properties. Although
this approach sounds attractive, it suffers from low spatial
resolution due to multiple light scattering, To tackle this
problem, other imaging modalities such as CT and MRI
were proposed to provide anatomical images at a high spa-
tial resolution” " which is incorporated into the DOT
reconstruction algorithm to combine with the functional
images obtained in DOT. Because of the advantage in the
signal to noise ratio, optical equipment in the frequency
domain is preferred in many cases. For a more detailed
review of this technique, please refer to publicationsm”’ 1,
Shah ¢ a/*” and Tromberg e al'” have provided excellent
discussion on the potential roles of optical spectroscopy in
the clinical management of breast cancer.

Tumor margin assessment during open surgery us-
ing optical spectroscopy has been reported by several
groups" ™ as summarized in Table 3. It is worth noting
that the accuracy changes with the classification algo-
rithm!" which suggests the importance of selecting ap-
propriate data analysis methods. There is a special case'
in which Raman spectroscopy detected a grossly invisible
cancer that was confirmed by pathologic review. This
finding gave the patient a chance for a second surgical
procedure to prevent the recurrence of cancer.

All these previous studies demonstrated that opti-
cal spectroscopy could be used in a real-time fashion to
guide tissue excision during breast surgery, potentially
to reduce the need for repeated surgery resulting from
positive margins, and thereby reducing the recurrence
rate of breast cancer following mastectomy surgery.

Needle biopsy has become another popular carrier
of fiber-optic probes for performing optical spectros-
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Author Techniques Patient population Accuracy

Bigio et al*" Elastic-scattering spectroscopy (a special 31 women, a total of 72 histology sites  Sensitivities of 69% and specificities of 85% for
diffuse reflectance spectroscopy) in breast tissue breast tissue

Haka et al*” Raman spectroscopy 9 patients undergoing partial Accuracy of 100% for carcinoma; accuracy of

mastectomy procedures

Ramanujam et al*”’ Diffuse reflectance spectroscopy in
spectral imaging

Keller et al™" Autofluorescence and diffuse reflectance

spectroscopy and spectral imaging

55 margins in 48 patients.

145 normal spectra were obtained from
28 patients, and 34 tumor spectra were

93.3% for distinguishing cancerous from normal
and benign tissues

Sensitivity of 79% and specificity of 67% for
detection of residual tumor, with an 89%
sensitivity for ductal carcinoma in situ alone
Differentiate normal tissue or tumor with 85%
sensitivity and 96% specificity

obtained from 12 patients

copy, which is technically called “optical biopsy”. The
advantages of “optical biopsy” compared to physical
biopsy are not only non-invasiveness and high accuracy
but also an increased sensing tissue volume, which could
greatly reduce the chance of missing hidden cancer sites.
Manoharan ef a/* petformed an eatly study to picture the
possibility of incorporating Raman spectroscopy into a
biopsy needle for breast cancer examination. Bigio ez al*"
performed transdermal-needle measurement using elastic
scattering spectroscopy for instant diagnosis with minimal
invasiveness for breast tissue examination. The accuracy of
transdermal-needle measurements combined with spectral
measurements in open surgery is reported in Table 3.

van Veen et al™” performed differential path-length
spectroscopy (DPS), which is essentially a type of diffuse
reflectance spectroscopy, on healthy and malignant breast
tissue using a fiber-optic needle probe. A special tissue
model was used to yield information on the local tissue
blood content, the local blood oxygenation, the average
micro-vessel diameter, the beta-carotene concentration
and the scatter slope. The histological outcome of core-
needle biopsies taken from the same location was used as
the gold standard. Malignant breast tissue has a smaller
tissue oxygenation and a higher blood content compared
to normal breast tissue.

Yu et al'” developed a side-firing fiber-optic sensor
based on near-infrared spectroscopy for guiding core nee-
dle biopsy diagnosis of breast cancer. The sensor is insert-
ed into a core biopsy needle to measure diffuse reflectance
spectra in the NIR spectrum at the biopsy site through an
aperture on the needle before the tissue is removed for his-
tology. Preliminary 7z vivo measurements were performed
on 10 normal or benign breast tissues from 5 women un-
dergoing stereo- or ultrasound-guided core needle biopsy
and showed good correlation with histopathology.

Zhu et a™ explored the use of fluorescence spectros-
copy for guiding breast biopsies. A total of 121 biopsy
samples with accompanying histological diagnosis were
obtained clinically. The statistical data analysis provided
a cross-validated sensitivity and specificity of up to 81%
and 87%, respectively, for discrimination between ma-
lignant and fibrous/benign samples, and up to 81% and
81%, respectively, for discriminating between malignant
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and adipose samples. The corresponding receiver operator
curves (ROC) yielded an area under the curve (AUC) of
0.87 and 0.84 in two cases. It is noted that ROC is a graph
of sensitivity against (1-specificity) and the AUC is an in-
dicator of the diagnostic performance.

In these applications, quantitative methods have been
developed in all optical spectroscopy techniques, which
provide extra information to elucidate the biochemical ba-
sis of carcinogenesis in the breast in addition to its use for
diagnosis. For instance, diffuse reflectance spectroscopy
has been used to derive vascular oxygenation and total he-
moglobin content in breast cancer™. Raman spectroscopy
was used to derive information on cholesterol-like lipid
deposits, fat, collagen, and cell nucleus/ cytoplasmm]

Cervix
Because of relatively easy access to the cervix, numerous
studies' """ have been reported on the 7# vivo diagnostics
of cervical neoplasia. Cardenas-Turanzas ez a/™ presented
an excellent review on the clinical effectiveness of diffuse
reflectance and fluorescence spectroscopy for the 7 vivo
diagnosis of cervical intraepithelial neoplasia. According
to this review, optical spectroscopy showed a similar per-
formance to colposcopy and can be an effective adjunct to
colposcopy to help localize lesions. It also has potential use
in cervical screening or to triage patients on Pap smear.
The following review papets may also be helpful. Mu-
rali Krishna ez a/”" provided a brief overview on the opti-
cal spectroscopic approach to cervical cancer diagnosis
as well as on radiation therapy and radiation resistance.
Bazant-Hegemark ez /™ reviewed several tools capable of
non-destructive mapping of the cervix at high resolution
in a clinical environment including infrared spectroscopy
and Raman spectroscopy in terms of clinical performance
for diagnosis. Drezek et al” presented an overview of
various optical techniques including optical spectroscopy
for the detection of precancerous lesions in the uterine
cervix presented at the Second International Conference
on Cervical Cancer. This review strong recommends the
use of the Littenberg method for assessing new tech-
niques to ensure that better technologies will stand out.
Several studies reported on the quantification of phys-
iological parameters based on measured optical spectra,
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which provided insight into the development of cervical
dysplasia at various stages. Chang e¢# al” used an analyt-
cal model to estimate the contributions of several optical
biomarkers by analyzing spectra from diffuse reflectance
spectroscopy and fluorescence spectroscopy measure-
ments. The model was applied to 493 iz vivo fluorescence
measurements of cervical tissue acquired from 292 pa-
tients. The results show an increase in epithelial flavin ad-
enine dinucleotide (FAD) fluorescence, a decrease in epi-
thelial keratin fluorescence, an increase in epithelial light
scattering, a decrease in stromal collagen fluorescence, and
an increase in stromal hemoglobin light absorption in dys-
plastic tissue compared to normal tissue. These changes
likely reflect an increase in the metabolic activity and loss
of differentiation of epithelial dysplastic cells, and stromal
angiogenesis associated with dysplasia.

Chang ef al™” assessed the capability of a diffuse reflec-
tance spectroscopy technique to identify contrasts in opti-
cal biomarkers at different grades of cervical intraepithe-
lial neoplasia (CIN) using a numerical model. In a total of
89 sites examined in 38 patients, there were 46 squamous
normal sites, 18 CIN 1 sites, and 15 CIN 2(+) sites. Total
hemoglobin was statistically higher in CIN 2(+) compared
with normal and CIN 1 sites, which was attributed to stro-
mal angiogenesis. Scattering was significantly reduced in
CIN 1 and CIN 2(+) compared with normal sites, which
was attributed to breakdown of the collagen network in
the cervical stroma.

Lung

Typical optical spectroscopy equipment can be readily used
for characterization of tissue biopsies from the lung[57’59].
Huang e7 al” used a near-infrared (NIR) Raman spec-
troscopy system at 785 nm excitation to measure bron-
chial tissue specimens including 12 normal specimens, 10
squamous cell carcinoma (SCC) and 6 adenocarcinoma
specimens obtained from 10 patients. They demonstrated
that Raman spectra differed significantly between normal
and malignant tumor tissue, with tumors showing higher
percentage signals for nucleic acid, tryptophan and phe-
nylalanine and lower percentage signals for phospholipids,
proline and valine, compared to normal tissue.

Yamazaki et al™® constructed a near-infrared multi-
channel Raman system with an excitation wavelength at
1064 nm. They collected a total of 210 Raman spectra.
The resulting sensitivity of cancer prediction was up to
91% and the specificity was 97% with an error margin
of P < 0.0001 according to Fisher’s exact test.

