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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 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.

Analyses of Tract Depiction Scores and Numbers of Tract Fibers

Difference in Difference in
Depiction : . No. of Tract
Tract Score* P Valugt Fibers™ PValug*
Right corticospinal tract$ 0.87 = 0.15 <.001: 27 =12 .008
Left corticospinal tract 132 £0.21 <.001 70 £ 9.2 <.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 o
Left fornix 0.19 £ 0.15 NS
Left and right fornices cee e 1455 .02

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

¥ Pvalues for difference in depiction scores at 1.5- versus 3.0-T tractography.
* * pvalues 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 1.3-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

7 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
;C; 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 1.3-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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Evaluation of Primary Brain Tumors With FLT-PET:
Usefulness and Limitations
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Purpose of the Report: The purpose of this report was to investi-
gate the potential of positron cmission tomography using F-18
fluorodeoxythymidine (FLT-PET) in evaluating primary brain tu-
mors,

Materials and Methods: FLT-PET was performed in 25 patients
with primary brain tumors. FLT uptake in the lesion wag semiquan-
titatively evaluated by measuring the maximal standardized uptake
value (SUVmax) and the tumor-to-normal tissue ratio (TNR). SU-
Vmax and TNR were compared with the histologic grade and the
expression of the proliferation marker (Ki-67).

Results: FLT uptake in normal brain parenchyma was very low,
resulting in the visnalization of brain tumors with high contrast.
Both SUVmax and TNR significantly correlated with the malignant
grade of brain gliomas, in which high SUVmax/TNR was obtained
for high-grade ghomas.
showed SUVmax/TNR equivalent to glioblastoma. There was a
positive correlation between SUVmax/TNR and the Ki-67 index. In
contrast, spuriously high SUVmax and TNR were obtained in 3 of
6 patients with suspected recurrent tumors (2 patients with recurrent
grade 2 glioma and one paticnt with postoperative granuloma), all of
which showed lesion enhancement on MRI after Gd administration,
Conclusions: FLT-PET can be used to evaluate the malignant grade

Patients with primary lymplhioma also

and proliferation activity of primary brain tumors, especially malig-
nant brain tumors, However, the presence of benign lesions showing
blood-brain barrier disruption cannot be distinguished from malig-
nant tumors and needs to be carefully evaluated.
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Fm‘ the evaluation of brain tumors, morphologic imaging
modalitics such as computed tomography (CT) and mag-
netic resonance imaging (MRI) have been routinely used.
However, these modalitics cannot fully characterize brain
tumors, because they have limitations in evaluating the ma-
lignant grade, in differentiating recurrent lesion from radia-
tion necrosis, and so on,'? For these purposes, nuclear med-
icine procedures using radiopharmaceuticals labeled with
single-photon and posnron emitters have been appl;cd Re-
Ccnt]y positron emission tomography (PET) using F-18
fluoro-2-deoxy-D-glucose (FDG) has been widely apj\h for
the management of patients with clinical cancer.” In the
evaluation of brain tumors, FDG-PET, which can noninva-
sively visualize increased glucose metabolism in cancerous
tissues, has been used not only to detect tumors, but also used
for tumor grading, the cvaluation of treatment response, and
the diffm entiation of recurrent lesions from radiation neero-
sis.” However, normal gray matter also has increased glucose
metabolism and FDG-PET has a In*mtdhon in evaluating
tumors with low glucose metabolism.® Further more, FDG s
known to accumulate in inflammatory tissues.”

Recently, F-18 deoxy-3'-fluorothymidine (FLT), a flu-
orinated thymidine analog, has been emerging as a promising
PET tracer to evaluate tumor proliferation activity and has
been applied for various malignant tumors.” FLT-PET, which
can 1mage tumor proliferation, scems to be suitable for the
evaluation of the malignant grade of brain tumors and also for
the evaluation of treatment response. In this article, we used
FLT-PET for the evaluation of primary brain tumors and
compared the FLT-PET results with the histologic diagnoses
and immunohistochemically determined proliferation marker
expression.

PATIENTS AND METHODS

Patients
Twenty-five consecutive patients (12 men and 13
age range. 987 yeurs; mean age, 49 years) with su

women,
spected
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FLT-PET of Primary Brain Tumors

TABLE 1. Patient Data Preoperatively

Age Sex SUVmax TNR Histologic Diagnosis Ki-67 Index
45 I 14.50 43.94 Malignant lymphoma* 100%
75 M 6.07 20.93 Ghoblastoma 50%
71 F 543 18.72 Malignant lymphoma® 80%
06 M 335 12.88 Malignant lymphoma* N/A
33 F 1.26 4.20 Ghioblastoma 0%
23 M 103 4.12 Glioblastoma 10%
54 M 1.00 2.86 Oligodendroglioma, grade 3 50%
60 F 1.00 2.86 Astrocytoma, grade 3 10%
36 M 0.49 1.17 Astrocytoma, grade 2 b

*AN malignant lymphoma cases are diffise large B-cell type.

primary brain tumors by MRI/CT were included in this
mvestigation. Among 25 patients, 9 (group A) were preop-
erative cases without known histology, 10 (group B) were
postbiopsy/partial removal cases before chemotherapy and/or
radiation therapy, and the remaining 6 (group C) were sus-
pected of tumor recurrence during the posttreatment period.
Patient characteristics and FLT-PET results are summarized
in Tables 1 through 3. The study plan was approved by the
Institutional Ethical Committee and informed consent was
obtained from all patients before FLT-PET cxamination,
Histopathologic diagnosis was performed based on the
World Health Organization histopathologic classification.
The proliferation activity of the tumor was determined by
measuring the Ki-67 staining index obtained by immunohis-
tochemical staining with anti-Ki-67/MIB-1."Y Immunostained

TABLE 2. Patient Data: Precperative

Age  Sex Histologic Diagnosis Ki-67 Index SUVmax TNR
87 M Glioblastomu 40% 4.48 15.45
52 M Glioblastoma 9 2.52 10.96
67  F  Ghoblastoma N/A 2.44 14.35
353 ¥ Pineal umor* 15% 2.1 6.59
54 M Ghoblagtoma 20% 1.85 8.04
26 F Ghoblastoma 0% 1.23 4.17
26 M Oligodendroglioma, grade 2 15% 1.06 3.93
29 F  Astrocytoma, grade 2 N/A .97 2.62
55 M Astrocytoma, grade 2 19 (.41 1.95
15 F  Ependymoma, grade 2 5% 0.31 1.48

*Pineal parenchymal tumar of iternmediate differentiation,

slides were examined at high-power magnification (X400).
The percentage of positive cells was measured in the area
containing the largest number of Ki-67-positive cells and was
regarded as representative of the tumor proliferation activity,

Synthesis of FLT

FLT was radiosynthesized using a multipurpose syn-
thesizer originally developed in our institute. F-18 fluoride in
enriched target O-18 water was produced as previously de-
scribed'" and then separated from target water (4 mL) by
passing the solution through a short plug of ion exchange
resin. Resin-bound activity was eluted with aqueous 33 mM
potassium carbonate (350 puL). The eluate was collected in a
reaction glass vessel containing 50 pumol Kryptofix 222 (in
1.5 mL of acetonitrile). The reaction vessel was placed in a
heating block at 140°C and then solvent was removed by
azeotropic distillation with acetonitrile (3 X 1 mL) under
nitrogen. Ten milligrams (19 umol) precursor (5'-0-(4.4'-
dimethoxytrityl)-2,3 -anhydrothymidine) in 1 mL of dry
DMSO was added to the final residuc followed by F-18
fluorination at 180°C for 10 minutes. After fluorination, the
precursor was hydrolyzed by 1 N HCI (350 pL) at 65°C for
10 minutes, 1.5 mL of sodium acetate was added, and it was
transferred to a reservoir containing 4 mlL water. The cooled
reaction mixturc was loaded on to a SepPak C-18 cartridge;
FLT was trapped and then washed with water (12 mlL.) to
remove I-18 fluoride and water-soluble impurities. FLT was
eluted by passing 2 mL of DMSO loaded into the injector of
a semipreparative C-18 HPLC system {(column: JASCO
Megapak SIL C18-10 [7.5 X 250 mm], mobile phase: ctha-
nol/water [10/90], flow rate: 5.0 mL/min). The column eluate

