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epatocellular carcinoma (HCC)
H has gained major clinical interest

because of its increasing world-
wide incidence (1). Liver cancer is the
fifth most common cancer in the world
(564 000 cases per year) and the third
most frequent cause of cancer-related
death (2). Although surgical resection
and liver transplantation are effective
radical treatments, a small proportion
of patients with HCC currently benefit
from these treatments because of poor
hepatic reserve or a shortage of donors
(1). There are several nonsurgical op-
tions for the treatment of HCC, such as
transcatheter arterial embolization, im-
age-guided percutaneous ethanol injec-
tion, percutaneous acetic acid injection,
percutaneous microwave coagulation,
radiofrequency (RF) ablation, intersti-
tial laser photocoagulation, and cryo-
therapy (3-13). Several reports have in-
dicated that RF ablation is effective for
the local control of small HCC nodules
(7,10,11,14,15). The types of commer-
cially available RF electrodes have been
divided into three types: expandable
electrode, internally cooled electrode,
and saline-enhanced electrode (10,11,16);
currently, expandable and internally
cooled electrodes are widely used. Au-
thors of some reports have compared
the coagulation areas produced with
commercially available RF devices in an-
imal livers (17,18). To our knowledge,
however, no single study has compared
the effectiveness of the LeVeen (Radio-
Therapeutics, Mountain View, Calif)
(hereafter, expandable electrode) and
Cool-tip (Radionics, Burlington, Mass)
(hereafter, internally cooled electrode)
needles in humans. The purpose of our
study, therefore, was to prospectively
compare the effectiveness of RF abla-
tion performed by using the internally
cooled electrode and the expandable
electrode for the treatment of small
(=3.0 cm) HCC nodules.

Patients

Between June 2001 and June 2003, 76
consecutive patients were referred to
the department of radiology for RF abla-
tion. Our criteria for RF ablation were

three or fewer HCC nodules equal to or
smaller than 3 cm in diameter. Of the 76
patients, two with an HCC nodule lo-
cated near the colon refused RF abla-
tion; one was treated with surgical re-
section and the other was treated with
transcatheter arterial embolization.
Seventy-four patients with 83 HCC nod-
ules (58 men and 16 women; age range,
41-83 years; mean age * standard de-
viation, 65.5 years = 9.5) participated
in this study. Of the 74 patients, 67 had
a solitary nodule, five had two nodules,
and two had three nodules. Nodule size
ranged from 0.5 to 3.0 cm in diameter
(mean, 1.9 cm % 0.8). The human sub-
jects research review board at our insti-
tution approved our protocol. Before
treatment, informed consent was ob-
tained from each patient. The patients
were informed that according to the
published literature, the RF technique
with either the internally cooled elec-
trode or the expandable electrode was
effective for local control of HCC, and
they were made aware of our study.

The patients were randomly as-
signed to undergo RF ablation with an
internally cooled electrode or with an
expandable electrode, according to a
weekly schedule. RF ablation with the
internally cooled electrode was per-
formed every Tuesday (38 patients with
41 HCC nodules) and that with the ex-
pandable electrode (36 patients with 42
HCC nodules) was performed every Fri-
day.

Imaging and Confirmation of Diagnosis

Pretreatment imaging studies per-
formed were abdominal ultrasonogra-
phy (US) and dynamic computed to-
mography (CT). Abdominal US was
performed with a real-time scanner and
a 3.5-MHz transducer (SSD-550; Aloka,
Tokyo, Japan) by one author (Toyomi-
chi Shibata) who did not know the pa-
tients’ treatment group. Dynamic CT
was performed with a helical CT scan-
ner (HiSpeed Advantage; GE Medical
Systems, Milwaukee, Wis). Triple-
phase contiguous CT scans with 7-mm-
thick sections were obtained. First,
nonenhanced CT scans were obtained.
Then, early-phase CT scans were ob-
tained 30 seconds after the initiation of

the bolus injection of 100 mL of 65%
iopamidol (fopamiron 300; Nihon Scher-
ing, Osaka, Japan); late-phase CT scans
were obtained 120 seconds after the ini-
tiation of the injection of contrast me-
dia. One author (Y.M.), who did not
know the patients’ treatment group, di-
agnosed the CT findings. The European
Association for the Study of the Liver
(19) demonstrated that HCC can be di-
agnosed by means of coincident findings
with at least two of three modalities—
US, CT, or magnetic resonance imag-
ing—that show characteristic features
in a focal lesion. In our study, the diag-
nosis of HCC was obtained according to
characteristic image findings at both US
and dynamic CT in 55 of 74 patients;
HCGC was confirmed with percutaneous
needle biopsy in the remaining 19 pa-
tients, who had nodules that could not
be diagnosed as HCC according to the
image findings.