Aerts ef al”” successfully related HIF1a, which is one
of the hypoxia-related proteins, to iz vivo spectroscopic
measurements of tumor blood saturation performed
during bronchoscopy in 17 tissue samples. There was a
significant difference in the spectroscopically determined
saturations between the biopsies with negative expres-
sion of HIF1a and the biopsies with positive expression
of HIF1a (P < 0.005).

Optical spectroscopy can also be incorporated into a
commercial endoscopy system to perform 7z vivo exami-
nations of the lung. Zeng e al® developed an integrated
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endoscopy system for simultaneous imaging and spectros-
copy to detect early lung cancers. Zeng e/ al™ proposed to
use autofluorescence imaging and white light reflectance
imaging to obtain high diagnostic sensitivity, while at the
same time using non-contact point reflectance/fluores-
cence spectroscopy to reduce false positive biopsies. A pi-
lot clinical study involving 22 lung patients demonstrated
that the malignant lung lesions can be differentiated from
the benign lesions using this system with a sensitivity and
specificity of more than 80%.

Stomach

Numerous studies have reported on the examination of
ex vivo stomach tissue samples using optical spectroscopy.
Kawabata ¢t al*” performed Raman spectroscopy mea-
surements on 251 fresh biopsy specimens obtained from
49 gastric cancer patients. Fresh specimens were measured
with an excitation wavelength of 1064 nm. A sensitivity of
66%, a specificity of 73%, and an overall accuracy of 70%
were achieved for the differentiation of gastric carcinoma
from normal mucosa. Teh e @/’ applied neat-infrared
(NIR) Raman spectroscopy at 785-nm excitation in a total
of 73 gastric tissue samples (55 normal, 18 cancer) from
53 patients. The predictive sensitivity and specificity of
the independent validation dataset were 88.9% and 92.9%,
respectively, for separating cancer from normal samples.

Given the high chemical specificity of Raman spec-
troscopy, it can be used to find the source of Raman
signals contributing to cancer diagnosis. Teh ez al* mea-
sured Raman spectra of 88 gastric tissue samples from
56 patients. Significant differences in Raman spectra were
observed among normal, Helicobacter pylori infection (Hp-
infection) and intestinal metaplasia (IM) gastric tissue,
which were attributed to proteins, lipids and porphyrin.
Data analysis yielded diagnostic sensitivities of 91.7%,
80.0%, and 80.0%, and specificities of 80.0%, 100%, and
92.7%, respectively, for the classification of normal, Hp-
infection and IM gastric tissues. Raman spectroscopy has
also been used in the early diagnosis and typing of intes-
tinal and diffuse adenocarcinoma of the stomach'®, in
which predictive accuracies of 88%, 92% and 94% were
achieved for normal stomach, and intestinal- and diffuse-
type gastric adenocarcinomas, respectively.

Optical spectroscopy has been incorporated into endos-
copy systems for 7z vivo measurements of stomach cancer.
Mayinger ef al* evaluated light-induced autofluorescence
spectroscopy in a commercial endoscopy system for the 7
vivo diagnosis of gastric cancer. A total of 15 patients with
pure adenocarcinoma and 16 patients with gastric cancer
containing signet-ring cells were recruited into the study. A
sensitivity of 84% and a specificity of 87% were obtained
for the diagnosis of pure adenocarcinoma of the stomach.
The diagnostic performance was found to decrease with
increasing numbers of signet-ring cells and tumor grade.

Colon

Some optical spectroscopy techniques such as diffuse re-
flectance spectroscopy have been incorporated into colo-
noscopyl@J or flexible sigmoidoscopylbSJ to perform i vive
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measurements. Dhar ez o/ assessed the diagnostic poten-
tial of elastic scattering spectroscopy, which is essentially a
particular type of diffuse reflectance spectroscopy, in colo-
noscopy to differentiate abnormal colon tissues 7 vivo. A
total of 483 spectra (290 normal, 19 hyperplastic, 69 adeno-
matous polyps, 74 chronic colitis, and 31 colorectal cancer)
were obtained from 138 sites in 45 patients at colonoscopy.
The sensitivity and specificity of differentiating adenomas
from hyperplastic polyps, cancer from adenomatous polyps,
colitis from normal tissue, dysplastic mucosa (from polyps)
from colitis were 84% and 84%, 80% and 75%, 77% and
82%, 85% and 88%, respectively.

Zonios et al™” first analyzed diffuse reflectance spectra
collected from adenomatous colon polyps and normal co-
lonic mucosa of patients undergoing colonoscopy to esti-
mate the following four parameters: hemoglobin concentra-
tion, hemoglobin oxygen saturation, effective scatterer den-
sity, and effective scatterer size. It was obsetved that normal
and adenomatous tissue sites exhibited differences in he-
moglobin concentration and effective scatterer size, which
were in agreement with other studies that employed stan-
dard methods. A similar method was used by Wang ez al””
to quantify total hemoglobin concentration (THC) and oxy-
gen saturation (StO2) i vivo in 27 patients with colorectal
cancer (CRC). Increased hemoglobin concentration and
decreased oxygenation were observed from normal sites to
premalignant tissues and then to malignant tissues.

Roy ez al™ incorporated polarization-gated spectrosco-
py into flexible sigmoidoscopy to detect an eatly increase
in blood supply (EIBS) in the endoscopically normal
rectum (7 = 366). The rectal mucosal oxyhemoglobin
content in females with advanced proximal neoplasia (z =
10) was significantly higher than that in the control group.
It is worth noting that the addition of rectal oxyhemo-
globin information dramatically increased the sensitivity
to advanced neoplasia compared to flexible sigmoidos-
copy alone. The sensitivity and specificity were 100% and
76.8%, respectively.

The research in Raman spectroscopy has been mostly
limited to ex vivo studies likely due to the technical difficulty
in obtaining Raman spectra at a reasonable signal to noise
ratio. Stone ¢f al’" carried out Raman measurements for
optical diagnostics in various organs including colon using
an optimized commercial Raman microspectrometer. Both
the sensitivity and the specificity were greater than 90%
for all tissues. Widjaja e al™ combined near-infrared (NIR)
Raman spectroscopy at 785 nm excitation with support
vector machines (SVM) for the classification of different
histopathological groups in colon tissues. A total of 105
colonic tissue specimens from 59 patients including 41
normal, 18 hyperplastic polyps and 46 adenocarcinomas
wete included in this study. The tesults showed that the
maximum overall diagnostic accuracy ranged from 98.4%
to 99.9%. Beljebbar ez al™ used near-infrared Raman mi-
crospectroscopic imaging to investigate the changes in
composition from normal colonic tissues to adenocarci-
noma ex pive. Multivariate statistical analysis was applied to
the Raman spectra to identify the molecular composition
and distribution of lipids, proteins, mucus and collagens in
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normal and malignant tissue. The results matched those of
conventional histopathological examination.

Blood plasma has been also used as samples for opti-
cal measurements. Fluorescence spectroscopy in blood
has been exploited by Lualdi ez 2/™ to diagnose colorectal
cancer. The study involved 341 subjects including 169
normal blood donors. Plasma fluorescence spectrum was
measured in all subjects. The fluorescence emission peak
around 615-635 nm was assigned to endogenous porphy-
rin. The peak intensity was significantly different between
patients bearing colorectal cancer and normal blood do-
nots. The ROC analysis resulted in an area under the curve
of 0.72, close to that reported for the carcinoembryonic
antigen (CEA) test, which suggests that this method could
be a cost effective alternative screening test to CEA.

Dekker ¢f a/”™ and Wallace ez al™ reviewed recent ad-
vances in colonic imaging, which included various optical
imaging techniques. Many of these optical imaging tech-
niques, such as fluorescence imaging and narrow-band
imaging, are essentially the extension of optical spectros-
copy techniques, in which only the data at a few discrete
wavelengths are acquired at many pixels. Moglia ez al™ te-
viewed another exciting 7/ vivo imaging technique, capsule
endoscopy, which enables remote diagnostic inspection of
the gastrointestinal tract without sedation and with mini-
mal discomfort.

Prostate

Various optical spectroscopy techniques have been ex-
plored for the study of ex viwo prostatic tissue samples,
and these have provided the basis for future 7 vivo studies.
Because the prostate is a solid organ and light typically
cannot penetrate the whole organ, optical spectroscopy
techniques would have to be incorporated into biopsy
needles or applied during prostatectomy to be useful.
Sharma ez a/” reported the development of a needle like,
bifurcated, fiber-optic probe for diffuse reflectance spec-
troscopy measurements in human prostate cancer. The
results from 23 prostate specimens demonstrate that the
derived hemodynamic parameters and optical properties
can serve as good biomarkers to differentiate tumor tissue
from normal tissue in the human prostate.