TABLE 3. Patient Data: Recurrence Suspected

Age Sex Initial Diagnosis Treatment Interval SUVmax TNR Histologic Diagnosis Ki-67 Index

52 F Astracytoma, grade 2 Operation/RT 24 mo 5.51 1413 Glioblastoma T0%

34 F Malignant lymphoma T 5 mo 4.82 11.48 Mahgnant lymphoma* N/A

9 M Ganglioglioma Operation/RT/CT & mo 2.58 11.22 Ganglioglioma, grade 1 55%

54 F Pilocytic astrocytoma Operation 16 mo 209 721 Ghoblastoma 13%

38 F Oligodendroghoma y-Knite 4 mo 1.74 6.44 Astrocytoma, grade 2 1%

61 M Glioblastoma Operation/ RT/CT 13 mo 1.65 189 Granuloma 0%
*Diffuse larpe B-cell 1ype.
RT indicates radiation therapy; CT, chemotherapy.

© 2006 Lippincon Williams & Wilkins 775
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was monitored by serial ultraviolet (254 nm) and gamma ray
detectors and the FLT fraction cluted 9 minutes after injection
was collected in a flask and evaporated to remove ethanol.
The solution was then routed through a Millipore filter (0.22
um) into a septum-sealed, sterile, pyrogen-free glass vial,

The radioactivity of the prepared FLT was 63.7 = 37.0
MBq at EOS (yield 9.8 = 4.3%, EOB). When the FLT
solution was analyzed by another HPLC system (column:
YMC AM-312 [6.0° X 150 mm], mobile phase: ethanol/
water [10/90], flow rate: 1.5 mL/min), radiochemical pu-
rity was >99%.

FLT-PET Examination

All patients were examined with a high-resolution whole-
body PET scanner with an 18-ring detector arrangement (Ad-
vance; General Electric Medical Systems, Milwaukee, WI). The
system permitted the simultancous acquisition of 35 axial im-
ages with interslice spacing of 4.24 mm. Axial resolution
was 4.2 mm full width at half maximum intensity, allowing
multidirectional reconstruction of the images without loss
of resolution.

Forty minutes after the intravenous injection of approx-
imately 370 MBq of FLT, images of the brain were obtained.
A 20-minute emission scan and 3-minute postemission trans-
mission scan using Ge-68 source were performed. Attenua-
tion-corrected images were reconstructed with an ordered
subset expectation maximization algorithm (3 iterations and
16 subsets) with segmented attenuation correction.

Data Analysis

FLT uptake in brain lesions was semiquantitatively
assessed by evaluating the standardized uptake value (SUV).
Regions of interest (ROls) were set at areas showing the
highest uptake in the tumor by referring to MRUCT images.
The maximal value of SUV (SUVmax) was regarded as the
representative value of each tumor. When FLT uptake in
the tumor was faint and inconceivable, the ROI was set
with the help of MRUCT images. To calculate the tumor-to-
normal brain uptake ratios (TNR}, ROI was set on the normal
brain parenchyma (mostly contralateral normal cerebral tis-
sue excluding ventricles) and the mean value of SUV was
calculated. TNR was determined by dividing the SUVmax of
the tumor with the SUVmean of normal brain tissue.

The measured SUVmax and TNRs were compared with
the histologic diagnoses obtained by surgery or biopsy. When
the expression of Ki-67 in the tumor tissue was evaluated, the
relationship between the Ki-67 index and SUVmax/TNR was
evaluated.

Statistical Analysis

The Kruskal-Wallis test was used to compare the his-
tologic grade and SUVmax/TNRs of brain gliomas. The
Spearman rank correlation coefficient test was used to eval-
uate the relationship between Ki-67 indices and SUVmax/
TNRs. P values of less than 0.05 were considered significant.

RESULTS
Normal brain parenchyma showed very weak uptake
with the SUVmean ranging from 0.17 to 042, and FLT

776

uptake in the tumor was detectable with goad contrast except
for in low-grade tumor.

In patients in group A, 3 had malignant lymphomas of
diffuse large B-cell type, 3 had glioblastomas, one had a
grade 3 coligodendroglioma, one had a grade 3 astrocytoma,
and one had a grade 2 astrocytoma (Table 1). In patients in
group B, 5 patients had glioblastomas, 2 had grade 2 astro-
cytomas, one had a grade 2 oligodendroglioma, one had a
grade 2 ependymoma, and one had a pineal parenchymal
tumor of intermediate differentiation (Table 2). For groups A
and B, e, the pretreatment evaluation of primary brain
tumors, there was a significant relationship between the
histologic grade and SUVmax (Fig. 1, P = 0.0067), in which
the SUVmax increased with the increasing grade, although
there was an overlap of the SUVmax between grade 2 and
grade 3 tamors. Figure 2 summarizes representative cascs of
brain tumors of differing malignant grades. Malignant lym-
phomas also showed high SUVmax and TNR ranging from
3.13 to 15.48 and 12.04 to 43.94 (Fig. 3). Both gliobiastomas
and malignant lymphomas showed wide-ranging distribution
of their SUVmax (Fig. 1).

In the 6 patients whe underwent FLT-PET for the
evaluation of suspected tumor recurrence (group C), all

(5.89~14.13) suggesting high-grade malignant brain tumors
(Table 3). However, the histologic diagnoses were high-grade
malignancy for only half of them (Fig. 4a-c), and in the
remaining 3 patients, 2 had low-grade tumors (Fig. 4d-f) and
onc had a nontumorous lesion {granuloma) (Fig. 4g, h). For
all these 3 false-positive cases, MRI (Gd-enhanced Tl-
weighted image) showed lesion enhancement suggestive of
high-grade brain tumor.

Correlations between the malignant grade and SUVmax/
TNR were reevaluated for all cases, including patients in group
C, and there were significant relationships (Fig. 5, P = 0.0208
and 0.0132, respectively). Ki-67 indices and SUVmax/TNR
could be compared for 20 cases and showed a significant
relationship between them (Fig. 6, £ = 0.0070 and 0.0079,
respectively).