RF Ablation

One author (Toshiya Shibata), who had
18 years of experience in interventional
radiology, performed the RF ablation.
Internally cooled electrode.—The
Cool-tip RF system, produced by Radi-
onics, was used (9). The RF system con-
sists of a 480-kHz generator; a 20- or
15-cm-long, 17-gauge cooled-tip RF

electrode with a 2- to 3-cm-long ex-
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posed metallic tip; and a dispersive pad
applied to the patient’s skin. Grounding
was achieved by attaching a dispersive
pad to each of the patient’s thighs. Pen-
tazocine (15 mg, Sosegon; Yamanouchi
Pharmaceutical, Tokyo, Japan) was in-
tramuscularly injected 10 minutes be-
fore therapy as premedication for se-
dation. After the skin surface was
disinfected, induction of local anesthe-
sia with 1% lidocaine (Xylocaine; Astra-
Zeneca, Osaka, Japan) was performed.

For nodules that were up to 1.5 cm
in diameter, an electrode with a 2-cm
exposed metallic tip was introduced into
the center of the nodules by using either
US or CT guidance. An electrode with a
3-cm exposed metallic tip was intro-
duced into the center of nodules that
were 1.5-2.5 cm in diameter. For nod-
ules greater than 2.5 cm in diameter, a
multiple electrode insertion technique
was applied. Two electrodes with a
3-cm exposed metallic tip were inserted
m the peripheral parts of the tumor,
with an interelectrode distance of 1.5-
2.0 cm.

During RF ablation, a thermocouple
embedded in the electrode tip continu-
ously measured the local temperature.
Tissue impedance was monitored con-
tinuously by means of circuitry incorpo-
rated in the generator. A peristaltic
pump (Watson-Marlow, Wilmington,
Mass) was used to infuse 0°C normal
saline solution into the cooling lumen of
the electrode at a rate sufficient to
maintain a tip temperature of 20°C-
25°C. RF energy was delivered in the
following manner: After measurement
of baseline tissue impedance, generator
output was slowly increased to 1000-
1400 mA, and this level was maintained
until the end of the procedure. If an
increase in impedance equal to or
greater than 10 above baseline was ob-
served, the current was reduced until
stable impedance was observed and
then increased again. The process of
decreasing and increasing generator
output was repeated for the remainder
of the treatment session to prevent tis-
sue charring, which leads to increased
impedance and limited energy deposi-
tion. The length of these cycles of in-
creased and decreased generator out-

put varied according to tissue impedance;
in general, however, decreased output
was maintained for approximately 15
seconds. An analgesic (pentazocine, 135
mg) was administered intravenously for
patients who experienced severe pain
during or immediately after the treat-
ments.

Expandable electrode.—The RF
2000 generator system, produced by
RadioTherapeutics, was used (10). This
system consists of a generator, a mo-
nopolar array needle electrode (LeVeen),
and a dispersive electrode pad applied
to the patient’s skin. The RF generator
has a 460-kHz frequency and features
displays indicating tissue impedance
value and procedure time. The needle
electrode is a 15-gauge insulated can-
nula with eight or 10 expandable hook-
shaped electrode tines, whose diame-
ters are 2.0 or 3.0 cm at expansion.
Grounding was achieved by attaching a
dispersive pad to each of the patient’s
thighs. Pentazocine (15 mg) was intra-
muscularly injected 10 minutes before
therapy as premedication for sedation.
After the skin surface was disinfected,
induction of local anesthesia with 1%
lidocaine was performed.

For nodules up to 1.5 cm in diame-
ter, an electrode with 2.0-cm expanded
tines, which was connected to the RF
generator with a soft cable, was intro-
duced into the center of the nodules by
using either US or CT guidance. Hooks
were then deployed in situ in the nod-
ule. An initial power of 30 W was ap-
plied and increased at a rate of 10
W/min to 90 W. RF energy was applied
until either marked increases in imped-
ance were achieved or 15 minutes had
elapsed. The second treatment was
then applied at the same position until
either marked increases in impedance
were achieved or 10 minutes had

elapsed at the 75% of the maximum

output of the first treatment. If the
marked increases in impedance were
not obtained after the second treatment
within 10 minutes, the third treatment
was initiated at the same power of the
second treatment and increased at a
rate of 10 W/min to 90 W maximum,
until marked increases in impedance
were obtained. During procedures, an

analgesic (pentazocine, 15 mg) was ad-
ministered intravenously for patients
who experienced severe pain during or
immediately after the treatments.

For nodules 1.5-2.5 cm in diameter,
an electrode with 3.0-cm expanded
tines was introduced into the center by
using US guidance. An initial power of
40 W was applied and increased at a
rate of 10 W/min to 90 W. RF energy
was applied until either marked in-
creases in impedance were achieved or
15 minutes had elapsed. The second
treatment was then applied at the same
position until either marked increases
in impedance were achieved or 10 min-
utes had elapsed at the 75% of the max-
imum output of the first treatment. If
the marked increases in impedance
were not obtained after the second
treatment during 10 minutes, the third
treatment was initiated at the same
power of the second treatment and in-
creased at a rate of 10 W/min to 90 W
maximum, until marked increases in
impedance were obtained. During pro-
cedures, an analgesic (pentazocine, 15
mg) was administered intravenously for
patients who experienced severe pain
during or immediately after the treat-
ments.

