Breast Cancer
Vol. 13 No. 1 January 2006

Review Article

Antitumor Protein Therapy; Application of the Protein Transduction
Domain to the Development of a Protein Drug for Cancer Treatment

Hiroshi Harada*"-?, Shinae Kizaka-Kondoh*™?, and Masahiro Hiracka*'

*'Department of Radiation Oncology and Image-applied Therapy, Kyoto University Graduate School of Medicine,
**Kyoto City Collaboration of Regional Entities for the Advancement of Technological Excellence, Japan Science and
Technology Agency, **COE formation for genomic analysis of disease model animals with multiple genelic alterations,

Kyoto University Graduate School of Medicine, Japan.

The genomic information obtained through the human genome project has been accelerating the
analysis of the functions of various disease relevant genes. The high molecular weight biomolecules,
including oligonucleotides, antisense nucleotides, small interference RNA and peptides, as well as genes
(cDNA) and proteins, are becoming increasingly important for the development of molecular therapies.
However, the potential of such information-rich macromolecules for therapeutic use has been limited by
the poor permeability across the lipid bilayer of the cellular plasma membrane. Over the past decade, a
unique activity of oligopeptides, known as protein transduction domains (PTDs) or cell penetrating pep-
tides (CPPs), has made it possible to transduce biologically active macromolecules into living cells in vitro
by conjugating a PTD to the desired macromolecule. Furthermore, this activity has also enabled the sys-
temic delivery of bioactive macromolecules to all tissues in living animals. However, we are now confront-
ed with the next difficulty delivering the macromolecules specifically to the therapeutic targets in vivo. In
this review, we focus on the application of PTD to develop antitumor macromolecules and introduce sev-
eral representative strategies to discriminate between tumor and normal tissue. In addition, we discuss
the unique characteristics of breast cancer, which are expected to facilitate the application of PTD to

develop novel protein therapy for breast cancer.
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Efficient internalization of therapeutic agents
into target cells is critical to gain the desired ther-
apeutic effect. However, since the plasma mem-
brane of the cell surface forms an effective barrier
and limits the internalization of high molecular
weight materials into the cells, the application of
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information-rich macromolecules, such as DNA

. and proteins, to therapies has been restricted. A

variety of methods have been widely proposed to
effect their delivery into living cells i vivo as well
as in vitro*®; unfortunately, many of them have
shown inefficient delivery. In these strategies, a
number of other problems, such as complex mani-
pulation, cellular toxicity and immunogenicity,
have been reported and have prevented macro-
molecules from routine therapeutic use.

In 1988, Green et al. and Frankel et al. sepa-
rately reported that the transcriptional activator of
transcription (TAT) protein from human immun-
odeficiency virus-1 (HIV-1) has a unique potential
to enter cells in culture when added exogenous-
ly*®. The domain responsible for this transloca-
tion has been ascribed to the short basic region
comprised by residues 47-57 of the TAT protein
and is termed the “TAT protein transduction
domain (PTD)”®. Subsequent studies have demon-
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strated that TAT-PTD facilitates the internalization
of conjugated proteins into living cells in vitro®.
Likewise, a number of the other cationic peptides,
e.g. the peptides from the third a helix of the
antennapedia homeodomain and from the VP22
protein of the herpes simplex virus, have been
reported as PTDs showing the same attractive
activity as TAT-PTD”. The common feature among
these peptides is their highly cationic nature,
which is due to their high proportion of basic
amino acids, such as arginine and lysine resid-
ues®. Using these PTDs, various kinds of physio-
logically and therapeutically active macromole-
cules, such as peptides, proteins?, oligo DNAs",
super magnet beads™, liposomes® and A phages'
have been successfully transduced into living cells.
Intracellular delivery of these macromolecules
modulates the functions of various genes related
to the cell cycle™ and apoptosis' in vitro. More-
over, Schwarze ef al. demonstrated that intraperi-
toneal injection of a TAT-PTD-fused 120 kDa S-
galactosidase (f-Gal) protein resulted in the deliv-
ery of the biologically active fusion protein to all
tissues in mice, including the brain'. Their res-
ults opened a new possibility for the direct deliv-
ery of macromolecules into patients as protein
therapy. Indeed, several groups, including ours,
have applied this strategy to develop novel protein
drugs to treat preclinical tumor-bearing animals™?®.

In this review, we describe the properties and
the potential of TAT-PTD as a carrier of informa-
tion-rich macromolecules, and introduce repre-
sentative research, in which TAT-PTD-mediated
protein therapy showed significant antitumor
effects with target-specificity, but without side
effects. Furthermore, we discuss the possibilities
of such protein therapy for breast cancer treat-
ment.

Mechanism of TAT-PTD-Mediated Protein
Transduction into Living Cells

Despite the distinctive potential of the TAT-
PTD and the other arginine- and/or lysine-rich
peptides as carriers of macromolecules, little is
known about the mechanism involved in the cellu-
lar uptake of PTD-fused macromolecules as well
as the wild type HIV-1 TAT protein.

In the early days, it was reported that no inhibi-
tion of internalization was observed at 4 C?, and
similar observations were reported for the basic
amino acid-rich peptide derived from the antenna-
pedia homeodomain®. Therefore, until recently, it

was widely assumed that the PTD-mediated inter-
nalization of macromolecules occurs in an energy-
and receptor-independent manner and is alterna-
tively based on direct transport through the lipid
bilayer®®. However, it has been reported that the

~ energy- and receptor-independence of PTD-medi

ated internalization are due to experimental arti-
facts in the process of cell fixation prior to micro-
scopic observation and also due to the inadequate
removal of proteins bound to the cell surface®?.
Furthermore, it has been reported that the inter-
nalization is almost completely suppressed at 4 C
in unfixed conditions®®. These results, together
with the observation that heparan sulfate and the
inhibitor of low density lipoprotein receptor-relat-
ed protein precluded the cellular uptake of PTD-
fused macromolecules®?®, suggest that the inter-
action of TAT-PTD with cell surface constituents
plays an important role, and is followed by an
active endocytic process. Several recent papers
support the involvement of an endocytic pathway
in the PTD-mediated protein internalization” %,

Since endocytosis is a complex mechanism
including several different pathways, the identifi-
cation of the critical pathway responsible for the
internalization has recently been commenced.
Using a permeable TAT-Cre recombinase reporter
assay on living cells, Wadia et al. extensively ana-
lyzed the mechanism of cellular uptake of TAT-
fusion protein and clearly summarized the details
in 2004. After the initial ionic cell-surface interac-
tion, TAT-fusion proteins are rapidly internalized
by lipid raft-dependent macropinocytosis, but are
independent of interleukin-2 receptor/raft- caveo-
lar- and clathrin-mediated endocytosis and phago-
cytosis®. On the other hand, Richard et al. dem-
onstrated in 2005 that a specific inhibitor of
clathrin-dependent endocytosis partially inhibits
TAT peptide uptake, implicating this pathway in
TAT-peptide entry®. The molecular basis for the
PTD-mediated cellular uptake of macromolecules
into living cells still remains controversial, so fur-
ther study is necessary to fully understand the
process.

Development of TAT-PTD-Mediated
Antitumor Protein Therapies

Research on protein transduction has dramati-
cally expanded from in vitro to in vivo in the last
decade. The advantage of this application is that
we can accomplish rapid and equal distribution of
PTD-linked macromolecules to all tissues and
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Fig 1. p53-related cellular apoptosis. HDM2 facilitates the proteolytic degradation of p53 protein. However, once damages of
genomic DNA become severe, p53 is stabilized and induces various gene expressions such as Noxa and Puma and induce the
release of Smac protein from mitochondria. The Smac protein interacts with XIAP and suppresses its activity, resulting in apopto-
sis. Since overexpression of HDM2 and IAPs inhibits apoptosis in many clinical tumors, the inhibition of their activities by p53N
peptide and SmacN7 peptide respectively have been examined as novel antitumor strategies.

cells in vivo. However, it conversely leads to disad-
vantages in others. Especially for the development
of PTD-fused anticancer macromolecules, the
medications should have target-specificity and act
locally, otherwise it may lead to damage of normal
tissues and result in side effects. In the following
sections, we describe representative applications
showing target-specificity as well as the antitumor
effect of TAT-mediated protein therapies in vivo.