Crow ¢t al” employed a fiber-optic Raman system to
differentiate between benign and malignant bladder and
prostate pathologic findings 77 vitro, in which a total of
197 Raman spectra were recorded from 38 snap-frozen
prostate samples collected at transurethral resection of
the prostate. An overall accuracy of 86% was reported
for differentiation of benign prostatic hyperplasia and
prostatitis from prostate cancet.

The combination of multiple complementary tech-
niques has been reported to improve prostate cancer
detection. Salomon e a/™”" combined laser-induced auto-
fluorescence, white-light remission, and high-frequency
impedance spectroscopy in an ex zipo study. Ninety-five
frozen tissue samples from 32 patients undergoing radi-
cal prostatectomy for clinically localized prostate cancer
were thawed for data acquisition. The statistical analysis
of laser-induced autofluorescence and white-light remis-
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sion data demonstrated a differentiation of benign and
malignant prostate tissue with a sensitivity of 87.5% and
a specificity of 87.3%. By adding the acquired high-fre-
quency impedance data to the statistical analysis, sensi-
tivity and specificity were increased to 93.8% and 92.4%.

Interstitial photodynamic therapy (PDT) in prostate
cancer has been intensively studied. This therapy is pat-
ticulatly suited to the prostate because of its capability of
precise delivery of light dosage and minimum damage to
surrounding vital organs. Optical spectroscopy techniques
have been shown to be valuable in monitoring relevant
light and tissue parameters for the optimization of PDT
outcome. Zhu ¢t al™ quantified the distribution of light
fluence rate, optical properties, drug concentration, and
tissue oxygenation for PDT of prostate cancer using dif-
fuse reflectance spectroscopy and fluorescence spectros-
copy before and after PDT treatment. This study shows
significant inter- and intra-prostatic variations in tissue op-
tical properties and drug distribution, which suggests that
a real-time dosimetry measurement and feedback system
is needed for monitoring these values during treatment to
ensure the outcome.

Yu et al™ reported the development of an optical sys-
tem, combining diffuse reflectance spectroscopy (DRS)
for measurement of tumor blood oxygenation and dif-
fuse correlation spectroscopy (DCS) for measurement of
tumor blood flow and its application in real time clinical
monitoring during interstitial prostate PDT, which was
tested on three patients. Prostrate blood oxygen saturation
(StO2) was found to decrease only slightly (approximately
3%, after treatment. Prostate blood flow and total hemo-
globin concentration over the course of PDT decreased
by 50% and 15%, respectively. Johansson ez al® developed
an instrument for interstitiall PDT on prostate tissue that
combines therapeutic light delivery and monitoring of
light transmission. They demonstrated this using a system
to obtain data on the light distribution within the target
tissue and to provide real time treatment feedback based
on a light dose threshold model for PDT.

Fluorescence spectroscopy was used by Zaak ef a/*”
to study the feasibility of 5-aminolevulinic-acid (5-ALA)-
induced photodynamic diagnosis (PDD) for margin evalua-
tion during radical prostatectomy (RP) in patients with pros-
tate cancer. Eight out of ten patients demonstrated negative
margins and one positive margin in fluorescence measure-
ments, which were confirmed by histology. One positive
margin in fluorescence measurements was not confirmed.

A few review articles may help interested readers to
learn more about optical spectroscopy in prostate cancer
management. Hanchanale ¢/ /" reviewed the use of Raman
spectroscopy in urological applications including margin as-
sessment during prostatectomy. Manyak e# al™ reviewed the
advance of medical imaging for prostate cancer including
optical techniques such as hyperspectral spectroscopy.

Skin

Because of easy accessibility, skin cancer has been exten-
sively studied in the past two decades both ex vivo and in
vivo. The papers reviewed next were all 7z vivo studies to
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highlight the most recent progress. Zonios et al®* devel-
oped a method for estimating the absorption spectra of
melanin 7z vivo based on diffuse reflectance spectroscopy of
human skin. They found that the histologic transition from
dysplastic nevi to melanoma 7 sit# and then to malignant
melanoma was reflected in the melanin absorption spectra.

Marchesini ez a/”” attempted to determine the role
of melanin in the various steps of progression of mela-
nocytic neoplasia using diffuse reflectance spectroscopy.
They examined 288 melanomas in different phases of
progression, i.e. i sitn, horizontal and vertical growth
phase invasive melanomas, 424 dysplastic nevi, and 957
melanocytic lesions. The absorbance spectra in the dif-
ferent groups showed that melanin level was correlated
with the progression from dysplastic nevi to vertical
growth phase melanomas. In addition, it was observed
that iz vivo diffuse reflectance spectroscopy can be used
to differentiate eumelanin and pheomelanin in lesions.

Sterenborg ez al™ examined the feasibility of using
in vivo autofluorescence at an excitation wavelength of
375 nm for the diagnosis of skin cancer in 1995. They
did not observe any significant differences in the shape
of fluorescence spectra or spatial distribution of fluores-
cence intensity between tumors and the corresponding
control sites, which was likely due to the choice of the
excitation wavelength.

As technology has advanced since then, several groups
have reported the effective diagnosis of skin cancer using
fluorescence spectroscopy. Brancaleon ¢ al® examined the
autofluorescence of normal skin and nonmelanoma skin
cancers (NMSC) 7n vivo excited by UV light in 18 patients.
They observed that the endogenous fluorescence due to
tryptophan residues in both basal cell carcinomas (BCC)
and squamous cell carcinomas (SCC) was stronger than
in normal tissue, probably due to epidermal thickening
and/or hyperproliferation. In contrast, the fluorescence
intensity associated with dermal collagen crosslinks was
generally lower in tumors than in the surrounding normal
tissue, probably because of degradation or erosion of the
connective tissue due to enzymes released by the tumor.

Panjehpour ¢f /™ used laser-induced fluorescence spec-
troscopy at the visible excitation wavelength of 410 nm
to detect NMSC i vivo. Two hundred and seventy nine
measurements were performed in 49 patients. Patients
were classified as having either skin types I, I, or III.
Cancers were classified correctly in 93%, 89%, and 78%
of patients with skin types I, II, and 1IIl, respectively.
Normal tissues wete classified correctly in 93%, 88%, and
50% of patients with skin types I, II, and IIl, respectively.
Using the same threshold, pre-cancerous spectra were
classified correctly in 78% and 100% of patients with skin
types I and 1II, respectively. Benign lesions were classified
correctly in 100%, 46%, and 27% of patients with skin
types I, I, and IIl, respectively.

In contrast to UV or visible excitation in conven-
tional fluorescence spectroscopy, Han e al’” developed
an NIR autofluorescence and reflectance imaging system
excited at 785 nm aiming to characterize cutaneous mel-
anins iz vivo. Their preliminary results show that cutane-
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ous melanin in pigmented skin disorders emits higher
NIR autofluorescence than surrounding normal tissue.
Because NIR light penetrates deeper in the skin, this
technique is expected to examine a larger volume of the
skin tissue, which may be useful for clinical evaluation
and diagnosis of pigmented skin lesions.

Raman spectroscopy also appears to be an effective
optical technique for skin cancer diagnosis. Lieber ¢# al”
used a portable confocal Raman system to measure Ra-
man spectra from 21 suspected NMSC in 19 patients. A
100% (21/21) sensitivity and 91% (19/21) specificity for
abnormality, with a 95% (40/42) overall classification ac-
curacy were achieved.

Zhao et al” reported the development of a rapid
real-time Raman spectrometer system with measurement
times of less than 1 s in a preliminary study. In total,
289 skin cancers and benign skin lesions were measured.
Skin cancers could be well differentiated from benign
skin lesions (sensitivity 91% and specificity 75%) and
malignant melanoma from benign pigmented lesions
(sensitivity 97% and specificity 78%).

For a review on the application of Raman spectroscopy
in skin cancer, please refer to Eikje e# al’™ which includes
a survey of introduced sampling methods for IR and Ra-
man spectroscopy in dermatology, and describes the differ-
ences between microscopic, macroscopic and fiber-optic
measurements of skin cancer. The authors are optimistic
about the potential role of vibrational spectroscopy in-
cluding Raman spectroscopy as a rapid screening tool in
dermatology. Krafft ez al™ also reviewed the application
of Raman spectroscopy in the recognition of a variety of
diseases including skin tumors. Mogensen e al” reviewed
the diagnostic accuracy of nonmelanoma skin cancer diag-
nostic tests and technologies including optical spectroscopy
techniques such as spectroscopy and fluorescence imaging,
They pointed out the need for larger scale trials despite the
promising diagnostic accuracy using optical techniques.

PRACTICAL CONSIDERATIONS OF
APPLYING OPTICAL SPECTROSCOPY
IN CLINICAL SETTINGS AND
COMMERCIALLY AVAILABLE CLINICAL
EQUIPMENT

Limiting factors

Multiple factors can affect the feasibility and acceptance
of applying optical spectroscopy techniques in clinical
oncology. The following factors are particularly impoz-
tant from the authot’s point of view.