DISCUSSION
Noninvasive imaging and measurement of cancer cell
proliferation will make it possible to evaluate the malignant
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FIGURE 1. Comparison of SUVmax with the malignant
grade of primary brain tumors for group A and B cases.
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grade of tumors and the carly response to therapy, and will
also help us to differentiate malignant from benign condi-
tions. Radiolabeled nucleoside analogs have been cvaluated
as proliferation markers. Among them, C-11 thymidine,
which is a pyrimidine analog and is rapidly incorporated into
the DNA of the proliferating cells, has been used to image
proliferation.'? However, as a result of the short half-life of

$ 2006 Lippincott Williams & Wilkins

FIGURE 2. Representative cases of brain
gliomas of differing grades. (a~¢): A 75-
year-old patient with glioblastoma.
T2Wi (a) shows a hyperintense mass
lesion in the right cerebral hemisphere,
which was strongly enhanced after the
intravenous administration of Gd-DTPA
(b). FLT-PET (¢) shows very high uptake

in the tumor. (d-f) A 60-year-old pa-
tient with grade 3 astrocytoma. T2Wi
(d) shows a hyperintense brainstem le-
sion with focal spotty enhancement (ar-
row) after Gd administration (e). FLT-
PET (f) shows the focal accumulation of
FLT (SUVmax = 1.00, TNR = 2.86) cor-
responding to abnormal enhancement
(arrow). (g-i): A 36-year-old patient
with grade 2 astrocytoma. T2WI (g)
shows a hyperintense lesion in the left
frontotemporal region without abnor-
mal enhancement after Gd administra-
tion (h). FLT-PET (i) shows no visible
accumulation of FLT (SUVmax = (.49,
TNR = 1.17) corresponding to the
fumor,

C-11 and the rapid degradation of C-11 thymidine in vivo, the
clinical application of C-11 thymidine is limited.”

Recently, an F-18-labeled pyrimidine analog, FLT, has
been developed and its role as a new proliferation marker of
cancer is now under extensive evaluation.”'* FLT is taken up
by the cell by passive diffusion and/or facilitated transport
and then phosphorylated by the activity of thymidine kinase

FIGURE 3. A case of malignant lym-
phoma of the brain. Contrast-en-
hanced CT of a 71-year-old patient (a)
showed an enhancing mass lesion in
the left temporo-occipital region sug-
gestive of a malignant brain tumor.
FLT-PET of this patient (b) showed
strong FLT uptake in the tumor (SUV-
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FIGURE 4. Three cases from group C. {(a-) A 54-year-old patient who underwent operation for pilocytic astrocytoma 16
months ago. Follow-up MRI showed the development of a left cerebellar tumor, which was hyperintense on T1WI (a) and was
enhanced after Gd administration (b), suggestive of a high-grade malignant tumor. FLT-PET of this patient (¢) showed high
FLT uptake in the tumor (SUVmax = 2.09, TNR = 7.21). The patient underwent surgery and the histologic diagnosis was gli-
oblastoma. (d-f) A 9-year-old patient underwent an operation for ganglioglioma of the cerebellum 8 months ago. He aiso re-
ceived postoperative radiation and chemotherapy. Despite treatment, he developed a recurrent lesion, which increased in size.
MRI of the brain showed a solid and cystic lesion in the left cerebellum (d) and the solid portion of the tumor showed en-
hancement after Gd administration {(e). FLT-PET of this patient (f) showed increased FLT uptake in the solid portion of the re-
current tumor (SUVmax = 2.58, TNR = 11.22) suggestive of a high-grade malignancy. Surgery was performed and the histo-
logic diagnosis was ganglioglioma grade 1. (g and h) A 61-year-old patient underwent an operation for glioblastoma-13
manths ago followed by radiation and chemotherapy. Follow-up MRI (g) showed an enhanced lesion suggestive of recurrence
and FLT-PET (h) also showed increased FLT uptake (SUVmax = 1.65, TNR = 5.89). However, surgery showed the presence of
a granuioma, not a recurrent tumor.

1 (TK1) to FLT-monophosphate, which is trapped inside the
cells. TK1 is involved in the salvage pathway of DNA
synthesis, and the activity of TK1 is present in proliferating
cells, which peaks in the late G1 and S phases.'® Although
FLT is not incorporated into DNA, i vitro and in vivo
studies showed that FLT uptake reflected TK1 activity and
represented the total activity of the salvage pathway.">"® The
clinical application of FLT-PET in the evaluation of the
proliferation activity of various types of cancers had been
reported.'?'72" Recently, the application of FLT-PET for
brain tumors has been reported in a few papers.™

778

In this investigation, we cvaluated whether FLT accu-
mulation in brain tumors can correctly predict the malignant
grade and whether FLT uptake reflects the expression of the
proliferation marker. First of all, unlike FDG-PET, FLT
showed almost no uptake in the normal brain parenchyma
giving good contrast images of brain tumors. In the low
background activity of normal brain parenchyma, heteroge-
neous FLT uptake within the tumor arca was quite obvious,
suggesting the possibility of using FLT-PET to determine
optimal biopsy sites showing maximal proliferation activity,
ie, the highest malignant potential. In accordance with pre-

& 2006 Lippincott Williams & Wilking

—271~—



Clinical Nuclear Medicine » Volume 31, Number 12, December 2006

FLT-PET of Primary Brain Tumors

16
14t i
1z |
P=0.0208
x B ! I
s 8y
@
6r 3 [~
. I3
4r ©
@
2r o g
g 4 &
8
da -2 de 3 lioblastoma maligmant
=) Yz ety peome

FIGURE 5. Comparison of SUVmax with the malignant
grade of primary brain tumors for all cases.
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FIGURE 6. Relationships between SUVmax and Ki-67 index
for all cases.

vious reports, this study showed that SUVmax and TNR were
significantly correlated to the malignant grade of primary
brain tumors. Although there was an overlap between grade |
to 2 and grade 3 tumors, glioblastomas showed a higher
uptake than grade 1 to 3 tumors. Furthermore, a significant
relationship was observed between the SUVmax/TNR and
the Ki-67 staining index. These results support the usefulness
of FLT-PET in the cvaluation of primary brain tumors.
However, we experienced scveral instances of false-positive
FLT uptake in low-grade brain tumors and a nontumorous
lesion. All false-positive cases, 2 recurrent tumors and one
granuloma, showed lesion enhancement afler Gd administra-
tion, which implies a disruption of the blood-brain barrier
(BBB). in cvaluating radiotracer uptake in brain tumors, we
need to consider the presence of the BBB in addition to tracer
uptake and retention kinetics. In contrast to FDG, which
shows high uptake in normal brain tissue, thymidine analogs
are not transported well across the intact BBB, and disruption
of the BBB appears to account for a significant proportion of
the uptake phase of thymidine analogs.®® In these 3 cases,
spuriously increased FL'T uptake may largely depend on BBB
disruption. To further clarify these points, kinetic analysis
with a dynamic study is necessary.'>?*?® In addition, al-
though FLT is reported to be more specific to cancerous
tissucs than FDG,”" it may be accumulated in chronic gran-
ulomatous lesions with proliferative inflammation, which
needs to be evaluated by animal models and by further
clinical cases.

O 20006 Lippincort Williams & Wilkins

From these results, along with recent reports.* ' BRB
disruption substantially affects FLT uptake in brain lesions.
Therefore, we need to be cautious about the presence of
benign brain lesions and low-grade tumors, which show BBB
disruption, in evaluating enhanced brain lesions by FLT-PET.
Especially in postireatment cascs, surgery and radiation ther-
apy may cause BBB disruption and may complicate the
evaluation of FLT-PET images. FLT-PET should be evalu-
ated along with other image findings and with full clinical
information. Furthermore, it is not reasonable to compare
brain tumors with intact BBB with those with disrupted BBB
using a single criterion (SUVmax or TNR). However, these
results showed that there was a wide variation in SUVmax
and TNRs among ghioblastoma and malignant lymphoma
cases, all of which showed contrast enhancement on MRI
and/or CT. Because the BBB was disrupted in these lesions,
this variation in FLT uptake seems to reflect the differences
in proliferation activity. When the SUVmax/TNR of these 11
cases was compared with Ki-67 indices. there existed signif-
icant correlation (P = 0.0080 for both comparisons). It
therefore seems that FLT-PET can be used to evaluate pro-
liferative activity and stratify high-grade malignant brain
tumors showing BBB disruption, which need to be further
evaluated with more cases and prognosis correlation.