1) Application of a Tumor Suppressor Gene,
p53

Accumulated knowledge about signal cascades
in cancer cells has revealed that genetic alter-
ations of oncogenes and/or tumor suppressor
genes make cells more malignant, resulting in
deregulated proliferation and the evasion of apop-
tosis. In the development of novel cancer therapy,
significant efforts at restoring the lesions that pre-
vent the implementation of the apoptotic response
have been made in order to specifically cause the
death of malignant cells and in order to spare nor-
mal cells carrying few such apoptotic burdens.
Such a strategy has been expected to show a much
lower toxicity in normal tissue, compared with the
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conventional genotoxic agents that are currently
in clinical use.

The gene encoding the tumor suppressor p53
is the most common anti-apoptotic lesion in can-
cer cells® and approximately 50% of human can-
cers bear p53 gene mutations. In most remaining
cases, p53 activity is impaired by alternative mole-
cular mechanisms, such as an elevated level of a
p53 inhibitor, Mdm2* and the E6 protein of
HPV*®, or silencing of a p53 co-activator, ARF**,
One of the most important functions of p53 is “cell
cycle arrest”, in which p53 disturbs the replication
of damaged genomic DNA and the fixation of
mutations, allowing for DNA repair. Another
important function is the “induction of apoptosis”,
which occurs in cases in which the damage to the
genomic DNA is too severe to be repaired (Fig 1).
These abilities of p53 are essential for the proper
regulation of cell proliferation in multi-cellular
organisms®. Loss of these functions frequently
leads to cellular neoplastic transformation, and
increases the resistance of cancer cells to anti-can-
cer therapies®. Therefore, restoring p53 activity
in tumor cells has been expected to be an effec-
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tive strategy to induce cancer cell death in a large
population of cancer patients. Gene therapy strate-
gies have been indeed conducted to restore the
tumor suppressor function of p53 with both viral
and non-viral vectors. However, the efficacies of
these approaches were difficult to confirm under
certain conditions in clinical studies as well as in
preclinical studies™ *®, Some problems associated
with immunogenicity and the low efficiency of sys-
temic distribution were inevitable with this drug
delivery system™. To overcome these difficulties,
Tat-mediated approaches were carried out as fol-
lows.

Harbour et al. aimed to restore endogenous
p53 activity by using a permeable peptide’®. In the
regulation of p53 activity, HDM2 interacts with the
N-terminal region of the p53 protein and decreas-
es the ability of p53 to act as a positive transcrip-
tional factor and facilitates the proteolytic degrada-
tion of the p53 protein*® (Fig 1). Indeed, the over-
expression of HDM2 has been reported in many
clinically recognized tumors, which contain the
wild type p53 gene, and is associated with the
functional inactivation of the p53 protein*®.
Therefore, it is anticipated that the disruption of
the inhibitory effect of HDM2 on p53 activity
would yield therapeutic benefits in tumor cells
that over-express the HDM2 protein. To examine
this hypothesis, the N-terminal region of the p53
protein was fused to the TAT-PTD. The resultant
TAT-p53N peptide induced the rapid accumulation
of p53 and the activation of apoptotic genes, and
resulted in the preferential killing of tumor cells
and the regression of human retinoblastoma cells
in a rabbit eye'®. Minimal retinal damage was
observed after intravitreal injection’®. .

2) Application of a Proapoptotic Gene, Sma

A major obstacle in cancer therapy is the resis-
tance of cancer cells to current anticancer treat-
ments, such as chemotherapy and radiotherapy*.
Defects in apoptotic programs are caused by
deregulated expression and function of the com-
ponents of the apoptotic pathway and contribute
to such resistance® *®. Inhibitors of apoptosis pro-
teins (IAPs) are frequently overexpresssed in
malignant tumors*”, and they inhibit caspase activ-
ity by directly binding to activated caspase-3 and-
7%, The second mitochondria-derived activator
of caspases (Smac) was identified as the protein
that is released from the mitochondria to the cyto-
sol in response to apoptotic stimuli and antagoni
zes IAPs to promote apoptosis™*® (Fig 1). There-

fore, the up-regulation of Smac activity in tumor
cells may improve the resistance to anticancer
therapies (Fig 1).

Fulda et al. examined the hypothesis using
cell-permeable synthetic Smac peptides (TAT-
SmacN?7 in this review) containing a polypeptide
from the N-terminal of Smac protein for the inacti-
vation of X-linked IAP (XIAP)>®. As a result, the
peptide enhanced the ability of Apo2L/tumor
necrosis factor-related apoptosis-inducing ligand
(TRAIL) in an intracranial malignant glioma xeno-
graft model in vivo™. Moreover, the complete era-
dication of established tumors and the survival of
mice were achieved only upon combined treat-
ment with the Smac peptide and Apo2L/TRAIL. In
these experiments, no detectable toxicity to nor-
mal brain tissue was observed.

Yang et al. examined whether the inhibition of
IAPs combined with chemotherapy produced syn-
ergistic effects or not™. First of all, they confirmed
that the defect in apoptosome activity was dramati-
cally restored by the IAP-targeting SmacN7 pep-
tide, which is the seven N-terminal amino residues
of mature Smac and has the potential to disrupt
XIAP-caspase-9 interaction. On the other hand,
SmacN7 peptide did not show any striking effect
on the apoptosome activity of normal lung fibrob-
last cells. They finally demonstrated that newly
synthesized SmacN7 peptide fused to the cell
membrane permeable polyarginine (SmacN7R8)
strongly reversed the apoptosis resistance, and
displayed a synergistic effect with chemotherapy
in vivo.

3) Application of a Tumor Suppressoar Gene,
VHL

Since it was reported that the growths of a vari-
ety of cancer cells are dependent on insulin-like
growth factor-] (IGF-I)-mediated signaling, inhibit-
ing the pathway has shown therapeutic effects on
a variety of experimental tumor xenografts (Fig
2). For example, a truncated form of the IGF-I rec-
eptor IGF-IR) acts as a dominant negative inhibi
tor of IGF-IR and abrogates ligand-dependent cel-
lular transformation and tumorigenesis in vitro
and in vivo™. Similarly, a specific IGF-IR anti-
body™ and a specific IGF-IR antisense oligonu-
cleotide® suppress the tumor growth and prolong
the survival of tumor-bearing mice, respectively.
Renal cell carcinoma (RCC) was reported to be
dependent on the IGF-I-mediated signaling path-
way for its growth. Previously, Datta et al. report-
ed that IGF-I-mediated signaling is inhibited in the
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Fig 2. Function of pVHL in IGF-I-mediated signaling and in hypoxia-responsible gene expression. The growth of various cancer
cells are dependent on IGF-I signaling. The signal is inhibited in the presence of pVHL in RCC cells, and thus inhibition of this sig-
nal pathway has been aimed by VHL 11 peptide. pVHL also acts on hypoxia-dependent gene expression. In normoxic conditions,
hydroxylated HIF-1a protein is recognized by pVHL and ubiquitinated, resulting in the rapid proteolytic degradation. In hypoxic
conditions, stabilized HIF-1a interacts with constitutively expressed HIF-1§ and induces various gene expressions related to

tumor malignancy.

presence of wild type von Hippel-Lindau tumor
suppressor gene product (pVHL) in RCC cells and
a specific amino acid sequence (104-123) in the f
domain of the pVHL (VHL:x123) is responsible for
this function®™ (Fig 2). These results indicate that
the pVHL function via the 104-123 amino acid
region leads to the restricted IGF-IR signaling,
resulting in restricted cell proliferation and restr-
icted RCC growth. This is consistent with the
reports that the VHL tumor suppressor gene is
mutated in the majority of patients with RCCs, as
well as in patients with VHL disease™ *, and that
the mutations are located in one of the hotspots of
the VHL gene®. In addition to a well-known func-
tion of pVHL to regulate the stability of hypoxia-
inducible factor-1a (HIF-1a) protein®, this activi-
ty must also play an important role in the tumori-
genesis of RCCs.