Speed of data acquisition and analysis: Ideally real
time data acquisition and analysis is desired. The time of
data acquisition depends on the amount of required data
and the signal-to-noise ratio. In diffuse reflectance spec-
troscopy and fluorescence spectroscopy, the signal-to-
noise ratio is typically not an issue, thus, real time or nearly
real time measurements could be readily achieved”™.
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Real time 7z vivo measurements in Raman spectroscopy
. . . 99,100 -
have been achieved in the skin first”'"", and recently in
. . 101 .
the endoscopic settmg[ I enabled by the advances in ultra

sensitive detectors.

Cost of equipment and maintenance: The equipment
for in vive diffuse reflectance spectroscopy is relatively
cheap because of the advances in white light sources and
compact spectrometets. Fluorescence spectroscopy used
to require a large investment in relation to its equipment
due to the fact that it needs a strong laser in the UV or vis-
ible range to excite fluorescence. This cost has decreased
quite significantly due to the emergence of new narrow
band light sources such as LEDsf. However, if a range
of excitation wavelengths and high sensitivity are needed,
a traditional fluorescence spectrophotometer, which uses
monochromators for wavelength selection, would still
possess advantages, for which the size and cost could go
up quickly. The cost of a Raman system is in general the
most expensive of these three techniques because of the
strict requirement on the wavelength purity of the excita-
tion light and on the sensitivity of the detection module.
The required maintenance of systems is minimal in all
three techniques, although the calibrations of wavelength
accuracy and system throughput should be performed
regularly to ensure the accuracy of measured spectra.

Complexity of operation: The equipment operation is
straightforward in those commercial systems for all three
techniques. Currently, most data analysis algorithms
employ multivariate statistical methods to yield a yes/no
answer on whether a given sample contains cancer at
a certain stage. This information could reinforce the
result of the corresponding standard clinical procedure
when they agree with each other or remind physicians to
double check the sample when they disagree.

Accuracy: Although most studies in the optical diagnosis
of cancer have reported high accuracy, there is a large
variation in the exact values of accuracy even for the same
type of cancer. The potential contributing factors to this
situation include differences in the equipment, laser and
detector configuration, data analysis algorithms and mea-
surement protocols in addition to inherent inter-patient
variation. For this reason, it is necessary for the scientific
community to standardize the measurement protocols
and other controllable factors that may affect diagnostic
accuracy, which would help yield consistent results in the
diagnostic accuracy of optical techniques. Such consensus
should greatly facilitate the acceptance of optical spec-
troscopy techniques by the medical community.

Clinical value added to the curtrent clinical procedure:
It is imperative to convince physicians that optical spec-
troscopy techniques can add extra value to clinical cancer
management for them to accept the techniques. This
would require comparative clinical studies that directly
compare the clinical performance of standard procedures
and that of revised procedures in which optical spec-
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troscopy techniques are incorporated. Such studies will
provide the evidence to demonstrate the clinical value of
optical spectroscopy added to standard procedures.

Commerecially available equipment for clinical
applications of optical spectroscopy

Several clinically approved commercial instruments based
on optical spectroscopy are available on the market. A few
examples are listed below. Tissue oximeters are commercial-
ly available and can measure tissue oxygenation in a tissue
volume, which is essentially the average contribution of all
capillaries and small blood vessels in the tissue volume right
underneath the sensor. Most tissue oximeters employ dif-
fuse reflectance spectroscopy“02’103]. Tissue measurements
are feasible only when the suspicious site is easy to access.
It should be noted that a tissue oximeter is different from a
pulse oximeter in that the former measures tissue oxygen-
ation in a local tissue region while the latter measures arte-
rial oxygen saturation. Tissue oxygenation is an important
parameter for the diagnosis of many type of cancers.

Fluorescence spectroscopy and diffuse reflectance
spectroscopy have been incorporated into a videoendosco-
py system to enhance imaging contrast in gastric cancer",
in which the number of available spectral bands are much
smaller than those in point spectroscopy measurements
due to the physical restraints in an endoscope. The disad-
vantage of a small number of spectral bands can be over-
come to some extent by a spectral imaging color enhance-
ment technique™”. In this technique, more spectral bands
are reconstructed using a specialized estimation algorithm
from the data measured in three spectral bands available in
ordinary endoscopy systems. This technique demonstrated
certain advantages under several special situations for im-
age enhancement to help visualize Barrett’s esophagus.

A commercial cervical imaging system!"" incorporating
both reflectance and fluorescence spectroscopy was app-
roved by the US Food and Drug Administration (FDA) in
March 2006. This system can be used as an adjunct tool to
improve colposcopic detection of high-grade cervical in-
traepithelial neoplasia (CIN). In two prospective random-
ized clinical trials, the addition of this system to colposco-
py resulted in a 25% or greater increase in the true positive
biopsy rate for patients with atypical squamous cell or low-
grade squamous intraepithelial lesions on Pap smear, and
only a 4% increase in the false-positive rate, compared to
those with colposcopy alone.

TECHNICAL CHALLENGES AND
STANDARD ISSUES

Technical challenges

Challenges in consistent optical coupling, speed and
data interpretation: Optical measurements are quite sen-
sitive to optical coupling, which could cause inconsistent
performance of optical techniques. Several strategies can
be used to overcome this problem. For example, a pressure
gauge could be used to monitor the pressure of probe-
tissue contact. Although it works, this strategy requires ex-
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tra effort from users and additional cost for an automated
feedback mechanism. Alternatively, the shape rather than
the absolute intensity of the spectra can be used for diag-
nosis, which would eliminate the problem of optical cou-
pling at the cost of discarding the diagnostic information
that may exist in absolute intensity measutrements.

Speed is one significant hurdle that prevents the broad
use of those optical techniques requiring a large amount
of data. While data acquisition speed can be improved
by advances in light sources and detectors, a more effec-
tive strategy is to acquire and analyze data at only a few
optimal spectral bands rather than the entire spectrum.
It turns out that this is possible for the determination of
specific biomarkers"”. For this purpose it is important
to understand the mechanism of cancer development
because it would help identify most diagnostic biomarkers
and find corresponding optimal spectral bands.

Data interpretation is another important issue that de-
serves significant attention. Currently, most data analysis
algorithms in optical spectroscopy yield a definite “yes/
no” result for a given tissue sample. This may not be the
best solution in an 7 »ivo scenatio because it excludes the
possibility of an intermediate status and could result in
artificial errors. A better choice might be to calculate the
probability for a given tissue sample to be a cancer. This
probability could be determined for all pixels in a small
area, in which the spatial context would help clinicians de-
termine the true answer.

Translation to spectral imaging and microscopic im-
aging: It seems natural for optical spectroscopy to evolve
from point measurements to spectral imaging to cover a
large field of view. Images also provide a spatial context
similar to what physicians typically see in clinical settings.
Because of time restraint, spectral imaging often contains
much fewer spectral bands, thus, could be less sensitive
to malignant changes in tissues compared to the entire
spectrum. Therefore, a combination of spectral imaging
and point measurements might be most useful, in which
spectral imaging data help locate suspicious areas, while
point spectroscopy measurements can check identified
sites in detail. This approach has been demonstrated to
be effective in an endoscopic setup[w]. The challenges in
handling a large amount of data, speeding up data acquisi-
tion and accommodating complex illumination-collection
configurations need to be addressed before spectral imag-
ing could be useful in clinical settings.

Optical spectroscopy using a fiber-optic probe ex-
amines a large tissue volume, which could result in low
sensitivity in a small target such as a small tumor. This
can be serious in Raman spectroscopy, because Raman
signals are typically low in tissue samples. Microscopic
imaging at a high spatial resolution" in an endoscopic
setup has been demonstrated, which can overcome the
above problem. In the laser scanning mode, excitation
light can be focused on a small spot to enhance the sen-
sitivity to the target area and increase emission signals.

Quantitative optical spectroscopy and imaging: Opti-
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cal spectroscopy can be used to quantify several biochemi-
cal and biophysical parameters in tissues as discussed
in this review. Light transport models such as diffusion
theory ot the Monte Carlo method wete used to relate tis-
sue optical properties to optical measurements. Moreover,
physical laws such as Beer-Lambert’s law and Mie approxi-
mation were used to link biochemical and biophysical
parameters to tissue optical properties. The resulting pa-
rameters, such as hemoglobin concentration and oxygen-
ation, the average size of scatterers ez, could be correlated
with the physiology of tissues, which provides insight into
cancer development. These parameters could also be used
for cancer diagnosis, which provides an alternative to pure
statistical classification.

Although this approach has achieved great success,
several assumptions made in this approach impose limita-
tions on the interpretation of results and its applications.
For example, most such models assume a semi-infinite ho-
mogeneous tissue model, in which the concentrations of
chromophores are distributed uniformly. The Mie approxi-
mation assumes perfectly spherical scatterers. Although the
models with these assumptions have yielded meaningful
results, they definitely do not fully exploit all the diagnostic
information present in optical spectroscopy. Several at-
temptsm()’m] have been made to build more realistic tissue
models, for example, applying a layered tissue model in-
stead of a homogeneous tissue model or inhomogeneous
scattering particles, to further refine the techniques.