There are various limitations in this investigation. The
number of patients is relatively limited, especially for grade 3
tumors. [n patients in group B, histology was cbtained before
FLT-PET, and there is a possibility that the histologic diag-
nosis and/or maximal Ki-6 staining index may not correspond
to the maximal SUV values. Even in preoperative cases
{groups A and C), histologic diagnoses were obtained from
biopsy or partial removal in a substantial number of cases. It
was not possible to know whether the area showing SUVmax
corresponds exactly to the area showing the highest histologic
grade and/or highest number of Ki-67-positive cells, espe-
cially in large tumors with heterogencous character. In this
study, it was not possible to compare FLT-PET with other
PET/SPECT tracers used for brain tumor cvaluation.

In conclusion, FLT-PET can be used to evaluate the
malignant grade and proliferation activity of primary brain
tumors, especially high-grade brain tumors. However, the
presence of benign or low-grade lesions showing BBB dis-
ruption cannot be distinguished from malignant tumors and
needs to be carefully evaluated.
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Summary

In Kyoto University Hospital, stereotactic radiosurgery (SRS) has been performed for its rapid palliative effect
in patients with recurrent primary central nervous system lymphoma (PCNSL), often in combination with
salvage chemotherapy. In the present study, the treatment outcome and toxicity of SRS for recurrent PCNSL
was retrospectively evaluated. Between March 1998 and June 2004, 17 histologically proven recurrent PCNSLs in
nine patients were treated with linac-based stereotactic radiosurgery. All patients had developed intracranial
recurrences after initial treatment including external beam radiation therapy (EBRT). The prescribed dose was
10.0-16.0 (median 12.0) Gy. Seven of nine patients received systemic chemotherapy around the time of SRS. The
target volume was 0.4-24.5 ml (median 3.5 ml). Initial tumor response could be evaluated in 15 of 17 lesions.
Among them, radiological complete response (CR), partial response (PR), stable disease (SD) and progressive
disease (PD) was observed in 3, 10, 2, and 0 lesions, respectively. One-year overall survival rate and relapse-free
survival rate after first SRS was 58% and 22%, respectively. Improvement of symptoms was observed in six
patients. The time from SRS to symptomatic relief was 1-57 days (median 3 days). No > grade 2 acute toxicities
related to SRS were observed. In conclusion, linac-based SRS with a prescription dose of 1012 Gy for recurrent
PCNSL is useful for palliation, especially considering the short time, rapid tumor response, and low treatment

toxicity.

Introduction

Primary central nervous system lymphoma (PCNSL) is
a rare brain tumor entity, which accounts for 0.5-1.5%
of primary intracranial neoplasms in immunocompetent
individuals [1]. The natural course of untreated PCNSL
is highly aggressive and fatal, with a median survival
time of approximately 1.5-4 months from the time of
diagnosis [2-4].

Usually, PCNSL is treated with external beam
radiotherapy (EBRT) and/or chemotherapy as an initial
treatment, since the radio- and chemosensitivity of
PCNSL seems to be as high as that of nodal or ex-
tranodal malignant lymphomas that occur in the body.
Various combined regimens such as EBRT alone [5,6],
EBRT followed by CHOP-like chemotherapy [7,8], high
dose intravenous methotrexate alone [9], and high dose
methotrexate followed by EBRT [10-12] have been
employed, showing a median survival time of 12—
30 months [4-12].

Although rapid and complete tumor regression is
commonly seen in most cases of PCNSL, intracranial
recurrence is often observed even within the previous
radiation field. Failure after initial treatment was re-
ported in 35-60% of adequately treated patients with
PCNSL [6,13-15].

The prognosis of intracranial recurrent PCNSL seems
to be dismal. The median survival time has been reported

to be only 2-4 months from the time of recurrence
without any treatment. Patients with intracranial recur-
rent PCNSL may be able to be salvaged with systemic
chemotherapy, and possibly with radiotherapy. Several
previous reports have shown the effect of these salvage
therapies on patient prognosis. Median survival time was
reported to be 10-16.5 months [14-16].

The use of conventional EBRT for recurrent PCNSL
is often limited in consideration of the tolerance dose of
brain parenchyma. In most cases, a large volume
of brain parenchyma has been irradiated as a major
part of the standard initial therapy. On the other hand,
stereotactic radiosurgery (SRS), which has been widely
used in the treatment of various brain tumors, may be a
treatment option for recurrent PCNSL. Stereotactic
irradiation minimizes the irradiated volume of sur-
rounding normal brain parenchyma. This technique
delivers an effective radiation dose to the recurrent tu-
mor without severe neurological toxicity, even when the
recurrent tumor is located within the field of previous
EBRT. However, the microscopic tumor infiltration is
not covered by SRS alone.

In our institute, SRS has been performed for its
rapid palliative effect in patients with recurrent PCNSL,
often in combination with salvage chemotherapy. In
the present study, the treatment outcome and toxicity
of SRS for recurrent PCNSL was retrospectively
evaluated.
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Methods and Materials
Patient Background

Between March 1998 and June 2004, 17 histologically
proven recurrent PCNSLs in nine patients were treated
with linac-based stereotactic radiosurgery at Kyoto
University Hospital. There were five male and four fe-
male patients and their age was 51-79 (median 66) years
old at the time of the first SRS.

All patients had developed intracranial recurrences
after initial treatment, including EBRT. The primary
tumor lesions had received 37.8-56.0 (median 54.0) Gy
using a daily dose of 1.5-2.0 Gy, in which a whole brain
irradiation dose of 33.0-48.6 (median 41.4) Gy had been
followed by local boost irradiation. The interval be-
tween previous EBRT and the first SRS was 6.6-50.4
(median 16.6) months.

Treatment

Corticosteroids were administered to all patients before
SRS. Seven of the nine patients received systemic che-
motherapy around SRS, including VEPA (vincristin,
cyclophosphamide, prednisolone, adriamycin) and De-
VIC (dexamethasone, etoposide, ifosfamide, carbopla-
tin) regimens.

All patients underwent SRS using 6 MV X-ray beams
generated by Clinac-2300¢ linear accelerator (Varian
Inc., Palo Alto, CA). Treatment planning was carried
out using the X-Knife system (Radionics Inc., Burling-
ton, MA), following a 3 mm-slice contrast-enhanced CT
scan and MR-CT fusion if necessary. The contrast-en-
hanced tumor lesions and critical structures, such as
eyes, brain stem and optic nerves, were delineated.
Planned target volume (PTV) was determined as the
contrast-enhanced tumor with a 2-3 mm margin. Four
to six beam arcs were arranged first automatically and
then manually, so that the optimal dose distribution
could be achieved, considering both the doses of PTV
and critical structures. Irradiation was carried out in a
single fraction. The prescription dose varied according
to the tumor size and location. The mean prescribed
dose (80% isodose) to PTV was 10.0-16.0 (median
12.0) Gy. One lesion was treated by the combination of
two isocenters.

At the time of the first SRS, the number of treated
tumors was one for seven patients and two for two pa-
tients. Two of the nine patients received multiple SRS
sessions at the diagnosis of intracranial distant recur-
rences following preceding SRS; one patient received the
second SRS 27 months after the first SRS, and the other
received four sessions of SRS to six tumors during seven
months for repeated intracranial distant recurrences.

Outcome evaluation

The patients were followed up with MRI/CT studies.
Initial tumor response was evaluated within two months
after SRS. In the assessment of the initial tumor re-
sponse, complete response (CR), partial response (PR),
progressive disease (PD), and stable disease (SD) was

defined as complete disappearance of the tumor,
a = 50% reduction in the tumor volume, a 2 25% in-
crease in the tumor volume, and non-CR/PR and non-
PD, respectively.