For nodules larger than 2.5 cm in
diameter, a multiple-electrode insertion
technique was applied. Two electrodes
were inserted in the peripheral parts of
the tumor, with an interelectrode dis-
tance of 1.5-2.0 cm. The electrode used
in the multiple-electrode insertion tech-
nique was the same as that used with
the 3.0-cm expanded tines.

Treatment Course and Follow-up

Treatment course.—One to 2 days after
each treatment session, dynamic CT
was performed with the same protocols
as the pretreatment imaging studies to
diagnose the spread of the coagulation
areas. One author (Y.M.) evaluated the
CT findings. When a nonenhancing area
with a diameter greater than that of the
treated nodule was depicted, the treat-
ment was finished. When nodule en-
hancement was seen at dynamic CT, an
additional RF treatment was performed
for the residual enhanced lesion. We
limited the total number of treatment
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sessions for each nodule to no more
than three so that a treatment course
included one to three RF sessions. The
effectiveness of the RF ablation tech-
nique was evaluated with dynamic CT
performed 3-4 weeks after the first RF
ablation session was performed. When
no enhancing lesion was seen at CT, the
technique effectiveness was defined as
complete. When nodule enhancement
was still seen at CT, the technique effec-
tiveness was defined as incomplete
(19). The nodules showing incomplete
technique effectiveness were not
treated with additional RF ablation but
rather with transcatheter arterial em-
bolization. Primary technique effective-
ness rates (19) were evaluated in our
study.

Follow-up US and dynamic CT were
performed at 3-month intervals with the
same protocols as the pretreatment
studies. Local tumor progression was
defined as a newly appearing enhancing
lesion in or near the treated nodule at
dynamic CT (19). The occurrence of
new lesions in the liver and tumor dis-
semination or tumor implantation along
the electrode tract were evaluated with
US and dynamic CT. One author (Toyo-
michi Shibata) performed US, and an-
other author (Y.M.) assessed the dy-
namic CT findings. Follow-up periods
after RF ablation were 10-41 months
(mean, 27 months * 6.8) overall,
10-41 months (mean, 28 months =+
7.9) in the expandable electrode group,
and 16-40 months (mean, 21 months *

5.7) in the internally cooled electrode

group.

Comparison.—The following points
were compared between the internally
cooled electrode and expandable elec-
trode groups:

1. Rates of primary technique effec-
tiveness in each nodule.

2. Rates of major complications: In
accordance with the complication defi-
nitions established by the Society of In-
terventional Radiology, specific compli-
cations of interventional procedures
were assigned to major and minor cate-
gories (20). Major complications were
defined as those that required therapy
with hospitalization or involved perma-
nent adverse sequelae, including death.

Major complications occurring after
percutaneous ablation therapy for liver
tumors are hemorrhage requiring trans-
fusion, liver abscess requiring percuta-
neous drainage, bile duct injury requir-
ing biliary drainage, pleural effusion
requiring thoracentesis, tumor dissemi-
nation, hepatic failure, and death. Each
one of two authors (H.I. and M.H.) as-
sessed the major complications.

3. Rates of local tumor progression
in each nodule: The time from the be-
ginning of RF ablation to last follow-up
CT was used.

4. Rates of overall survival: The time
from the beginning of RF ablation to last
follow-up CT or death was used.

5. Rates of local tumor progression-
free survival: The time from the begin-
ning of RF ablation to last follow-up CT,
local tumor progression, or death was
used.

6. Rates of event-free survival: The
time from the beginning of RF ablation
to last follow-up CT, local tumor pro-
gression, occurrence of new lesions in
the liver, distant metastasis, or death
was used.

Statistical Analysis

The variables in the internally cooled
electrode and expandable electrode
groups were compared. Patient age and
size of nodules were statistically evalu-
ated by using the Student ¢ test. Patient
sex, positivity for hepatitis C virus anti-
body, positivity for hepatitis B surface
antigen, and serum a-fetoprotein level
greater than 200 pg/L were evaluated
by using x* analysis. Number of nodules
and Child-Pugh classification were eval-
uated by using the Wilcoxon test. Rates
of primary technique effectiveness and
of major complications were evaluated
by using the Fisher exact test. Rates of
local tumor progression, overall sur-
vival, local tumor progression-free sur-
vival, and event-free survival were es-
timated by using the Kaplan-Meier
method. We compared these rates be-
tween the two groups by performing the
log-rank test. Prognostic value of base-
line characteristics, such as patient age
and sex, Child-Pugh class, positivity for
hepatitis C virus antibody, positivity for
hepatitis B surface antigen, serum o-fe-

toprotein level greater than 200 pg/L,
and number and size of nodules, was
assessed by using Cox proportional haz-
ards regression models. A P value < .05
was considered to indicate a significant
difference. Data processing and analysis
were performed by using commercially
available software (SPSS for Windows,
version 9.0; SPSS, Chicago, TI).