Standard issues

Establishment of standards for the evaluation of tech-
niques: It is important to establish standard methods to
evaluate new optical techniques in order to be compatible
with those established imaging techniques and be accepted
by clinical practitioners. Currently each optical technique
is evaluated by the group in which it is developed using a
somehow unique method. For optical techniques target-
ing a similar clinical application, it might be helpful for
leading groups to establish recommended standards in the
protocol of evaluation, for instance, the size of the patient
population and distribution of age and gender, the table
or plots that demonstrates representative results and the
measures of accuracy ef. These standards will facilitate
the comparison across different techniques from the point
of view of clinicians as well as colleagues in the scientific
community. Although such principles may have existed in
the phase of clinical research, the author believes that it is
worth setting up similar standards even at the early stage
of technical development for the purpose of evaluation.
These are similar to those industtial standards and aim to
maintain high quality and good reliability of scientific re-
search, which will help the technique get accepted by the
medical community at a later stage.

Compatibility of optical techniques with current pro-
cedures: It is quite clear for some optical techniques that
they cannot fulfill the requirement of assumed tasks alone.
The unique advantage of high optical contrast makes op-
tical techniques complementary to most existing imaging
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modalities. Once the capability of an optical technique
is well understood, it would be helpful to perform clini-
cal studies to decide how the optical technique could fit
into the current procedure in cancer management. Since
the current procedure typically contains the use of those
established techniques, it would be more acceptable if the
optical technique could be integrated into the established
technique and provide extra valuable information without

incurring unjustifiable cost and time commitment. Some
[16,38,111

pioneering efforts ! have been made to investigate

the complementary attributes of optical spectroscopy and
MRI in breast cancer management.

CONCLUSION

Because of its non-invasiveness and high optical con-
trast, optical spectroscopy has been intensively studied
in cancer diagnosis and has demonstrated great potential
in finding its unique role in clinical cancer management.
Some commercial instruments based on optical spectros-
copy have been approved for clinical use. It is reasonable
to anticipate that more optical spectroscopy techniques
will find their niches in clinical settings given the dra-
matic increase in the market and research in the field of
biomedical optics. Achieving this goal would require the
collaborative efforts of both the scientific community
and the medical community worldwide.
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Abstract

Existing imaging modalities for breast cancer screening,
diagnosis and therapy monitoring, namely X-ray mam-
mography and magnetic resonance imaging, have been
proven to have limitations. Diffuse optical imaging is a
set of non-invasive imaging modalities that use near-in-
frared light, which can be an alternative, if not replace-
ment, to those existing modalities. This review covers
the background knowledge, recent clinical outcome, and
future outlook of this newly emerging medical imaging
modality.
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INTRODUCTION

All women who reach a certain age are recommended to

undergo annual breast cancer screening, although policies
vary according to the country. The modality of choice for
screening is mostly X-ray mammography. However, many
clinical studies have cast doubt on its use. For women
under 40 years of age, X-ray mammography is known to
be ineffective because of the high radiographic density
of young breasts'™”. Also, the dose of radioactivity that
the patient receives every year for screening could cause
cancet, which defeats the purpose of screening, There are
other imaging modalities such as ultrasound or magnetic
resonance imaging (MRI) that can be used in addition to
X-ray mammography, but each of them has its own draw-
back™. Ultrasound has low sensitivity, especially before
the tumor becomes hardened, whereas MRI has limited
specificity and high cost of operationm. Other breast-
specific imaging modalities are also being developed, such
as breast computed tomography (bCT)™” and breast posi-
tron emission tomography (bPET)™, but their high cost
and instrumental complexity are a hindrance to general
use.

Diffuse optical imaging (DOI) is being studied exten-
sively worldwide as a possible alternative to the breast im-
aging modalities mentioned above. DOI uses a set of opti-
cal transmission measurements on various positions on the
sample surface, by which one can reconstruct a 3D map
of the inner optical properties of the sample, namely ab-
sorption and scattering coefficients. Multispectral measure-
ment using multiple wavelengths in the 650-900-nm range
makes it possible to convert the optical property maps into
the concentration maps of intrinsic absorbers, such as oxy-
hemoglobin (HbO2), deoxy-hemoglobin (Hb), water, and
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lipid. Such 3D maps of hemodynamic parameters serve as
indicators of malignant tumors, as it is known that tumor
position is strongly correlated with total hemoglobin con-
centration vz angiogenesis.

In this review, the concept of DOI is introduced, cut-
rent clinical applications are explained, and its future out-
look is presented. A detailed theory of how to model the
propagation of photons in highly scattering media and how
to reconstruct 3D images out of a finite number of surface
measurements is out of the scope of this paper, although
a few basic equations and remarks are given in the next
section. For a more comprehensive review on DOI with
detailed theory, including diffuse correlation spectroscopy
(DCS) that measures deep tissue blood flow, see the excel-
lent eatlier reviews by Choe ¢ al” (breast application only)
or Durduran ez a/"” (breast, brain and other applications).

RATIONALE

Background theory

The name DOI comes from the fact that photons propagate
through highly scattering media in a diffusive manner, and
that we are using the diffusion model for deep tissue imag-

ing. There are many variants in naming conventions: diffuse
optical spectroscopy (DOS) ot near-infrared spectroscopy
(NIRS) is used for a low number of source-detector pairs,
and diffuse optical tomography (DOT) is used when actual
3D imaging is attempted and final images are shown in to-
mographic slices. In this paper, we stick to the general term
DO to represent many variants in the literature.

The photon propagation best resembles diffusion
when absorption is much smaller than scattering (u, <<
us), and when source-detector separation is not too close.
We can regard the diffusion model for photon propaga-
tion as a simplification of a more general radiative transfer
equation in a limiting condition'"'?.

The photon diffusion equation, which is the starting
point of DOI, is described below:

V- (DVO (7.1))-vp,® (f,t)ws(;,t):@

Here D is the photon diffusion coefficient, p, is the
absorption coefficient, ® is the photon fluence rate, v
is the speed of light in the medium, and S is the source
term. This equation is identical to the classical diffusion
equation except for the presence of an absorption term.
Therefore, given the spatial distribution of D and p,, one
can calculate the fluence rate at all positions with arbitrary
precision, given the source and boundary condition. The
diffusion coefficient D is related to the reduced scattering
coefficient p by D = v/3 (u. + W), which results in D
= v/3p,' when absorption is negligible compared to scat-
tering. Note that the reduced scatteting coefficient (u,
reciprocal of transport length) is different from the scat-
tering coefficient (us, reciprocal of scattering length), but
still represents the magnitude of scattering,

When absorption () and scatteting (u,') is distributed

homogeneously, the above equation can be solved analyti-
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Figure 1 Sensitivity function of a single source-detector pair, calculated
by analytical half-space Green’s function of photon diffusion equation. The
most sensitive position appears to be the region directly below the source and
detector.

cally for such simple geometries as bulk, half-space, slab,
cylinder or even spherem. The half-space solution is espe-
cially important because many practical DOI probes are
accessing the sample from one side, either by a pair of op-
tical fibers or by free-space coupling. When half-space ge-
ometry is assumed, the sensitivity volume inside the sample
can be calculated by multiplying light fluence rate distribu-
tion from the soutce fiber with the probability distribution
of a photon’s original position that reaches the detector
fiber (Figure 1). The sensitivity volume has a banana-shape
pattern, and we can take note of several important features
of DOI from this: (1) in half-space geometry, the probing
depth of a source-detector pair is roughly one half of the
source-detector distance; (2) the sensitivity always peaks
right beneath the source and detector fiber; (3) there is a
dead volume above the banana shape to which the diffuse
optical probe is not sensitive; and (4) measurement from a
single source-detector pair can detect the overall change of
optical property within the sensitivity volume, but it does
not tell us where the change has occurred within that vol-
ume. One would need many source-detector pairs whose
sensitivity volumes partially overlap within the diffuse me-
dium, in order to attempt finer localization of the optical
property change. It suggests there has to be many source-
detector pairs to increase the resolving power of DOL.

Instrumentation

Although all diffuse optical instruments share a similar
look in terms of probe geometry, there are three different
categories in which an instrument works, namely continu-
ous wave (CW), frequency domain (FD) and time domain
(ID). The types of light source and detector are vastly
different across the category. In terms of light source, CW
uses continuous wave or low-frequency modulated laser di-
ode or light-emitting diodes, FD uses RF-modulated laser
diodes, and TD uses short-duration pulsed laser. Detectors
need to be different accordingly, because FD requires ei-
ther in-phase quadrature (IQ) demodulation or a frequen-
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Figure 2 Various types of diffuse optical imaging instruments. A: Parallel plate frequency-domain instrument from University of Pennsylvania; B: Ring-type
frequency-domain system from Dartmouth; C: Hand-held scanning system from University of California at Irvine; D: Time-domain multispectral transmission type from

ART, Canada.

cy-lowering technique (homodyne/heterodyne) for phase-
sensitive measurement, and TD requires photon-counting
detectors to obtain time-point-spread-function (TPSE).
The complexity of instruments increases towards the TD
type, but the level of information per source-detector pair
also increases accordingly. Therefore, users have to decide
on which type of DOI best suits their application.