Intracranial relapse-free survival and overall survival
times were calculated from the day of the first SRS using
the Kaplan—Meier method. Toxicity was judged by
NCI-CTC version 2 criteria.

Neurological status of the patients was evaluated by
regular interviews and physical examinations, and
scored according to the RTOG functional neurological
scale [17].

Results
Treatment parameters

The target volume was 0.4-24.5 (median 3.5) ml. The
collimator size used was 12.5-40 (median 30) mm in
diameter, and the total beam arc was 160-410 (median
395) in degree. The coverage rate of the prescription
dose to PTV was 92-100 (median 99)%. The minimal
and maximal tumor dose was 5.5-17.7 (median 9.1) Gy
and 12.5-20.3 (median 15.2) Gy, respectively. Major
treatment parameters for the 17 tumors are summarized
in Table 1. In all cases, the doses to eyes, optic nerves
and brain stem did not exceed 12 Gy.

Initial tumor response and local regrowth after SRS

Initial tumor response could be evaluated in 15 of 17
lesions. Among them, radiological CR, PR, SD and PD
were observed in 3, 10, 2 and 0 lesions, respectively, as
listed in Table 2. The overall response rate (CR plus PR)
was 87%. There was no relationship between the initial
tumor response and the SRS parameters, including
prescription dose, minimal dose, target volume, and the
coverage rate. In Figure 1, an example of CR is shown.

Local tumor regrowth was seen in one lesion, which
had received a prescription dose of 12.0 Gy and a
minimal dose of 6.4 Gy. It was initially judged PR, but
increased in size 2.4 months after SRS.

Pattern of recurrence after SRS and survival

One patient remained disease-free for 20.3 months, one
patient developed local regrowth 2.4 months after SRS,
and seven patients developed intracranial distant
recurrences 0.7-27.2 (median 3.1) months after the first
SRS. Recurrences after the first SRS were salvaged by
further SRS in two patients, and by systemic chemo-
therapy in three patients.

One-year overall survival rate and one-year intracra-
nial relapse-free survival rate was 58% and 22%,
respectively, as shown in Figure 2. Median overall sur-
vival time and median intracranial relapse-free survival
time was 7.7 months and 3.7 months, respectively. No
relationship between the SRS parameters and survival
was observed in the present study. However, the median
overall survival time in patients with peri-SRS chemo-
therapy was significantly longer than that in patients
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Table 1. Patient characteristic and treatment parameter of SRS
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Patients Sex  Lesion Location Age at Time between  Lesion Isocenter/Prescription  Max / Min
number SRS (y.0o.) EBRT and volume (ml)  dose (Gy) dose (Gy)
SRS (month)
1 F 1 1t. Frontal lobe 57 16.6 9.4 20.0/ 16.0 203/ 17.7
2 M 1 rt. Thalamus 62 29.1 5.3 15.0/12.0 158 /127
2 It. Internal capsule 62 29.1 1.0 15.0/12.0 174/ 11.6
3 M 1 It. Temporo-occipital lobe 66 50.4 7.8 15.0/12.0 153/ 13.5
4 F 1 rt. Parietal lobe 64 33.8 18.5 15.0/12.0 152 /6.4
5 M 1 rt. Frontal lobe 79 10.2 1.8 15.0/12.0 15.0 /129
6 F 1 Cerebellum 67 6.6 14.6 15.0/12.0 17.5 /7.8
7 F 1 rt. Lateral ventricle 71 16.6 1.1 15.0/12.0 15.0/13.6
2 It. Occipital lobe 73 439 4.9 15.0/12.0 15.3 /138
8 M 1 rt. Frontal lobe 51 12.8 14.9 12.5/10.0 13.0/5.5
2 Brain stem 51 12.8 24.5 12.5/10.0 156 /6.4
9 M 1 rt. Insula 69 37.1 2.7 15.0/12.0 15.0/7.1
2 rt. Temporal lobe 69 38.4 1.8 15.0/12.0 15.0/ 123
3 It. Occipital lobe 69 38.4 0.4 150/ 12.0 152/9.0
4 It. Lateral ventricle 69 39.4 2.3 12,5/ 10.0 12.5/9.1
5 rt. Basal ganglia 69 41.6 3.5 12.5/10.0 129779
6 Fourth ventricle 69 41.6 0.4 12.5/10.0 129 /7.4

without peri-SRS chemotherapy (5.9 vs. 13.0 months,
P = 0.046), as shown in Figure 3.

Palliative effects

Eight of the nine patients had symptoms possibly
resulting from recurrent tumors before the first SRS.
For six of these patients, symptomatic relief was
achieved; in five patients the motor function was im-
proved, and in the other patient the frequency of
convulsion was remarkably decreased.

Comparing the scores in the RTOG functional neu-
rological scale before and after the first SRS, improve-
ment in the neurological status was observed in five of
the nine patients, as shown in Table 2.

The time from SRS to symptomatic relief was 1-57
(median 3) days.

Toxicity
No 2= grade 2 acute toxicities related to SRS were ob-
served, although three of the nine patients developed

grade 3 bone marrow toxicity due to peri-SRS systemic
chemotherapy.

Discussion

The role of SRS in the treatment of PCNSL has not
been established. In several institutions, SRS is often

Table 2. Treatment results of SRS (Initial tumor response and symptomatic improvement)

Patients  Sex  Lesion Location Initial tumor  Symptomatic improvement Functional Survival time
number response after first SRS neurological  after first
level change SRS (month)
1 F 1 It. Frontal lobe PR (+) decreasing {requency of 4 - 4 6.6
convulsions
2 M 1 rt. Thalamus SD ) 4 > 4 14.9
It. Internal capsule SD
3 M 1 It. Temporo-occipital lobe PR (+) improving gait disturbance 1 -0 20.3
and disorientation
4 F 1 rt. Parietal lobe PR (+) improving gait disturbance 4 — 3 5.5
5 M 1 rt. Frontal lobe CR (+) improving gait disturbance 3 52 6.3
and eye movement
6 F 1 Cerebellum CR -) 4 > 4 2.1
7 F 1 rt. Lateral ventricle CR (+) improving results of MMT 2 — 1 47.8
2 It. Occipital lobe PR
8 M 1 rt. Frontal lobe PR (+) improving eye movement, 2 = 1 13.0
diplopia and gait disturbance
2 Brain stem PR
9 M 1 rt. Insula PR (=) 0 -0 7.7
2 rt. Temporal lobe PR
3 It. Occipital lobe PR
4 It. Lateral ventricle PR
5 rt. Basal ganglia ?
6 Fourth ventricle ?
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Figure 1. A case with recurrent PCNSL treated with SRS. A 51-year-old man with multiple intracranial recurrent tumors approximately one year
after initial treatment. At first, several courses of salvage chemotherapy were attempted, but two of the tumors were resistant to chemotherapy (rt.
frontal lobe and brain stem). Cranial nerve palsy and gait disturbance were progressive. Palliative SRS was performed at a prescription dose of 10
Gy. (a) MR image at the time of SRS, (b) treatment planning, (c¢) MR image three months after SRS.

performed in the initial treatment of newly diagnosed
PCNSL, when strong and rapid localized effects are
expected. For elderly patients with PCNSL, for whom
EBRT or chemotherapy cannot be safely performed,
SRS alone may be indicated as a treatment option
[11,18]. However, considering the dose distribution
character of SRS and the infiltrative and intracranial
migration-prone nature of PCNSL, SRS has been gen-
erally used as part of the initial treatment combined with
EBRT and/or chemotherapy, if treated with curative
intent [15,16,19].