Based on this preclinical research, Datta ef al.
examined the effects of VHL 1012 on tumor charac-
teristics” (Fig 2). VHLu12: conjugated to the TAT-
PTD (TAT-FLAG-VHL peptide) inhibited the
thymidine incorporation into RCC cells by nearly
80% compared with a counterpart protein (TAT-
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FLAG). Furthermore, the TAT-FLAG-VHL pep-
tide inhibited the tyrosine phosphorylation of
MAP kinase, an essential downstream molecule
that leads to cell proliferation. Thus, these results
suggest that TAT-FLAG-VHL peptide blocks the
IGF-Iiinduced RCC proliferation in vitro. Further-
more, i.p. injection of TAT-FLAG-VHL peptide
retarded the growth of subcutaneous RCC tumors,
and in some cases, regressed the tumors volume,
and dramatically inhibited the invasiveness deeper
into the muscle layer.

4) Application of a HIF-1a ODD Domain;
Development of Hypoxia-Targeting Protein Drug

The genetic alterations in tumor cells directly
cause the deregulated proliferation and the high
metabolic demands of tumor cells, which in turn
lead to the development of hypoxia in solid tumo-
rs*®®_ Tumor hypoxia has been recognized as a
tumor specific microenvironment, in other words,
healthy adults probably have few such tissues. In
such conditions, a transcriptional factor, hypoxia-
inducible factor-1 (HIF-1), induces various genes
related to angiogenesis® and glycolysis®, and
leads to invasive and metastatic properties in
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Fig 3. Hypoxia-dependent Proapoptotic Function of TOP3. TOP3 is degraded through the same ubiquitin-proteasome system as
HIF-1a protein under normoxic conditions, but stabilized under hypoxic conditions. Because upstream caspases, e.g. caspases-9,
are activated to some extent by hypoxic stress, TOP3 is cleaved to generate an active caspase-3, resulting in the enhancement of

apoptotic cell death.

tumor cells®. HIF-1 activity is associated with the
resistance of tumor cells to conventional radio-
therapy and chemotherapy®* and with the patient
mortality in clinical studies®™™. Therefore, exten-
sive efforts have been directed toward the devel-
opment of novel therapies, which specifically dam-
age the hypoxic/HIF-1-activating tumor cells®* ™.

HIF-1 is a heterodimeric transcriptional factor
composed of an alpha subunit (HIF-1«) and a con-
stitutively expressed beta subunit (HIF-14)™ (Fig
2). HIF-1a expression is tightly regulated at the
post-translational level by oxygen-dependent pro-
Iyl hydroxylation and subsequent ubiquitination of
its oxygen-dependent degradation (ODD) domain
within the HIF-1a protein®. The pVHL is respon-
sible for the ubiquitination. The stability of the
HIF-1a protein is mainly responsible for the regu-
lation of HIF-1 transcriptional activity™.

We applied this unique property of the ODD
domain to develop a novel hypoxia-targeting pro-
tein drug'®. First of all, we identified the minimum
region of the ODD domain responsible for the
oxygen-dependent degradation of arbitrary pro-
teins fused to it. As a result, we confirmed the
hypoxia-dependent f-Gal and luciferase activity of
ODD-f-Gal fusion protein' and ODD-Luciferase
fusion protein (Harada et al., in preparation), res-
pectively, in the culture cell”®. To apply the ODD-
fusion protein to an in vive study, we fused TAT-

PTD to the N-terminal of the ODD-f-Gal protein
and created a TAT-ODD-A-Gal triple fusion pro-
tein. After i.p. injection with the TAT-ODD-3-Gal
fusion protein to subcutaneous tumor-bearing
mice, the §-Gal activity and the existence of the
fusion protein were detected only in the hypoxic
regions of the solid tumor. On the other hand,
they were not observed in the normal tissue.
These results demonstrate that biologically active
proteins can be exogenously delivered to hypoxic
tumor cells by the TAT-ODD peptide in vivo. This
was the first example demonstrating the target-
specificity of TAT-mediated protein delivery. To
examine whether the TAT-ODD fusion protein
with cytotoxicity shows antitumor effects or not,
the TAT-ODD peptide was further fused to a pro-
apoptotic protein (Fig 3). We intentionally chose a
precursor of caspase-3, procaspase-3, because it is
activated in response to hypoxic stress, which was
thought to reduce the possibility of side effects in
the well-oxygenated normal tissues (Fig 3). Sys-
temic administration with the resultant fusion pro-
tein, TAT-ODD-Procaspase-3 (TOP3), reduced the
tumor mass as well as suppressed the tumor
growth without any obvious side effects in tumor-
bearing mice. The hypoxia-targeting effect of
TOP3 was proven using a rat ascites model, in
which intraperitoneal injection with MM1 cells
results in highly hypoxic ascetic fluid””. Inoue et
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al. demonstrated that intraperitoneal injection
with TOP3 resulted in a significant increase in the
lifespan of rats with the malignant ascites, and fur-
thermore, 60% of the treated animals were cured
without the recurrence of ascites.

B) Other Possibilities for the Development of
TAT-PTD-Mediated Antitumor Protein Therapy

Several in vitro studies have reported other
possibilities which may enable delivery of the bio-
logically active macromolecule specifically to the
desired tumor # vivo™ ™. First, the fact that PTDs
selectively interact with distinct glycosaminogly-
can species may allow targeting of selective tis-
sues that differ in their surface-expressed gly-
cosaminoglycan patterns®. Second, by inserting a
tissue- and organelle-specific cleavage recognition
site between PTD and the macromolecule, PTD
may be cleaved off, resulting in the accumulation
of the PTD-free macromolecules in the desired tis-
sue and organelle, respectively™. Third, it is also
possible to generate a PTD-linked protein drug
that specifically acts in tumor cells while not affec-
ting normal cells, by applying transformed cell-
specific protein activity™. Finally, by using a pep-
tide that can be recognized by the tumor-specific
membrane proteins, it may be possible to design a
variety of proteins that specifically internalize into
desired tissues.

Application of TAT-Mediated Protein Drugs
to Breast Cancer Treatments

Low molecular weight chemical compounds
easily pass through the cellular plasma membrane
in vitro, and furthermore show efficient distribu-
tion % vivo, and thus they have been focused on
for a long time in the development of anticancer
drugs. Almost all of the conventional chemothera-
peutic agents, however, show low target-specificity
and largely affect normal tissues as well as tumors.
TAT-PTD has also been reported to transduce var-
ious macromolecules to all tissues in vivo™, so
this technique may cause side effects, but for
additional -devices. Over the past decade, several
modifications have been examined to achieve a
tumor-specific antitumor effect of PTD-mediated
strategies, as mentioned above. To apply TAT-
mediated protein therapy to breast cancer treat-
ments, it is necessary to understand the common
features among breast cancers and utilize them to
construct a protein drug targeting breast cancer.
In the remainder of the present review, we will dis-
cuss the characteristics of breast cancer and the
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possibilities of PTD-mediated protein therapy tar-
geting then.