Some examples of different breast DOI instruments
are given in Figure 2. The Yodh group in the University
of Pennsylvania has built a series of parallel plate trans-
mission geometry CW + FD instruments that acquire a
lot of data using fast CCD““SJ; the Pogue group from
Dartmouth College has developed a three-tier, ring-type,
fiber-based FD instrument"®"!| whereas the Tromberg
group from University of California, Irvine has developed
a hand-held scanning FD DOI device to be used with su-
pine position breasts' ", A Canadian company, ART, has
also developed a time-domain transmission DOI device
based on scanning fibers and photomultiplier tubes, and
clinical trials are underwaylzoj.

Image reconstruction and artifact issues

The way visual images are reconstructed from raw opti-
cal transmission data in DOI is very different from that
of MRI or X-ray CT. As opposed to those established
medical imaging modalities where an exact mathematical
relationship exists, by which one can transform the mea-
sured data into images for visualization, there has been no
consensus in the DOI community as to how we should
reconstruct diffuse optical images. This is partly because
there is no standard instrument specification shared across
institutions, but mostly because of the fact that diffuse op-
tical image reconstruction is an optimization problem solv-
ing process of an ill-posed and usually under-determined
system. In more specific terms, DOI image reconstruction
is equivalent to finding out a spatial distribution of vari-
ables that minimizes the discrepancy between experimental
measurement and calculated fluence rates. The discrepancy
can be defined as an objective function written below:

12 =D [@y= (1, (), D]

Where subscripts M and C refer to measurement and
calculation, respectively, and summation is done over all
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available source-detector pairs. Detailed forms of the
objective function can vary depending on the types of
regularization used, the types of weighting used, and also
on whether multispectral measurement is used. In order to
minimize this objective function, one normally uses itera-
tive methods to update p, and p,' distributions towards the
global minimum. Some examples of the reconstructed im-
ages are shown in Figure 3, where 3D distribution of ab-
sorption coefficients at a single wavelength is reconstruct-
ed from a breast-mimicking phantom and a real patient
breast with a malignant tumor”". The absorption contrasts
hidden in a diffuse medium is clearly seen in both cases.

Much effort has been put into developing fast, accurate,
and stable optimization algorithms with given constraints
from vatrious DOI instruments””, and hence resulted in
a plethora of DOI image reconstruction algorithms: linear
and non-linear methods, analytical and numerical meth-
ods, and line search and trust region methods. One recent
development by Konecky ez a*" in linear analytical recon-
struction is noteworthy, because it presents a way to solve
a large data problem in a fast and memory-efficient way.
When the boundary geometry of the diffuse medium has
translational or rotational symmetry (infinite slab or cylin-
der, respectively), one can find a (spatial) Fourier domain
representation of the solution of the photon diffusion
equation, and linear inversion is very efficiently carried out.
A high-resolution diffuse optical image is obtained using
this algorithm from a large data set from consecutive trans-
mission measurements from source-detector positions on
a very fine grid, and it shows even sub-centimeter struc-
tures of complex-shaped target phantoms. Although this
algorithm has limitations of being a linear reconstruction
and has limited applicable boundary geometry, it provides
a 'way to reconstruct systematically an image with relatively
few arbitrary factors to tweak, and its application in actual
breast cancer imaging is highly anticipated.

The lack of standard procedure in diffuse optical image
reconstruction makes it challenging for the beginners to
read and compare diffuse optical images correctly. No two
research groups have used the same algorithm and proto-
col, until recent endeavor among the DOI community to
standardize various algorithms into sharable packages such
as NIRFAST®? TOAST™" and PMI toolbox™. To
date, all the above software packages are available in Mat-
Lab, so that even beginners in programming can use them.
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0.163

0.046

Figure 3 Example of 3D diffuse optical imaging images. A: Silicone phantom that mimics human breast; B: Actual human breast with a malignant tumor in the upper
fight region (from Lee et a*").

the coupling coefficient values float during reconstruction,
so that the algorithm finds the best source and detector
coupling coefficients on its own™. Tt is usually difficult to
know exactly the coupling coefficient due to optical probe
contact problems (for probes in contact) and surface ir-
regularity of 7n vive samples (for non-contact probes),
therefore, it makes sense to leave them as unknowns and

Figure 4 Example of diffuse optical imaging artifacts related to source use optimization algorithms to find them.
positions. The images are single slices of 3D diffuse optical imaging (DOI)
reconstruction that is parallel and close to 9 x 5 source grid positions, (A) before

and (B) after applying the spatially dependent regularization. The target is a CLINICAL OUTCOMES

breast mimicking phantom made of silicone.

Assessing normal breast tissue properties

DOl is used in breast cancer imaging under the assumption
that there is an optical property contrast between the can-
cerous and normal tissue. Therefore, eatly studies were fo-
cused on determining optical properties of normal breasts
to serve as a baseline” ™. However, the optical properties
of normal breast tissue vary significantly depending on age,
body-mass index (BMI), breast size, and hormonal status.
Therefore, one needs to understand the relationship be-
: : ' 10 ; tween optical properties and those surrogate markers listed
source optical fibers. As explained earlier, positions right above, to apply DOI propetly in cancer imaging. The most
beneath the source and detector fibers have the highest noticeable dependency is found between total hemoglobin
sensitivity, and those volumes are updated preferentially in concentration (THC) and BMI®"***\. ‘They are inversely

No matter what package you use for diffuse optical im-
age reconstruction, there is an important issue that users
of such images should bear in mind. It is about the pos-
sible image artifact that is specific to DOI, and also about
the method of suppressing such artifacts. For example, the
first image in Figure 4 shows many highly absorbing points
that appear as a grid pattern. This happens because this
reconstructed slice is very close to a plate that holds 9 X 5

the iterative optimization process. When initial values in it- related because high BMI generally means more adipose

erative reconstruction are set to a lower value than the real tissue, which has less blood supply than glandular tissue.

average absorption coefficient, all the positions in non-sen- It should be mentioned that we still need mote systematic

sitive regions stay at the initial values, and only the points DOI studies on normal breast tissue, because most of the

within an appreciable sensitivity volume keep increasing, studies listed above are limited to Europe and North Amer-

which results in a grid-like pattern in Figure 4A. ica, and the instrument and measurement protocols are not
Inverse problem solving generally has issues of un- standardized.

wanted high-frequency noise that starts to appear with
many iterations, and researchers use regularization methods Detection and characterization of breast tumors

to suppress the image noise. One way to suppress source  The optical property contrast from endogenous chromo-
and detector position-specific noise, as shown in Figure phores (Hb, HbO», water, and lipid) has been shown to be
4A, is to use spatially dependent regularization in such significant enough to distinguish cancerous from normal
a way that high-frequency noise close to the source and tissue. The most prominent indicator for cancerous tissue

detector plane are penalized more than those points deep is high THC, as reported by most of the DOI research

inside the volume. Figure 4B shows a reconstructed image groups™*"*. The physiology behind this has to do with
. . . 29 . . . .

of the same slice after the regularization treatment™. An- angiogenesis that accompanies malignant tumor growth,

other way to suppress source and detector artifacts is to let and some groups have actually measured microvessel den-
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sities to prove it more directlym’m. Also, increase in scat-
tering coefficient has been observed in cancerous tissue,
which can be explained by rapid cell proliferation and an
increase in the number of cell organelles™ ",

Another important marker for cancer detection is
tissue oxygenation (StO2), because malignant tumor not-
mally elevates the level of oxygen metabolic rate. How-
ever, the DOI literature has contrasting reports on StO2
in cancerous tissue. A decrease of StO2 has been reported
by some groupsww], whereas no statistically significant
changes have been reported by others!”***** This dis-
crepancy could be attributable to the fact that tissue oxy-
genation differs depending on cancer stage and type.

Multiple physiological parameters show contrast be-
tween tumor and normal tissue, therefore, some groups
have proposed the use of a customized optical index to
maximize the contrast. Choe ef a/*” have proposed an opti-
cal index defined as /THC X mu'/75tOz, where r stands for
relative value. They have seen an average twofold increase
in optical index in 41 malignant tumor cases. It is hard to
apply this optical index to general DOI data, because that
clinical result was based on a unique parallel-plate CW/RF
hybrid DOT instrument”™ with a fine-tuned, non-linear im-
age reconstruction algorithm that incorporated a spatially
variant™ and envelope—guidedl53J regularization scheme.
However, it was still a meaningful attempt to devise an
optical index that not only increases the tumor-to-normal
contrast, but also has a physiological foundation.