No significant differences were ob-
served between the internally cooled
electrode and expandable electrode
groups with respect to the following
baseline characteristics: patient age and
sex; Child-Pugh class; proportions of
patients positive for hepatitis C virus
antibody, positive for hepatitis B sur-
face antigen, and with elevated serum
a-fetoprotein levels; number of nodules;
or size of nodules (Table).

Sessions

A total of 95 sessions of RF ablation
were performed for 74 patients with 83
HCC nodules. Of 48 sessions performed
with the internally cooled electrode nee-
dle, a single treatment session was per-
formed in 31 patients, two sessions
were performed in four patients, and
three sessions were performed in three
patients, Of 47 sessions performed with
the expandable electrode needle, a sin-
gle treatment session was performed in
27 patients, two sessions were per-
formed in seven patients, and three ses-
sions were performed in two patients.
In 43 (91%)}) of 47 sessions, the sudden
increase in impedance and reduction in
the current (roll-off) were observed.

Primary Technique Effectiveness

In the internally cooled electrode group
of 41 nodules, 39 (95%) showed com-
plete technique effectiveness and two
(4.9%) had incomplete technique effec-
tiveness; these two were deeply located
in the caudate lobe. In the expandable
electrode group of 42 nodules, 39 (93%)
showed complete technique effective-
ness and three (7.1%) showed incom-
plete technique effectiveness; two of
these three were located near the he-
patic veins and inferior vena cava.
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There was no significant difference with
respect to the rates of primary tech-
nique effectiveness between the two
groups (P = .51, Fisher exact test).

Major Complications

A major complication—tumor implanta-
tion along the electrode tract—oc-
curred with one session (2.1% per ses-
sion) in one patient (2.8% per patient)
in the expandable electrode group. No
major complication occurred in the in-
ternally cooled electrode group. There
was no significant difference in the rates
of major complications between the two
groups (P = .50 for difference according
to session and P = .49 for difference
according to patient, Fisher exact test).

Local Tumor Progression Rates

During follow-up, local tumor progres-
sion developed in eight nodules in the
internally cooled electrode group and in
nine nodules in the expandable elec-
trode group. Of the nodules with local
tumor progression, one nodule in the
internally cooled electrode group and
three nodules in the expandable elec-
trode group were located near the infe-
rior vena cava and hepatic veins (Fig 1).
Two nodules in the internally cooled
electrode group were deeply located in
the caudate lobe. According to the
Kaplan-Meier method, local tumor pro-
gression rates (Fig 2) in the internally
cooled electrode group versus the ex-
pandable electrode group at 1, 2, and 3
years were as follows: 12% versus 17%,
209% versus 22%, and 20% versus 22%.
There was no significant difference in
the rates of local tumor progression be-
tween the two groups (P = .72, log-rank
test).

Overall Survival Rates

During follow-up (Fig 3), two patients in
the internally cooled eléctrode group
died of multiple tumor progression in
the liver. Five patients in the expand-
able electrode group died: three of mul-
tiple tumor progression in the liver, one
of multiple tumor progression in the
liver and lung, and one of cerebral hem-
orrhage. The overall survival rates in
the internally cooled electrode group
versus the expandable electrode group

at 1, 2, and 3 years were 100% versus
94%, 94% versus 92%, and 94% versus
77%. There was no significant difference
in the overall survival rates between the
two groups (P = .29, log-rank test).

Rates of Local Tumor Progression—free
Survival

The rates of local progression-free sur-
vival (Fig 4) in the internally cooled elec-
trode group versus the expandable elec-
trode group at 1, 2, and 3 years were 87%
versus 78%, 73% versus 66%, and 73%
versus 46%. No significant difference was
observed between the two groups (P =
.27, log-rank test).

Event-free Survival Rates

The event-free survival rates in the in-
ternally cooled electrode group versus
the expandable electrode group at 1, 2,
and 3 years were 47% versus 44%, 34%
versus 229%, and 34% versus 22%. No
significant difference was observed be-
tween the two groups (P = .40, log-rank
test).

By using Cox proportional hazards
model, baseline variables (patient age
and sex, Child-Pugh class, positivity for
hepatitis C virus antibody, positivity for
hepatitis B surface antigen, serum o-fe-
toprotein level >200 pg/L, and number
and size of nodules) were not prognosti-
cally relevant with respect to the rates
of overall survival, local tumor progres-

‘Characteristic

sion-free survival, and event-free sur-
vival.