Pusztai et al. identified a number of novel and
routine prognostic markers of breast cancer by
analyzing the gene expression profiles obtained
from fine-needle aspirations of breast cancer™.
From their list, we may be able to find a novel pro-
tein that is specifically stabilized in breast cancer,
but degraded in normal tissues, and to apply such
regulation to develop a breast cancer-targeting
protein drug.

The role of apoptosis in oncogenesis is current-
ly being studied intensively in breast cancer™. A
decrease in the apoptosis index (AI) due to the
overexpression of IAPs and the mutation of the
p53 gene must lead to the resistance of cancer
cells to current anticancer treatments, such as
chemotherapy and radiotherapy*. Several studies
have analyzed the prognostic significance of Al in
breast carcinomas. Lipponen ef al. showed a sig-
nificant difference in survival from breast carcino-
ma (n=288) depending on the Al value (cut-off
point for Al was 10/mm?® ®", Zhang et al. also
reported a 30% difference in survival at 5 years
(» < 0.001) in 126 patients with breast carcinoma
(cut-off point for Al was 11/mm?®. These reports
indicate that the induction of apoptosis prolongs
the survival of patients with breast carcinoma. In
this sense, a protein, which has the potential to
induce cellular apoptosis, may be a reliable candi-
date to be introduced into the breast carcinoma.

Chromosome 3P allele loss is a frequent event
in a variety of common sporadic cancers, and
breast carcinoma is no exception. To analyze the
extent and frequency of 3p allelic losses in early
stage invasive sporadic breast carcinoma, loss of
heterozygosity analysis was carried out using a 3p
microsatellite marker by Martinez et al.®. They
reported that 6 out of 22 tumors showed loss at
3p25-24, including the von hippel landau locus. In
such breast carcinomas, IGF-IR signaling must
not be suppressed because of the VHL-deficiency,
resulting in unrestricted cell proliferation. There-
fore, the introduction of VHL 100z with TAT-PTD is
expected to show an antitumor effect. Moreover,
VHL-deficiency must lead to the stabilization of
HIF-1a protein in such breast carcinomas. Since
the stability of TOP3 is regulated by pVHL via
the same ODD-regulation as the HIF-1a protein,
TOP3 must be stabilized even in the aerobic
regions of such breast cancers, as well as in the
hypoxic regions. Therefore, we can expect addi-
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tional efficacy of TOP3 toward this type of breast
cancer.

The accessibility of breast carcinomas permits
the use of a polarographic needle electrode to
measure the oxygen tension directly in cancer
patients. Such studies have shown a significantly
lower median oxygen partial pressure (pO2) in
malignant tumors compared with benign tumors
and normal breast tissue. The median pO: values
in malignant tumors, in benign tumors and in nor-
mal tissues were in the range of 23-28 mmHg, 42
mmHg and 54-65 mmHg, respectively® ®. Of all
readings in breast cancers, 30-40% fell below 10
mmHg, which is uncommon in normal tissue.
Forty % of breast carcinomas contain almost anox-
ic regions in the range 0-2.5 mmHg, in which
tumor cells still survive®. In such a microenviron-
ment, the expression of the HIF-1a protein is usu-

ally induced. Bos et al. reported that HIF-1a pro--

teins were indeed accumulated in breast cancers,
and furthermore, the frequency of HIF-1a-posi-
tive cells increased in parallel with the increasing
pathological stage of each sample®®. Therefore,
the novel hypoxia-targeting protein drug, TOP3,
will likely show antitumor effects on malignant
breast cancer.

Distribution of chemotherapeutic agents from
tumor blood vessels to hypoxic tumor cells is also
limited and thus only poor efficacy is usually obt-
ained in conventional cancer chemotherapy. On
the other hand, biologically active proteins could
be delivered into whole tumor including hypoxic
tumor cells, after i.p. injection with the fusion pro-
tein genetically conjugated with TAT-PTD ™. This
result demonstrates that TAT-PTD solves the
problem of the poor delivery of anticancer agents
to hypoxic tumor cells. Therefore, we can expect
further effects of TOP3 on hypoxic cells in breast
cancer.
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To prospectively evaluate the depiction of brain fiber
tracts at 3.0- versus 1.5-T diffusion-tensor (DT) fiber trac-
tography performed with parallel imaging.

Institutional review board approval was obtained, and
each subject provided written informed consent. Subjects
were 30 healthy volunteers (15 men, 15 women;. mean
age, 28 years; age range, 21-46 years). Single-shot spin-
echo echo-planar magnetic resonance (MR) sequences
with parallel imaging were applied. Four fiber tracts were
reconstructed: corticospinal tract (CST), superior longitu-
dinal fasciculus (SLF), corpus callosum (CC), and fornix.
Two neuroradiologists compared 3.0- and 1.5-T tractogra-
phy in terms of fiber tract depiction by using five depiction
scores (scores 0-4) and numbers of reconstructed tract
fibers and in terms of lateral asymmetry in the CST by
using numbers of reconstructed fibers. The Wilcoxon
signed rank test was applied for statistical analysis.

Visual scores for both CST hemispheres (P < .001), the
right SLF (P = .005), the CC (P = .01), and the right fornix
(P = .04) were higher at 3.0-T DT tractography. Larger
numbers of CST (right, P = .008; left, P < .001), SLF
(right, P = .001; left, P = .02), and fornix (bilaterally, P =
.02) tract fibers were depicted at 3.0 T. The asymmetry
index for the CST was lower (P < .001) at 3.0 T. Visual
scores for the left SLF and the left fornix and numbers of
CC tract fibers were not significantly different.

Depiction of most fiber tracts was improved at 3.0-T DT
tractography compared with depiction at 1.5-T tractogra-

phy.
© RSNA, 2006
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NEURORADIOLOGY: Diffusion-Tensor Fiber Tractography

Okadaetal

iffusion-tensor (DT) imaging is a

magnetic resonance (MR) imag-

ing technique that is sensitive to
the orientation of mobility in intravoxel
water molecules (1,2). DT imaging re-
veals two specific characteristics: diffu-
sion anisotropy and the directional dis-
tribution of water diffusivity. When wa-
ter diffusion in a tissue is almost the
same in all directions, the diffusion is
considered to be isotropic and have
lower anisotropy. Conversely, when
water diffusion is restricted along a spe-
cific direction, the diffusion is consid-
ered to be anisotropic and have higher
anisotropy. Brain white matter has high
diffusion anisotropy because diffusion is
faster when it is parallel to the fiber
direction than when it is the same in all
other directions (3,4).

DT images of the human brain can
be reconstructed for visualization of the
macroscopic three-dimensional fiber
tract architecture by using a process
known as fiber tractography, or the fi-
ber-tracking technique (5-10). DT im-
aging and fiber tractography are power-
ful tools for studying cerebral white
matter and have been applied clinically
to assess brain tumors (11,12), diffuse
axonal injury (13), pediatric brain de-
velopment (14), and cerebral infarcts
(15).

With recent advances in actively
shielded 3.0-T magnets, the use of high-
field-strength MR imaging in clinical set-
tings has become practical (16,17). Par-
allel imaging techniques, such as simul-
taneous acquisition of spatial harmonics,
or SMASH (18); sensitivity encoding
(19); and auto-SMASH-based general-
ized autocalibrating partially parallel ac-
quisition (20), also have improved with
recent advances in MR imaging hard-
ware. Owing to shortened echo train
lengths and echo times, parallel imaging
techniques can be used to reduce arti-
facts related to spin-echo echo-planar
imaging. Some reports have described
the performance of parallel imaging
in spin-echo echo-planar DT imaging
and fiber tractography at 1.5 or 3.0 T
(9,10,21-24). However, to our knowl-
edge, in no reports have the differences
between 3.0- and 1.5-T spin-echo echo-
planar DT fiber tractography with paral-

lel imaging been compared. Thus, the
purpose of our study was to prospec-
tively evaluate the depiction of brain fi-
ber tracts at 3.0-T versus 1.5-T DT fiber
tractography performed with parallel
imaging.