If patients do not mind receiving an injection, an ex-
ogenous chromophore or fluorophore can be injected to
improve tumor contrast. Indocyanine green (ICG) is an
FDA-approved blood-pooling agent that is popular in the
DOI community, and it has been shown to enhance tumor
contrast significantly »i enhanced absorption[54"56]. The flu-
orescence signal from ICG can also be used to enhance the
accuracy of DOI, as shown by the Sevick-Muraca group in
breast phantom and canine mammary tumors”™ and by

the Yodh group in human breast™.

Sensitivity, specificity, and receiver operating
characteristic curve

When a new diagnostic tool is developed, one normally
asks about its sensitivity and specificity. However, such
quantities can only be defined in dichotomous tests where
the output is either true or false (positive or negative) as
shown in Table 1, The physiological parameters that
DOI provides are continuous variables (THC and StOs,
for example), and thus, one cannot define sensitivity or
specificity until a cut-off value is determined. That is why
many DOI studies have displayed their results in receiver
operating characteristic (ROC) curves rather than show-
ing a single pair of sensitivity and specificity values'". The
ROC curve is a 2D plot in which the sensitivity (or true
positive rate), is plotted against 1-specificity (or false posi-
tive rate). The ROC curve shows the overall behavior of
sensitivity and specificity for all possible threshold values,
and its area under the curve (AUC) serves as an indicator
of how effective the imaging modality is, in terms of dif-
ferentiating malignant from benign lesions. The maximum
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Gold standard

Positive (disease) Negative (no disease)

Test
Positive TP FP
Negative FN TN

Sensitivity = TP/ (TP + FN); specificity = TN/ (TN + FP). TP: True-positive;
FP: False-positive; FN: False-negative; TN: True-negative.

possible value of AUC is 1, where disease group is totally
separated from healthy group, whereas the minimum pos-
sible value of AUC is 0.5, where two groups completely
overlap.

As an example, Choe e# al* have shown an AUC of
0.98 from the contrast of THC and 0.57 from the contrast
of StO2 between malignant and benign lesions. This shows
that THC is a more useful marker for malighancy assess-
ment than StO2. In the ROC curve of THC, a threshold
value of fTHC = 1.06 gives a sensitivity of 98% and a
specificity of 90%.

Therapy monitoring

Neoadjuvant chemotherapy (NAC) has become an estab-
lished form of breast cancer treatment”’. Normally, it is
prescribed for patients with locally advanced breast cancer
to downstage the disease to make it operable, but now it is
also used for operable cases to achieve better cosmesis. Two
of the landmark trials were the National Surgical Adjuvant
Breast and Bowel Project (NSABP) B-18"" and European
Organization for Research and Treatment of Cancer study
10902, which have demonstrated that NAC allows more
patients to undergo breast-preserving surgery. NAC also
allows us to acquire eatly information on the physiological
response and mechanism of a disease. Therefore, it is cru-
cial to develop a convenient non-invasive imaging method
to monitor NAC, which will enable oncologists to optimize
the treatment protocol.

Many different imaging modalities have been used to
assess the tumor response during NAC, including X-ray
mammography, ultrasound, MRI, and FDG-PET". How-
ever, each modality has significant limitations to be used
successfully as an NAC monitoring instrument. DOI, in
contrast, is based on low-powet, near-infrared light and
is particularly suitable for this purpose. It is non-invasive,
portable, and relatively cost-effective. DOI also allows
frequent measurements with few space constraints, which
enables doctors to obtain an immediate feedback that is
useful for tailoring the treatment protocols to fit individ-
ual patients. Especially for such drugs as anti-angiogenic
agents, frequent DOI monitoring can be a great help in
strategizing the timing of treatment.

Many DOI research groups have performed NAC
monitoring studies successfully. Since its first report by the
Tromberg group in University of California, Irvine™, the
Yodh group in University of Pennsylvania® (Figure 5) and

the Pogue group in Dartmouth® have used their own in-
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Figure 5 (Upper) Neoadjuvant chemotherapy timing diagram. Four cycles of adriamycin + cytoxan are followed by four cycles of taxotere. Time points for magnetic
resonance imaging (MRI) and diffuse optical tomography (DOT) measurement are indicated. (Lower) A: Decrease in tumor volume; B: Change in total hemoglobin
concentration (THC) (from Choe et af*”, copyright, 2005, American Association of Physicists in Medicine).
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Figure 6 Non-responders (A) vs responders (B) to neoadjuvant chemotherapy for each of the optical parameters as measured by diffuse optical imaging
in breast tumors (from Soliman et al, copyright, 2010, American Association for Cancer Research). SP: Scattering power.

house DOI instruments. Although most of these studies
have used only a small number of patients, they have shown
consistently that valuable information on treatment efficacy
can be obtained by DOI within days or weeks of the onset
of chemotherapy. Most recently, Soliman ¢ a/*”, by using a
commercial DOI instrument (Softscan, ART Canada), have
reported large decreases in Hb, HbOz, percent water, and
scatter power, from the NAC responder group. From 10
patients with aggressive diseases who received a vatiety of
NAC regimens, they observed that the Hb concentration
decreased more (67.6%, std 20.8%) for responders, than
non-responders (17.7%, std 9.8%), after 4 wk of NAC. This
shows that separation of pathological responders from non-
responders is possible eatly in treatment (Figure 0).
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Multimodal assessment of breast cancer

Although stand-alone DOI instruments are being success-
fully used in breast cancer imaging, many research groups
have noticed that combining DOI with other imaging
modalities can give us much more accurate reconstruction
of breast lesions. When combined with structural imag-
ing modalities such as MRIP* ultrasound®”) and X-ray
mammography[(’g], the structural information (boundary
shape as well as inner structure) can be used as a priori
information that constrains DOI image reconstruction.
DOI alone cannot produce a ctisp image due to ill-posed
nature of the inverse problem, therefore, incorporation
of such structural information can dramatically improve
image accuracy za reducing the number of variables.
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Multimodal measurement can be performed concut-
rently (at nearly the same time in the same setting), or non-
concurrently (at two different time points in a different set-
ting). Concurrent multimodal measurement may be more
desirable in terms of image registration, but there are many
instrument-related constraints that might render it impracti-
cal. For example, in order incorporate DOI into MRI, one
needs to replace all components with non-magnetic mate-
rial and also use very long optical fibers that connect to the
control module located outside the MRI room. Therefore,
some researchers are studying non-concurrent multimodal
measurement, although it is challenging to register between
two breast images with different deformation™. Promising
results using the non-concurrent image registration have
been reported between bPET and DOI™.

CONCLUSION

DOI has tremendous potential in terms of clinical applica-
tion. Although this review focuses on its use in breast can-
cer imaging, many other applications have been reported
in brain functional imagingm’m, muscle studies’”, head and
neck cancer therapy monitoring” ", and photodynamic ther-
apy monitoring™"". DOI in breast, along with the emerg-
ing DCS that measures relative blood flow, will completely
change our method of breast cancer screening and therapy
monitoring in the future. Although X-ray mammography
will remain as a method of choice for some time, the ad-
vantages of optical mammography will eventually be recog-
nized in the clinical community. There are many challenges
to overcome, such as improving spatial resolution, increas-
ing tumor specificity, and proper artifact removal. However,
the most important aspect is the standardization of instru-
ments and software. Several big research groups are using
their own custom-made instruments and reconstruction
software, and the way in which they are collaborating with
hospitals is also different. It is encouraging that the DOI
community has realized this issue and is making efforts
towards standardization zia forming a multi-institutional
network”", In summary, DOI is a promising non-invasive,
deep tissue functional imaging modality that is especially
suitable for breast cancer diagnosis and treatment monitor-
ing, and it will find increasing applications in clinics.
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Biostatistical editing

Statisital review is performed after peer review. We invite an expert
in Biomedical Statistics from to evaluate the statistical method used
in the paper, including #test (group or paired comparisons), chi-
squared test, Ridit, probit, logit, regression (linear, curvilinear, or
stepwise), correlation, analysis of variance, analysis of covariance,
ete. The reviewing points include: (1) Statistical methods should
be described when they are used to verify the results; (2) Whether
the statistical techniques are suitable or correct; (3) Only homoge-
neous data can be averaged. Standard deviations are preferred to
standard errors. Give the number of observations and subjects (7).
Losses in observations, such as drop-outs from the study should be
reported; (4) Values such as ED50, LD50, IC50 should have their
95% confidence limits calculated and compared by weighted probit
analysis (Bliss and Finney); and (5) The word ‘significantly’ should
be replaced by its synonyms (if it indicates extent) or the P value (if
it indicates statistical significance).

Conflict-of-interest statement

In the interests of transparency and to help reviewers assess any po-
tential bias, WJCO requires authors of all papers to declare any compet-
ing commercial, personal, political, intellectual, or religious interests
in relation to the submitted work. Referees are also asked to indi-
cate any potential conflict they might have reviewing a particular
paper. Before submitting, authors are suggested to read “Uniform
Requirements for Manuscripts Submitted to Biomedical Journals:
Ethical Considerations in the Conduct and Reporting of Research:
Conflicts of Interest” from International Committee of Medical
Journal Editors ICMJE), which is available at: http://wwwicmje.
org/ethical_4conflicts.html.