Of several ablation therapies for HCC,
such as percutaneous ethanol injection,
percutaneous acetic acid injection, per-
cutaneous microwave coagulation, RIF
ablation, interstitial laser photocoagula-
tion, and cryosurgery, percutaneous
ethanol injection has been a standard
treatment option and has been widely
performed because of its safety, low
cost, and effectiveness (21). Findings of
recent studies, however, have shown
that RF ablation is superior to percuta-
neous ethanol injection with regard to
achievement of complete tumor re-
sponse or local recurrence-free survival
rates (14,15). It has been demonstrated
that RF tumor ablation could be
achieved with fewer sessions than per-
cutaneous microwave coagulation (7).
Although, to our knowledge, no reports
have compared the effectiveness of RF
ablation with that of interstitial laser
photocoagulation or cryosurgery, RF
ablation has been more widely per-
formed than interstitial laser photoco-
agulation or cryosurgery and currently
is one of the most effective ablation
treatments for small HCC.

With RF ablation, local control of
tumors is very important for achieving

Mean age ()
No. of men/women

Positivity for hepatitis Cvirus’™ 28

7 Pogitivity for HBsAgt 6
- Serum AFP:> 200 pg/Lt L
“ No. of nodules
Mean size (mm)
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good patient survival, and successful tu-
mor ablation is achieved when the tu-
mor is completely destroyed by heat.
The ideal for RF ablation would be to
create a larger coagulation area than
the tumor area during one session. Cur-
rently, three main strategies have been
developed to enlarge coagulation areas:
perfusion, internally cooled straight
electrodes, and multitined expandable
electrodes. De Baere et al (17) reported
that the internally cooled cluster elec-
trode clearly induced significantly larger
lesions than the expandable needle in
explanted calf livers (P < .002) and in
vivo in swine livers (P < .001). They
discussed the higher delivery of power
exceeding 100 W (up to 200 W) in the
Cool-tip system and attributed it to a
larger coagulation area than that ob-
tained with the expandable electrode, in
which the maximum power delivered
was up to 50 W (model 500; RITA Med-
ical Systems, Mountain View, Calif).
Pereira et al (18) compared four com-
mercially available devices (perfusion,
internally cooled cluster, and nine- and
12-tine expandable electrodes) in pig
livers and showed that the maximum
coagulation volumes were obtained with
the perfusion electrode, followed by the

a.
Figure 1:

internally cooled cluster, the 12-tine ex-
pandable electrode, and the nine-tine
expandable electrode. However, they
reported that high power output was
not of primary importance for obtaining
large coagulation volumes because ex-
cessive power output leads to overheat-
ing and tissue desiccation.

In our study, the rates of complete
technique effectiveness evaluated at
early-stage CT after RF ablation were
comparatively high in both the inter-
nally cooled electrode and expandable
electrode groups at 95% and 93%, re-
spectively. For small HGC nodules no
greater than 3 cm, sufficient coagulation
areas would be obtained with the ex-
pandable electrode, as well as with the
internally cooled electrode. Although
the Cool-tip system has high delivery up
to 200 W, the maximum power used for
each treated nodule was 80-130 W in
our study. The delivery of power
greater than 130 W induced a frequent
increase in impedance and multiple au-
tomatic reduction of the current that
might consequently diminish the total
treated times. On the other hand, the
newly designed RF 3000 system (Radio-
Therapeutics), with multitine expand-
able electrode needle, can deliver

b,

"

Early-phase transverse CT scans of an HCG nodule located near the right hepatic vein in a 73-year-old man. The nodule was treated with RF ablation and an
internally cooled electrode needle. Intrahepatic metastatic nodules were diagnosed 10 months after RF ablation and were treated with transcatheter arterial embolization.
Local tumor progression was diagnosed 17 months affer RF ablation. (a) Scan obtained before RF abfation shows a 1.9-cm enhancing tumor (arrows) in the right pos-
terosuperior segment. (b) Scan obtained 3 weeks after RF ablalion shows no enhancement in the tumor area. The technique effectiveness was considered complete.

(c) Scan obtained 17 months after RF ablation shaws local tumor progression (arrows) just near the treated area. lodized oil injected at the site of previous transcatheter
arterial embolization is accumulated in an HCC nodule (arrowhead).

power up to 200 W, but we believe that
delivery of higher power up to 200 W,
when electrodes with 2.0- or 3.0-cm ex-
panded tines are used, may induce tis-
sue charring around the electrode.
Arata et al (22) reported that roll-off—
the sudden increase of impedance and
reduction in the current—is a significant
predictor of local control after RF abla-
tion because the local recurrence rate of
the liver tumors treated with expand-
able electrode needle was 43% without
roll-off and 15% with roll-off (P = .024).
In our study, roll-off was obtained in
most nodules (43 of 47 [91.5%]) in the
expandable electrode group by using
maximum 90-W power of the RF gener-
ator 2000 system.