Materials and Methods

Study Subjects

The study population comprised 30
healthy volunteers (15 men, 15 women;
mean age, 28 vears; age range, 21-46
vears) with no history of neurologic in-
jury or psychiatric disease. All subjects
were examined by one of the authors
(T.H., with 14 vears of experience as a
neurologist), and no subjects had ab-
normal neurologic signs or symptoms.
Institutional review hoard approval was
obtained for this study, and each subject
provided written informed consent.

Data Acquisition
All subjects underwent 3.0- and 1.5-T
DT imaging, which was performed by
using a whole-body 3.0-T MR unit (Trio;
Siemens, Erlangen, Germany) with a 40
mT/m gradient and a 1.5-T MR unit
(Symphony; Siemens) with a 30 mT/m
gradient, on the same day. MR imaging
at 3.0 T was performed by one author
(T.0.), and MR imaging at 1.5 T was
performed bv another author (Y.F.),
both of whom had 8 vears of experience
as neuroradiologists and 2 years of ex-
perience in DT imaging. The time delay
between 3.0- and 1.5-T MR imaging was
less than 1 hour for all subjects. Both
MR units were equipped with integrated
parallel acquisition capability and a re-
ceive-only eight-channel phased-array
head coil. Both the 3.0-T and the 1.5-T
DT imaging examinations involved the
use of single-shot spin-echo echo-planar
sequences and nearly identical parame-
ters: 5200/79 (repetition time msec/
echo time msec), a 220-mm field of
view, a 128 X 128 matrix, 3-mm section
thickness without intersection gaps
(matrix size, 1.7 X 1.7 X 3.0 mm), and
four repetitions.

The generalized autocalibrating par-
tially parallel acquisition algorithm was
applied for parallel imaging with use of a

reduction factor of two, 24 additional
autocalibrating phase-encoding steps in
the center of k-space, and a 75% partial
Fourier technique in the phase-encod-
ing direction. Only the bandwidths dif-
fered: A bandwidth of 1502 Hz per pixel
was used for 3.0-T imaging, and a band-
width of 1056 Hz per pixel was used for
1.5-T imaging. Motion-probing gradi-
ents were applied along 12 noncolinear
directions with a b factor of 700 sec/
mm?® after one non-diffusion-weighted
image (b = 0 sec/mm®) was obtained. A
total of 40 sections encompassed the
entire cerebral hemisphere and the
brainstem. The imaging times for 3.0-
and 1.5-T DT imaging were almost the
same—about 7.5 minutes.

Data Processing

DT imaging data sets were transferred,
in Digital Imaging and Communications
in Medicine format, to a Windows per-
sonal computer (IBM, New York, NY)
workstation. DtiStudio, version 1.02,
software (H. Jiang, S. Mori, Depart-
ment of Radiology, Johns Hopkins Uni-
versity, Baltimore, Md) was used for
tensor calculations (6,10). All source
images from the DT imaging data sets
were visually inspected by one author
(T.0.), and images with visually appar-
ent artifacts due to bulk motion were
removed. In our DT imaging data set,
there was low eddy current-related

Published online before print
10.1148/radiol.2382042192

Radiology 2006; 238:668-678

Abbreviations:
DT = diffusion tensor
ROI = region of interest
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geometric distortion between images
obtained in each motion-probing gradi-
ent direction (23,25), so postprocessing
distortion correction was not applied
for this data set. After calculating the six
independent elements of the 3 X 3 ten-
sor and diagonalization, three eigenval-
ues and three eigenvectors were ob-
tained (1,3-5). The eigenvector associ-
ated with the largest eigenvalue was
assumed to represent the intravoxel fi-
ber orientation. The fractional anisot-
ropy map and directional color-coded
map were synthesized (Fig 1). Fiber ori-
entations were assigned specific colors
on the color-coded map, as follows: Red
represented the right-to-left orienta-
tion; green, the anterior-to-posterior
orientation; and blue, the superior-to-
inferior orientation (26).

Fiber Tractography
The DtiStudio software was used to also
perform fiber tractography on the basis
of the fiber assignments derived by
means of the continuous tracking
method (6,9,10). With this software,
tracking from all the pixels inside the
brain (ie, with the brute force ap-
proach) was performed, and tracking
results that penetrated the two manu-
ally segmented regions of interest
(ROIs) on the basis of the known ana-
tomic distributions of tracts were as-
signed to specific tracts (ie, with the
two-ROl approach). Propagation in
each fiber tract was terminated if a
voxel with a fractional anisotropy value
of less than 0.2 was reached or if the
inner product of two consecutive vec-
tors was greater than 0.75. These con-
ditions prohibited the turning of angles
larger than 41° during tracking (10).
Four fiber bundles—the corticospi-
nal tract, the superior longitudinal fas-
ciculus, the corticocortical connection
fibers through the corpus callosum, and
the limbic fibers through the fornix—
were reconstructed by drawing specific
ROIs according to the anatomic distri-
butions of each fiber tract. ROl manipu-
lations were performed by one neurora-
diologist (A.Y.) with 3 years of experi-
ence performing tractography and 10
years of experience as a neuroradiolo-
gist. This author was blinded as to

whether the images had been obtained
by using 3.0 T or 1.5 T when he per-
formed each ROI segmentation.

For corticospinal tract tractogra-
phy, two ROls were placed on trans-
verse non-diffusion-weighted (b = 0
sec/mm®) images (10,12,15) according
to established anatomic landmarks: The
first ROl was placed in the cerebral pe-
duncle bilaterally, and the second ROI
was placed in the precentral gyrus bilat-
erally (27) (Fig 2a).

The superior longitudinal fasciculus
was reconstructed at tractography by
placing two ROIs in the cerebral deep
white matter on a coronal directional
color-coded map. The superior longitu-
dinal fasciculus was identified on the
coronal color-coded map as a region
where the fiber orientation was anterior
to posterior (green), lateral to the co-
rona radiata (26,28). An anterior ROI
was placed in the plane passing through
the reconstructed corticospinal tract,

Figure 1

b.

superior longitudinal fasciculus.

Figure 1:  Transverse (left), coronal (middle), and sagittal (right) (a) 3.0-T and (b) 1.5-T color-coded maps
reconstructed at DT tractography in the same subject. Red, green, and blue areas represent fibers running in
right-to-left, anterior-to-posterior, and superior-to-inferior orientations, respectively. Locations of examined
white matter tracts were assigned by using the 3.0-T color-coded maps. £d-CC = body of corpus callosum,
bd-fornix = body of fornix, c/-fornix = column of fornix, CST = corticospinal tract, ma-CC = major forceps,
mi-CC = minor forceps, plic = posterior limb of internal capsule (including the corticospinal tract), SLF =

and a posterior ROl was placed in the
plane passing through the rostral sur-
face of the splenium of the corpus callo-
sum, with both ROIs covering the green
area representing the superior longitu-
dinal fasciculus (Fig 2c). Some “noise”
fibers that were apparently tracing the
error course were then removed (10).
Corpus callosum tractography was
performed by imaging the combination
of four different callosal fiber bundles.
The primary ROI was placed in the cor-
pus callosum in the midsagittal plane
(Fig 2d). To visualize different parts of
the callosal fibers, secondary ROIs were
placed in four regions: two ROls on the
coronal color-coded map and two ROIs
on the transverse color-coded map (Fig
2e). Anterior callosal fibers, referred to
as minor forceps, were reconstructed
by placing the ROI covering the deep
white matter in the coronal plane ante-
rior to the genu of the corpus callosum.
For reconstruction of the posterior cal-
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Figure 2