Sample wording: [Name of individual] has received fees for serv-
ing as a speaker, a consultant and an advisory board member for [names
of organizations], and has received research funding from [names of
organization|. [Name of individual] is an employee of [name of or-
ganization|. [Name of individual] owns stocks and shares in [name of
organization|. [Name of individual] owns patent [patent identification
and brief description].

Statement of informed consent

Manuscripts should contain a statement to the effect that all human
studies have been reviewed by the appropriate ethics committee
or it should be stated cleatly in the text that all persons gave their
informed consent prior to their inclusion in the study. Details that
might disclose the identity of the subjects under study should be
omitted. Authors should also draw attention to the Code of Ethics
of the World Medical Association (Declaration of Helsinki, 1964,
as revised in 2004).

Statement of human and animal rights

When reporting the results from experiments, authors should fol-
low the highest standards and the trial should conform to Good
Clinical Practice (for example, US Food and Drug Administration
Good Clinical Practice in FDA-Regulated Clinical Trials; UK Medi-
cines Research Council Guidelines for Good Clinical Practice in
Clinical Trials) and/or the World Medical Association Declaration
of Helsinki. Generally, we suggest authors follow the lead investiga-
tor’s national standard. If doubt exists whether the research was
conducted in accordance with the above standards, the authors
must explain the rationale for their approach and demonstrate that
the institutional review body explicitly approved the doubtful as-
pects of the study.

Before submitting, authors should make their study approved by
the relevant research ethics committee or institutional review board.
If human participants were involved, manuscripts must be accompa-
nied by a statement that the experiments were undertaken with the
understanding and appropriate informed consent of each. Any per-
sonal item or information will not be published without explicit con-
sents from the involved patients. If experimental animals were used,
the materials and methods (experimental procedures) section must
clearly indicate that appropriate measures were taken to minimize
pain or discomfort, and details of animal care should be provided.
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SUBMISSION OF MANUSCRIPTS

Manuscripts should be typed in 1.5 line spacing and 12 pt. Book
Antiqua with ample margins. Number all pages consecutively, and
start each of the following sections on a new page: Title Page, Ab-
stract, Introduction, Materials and Methods, Results, Discussion,
Acknowledgements, References, Tables, Figures, and Figure Leg-
ends. Neither the editors nor the publisher are responsible for the
opinions expressed by contributors. Manuscripts formally accepted
for publication become the permanent property of Baishideng
Publishing Group Co., Limited, and may not be reproduced by any
means, in whole or in part, without the written permission of both
the authors and the publisher. We reserve the right to copy-edit and
put onto our website accepted manuscripts. Authors should follow
the relevant guidelines for the care and use of laboratory animals
of their institution or national animal welfare committee. For the
sake of transparency in regard to the performance and reporting of
clinical trials, we endorse the policy of the ICMJE to refuse to pub-
lish papers on clinical trial results if the trial was not recorded in a
publicly-accessible registry at its outset. The only register now avail-
able, to our knowledge, is http://www.clinicaltrials.gov sponsored
by the United States National Library of Medicine and we encour-
age all potential contributors to register with it. However, in the case
that other registers become available you will be duly notified. A
letter of recommendation from each author’s organization should
be provided with the contributed article to ensure the privacy and
secrecy of research is protected.

Authors should retain one copy of the text, tables, photographs
and illustrations because rejected manuscripts will not be returned
to the author(s) and the editors will not be responsible for loss or
damage to photographs and illustrations sustained during mailing;

Online submissions

Manuscripts should be submitted through the Online Submission
System at: http:/ /www.wjgnet.com/2218-43330ffice. Authors are
highly recommended to consult the ONLINE INSTRUCTIONS
TO AUTHORS (http://www.wjgnet.com/2218-4333/g_info_
20100722172206.htm) before attempting to submit online. For
assistance, authors encountering problems with the Online Submi-
ssion System may send an email desctibing the problem to wico@
wjgnet.com, or by telephone: +86-10-85381892. If you submit your
manuscript online, do not make a postal contribution. Repeated
online submission for the same manuscript is strictly prohibited.

MANUSCRIPT PREPARATION

All contributions should be written in English. All articles must be
submitted using word-processing software. All submissions must be
typed in 1.5 line spacing and 12 pt. Book Antiqua with ample margins.
Style should conform to our house format. Required information for
each of the manuscript sections is as follows:

Title page
Title: Title should be less than 12 words.

Running title: A short running title of less than 6 words should be
provided.

Authorship: Authorship credit should be in accordance with the
standard proposed by International Committee of Medical Journal
Editors, based on (1) substantial contributions to conception and
design, acquisition of data, or analysis and interpretation of data; (2)
drafting the article or revising it critically for important intellectual
content; and (3) final approval of the version to be published. Au-
thors should meet conditions 1, 2, and 3.

Institution: Author names should be given first, then the complete
name of institution, city, province and postcode. For example, Xu-
Chen Zhang, Li-Xin Mei, Department of Pathology, Chengde
Medical College, Chengde 067000, Hebei Province, China. One au-
thor may be represented from two institutions, for example, George
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Surgery, Essen 45122, Germany; George Sgourakis, 2nd Surgical
Department, Korgialenio-Benakio Red Cross Hospital, Athens
15451, Greece
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to this work; Wang CL, Liang I, Fu JE Zou CC, Hong F and Wu
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XM performed the research; Xue JZ and Lu JR contributed new
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Supportive foundations: The complete name and number of
supportive foundations should be provided, e.g. Supported by
National Natural Science Foundation of China, No. 30224801

Correspondence to: Only one corresponding address should
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province, country, and email. All the letters in the email should be
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name and email address. For example, Montgomery Bissell, MD,
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Telephone and fax: Telephone and fax should consist of +,
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Peer reviewers: All articles received are subject to peer review.
Normally, three experts are invited for each article. Decision for
acceptance is made only when at least two experts recommend
an article for publication. Reviewers for accepted manuscripts are
acknowledged in each manuscript, and reviewers of articles which
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To ensure the quality of the articles published in W]CO, reviewers
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Abstract

There are unstructured abstracts (no more than 256 words) and
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should accompany each manuscript. Abstracts for original contri-
butions should be structured into the following sections. AIM (no
more than 20 words): Only the purpose should be included. Please
write the aim as the form of “To investigate/study/...; MATERI-
ALS AND METHODS (no more than 140 words); RESULTS (no
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more than 26 words).

Key words
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main text should be structured into the following sections: INTRO-
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DUCTION, MATERIALS AND METHODS, RESULTS and
DISCUSSION, and should include appropriate Figures and Tables.
Data should be presented in the main text or in Figures and Tables,
but not in both. The main text format of these sections, editorial,
topic highlight, case report, letters to the editors, can be found at:
http://www.wignet.com/2218-4333/¢_info_list htm.

Illustrations

Figures should be numbered as 1, 2, 3, e«., and mentioned cleatly
in the main text. Provide a brief title for each figute on a sepa-
rate page. Detailed legends should not be provided under the
figures. This part should be added into the text where the figures
are applicable. Figures should be either Photoshop or Illustra-
tor files (in tiff, eps, jpeg formats) at high-resolution. Examples
can be found at: http://www.wjgnet.com/1007-9327/13/4520.
pdf; http://www.wjgnet.com/1007-9327/13/4554.pdf; http://
www.wijgnet.com/1007-9327/13/4891.pdf; http://www.
wignet.com/1007-9327/13/4986.pdf; http://www.wjgnet.
com/1007-9327/13/4498.pdf. Keeping all elements compiled is
necessary in line-art image. Scale bars should be used rather than
magnification factors, with the length of the bar defined in the leg-
end rather than on the bar itself. File names should identify the fig-
ure and panel. Avoid layering type directly over shaded or textured
areas. Please use uniform legends for the same subjects. For exam-
ple: Figure 1 Pathological changes in atrophic gastritis after treat-
ment. A: ..;B: . Gy D s Er g Fro G e It ds our principle
to publish high resolution-figures for the printed and E-versions.

Tables

Three-line tables should be numbered 1, 2, 3, e#., and mentioned
clearly in the main text. Provide a brief title for each table. Detailed
legends should not be included under tables, but rather added into
the text where applicable. The information should complement,
but not duplicate the text. Use one hotizontal line under the title, a
second under column heads, and a third below the Table, above any
footnotes. Vertical and italic lines should be omitted.

Notes in tables and illustrations

Data that are not statistically significant should not be noted. *P <
0.05, P < 0.01 should be noted (P > 0.05 should not be noted). If
there are other seties of P values, °P < 0.05 and “P < 0.01 are used.
A thitd series of P values can be expressed as “P < 0.05 and ‘P < 0.01.
Other notes in tables or under illustrations should be expressed as
'E, °F, °’F; or sometimes as other symbols with a superscript (Arabic
numerals) in the upper left corner. In a multi-curve illustration, each
curve should be labeled with @, o, m, O, A, /\, et in a certain
sequence.
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