Even if apparent coagulation necro-
sis were noted at early-stage dynamic
CT, residual microscopic nests of tumor
would lead to local tumor progression in
some patients. Several causes have
been suggested for the unsatisfactory
results: technical difficulties in localizing
the tumor and accurately placing the
ablation electrode, heterogeneous ther-
modynamic properties of tissue in the
ablation field (eg, the heat-sink effects
of blood vessels in close proximity), and
the different volume and geometry of
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Figure 2:  Graph shows rates of local tumor progression in HCC nodules
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treated with internally cooled electrode (Cool-tip) needle (n = 41) or expandable
electrode (LeVeen)needle (n = 42). No significant difference was noted between
the two groups (P= .72, log-rank test).

Figure 3:  Graph shows overall survival rates in patients with small HCC nod-
ules treated with internally cooled electrode (Cool-tip)needle (n = 38) or expand-
able electrode (LeVeen)needle (n = 36). No significant difference was noted
between the two groups (P = .29, log-rank test).

Figure 4: Graph shows local progression—free survival ratesin patients with
small HCC nodules treated with internally cooled electrode (Cool-tip)needie (n =
38) or expandable electrode (LeVeen)needle (n = 36). No significant difference
was noted between the two groups (P = .27, log-rank test).

ablation achieved with different abla-
tion devices (23). Rates of local tumor
progression after RF ablation of HCC or
metastatic liver tumor have been re-
ported to vary from 1.8% to 34%-55%
(10-11,24-26). In our study, the rates
of local tumor progression of the inter-
nally cooled electrode group versus the
expandable electrode group at 1, 2, and
3 years were 12% versus 17%, 20%
versus 22%, and 20% versus 22% (P =
.72). Although our rates of local tumor
progression are not low, heat-sink ef-
fects would affect the unsatisfactory re-
sults in four nodules located near the
inferior vena cava and hepatic veins
(three in the expandable electrode
group and one in the internally cooled
electrode group), and difficulty in accu-
rately placing the ablation electrode af-
fected the results in two nodules in the
internally cooled electrode group lo-
cated in the caudate lobe.

No significant difference was noted
between the two groups with regard to
local tumor progression (P = .72) or
tumor progression—free survival rates
(P = .27). RF ablation with the two
different electrodes showed the equiva-
lent effectiveness of local control of
small HCC. So, which electrode should
we choose? With US guidance, precise
depiction of the tip of the expanded
tines may not be clear in some cases.
We believe the expandable electrode
should not be used for nodules just near
the heart or gastrointestinal tract to
avoid direct injury of the organs. The
shape of the coagulation area produced
with the expandable electrode has been
more oval than that produced with the
perfusion or internally cooled electrode
(18). When the nodule’s short axis ver-
tical to the inserted electrode is long, we
should choose an expandable electrode.
Major complications rarely occurred:

Rates were 0% in the internally cooled
electrode group and 2.1% per session
and 2.8% per patient in the expandable
electrode group. We believe both RF
techniques proved to be equally a safe
technique.

Our study had some limitations in
that RF ablation is currently undergoing
major modifications so that newer tech-
niques or refined treatment strategies
may produce larger areas of tumor co-
agulation and result in better local tu-
mor response rates. In our study, long-
term follow-up was needed to compare
the local control of tumor or patient sur-
vival between the internally cooled elec-
trode and expandable electrode groups,
and the RF generator with expandable
electrode used in our study has been
replaced by a newer device with higher
power output (RF 3000 system).

In conclusion, the two RF ablation
devices used in our study have equiva-
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lent primary technique effectiveness,
rates of major complications, rates of
local tumor progression, rates of overall
survival, and rates of local tumor pro-
gression-free survival.
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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.

Study Subjects

The study population comprised 30
healthy volunteers (15 men, 15 women;
mean age, 28 years; age range, 21-46
years) with no history of neuroclogic in-
jury or psychiatric disease. All subjects
were examined by one of the authors
(T.H., with 14 years of experience as a
neurologist}, and no subjects had ab-
normal neurologic signs or symptoms.
Institutional review board 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 by another author (Y.F.),
both of whom had 8 years 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
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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-
omic distributions of tracts were as-
signed to specific tracts (ie, with the
' two-ROI 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
nner 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. ROI 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 ROIs were placed on trans-
verse non-diffusion-weighted (b = 0
sec/mm?) images (10,12,15) according
to established anatomic landmarks: The
first ROI 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,

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. bd-CC = body of corpus callosum,
bad-fornix = body of fornix, ¢i-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 ROI 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 2¢). 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 ROlIs were
placed in four regions: two ROIs on the
coronal color-coded map and two ROls
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-