f

Figure2: ROl operations used to reconstructfour tracts on 3.0-T MR images (b = 0 sec/mm?, 5200/79). (a) Trans-
verse images at bilateral cerebral peduncles (right), precentral gyri (middle), and internal capsule (left) show ROl in red.
Corticospinal tract is area of prolonged T2 relaxation at posterolateral aspect of internal capsule (arrowheads). (b) Coro-
nalimages of corticospinal tracts (red) reconstructed with cut operation. Only fibers between the ROIs (blue) were recon-
structed for the right and left sides separately. (¢) Coronal color-coded maps with ROIs (white ellipses). Anterior (left) and
posterior (right) ROIs contain superior longitudinal fasciculus (green area lateral to corona radiata). (d) Primary RO
placed in corpus callosum on sagittal color-coded map. Vertical (coronal planes) and horizontal (transverse planes)
white lines indicate section locations of secondary ROIs: anterior coronal section for minor forceps, posterior coronal for
major forceps, superior transverse for body of corpus callosum, and inferior fransverse for tapetum. () Transverse col-
or-coded maps show secondary ROIs for corpus callosum: anterior ROIs for minor forceps (top left), posterior ROIs for
major forceps (top right), superior ROIs for body of corpus callosum (bottom left), and inferior ROIs (white outlines) for
tapetum (bottom right). (f) Transverse (left) and coronal (right) color-coded maps show ROIs (white outlines) for fomix. Pri-
mary (superior) ROl was placed at body of fomix (left); secondary (posterior) ROIs, at crura of fomices bilaterally (right).

0\

losal fibers, referred to as major for-

ceps, the ROI was placed posterior to
the splenium of the corpus callosum.
Callosal body fibers were reconstructed
bv placing the ROl at the centrum semi-
ovale in the transverse plane superior to
the body of the corpus callosum. For

reconstruction of the temporal inter-
hemispheric connection fibers, referred
to as tapetum, ROIs were placed bilat-
erally in the temporal deep white mat-
ter, lateral to the trigon of the lateral
ventricles. These four fibers (ie, minor
forceps. major forceps, callosal body fi-

bers, and tapetum) were combined to
delineate the entire corpus callosum.
Limbic fibers through the fornix
were reconstructed by placing one pri-
mary ROl and two secondary ROIs. The
primary ROI was placed in the body of
the fornix, and the secondary ROlIs

Radiology: Volume 238 Number 2—February 2006
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Figure 3

b.

Figure3: Scoring (scores 1-4) for fiber fract depiction at tractography. Red areas represent the depicted tracts. (a) Top: Corticospinal tractographic image superim-
posed on sagittal non— diffusion-weighted images (5200/79) viewed from left side. Grades 7and 2were assigned at 1.5-T imaging, and grades 3and 4were assigned at
3.0-Timaging. Bottom: Fornix tractographic image obtained at 3.0 T superimposed on transverse non—diffusion-weighted images (5200/79). Blue lines separate right
and left fornix tractographic images. (b) Superior longitudinal fasciculus tractographic image (top) and corpus callosum tractographic image (bottom) superimposed on
sagittal non—diffusion-weighted images (5200/79) viewed from left side. For superior longitudinal fasciculus tractography (top), grades 1and 2 were assignedat 1.5-T
imaging, and grades 3 and 4 were assigned at 3.0-T imaging. For corpus callosumtractography, grade 2 was assigned at 1.5 T imaging, and grades 3 and 4 were as-
signed at 3.0-T imaging. In no subject was grade 1 assigned at corpus callosum tractography.

were placed in the crura of the right and
left fornices anterolateral to the sple-
nium of the corpus callosum (Fig 2f).

Evaluation of Tractography

The tractographic depiction of fiber
tracts was graded on three-dimensional
volume views and in three orthogonal
two-dimensional planes by two neurora-
diologists (T.O., with 2 years of experi-
ence performing tractography; Y.M.,
with 3 years of experience performing
tractography and 19 vears of experience
as a neuroradiologist). Grading was
performed on the basis of the following
three criteria: the fiber tract volume,
the anatomic distribution of the tract,
and the presence or absence of the tract
at the expected location. The readers
were blinded to the magnetic field
strength used (1.5 or 3.0 T). After per-
forming independent interpretations,
the two readers resolved any score dis-
crepancies by consensus to establish fi-
nal scores.

One score was derived from one
tractographic examination—not from
the pair of ROIs used to perform recon-
structing tractography. The scores as-
signed at fiber tractography were as fol-
lows: 4 meant excellent—that is, the de-
picted fiber tract accurately matched

the known anatomic distribution, and
there was a sufficient volume of fibers; 3
meant adequate for diagnosis—that is,
imaging errors such as image distortion
and tract propagation error were mi-
nor, so the image was still adequate for
use as a diagnostic tool; 2 meant fair—
that is, moderate imaging errors or
moderate tract volume loss markedly
reduced imaging quality; 1 meant poor—
that is, there were major imaging errors
and/or tract volume loss, and the read-
ers were unable to interpret the course
or shape of the tract; and 0 meant no
tract visualization.

At corticospinal tract tractography,
anatomically accurately depicted tracts
were defined as those passing through
the lateral segment of the cerebral pe-
duncle, the posterior limb of the inter-
nal capsule, and the precentral gyrus.
At superior longitudinal fasciculus trac-
tography, fibers connecting the frontal
and parietal lobes (ie, long association
fibers) and fibers connecting the frontal
and temporal lobes (ie, arcuate fibers)
were considered. Anatomically accu-
rate results for the superior longitudinal
fasciculus were defined as good visual-
ization of both the long association fi-
bers and the arcuate fibers. At corpus
callosum tractography, anatomically ac-

curate results were defined as good vi-
sualization of the four different subseg-
ments. At limbic tractography, the de-
piction of fibers connecting the column,
body, and crus of the fornix was consid-
ered to represent anatomically accurate
results. At tractography, the depicted
superior longitudinal fasciculus, corpus
callosum, and fornix are each composed
of several subsegments of fiber bundles,
and all subsegments were integrated to
establish a single final score for each
tractographic examination. The scoring
of tractographic images is illustrated in
Figure 3.

Tractographic depictions of the cor-
ticospinal tract, superior longitudinal
fasciculus, and fornix on the right and
left sides were assessed independently.
At corpus callosum tractography, the
right and left sides were assessed to-
gether, because callosal fiber connects
the right and left hemispheres.

Reconstructed tract fibers
counted by using the DtiStudio soft-
ware. The numbers of fibers depicted at
tractography of the corticospinal tract
and the superior longitudinal fasciculus
in the right and left hemispheres were
counted separately. The right and left
fibers were not counted separately at
tractography of the corpus callosum and

were
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the fornix, because right- and left-hemi-
sphere limbic fibers were difficult to dif-
ferentiate at the column of the fornix,
which was visualized as a single fiber
bundle.