In other institutions, SRS for PCNSL has been
mainly performed for palliation. In our institution,
newly diagnosed PCNSL is usually treated with che-
motherapy followed by EBRT, and recurrent PCNSL is
treated with SRS with or without chemotherapy, in
patients with symptomatic intracranial recurrence,
whose neurological symptoms may be improved by tu-
mor volume reduction. So far, however, only a few
previous papers have shown the outcome of SRS in this
use. Therefore, we evaluated the treatment effects and
toxicity of SRS for recurrent PCNSL and reported our
initial experiences.

Recurrent brain tumors, including gliomas, menin-
giomas, and metastatic brain tumors, are also treated
with SRS, when they recurred after full dose EBRT.
However, in most cases, a relatively high SRS dose is
required to achieve tumor regression and/or symptom-
atic improvement [20-23]. On the other hand, it is
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Figure 2. Graph showing Kaplan—Meier estimate of overall survival
rate (——) and relapse-free survival rate (- - - - - ) in all patients after the
first SRS for recurrent PCNSL (median survival, 7.7 and 3.3 months,
respectively).

expected that recurrent PCNSL remains radiosensitive,
compared with the other recurrent brain tumor entities.
In the present study, a prompt and drastic response even
to a lower SRS dose was demonstrated.

With respect to the SRS dose, 18-24 Gy (as the iso-
center dose of stereotactic radiotherapy) [11] and 12.5~
23 Gy (as the marginal dose of gamma-knife) [18] were
used in the previous reports. The prescription dose of
10-12 Gy used in the present series seems to be adequate
for recurrent PCNSL, considering that all of the 17 le-
sions, except two lesions in patient 2, showed tumor
regression. In addition, no SRS-related toxicity was
observed, suggesting that an SRS dose of 10-12 Gy
could be safely given after a full dose of EBRT, even for
patients with recurrent PCNSL adjacent to the brain
stem or optic nerves.

In the present series, only one large tumor lesion in
patient 4 developed local regrowth. The tumor volume
of this lesion was 18.5 ml at the time of SRS, and the
minimum dose was as low as 6.4 Gy, while the pre-
scription dose (12 Gy) coverage was 97%. This lesion
once showed tumor regression associated with good
palliative effects, but developed local regrowth
2.4 months after SRS. Although the focus of tumor re-
growth could not be identified, it was probable that the
existence of a small part of the tumor irradiated with an

100 -~
T; 80 - ——— SRS with Chemotherapy
= oy SRS without Chemotherapy
= 60
w2
2 401
> . )
5 204
=~ s

0 | L] ¥ ¥ 1
0 12 24 36 48 60

Survival Time after SRS (Months)

Figure 3. Graph showing Kaplan—-Meier estimate of survival rate
comparison after the first SRS for recurrent PCNSL between the pa-
tients treated SRS with chemotherapy (—, n = 7) versus the patients
ireated SRS without chemotherapy (- - - - - n = 2). Median overall
survival was longer in the SRS with chemotherapy cohort (13.0
months) than the SRS without chemotherapy cohort (5.9 months)
(P = 0.046).
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insufficient dose might have resulted in the local re-
growth.

Symptomatic relief was achieved in six of eight cases,
as expected, which demonstrated the excellent usefulness
of SRS as a palliative indication. In addition, a con-
siderably prompt response (median 3 days) should be
noted as an advantage of SRS.

With respect to the survival time, one-year- and two-
year-survival after the first SRS, were 58% and 22%,
respectively, and the median survival time after the first
SRS was 7.7 months in all patients and 13.6 months in
the patients treated with chemotherapy in the present
series. These results were slightly inferior to those of the
salvage treatments using systemic chemotherapy and/or
radiation therapy for recurrent PCNSL in a previous
report, in which the median survival time was reported
to be 14 months [14,15]. Considering the expected life-
time of only 2-4 months for patients with non-treated
recurrent PCNSL [14,15], the results in the present series
also demonstrated the survival benefit of SRS in patients
with recurrent PCNSL.

Various regimens of systemic chemotherapy are often
chosen for patients with recurrent PCNSL. Several
previous reports have shown promising treatment re-
sponse [16,24--26].

Arellano-Rodrigo et al. [16] reported that CR was
obtained in six of sixteen cases (37%) and one-year
survival was 41% with etoposide, ifosfamide, and cyt-
arabine treatment. However, toxicity consisted of neu-
tropenic fever in 50% of cases, including three cases of
sepsis and two cases of pneumonia. In addition, severe
encephalopathy was observed in one case. Soussain
et al. [24] reported the results of a phase II study of 22
patients treated with intensive chemotherapy with
hematopoietic stem-cell rescue. In that study, an objec-
tive response was seen in 82%, and the overall three year
survival was 64%. On the other hand, after intensive
chemotherapy with hematopoietic stem-cell rescue, all
patients had grade 4 neutropenia and grade 4 throm-
bocytopenia. In addition, there was possibility that five
of seven patients > 60 years of age died from treatment
complications. Reni et al. [25] reported the results that
median survival for all patients was 3.5 months (range
0.4-43 months). One year overall survival was 38%.
There were five CR in 23 evaluable patients. But CR
occurred after two cycles of temozolomide in four
patients and after ten cycles in one patient. Three CR
patients received four cycles of temozolomide, one pa-
tient eight cycles and one patient twelve cycles. Enting
et al. [26] reported the treatment outcome with ritux-
imab and temozolomide as a 53% response rate, median
overall survival of 14 months, and median progression
free survival of 7.7 months, while there was a 20-30%
grade 3 hematologic toxicity (in 15 patients, grade 3
thrombocytopenia was seen in four patients, grade 3
anemia in one and grade 3 leukopenia in one).

It is difficult to compare simply the treatment out-
come of chemotherapy and that of SRS, because the
treatment modality is usually selected according to the
tumor size, location and distribution in individual
patients. However, particularly for palliative indication,
SRS seems to have several advantages over systemic
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chemotherapy, even though the contribution of SRS to
the survival benefit was not revealed clearly in the
present study. First, the treatment time of SRS, usually
a couple of days, is much shorter than that of effective
chemotherapy, which requires several days or weeks.
Second, more prompt symptomatic relief may be ex-
pected by SRS compared with chemotherapy. Third,
SRS is usually performed without systemic toxicity,
including hematological toxicity, which may potentially
prolong the time of hospitalization. Therefore, SRS is
suited for the palliative intent, if it is expected that
volume reduction of recurrent PCNSL may provide
symptomatic relief.

In patients with a good prognosis, combination of
SRS and systemic chemotherapy seems to be indicated.
In the present study, six out of nine patients received
chemotherapy. The median survival time of the six pa-
tients was longer than that of the three patients treated
with SRS alone, although there was treatment selection
bias.