670

- 151 -

Radiology: Volume 238: Number 2—February 2006



NEURORADIOLOGY: Diffusion-Tensor Fiber Tractography Okadaetal

{
Figure2:  ROloperations used to reconstruct four tracts on 3.0-T MR images (b = 0 sec/mm?, 5200/79). (a) Trans-
verse images at bifateral cerebral peduncles (right), precentral gyri (middle), and internal capsule (left) show ROls in red.
Corticospinal tract is area of prolonged T2 relaxation at posterolateral aspect of internal capsule (arrowheads). (b) Coro-
nal images of corticospinal tracts (ved) reconstructed with cul operation. Only fibers between the ROls (blue) were recon-
structed for the right and left sides separately. (c} Coronal color-coded maps with ROls (white elfipses). Anterior (left) and
posterior (right) ROls contain superior longitudinal fasciculus (green area lateral to corona radiata). (d) Primary ROI
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 foroeps, superior transverse for body of corpus callosum, and inferior transverse for tapetum. (e} Transverse col-
or-coded maps show secondary ROIs for corpus callosum: anterior ROIs for minor forceps (top feft), posterior ROIs for
major forceps (top right), superior ROl for body of corpus callosum (bottom left), and inferior ROIs (white outlines) for
#4. tapetum (bottom right). (f) Transverse (ieft) and coronal {right) color-coded maps show ROls (white cutlines) for fornix. Pri-
mary (superior) ROl was placed at body of fornix (left); secondary (posterior) ROls, at crura of fornices bilaterally (right).

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
by placing the ROI 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, ROls 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 ROI and two secondary ROIs. The
primary ROI was placed in the body of
the fornix, and the secondary ROIs

Radiology: Volume 238: Number 2—February 2006
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Figure 3: Scoring (scores 7—4) for fiber tract 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-Timaging, 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). Biue lines separate right
and left fornix tractographic images. (b) Superior longitudinal fasciculus lractographic image (top) and corpus callosum tractographic image (bottom) superimposed on
sagittal non—diffusion-weighted images (5200/79) viewed from left side. For superior fongitudinal fasciculus tractography (top), grades 1 and 2 were assigned at 1.5-T
imaging, and gradas 3 and 4 were assigned at 3.0-T imaging. For corpus callosum tractography, grade 2 was assigned at 1.5 Timaging, and grades 3 and 4 were as-
signed at 3.0-Timaging. 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-

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 were
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

672

- 153 -

Radiology: Volume 238: Number 2—February 2006



NEURORADIOLOGY: Diffusion-Tensor Fiber Tractography

Okadaetal

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-

IS

proach involves the use of three cortico-
spinal tract regions at tractography: the
areas below the cerebral peduncle, be-
tween the two ROlIs, and above the pre-
central gyrus. These three regions have
very different properties. In the region
between the two ROIs, 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

.

Figure4:  Fibertractographicresults. (a, b) Left: Threg-dimensional reconstruction of corticospinal tract (red) in the same subject at (a) 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 overtays of
tractographic images at the sections of the cerebral peduncles (middle) and internal capsule (right) bilaterally. The voxels where the depicted corticospinal tract pene-

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

trates the transverse planes are shaded red. At 1.5-T corticospinal tract tractography (b), although the proper anatomic distribution is depicted, the tract volume is lower
than that at 3.0T. (c) Three-dimensional recanstruction 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 {obe, tractography of the right superior longitudinal fasciculus depicted no arcuate fibers. The cortico-
cortical lang 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) overfaid on 3.0-T transverse (left) and coronal (right) color-coded maps obtained in the subject described in ¢ (Fig 4 continues).
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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

e,

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

4

Figure 4 (continued):  (e) Three-dimensional 3.0-T tractographic reconstruction of carpus callosum (red) on sagittal non—diffusion-weighted image (5200/79) (top
left) and on overlay in three 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 peliucidum 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

Depiction ‘S(:ores As_Signed at Fiber Tractpgraphy

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-

: Tract dnd Score -+ 7 "£230-T Tractography 1.5-T-Tractography
"~ Right corticospinat fract "¢ - FROR i o
0 0 0
wi 0 90
2 1 8
8 6 a3
g 23 7
. "Left corticospinal fract - o L
0 0 0
S -0 6
2 1 9
S8 B 0.
4 23 5A
.- Right superior longitudinal fasciculus = = i
S0 0 0
S 1 SAr
o2 10 1
i3 o 9
- 13 7
.Left superior longitudinal fasciculus - =" SE
Co0 ’ 0 0
2 3 3
-3 4. a7
4 12 10
““Corpls callosum 757 el e
c0 0 0
2 2 6
g 0 5% C4
S o4 19 10
= Right formix = '
At . .
g “90 - 11
2 8 16
3 B a3
4 1 0
S Leftfonix :
) 0 0
i 3 4
2 14 17
R 12 9
4 1 0

“readers,

‘:,,Note.——Data are piimbers 'o'{ éubjg(:ts‘wilh thé givqﬁ_ depiction score, Scores. We;e,détermingd in.cansensus, betwsen two L

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 yields 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-
ious 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-
formed with parallel imaging, were
compared in a relatively large number
of subjects. Improved image cuality 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-
issue interface induces magnet suscep-
ibility artifacts. Thus, we propose that
emporal 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
arger number of subjects than were
right arcuate fibers at both 3.0 and 1.5
T. Such asymmetry of the arcuate fibers

maging may be underestimated on the
eft side.