Although the diffusion characteris-
tics of the normal brain are somewhat
asymmetric, corticospinal tract tractog-
raphy in healthy subjects reportedly re-
veals minimal asymmetry (17,29). To
assess the reliability of corticospinal
tract tractography in healthy subjects,
lateral asymmetry was evaluated on the
basis of the numbers of right- and left-
hemisphere fibers at tractography of the
corticospinal tract. For this purpose,
the “cut” operation was performed by
using DtiStudio software. With the cut
operation, only the fiber coordinates be-
tween the two ROIs are reconstructed
(Fig 2b). The conventional two-ROI ap-

Figure 4

c.
Figure 4:

proach involves the use of three cortico-
spinal tract regions at tractography: the
areas below the cerebral peduncle, be-
tween the two ROIs, and above the pre-
central gyrus. These three regions have
very different properties. In the region
between the two ROls, tracking results
do not branch and are more robust
against noise. This approach is particu-
larly useful for quantitative analysis.
The index of asymmetry (Al) be-
tween the right (R) and left (L) cortico-
spinal tracts in each subject at tractog-
raphy was calculated as the absolute dif-
ference in fiber numbers between the
two sides, divided by the mean of the
two sides, as modified from a previously
described method (14): Al = L - R/
[(L + R)/2]. Lateral asymmetry analysis
of superior longitudinal fasciculus trac-
tography was not performed, because

d.

Fiber tractographic results. (a, b) Left: Three-dimensional reconstruction of corticospinal tract (red) in the same subject at (@) 3.0-T and (b) 1.5-T tractogra-
phy, with use of transverse and coronal fractional anisotropy images. Middle and right: Transverse non- diffusion-weighted images with two-dimensional overlays of
tractographic images at the sections of the cerebral peduncles (middle) and internal capsule (right) bilaterally, The voxels where the depicted corticospinal tract pene-
trates the transverse planes are shaded red. At 1.5-T corticospinal tract tractography (b), although the proper anatomic distribution is depicled, the tract volume is lower
thanthatat 3.0 T. (c) Three-dimensional reconstruction of superior longitudinal fasciculus (red) on sagittal fractional anisotropy map at 3.0-T tractography in a different
subject. At tractography in this subject, the shapes and distributions of the right and left superior longitudinal fasciculi differed. Although tractography of the left superior
longitudinal fasciculus depicted arcuate fibers toward the temporal lobe, tractography of the right superior longitudinal fasciculus depicted no arcuate fibers. The cortico-
cortical long connection fibers between the frontal and parietal lobes, however, were thicker on the right side than on the left side. (d) Tractographic image of superior
longitudinal fasciculus (red, arrows) overlaid on 3.0-T transverse (left) and coronal (right) color-coded maps obtained in the subject described in ¢ (Fig 4 continues).

the superior longitudinal fasciculus com-
prises numerous long and short connect-
ing fibers and lateral asymmetry is com-
monly observed in healthy subjects (6,29).

Statistical Analyses

Differences between 3.0- and 1.5-T DT
imaging were calculated in terms of the
following features: (a) depiction scores
for right and left corticospinal tract
tractography, right and left superior
longitudinal fasciculus tractography,
corpus callosum tractography, and right
and left fornix tractography; (b) num-
bers of fibers depicted at right and left
tractography of the corticospinal tract,
right and left tractography of the supe-
rior longitudinal fasciculus, corpus cal-
losum tractography, and fornix tractog-
raphy; and (c) asymmetry index at cor-
ticospinal tract tractography. Statistical

Radiology: \'olume 238 Number 2—February 2006
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analysis was based on the consensus
scores for each tract in each subject
derived by the two neuroradiologists.
The Wilcoxon signed rank test was ap-
plied by using JMP, version 5.1, soft-
ware (SAS Institute, Cary, NC). For all
statistical analyses, P < .05 was consid-
ered to be indicative of a significant dif-
ference.

Fiber Tract Visualization

DT imaging at both 3.0 and 1.5 T was
successfully performed in all 30 sub-
jects. The corticospinal tract was visual-
ized at 3.0 and 1.5 T (Fig 4a, 4b) in all
subjects. At superior longitudinal fascic-
ulus tractography, long association fi-
bers were visualized in all subjects at
3.0 and 1.5 T. Right arcuate fibers were
visualized in 22 subjects (73%) at 3.0 T

Figure 4
L __________________aalrt]

e.
Figure 4 (continued):

ized separately.

and in 20 subjects (67%) at 1.5 T,
whereas left arcuate fibers were identi-
fied in 29 subjects (97%) at 3.0 and 1.5
T (Fig 4c, 4d).

All four subsegments of the corpus
callosum were successfully visualized at
3.0 and 1.5 T (Fig 4e) in every subject.
The body and column of the fornix were
visualized at 3.0 and 1.5 T in every sub-
ject. The right crus of the fornix was
visualized in 21 subjects (70%) at 3.0 T
and in 18 subjects (60%) at 1.5 T. The
left crus of the fornix was visualized in
27 subjects (90%) at 3.0 T and in 25
subjects (83%) at 1.5 T (Fig 4f). One
subject was incidentally found to have
cavum septum pellucidum and cavum
vergae. The right and left columns of the
fornix were visualized separately in this
subject (Fig 4g).

All tractographic results were in-
cluded in the analysis of tract depiction
scores and numbers of depicted tract

(e) Three-dimensional 3.0-T tractographic reconstruction of corpus callosum (red) on sagittal non—diffusion-weighted image (5200/79) (top
left) and on overlay inthree orthogonal planes (top right, bottom left, and bottom right). Various kinds of transcallosal connection fibers are depicted. The center indicated
by the intersecting of the vertical and horizontal lines on the three orthogonal images (top right, bottom left, and bottom right) indicate the same location. (f) Three-dimen-
sional 3.0-T tractographic reconstruction of fornix (yellow) on transverse non—diffusion-weighted image (5200/79) (left) and sagittal color-coded map viewed from left
(right). (g) Three-dimensional 3.0-T tractographic reconstruction of fornix (yellow) on transverse non—diffusion-weighted image (5200/79) (left) and transverse color-
coded map (right) obtained in a subject with cavum septum pellucidum and cavum vergae. The bodies and columns of the fornices on the right and left sides were visual-

fibers. All tractographic results for the
corticospinal tract were included for
asymmetry analysis. With regard to the
420 depiction scores (30 subjects times
seven tracts times two readers), there
were discrepancies between the two
independent readers regarding 152
scores (36%). The two readers dis-
cussed the discrepancy and established
a final consensus score in each case.
The depicted fiber tracts and the depic-
tion scores are listed in Table 1.

Statistical Analyses

For tractography of the corticospinal
tract, both right- and left-hemisphere
depiction scores (P < .001) and num-
bers of tract fibers (right, P = .008; left,
P < .001) were significantly higher at
3.0 T than at 1.5 T. The asymmetry
index at corticospinal tract tractogra-
phy was significantly lower at 3 T (P <
.001). For tractography of the right su-
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perior longitudinal fasciculus, depiction
scores (P = .005) and numbers of tract
fibers (P = .001) were significantly
higher at 3.0 T than at 1.5 T. Depiction
scores for tractography of the left supe-
rior longitudinal fasciculus did not differ
significantly between 3.0- and 1.5-T DT

imaging. For tractography of the left su-
perior longitudinal fasciculus, the num-
bers of tract fibers were significantly
higher at 3.0 T than at 1.5 T (P = .02).
For corpus callosum tractography, de-
piction scores were significantly higher

at 3.0 T than at 1.5 T (P = .01), al-

Table 1

Depiction Scores Assigned at Fiber Tractography

Tract and Score 3.0-T Tractography 1.5-T Tractography
Right corticospinal tract
0 1] 0
1 0 2
2 1 8
3 6 13
4 23 7
Left corticospinal tract
0 0 0
1 0 6
2 1 9
3 6 10
4 23 5
Right superior longitudinal fasciculus
0 0 0
1 i 3
2 10 1
3 6 9
4 13 7
Left superior longitudinal fasciculus
0 0 0
1 1 0
2 3 3
3 14 17
4 12 10
Corpus callosum
0 0 0
1 0 0
2 2 6
3 9 14
4 19 10
Right fornix
0 0 0
1 10 1
2 8 16
3 1 3
4 1 0
Left fornix
0 0 0
1 3 4
2 14 17
3 12 9
4 1 0

Note.—Data are numbers of subjects with the given depiction score. Scores were determined in consensus between two

readers

Radiology: iolume 238 Number 2—February 2006

though the numbers of tract fibers did
not differ significantly. Scores for depic-
tion of the right fornix (P = .04) and
numbers of fornix tract fibers bilaterally
(P = .02) were significantly higher at
3.0 T than at 1.5 T, although scores for
depiction of the left fornix were not sig-
nificantly different. These results are
summarized in Table 2.