In conclusion, /inac-based SRS with a prescription
dose of 10-12 Gy for recurrent PCNSL is useful for
palliation, especially considering the short treatment
time, rapid tumor response, and low treatment-related
toxicity. Although the survival benefit of SRS for
recurrent PCNSL was unclear, the combination of SRS
and chemotherapy may be an effective strategy for bet-
ter clinical outcome. This optimal treatment regimen of
combined therapy for recurrent PCNSL should be
established.
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To prospectlvely estlmate the accuracy of sonoelastogra-

* phy in the dlfferentlatlon of benign and metastatic cervical

lymph nodes (LNs) in patients suspected of having thyroid
or hypopharyngeal cancer, wﬂ:h hls‘rologlc noda] ﬁndmgs:
as the 1'eference standard "

board; each patient gave written informed consent. Onef
hundred forty-one ‘peripheral neck LNs (60 metastatic, 81

metastasis free) in 43 consecutive patients (22 men, 21

women; mean age, 58 years + 13 [standard deviation])

were examined. Patients referred for surgical treatment of
suspected thyroid or hypophar yngeal cancer were exam-
ined with gray-scale ultrasonography (US), power Doppler
US, and sonoelastography. At gray-scale and power Dopp- .
ler US, the following LN characterlstxcs were evaluated:

short-axis diameter, short-to-long-axis diameter ratio,

echogenicity, calcifications, and vascularity. A four-point '
rating scale was used to evaluate the US elastograms for

LN visibility, relative brightness, margin regularity, and

margin definition. In addition, strains of LN and surround-
ing neck muscles were measured on elastograms, and the

‘muscle-to-LN strain ratio—that is, the strain index—was

calculated. The diagnostic potential of the examined cr ite-
ria for metastatic involvement was evaluated with univari-
ate analysis and multivariate generalized estimating equa-
tion (GEE) regression. P < .05 indicated statlstlcaI signifi-
cance,

A strain index gréater than 1.5 had high utility in meta-
static LN classification, with 98% specificity, 85% sensitiv- ‘
ity, and 92% overall accuracy. These results were signifi-

_ cantly better than those obtained by using the best gray-

scale criterion—that is, a short-to-long-axis diameter ratio
greater than 0.5—which had 81% spec1ﬁc1ty, 75% sensi-

tivity, and 79% overall accuracy

Sonoelanography had high acc1iraéy (92%) in the differen-
tiation of benign and metastatic cervical LNs in patients
suspected of havmg thyrmd or hypopharyngoal cancer.

@ RSNA 2007
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valuation of cervical lymph nodes
is an important procedure for pa-
tients with thyroid or hypopharyn-
geal cancers because the results influ-
ence the prognosis and the choice of
therapy (1-3). In these patients, ultra-
sonography (US) can be used to assess
the location, number, size, internal
characteristics, and vascularity of cervi-
cal lymph nodes. However, the US crite-
ria for metastatic lymph nodes are con-
troversial (4,5).

Sonoelastography is an imaging mo-
dality used to map the elastic properties
of examined soft tissues (6). Because
the elasticity of biologic tissues cannot
be measured directly, the majority of
the proposed elastographic techniques
involve an indirect approach to estimat-
ing tissue stiffness. Briefly, mechanical
stimuli of some kind (compression or
vibration) are propagated into the tis-
sue, and the resultant strain distribution
is detected and characterized by using a
conventional imaging technique such as
US (7,8). The results of the tissue com-
pression are displayed as an image
called an elastogram, on which stiff ar-
eas appear dark and soft areas appear
bright. Although sonoelastography is
not yet used in routine clinical practice,
it has been shown to be useful in the
differential diagnosis of breast, thyroid,
and prostate cancers (9-11). Our re-
cent study results showed that sonoelas-
tography is a promising imaging tech-
nique that can provide assistance in the
differentiation of benign and metastatic
thyroid tumors (10). However, to our
knowledge, sonoelastography has not
been applied to lymph node character-
ization.

Neck lymph nodes are well posi-
tioned for elastographic examination:
They are easily accessible and can be
efficiently compressed against underly-
ing anatomic structures with use of a US

# We found sonoelastography to
have high accuracy (92%) in the
differentiation of benign and met-
astatic cervical lymph nodes in
patients suspected of having thy-
roid or hypopharyngeal cancer.

probe. The information on lymph node
stiffness would seem to be clinically use-
ful for guidance of percutaneous biopsy
and/or nodal dissection. Use of this in-
formation can also improve patient fol-
low-up by enabling detection of cancer
recurrence {depicted as stiffness) at
early stages. Thus, the aim of our study
was to prospectively estimate the accu-
racy of sonoelastography in the differ-
entiation of benign and metastatic cervi-
cal lymph nodes in patients suspected of
having thyroid or hypopharyngeal can-
cer, with histologic nodal findings as the
reference standard.

To perform our study, a kit used to
modify the output from the Sonoline
Elegra US scanner (Siemens Medical
Systems, Issaquah, Wash) was loaned
to us from the manufacturer. However,
the authors had full control over the
data and information submitted for pub-
lication.

Patients

The study was conducted at Kyoto Uni-
versity Hospital during a 12-month pe-
riod: from January through December
2005. The study protocol was approved
by the institutional review bhoard. Be-
fore enrollment, each patient gave writ-
ten informed consent, as required by
the Kyoto University Human Study
Committee. The inclusion criterion was
preoperative suspicion of thyroid or hy-
popharyngeal cancer based on clinical,
imaging, and cytologic findings. Patients
who refused to give informed consent or
who did not undergo surgical treatment
were excluded from the study. All pa-
tients included in our study underwent
surgery, and the final diagnosis was
based on the results of histologic exam-
ination of the resected specimens.

A total of 47 patients (23 men, 24
women; mean age, 38 years = 13 [stan-
dard deviation]; range, 32-85 years)
were referred for our study. Four pa-
tients (one man, three women) were
excluded owing to a lack of informed
consent for sonoelastography. The re-
maining 43 consecutive patients (22
men, 21 women; mean age, 58 years =

13; range, 32-85 years) who met the
inclusion criteria were included in this
prospective study (Fig 1).

US Examinations

In all patients, gray-scale and power
Doppler US was performed by using the
Sonoline Elegra scanner and a 7.5-MHz
linear probe (Siemens Medical Sys-
tems). The US images obtained in each
patient were acquired, reviewed, and
interpreted by two radiologists (A.L.,
T.H.) together. All interpretations were
performed before surgery, and the
readers were blinded to the patients’
final diagnoses. Before the study, the
radiologists agreed on the methods of
Image acquisition and interpretation.
Decisions regarding the findings were
reached by consensus. The first investi-
gator (A.L.) had 7 years of experience
performing US for cervical lymph node
diagnosis, and the second investigator
(T.H.) had 16 years of this experience.
For all patients, the US examination
started with gray-scale imaging. The po-
sitioning of the patients for imaging was
identical to that used for standard clini-
cal neck US: The patient was positioned
on his or her back with the neck slightly
extended over a pillow. During gray-
scale US, lymph nodes were identified,
electronic calipers were used to mea-
sure the nodes in three planes, and a
region of interest for sonoelastography
was identified. The size of the gray-scale
images was 40 mm in depth and 40 mm
in lateral width; the size of the region of
interest for sonoelastography was 33
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mm in depth and 30 mm in lateral
width. At gray-scale US, the following
US characteristics of the examined
lymph nodes were evaluated: short-axis
diameter and short-to-long-axis diame-
ter, ratio in the longitudinal plane with
respect to the patient’s neck, echogenic-
ity, and presence of micro- or macrocal-
cifications (12). Lymph nodes were as-
sessed for echogenicity with respect to
the surrounding muscles and classified
as hypoechoic, isoechoic, or hyper-
echoic. The lymph node hilum, which
normally appears as a hyperechoic re-
gion (13), was excluded in this assess-
ment.

At power Doppler US, the type and
intensity of nodal blood flow were eval-
uated for all examined lymph nodes.
Two types of lymph node vascularity
were identified: In type 1, flow signals
were absent or the blood flow was lim-
ited to the lymph node hilum. In type 2,
there was increased peripheral blood
flow (14). Doppler amplification was
controlled so that the surrounding tis-
sues displayed minimal noise.