Analyses of Tract Deplctlon Scores and Numbers of Tract Fibers

' D|fference in

D|ﬁerence in
Depiction : No: of Tract -

Tract -Score* . PValug® - Fibers* P Value! "
Right corticospinal fracts 087 % 015+ <001 2712 008
Left corticospinal tract 132 £ 0.21 <.001 70+ 9.2 <,001
Right superior longitudinal fasciculus 0.52+ 0,16 7005 192867 001
Left superior longitudinal fasctculus 0.03 = 0.14 NS 65 = 34 .02
Corpus callosum 03440125 0T L 000 14G LA TINS
Right fornix 0.35+0.16 04
Left fornix 0194015 7 NS XS s
Left and right fornices 14x55 02

- Note. —NS =:not significant.
; * Data arg-mean difference vajues + standard dewahons

"1 values for difference In-depiction’ scores at 1. 5- versus -3 0 T tractography

+ Pvalues for: dnﬁerence Jdn numbers of tract flhers at 1.5~ versus 30T tractngraphy S

:. $The mean asymmetry mdex for. the. comcospmal tract was 0.47. 01 (standard devnatmn) and the dn‘ference in
,comcospmal tract asymmetry index, at 1 5- VErsUs 3 0-T. tractography was: sngmﬂcant (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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our results. We tried to keep other ac-
quisition parameters equivalent be-
tween 3.0- and 1.5-T imaging, but the
bandwidth was higher at 3.0 T. Higher
bandwidth results in a reduced signal-
to-noise ratio and reduced image distor-
tion. DT imaging at 3.0 T yields a higher
signal-to-noise ratio and causes greater
magnet susceptibility artifacts owing to
the higher static magnetic field strength.
We adjusted parameters so that we
could use a bandwidth of 1502 Hz per
pixel for 3.0-T imaging, which is up to
50% higher than the bandwidth used for
1.5-T imaging. Further optimization of
3.0-T imaging to improve the quality of
DT images may be required in the fu-
ture.

Second, the development of imaging
methods to reduce the effects of the
crossing-fiber problem, such as high an-
gular DT imaging with high b values (38)
and diffusion-spectrum imaging (36), is
progressing. Other fiber-tracking meth-
ods, such as probabilistic tractography
to estimate the probability of fiber con-
nections through the data field (39),
also are advancing. These advanced
methods will affect the results of both
3.0-T and 1.5-T tractography.

In conclusion, DT tractography at
3.0 T enables improved visualization of
the corticospinal tract compared with
DT tractography at 1.5 T, and 3.0-T
tractography of the superior longitudi-
nal fasciculus, corpus callosum, and for-
nix has some advantages over 1.5-T
tractography. Advances in efficient MR
sequences are needed to improve the
image quality and reliability of 3.0-T DT
tractography.
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Abstract

‘We determined the relationship between intra-fractional breathing motion and
safety margins, using daily real-time tumour tracking data of 40 patients (43
tumour locations), treated with radiosurgery at Hokkaido University. We
limited our study to the dose-blurring effect of intra-fractional breathing motion,
and did not consider differences in positioning accuracy or systematic errors.
The additional shift in the prescribed isodose level (e.g. 95%) was determined by
convolving a one-dimensional dose profile, having a dose gradient representing
an 8 MV beam through either lung or water, with the probability density
function (PDF) of breathing. This additional shiftis a measure for the additional
margin that should be applied in order to maintain the same probability of
tumour control as without intra-fractional breathing. We show that the required
safety margin is a nonlinear function of the peak-to-peak breathing motion.
Only a small reduction in the shift of isodose curves was observed for breathing
motion up to 10 mm. For larger motion, 20 or 30 mm, control of patient
breathing during irradiation, using either gating or breath hold, can allow a
substantial reduction in safety margins of about 7 or 12 mm depending on the
dose gradient prior to blurring. Clinically relevant random setup uncertainties,
which also have a blurring effect on the dose distribution, have only a small
effect on the margin needed for intra-fractional breathing motion. Because of
the one-dimensional nature of our analysis, the resulting margins are mainly
applicable in the superior—inferior direction. Most measured breathing PDFs
were not consistent with the PDF of a simple parametric curve such as cos?,
either because of irregular breathing or base-line shifts. Instead, our analysis
shows that breathing motion can be modelled as Gaussian with a standard
deviation of about 0.4 times the peak-to-peak breathing motion.
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