In recent studies, investigators have re-
ported on intraindividual comparisons
between 3.0- and 1.5-T DT imaging per-
formed for functional MR imaging based
on blood oxygen level-dependent con-
trast (30), intracranial time-of-flight MR
angiography (31), supraaortic contrast
material-enhanced MR angiography
(32), and high-spatial-resolution inner
ear imaging (33). These studies re-
vealed the clinical feasibility of and the
better visualization that is achievable at
3.0-T imaging compared with these fea-
tures at 1.5-T imaging. DT imaging also
reportedly vields a higher signal-to-
noise ratio at 3.0 T, suggesting the pos-
sibility that it renders higher spatial res-
olution without enhanced noise-related
errors (22,34).

Parallel imaging techniques involve
the use of multiple receiver coil ele-
ments for spatial information encoding
and gradient encoding and, owing to
shortened echo train lengths, have been
shown to markedly reduce the number
of echo-planar imaging-related arti-
facts. The potential of parallel imaging
for DT imaging has been demonstrated
at both 1.5 and 3.0 T (21,22). Naga-
nawa et al (23) challenged the optimiza-
tion of 3.0-T DT fiber tractography per-
formed with parallel imaging and found
that DT imaging data on brain fiber
tracking in healthy subjects can be ac-
quired within a very short imaging time
(<2 minutes). Nagae-Poetscher et al
(24) performed high-spatial-resolution
DT imaging of the brainstem at 3.0 T
with parallel imaging and visualized var-
lous brainstem structures, including
deep cerebellar nuclei, some cranial
nerves, and white matter tracts.

To our knowledge, our study is the
first in which the findings of 3.0- and
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1.5-T DT fiber tractography, both per- save <

Analyses of Tract Depiction Scores and Numbers of Tract Fibers

formed with parallel imaging, were
compared in a relatively large number
of subjects. Improved image quality was
observed at 3.0-T tractography of the
corticospinal tract.

More complex results were ob-
served at tractography of the superior
longitudinal fasciculus. Although the
right superior longitudinal fasciculus
was visualized significantly better at 3.0
T, the depiction score for left superior
longitudinal fasciculus tractography did
not differ significantly between 3.0 and
1.5 T. The numbers of tract fibers de-
picted at 3.0 T were significantly higher
than the numbers of fibers depicted at
1.0 T. We speculated that the reason
for this was as follows: According to
fiber dissection study findings, the corti-
cospinal tract is a long projection fiber
bundle with a well-established anatomic
distribution (35). Most fibers in the cor-
ticospinal tract run parallel through the
posterior limb of the internal capsule,
without sharp turning angles or direc-
tional diversity.

Conversely, both the superior longi-
tudinal fasciculus and the corpus callo-
sum consist of groups of fiber bundles
that comprise association or commis-
sural fibers of varying lengths and direc-
tions. The superior longitudinal fascicu-
lus contains arcuate fibers that turn
sharply toward the temporal lobe. This
sharp turning angle may surpass the
tracking terminate threshold, and track-
ing does not extend to reach the tempo-
ral lobe. Temporal fibers are susceptible
to image distortion at the middle cranial
fossa and temporal bone, where the air-
tissue interface induces magnet suscep-
tibility artifacts. Thus, we propose that
temporal arcuate fibers are more af-
fected by image distortion than are long
association fibers. In the present study,
left arcuate fibers were visualized in a
larger number of subjects than were
right arcuate fibers at both 3.0 and 1.5
T. Such asymmetry of the arcuate fibers
at tractography may be due to image
distortion or the known lateral asymme-
try of temporal fibers (36), and, thus,
differences between 3.0- and 1.5-T DT
imaging may be underestimated on the
left side.

Difference in Difference in

Depiction No. of Tract
Tract Score* PValue! Fibers® PValue*
Right corticospinal tract® 0.87 = 0.15 <.001 271 £ 12 .008
Left corticospinal tract 132+ 0.21 < 001 70+92 <.001
Right superior longitudinal fasciculus 0.52 + 0.16 005 192 + 57 001
Left superior longitudinal fasciculus 0.03 = 0.14 NS 65 = 34 02
Corpus callosum 0.34 +0.12 01 220 + 149 NS
Right fornix 0.35 + 0.16 .04 e e
Left fornix 0.19 = 0.15 NS
Left and right fornices i e 14 +£55 .02

Note.—NS = not significant.
* Data are mean difference values * standard deviations

t P values for difference in depiction scores at 1.5- versus 3.0-T tractography.

* P values for difference in numbers of tract fibers at 1.5- versus 3.0-T tractography.

$The mean asymmetry index for the corticospinal tract was 0.47 + 0.11 (standard deviation), and the difference in
corticospinal tract asymmetry index at 1.5- versus 3.0-T tractography was significant (P < .001).

For corpus callosum tractography,
tract depiction scores were better at 3.0
T than at 1.5 T but the numbers of tract
fibers did not differ significantly. At cor-
pus callosum tractography, the cross-
ing-fiber problem of unidirectional
tracking models (37) may contribute to
the discrepancies observed between de-
piction scores and tract fiber numbers.
Corpus callosum tractography is sus-
ceptible to the crossing-fiber problem at
the centrum semiovale. In this area, a
small number of callosal fibers intersect
a large number of corticospinal tract fi-
bers. Thus, corpus callosum tractogra-
phy might reveal a smaller number of
fibers than the appropriate fiber trajec-
tory owing to limitations related to the
crossing-fiber problem, and differences
between 3.0- and 1.5-T imaging may be
underestimated.

The statistical methods used may
have been responsible for the differ-
ences in results obtained at analyses of
the depiction scores and the numbers of
tract fibers. Although mean differences
in the numbers of depicted fibers be-
tween 3.0- and 1.5-T imaging were as
large as 220, no significant difference
was noted. This was probably because
of the relatively large numbers of de-
picted fibers (mean numbers: 3784 at
3.0 T and 3565 at 1.5 T). Low statistical
power also may have contributed to this
lack of a significant difference.

Depiction scores for right fornix
tractography were significantly better at
3.0 T than at 1.5 T, but no significant
differences were noted for the left for-
nix. The numbers of tract fibers de-
picted at 3.0-T fornix tractography were
significantly higher than the numbers
depicted at 1.5-T tractography. This re-
sult was probably due to the relatively
lower volume of limbic fibers compared
with the volumes of other fiber bundles.
Our DT imaging voxel size was 1.7 X
1.7 X 3.0 mm. The body and crus of the
fornix are composed of narrow fiber
bundles—they are smaller in diameter
than a single voxel—so partial volume-
averaging artifacts would have had a
greater effect in this region than in the
other fiber tracts.

The present study had some limita-
tions. First, the imaging parameters for
3.0-T imaging were not optimized to
achieve the best DT image quality. For
the most part, we used identical imaging
parameters to perform 3.0- and 1.5-T
imaging for comparisons so that fea-
tures other than magnetic field strength
would be equivalent. However, differ-
ences in T1 and T2" interfere with the
equal conditions between 3.0- and 1.5-T
imaging. A DT imaging sequence opti-
mized for 1.5-T imaging is not the opti-
mal sequence for 3.0-T imaging. The
differences in bandwidth between 3.0-
and 1.5-T imaging also may have biased
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