Radiofrequency Image Acquisition and
Off-line Strain Image Reconstruction

After gray-scale and power Doppler US,
both examiners (A.L., T.H.) acquired a
separate new set of radiofrequency
echo data for sonoelastography for each
lymph node. Before image acquisition,
light compression (precompression) was
applied, with use of the US probe, to the
anterior part of the neck above the ex-
amined lesion to fix the position of the
lymph node and limit its lateral move-
ment. Then, a second light compressive
force (main compression) was applied
to the same area. During the steady in-
crease in compressive force, a total of
26 images were acquired at a speed of
16 frames per second. After acquisition,
the radiofrequency images were stored
in the scanner’s memory and then ex-
ported to an external personal com-
puter for off-line processing. Prepara-
tion for the radiofrequency image acqui-
sitions, including region of interest
selection and lymph node precompres-
minutes; the radio-
frequency image acquisitions required
1-2 seconds; and image storage and

sion, required 1-2

transfer required 2-3 minutes of exam-
ination time. The precompression and
the main compression were applied by
using a freehand technique, without
measurement of the actual force applied
to the US transducer.

Strain images were processed from
the original radiofrequency data by us-
ing cross-correlation algorithms (15,16).
These algorithms were identical to the
algorithm used in our previous study for
off-line elastographic imaging of thyroid
gland tumors (10). Of the two acquired
sets of strain images for each examined
lymph node, only the image set that had
the lowest amount of noise and decorre-
lation artifacts (due to lateral and out-
of-plane motion) was selected for final
analysis. The strain image set to be used
for final analysis was selected by consen-
sus. From 26 successive frames taken for
each nodule, we generated 25 displace-
ment images by comparing the neigh-
boring frames. The derivative of each
displacement image was calculated to
be the initial strain image.

After the calculation of the initial
strain images, an “averaged” elastogram
was formed by averaging successful ini-
tial strain images in the strain series. To
obtain compatible results of relative
strain values between patients, we nor-
malized each elastogram by first sub-
tracting the average strain, before aver-

aging. The image-processing software
averaged the shift and the strain and
then discarded them before displaying
the image. To improve the quality of the
final averaged elastograms, frames af-
fected by a substantial amount of noise
and decorrelation artifacts on the lymph
node and/or the surrounding muscle
areas were excluded from the series.
The images that would be excluded
from the series were selected by con-
sensus. For all patients, strain image
processing was performed by the same
radiologist (A.L.). Reconstruction of
one set of strain images usually required
30-40 minutes of computer processing
time.

The final averaged elastogram for
each examined lymph node was evalu-
ated with use of the following qualitative
criteria, which were assessed by using a
four-point scale: For lymph node visual-
ization, a rating of not visible, barely
visible, partially visible, or very visible
was assigned. For relative lymph node
brightness with respect to the surround-
ing neck muscles, a classification of very
dark, substantially darker than sur-
rounding muscle, slightly darker than
surrounding muscle, or same hrightness
as or brighter than surrounding muscle
was assigned. For regularity of the out-
hine of the lymph node margin with re-
spect to smoothness of the lymph node

Patients with suspected
thyroid cancer
(n=41)

Patients with suspected
hypopharyngeal cancer

Figure 1:

Patient flow diagram.
LN = lymphnode.

(n=6)

AN

AN

included
(n=5)

excluded included
(n=3) (n=38)

excluded
(n=1)

Gray-scale and power
Doppler US

|

[ US elastography |

Surgery and histological
examination

N
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contour, a classification of very irregu-
lar, moderately irregular, slightly irreg-
ular, or regular was assigned. The out-
line of the lymph node margin was also
assessed for definability: A classification
of indistinct, less than 50% of border
distinct, or more than 50% of border
distinct was assigned. In addition, the
mean values of lymph node strain and
surrounding neck muscle strain were
measured in each region of interest,
which was placed on the same image

Characteristics of Examined Lymph Nodes

" Imaging Examination and Characteristic.

over the examined lymph node and over
the surrounding neck muscles, and the
muscle-to-lymph node strain ratio (ie,
strain index) was calculated. Region of
interest sizes ranged from 5 to 10 mm.
To avoid stress decay over the exami-
nation depth, the region of interest for
the muscle tissue was placed at a
depth similar to the depth of the ana-
lyzed lymph node. The difference in
region of interest depth never exceeded
10 mm.

Metastatic Lymph
Nodes (7 = 60)

Benign Lymph
Nodes (1 = 81)

B-mode US
Short-axis diameter
<8'mm
=8 mm
Short-to-long-axis diameter ratio
<0.5
=0.5
Hyperechoic hilum
Present
Absent
Echogenicity
Normal
Abnormal
Microcalcifications
Present
Absent
Vascularity at power Doppler US
Absent or hilar
Peripheral
Sonoelastography
Visualization
Barely or not visible
Partially or very visible
Relative brightness

Substantially darker than surrounding muscles

Slightly darker than, brighter than, or the same
as surrounding muscles

Margin regularity

Irregular

Regular or moderately irregular
Margin definition

<50% of Border distinct

=50% of Border distinct
Strain index:

<15

=15

84 (79) 32 (53)
17 (21) 28 (47)
66(82) 15 (25)
15(18) 45 (75)
44 (54) 17 (28)
37 (46) 43(72)
74 (91) 25 (42)
© 35 (58)

0 2(3)
81 (100) 58 (97)
80 (99) 32 (53)
1(1) 28 (47)
54 (67) 4(7)
27 (33) 56 (93)
405 38 (63)
77 (95) 22 37)
77 (95) 39 (65)
4(5) 21 (35)
59 (73) 31 (52)
22 (27) 29 (48)
79 (98) 9(15)
2(3) 51 (85)

Note.—Data are numbers of lymph nodes. Numbers in parentheses are percentdges, P < .01 for all comparisons except that
of the lymph nodes with versus those without microcalcifications (P = .10}.
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Surgery and Histologic Examination

All patients underwent lymphadenec-
tomy and surgical removal of the pri-
mary tumor within 3 days after US. All
possible measurements were taken to
ensure an accurate one-to-one compari-
son between the lymph nodes that were
imaged and those that were removed
during surgery. After US examination,
the location of each lymph node was
mapped with respect to the surrounding
anatomic structures (ie, trachea, main
vessels, and sternocleidomastoid mus-
cle) and plotted on the sketch diagram
of the neck. In addition, the surgeons
were assisted by a radiologist (T.H.} for
correlation of the lymph node location
seen on the US images with the lymph
nodes seen in the lymphadenectomy
specimens. After being resected, each
lymph node specimen was fixed in 10%
formalin, embedded in paraffin, cut into
thin slices, and stained with standard
hematoxylin-eosin. During histologic
examination, two or three histologic
slices per lymph node were examined.
The final diagnosis of metastatic lymph
node involvement was made by a pa-
thologist who had 15 years of experi-
ence performing histologic cervical
lymph node diagnosis. Certain addi-
tional features that can affect the elas-
tic properties of examined lymph nodes,
such as complete versus incomplete
metastatic involvement and presence of
necrosis and/or calcifications, were also
recorded.

Statistical Analyses

QQuantitative variables were compared
by using the Mann-Whitney U test.
Qualitative variables were compared by
using the x> test. The elastographic
characteristics of each lymph node were
registered separately and processed
blindly for statistical evaluation. The
unit of analysis was each lymph node
rather than each patient. The value of
each visual and qualitative criterion that
showed the highest diagnostic accuracy
in the distinction between benign and
metastatic lymph nodes was selected as
the cutoff value. One-way analysis of
variance was performed to assess the
differences in elastographic characteris-
tics between the metastatic and benign
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