the precise mechanism of their tolerance to beta irradiation
remains unknown. However, when the relationship between
201T] yptake and S-phase fraction is taken into consideration,
two possibilities are hypothesized. First, in vitro studies have
proven that the cells in the late S-phase are more radioresistant
than they are in other phases of cell cycle (26,27). Higher 2°' Tl
uptake indicates that radioresistant cells are more abundant in
the tumor. Second, the cells in S-phases have more proliferating
activity and may be less dependent on TSH regulation. There-
fore, serum TSH may not be a strong stimulator in increasing
radioiodine uptake with high 2°' Tl uptake tumor.

CONCLUSION

Thallium-201 does not reflect thyroid function. There is a
size dependency for planar 2°'Tl image to detect metastatic
tumors. Therefore, evaluation of 2°'TI uptake is difficult in
functioning but small or radiographically silent metastases.
Thallium-201 is not a perfect alternative to radioiodine. How-
ever, in the case of a radiographically measurable tumor, 2°' Tl
scintigraphy has a predictive value for the efficacy of radioio-
dine therapy. It can detect metastatic thyroid tumors and can
give physicians better discretion in managing metastatic thyroid
carcinoma.
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In our study, we investigate the glucose metabolism of various types
of bone lesions with '®F-fluorodeoxyglucose (FDG) PET. Methods:
Twenty-six patients showing clinical and radiographic symptoms of
a malignant bone tumor were included. Histological examination
after the PET study revealed 19 malignant and 7 benign tumors. PET
images were corrected for attenuation. Arterial blood samples were
taken to establish the input function. The metabolic rate of glucose
consumption (MRgic) was calculated for the whole tumor, for the 10
pixels with maximum activity and for contralateral normal muscle
tissue. Results: All lesions were clearly visualized with'®F-FDG PET
except for a small infarction of the humerus. All the other lesions had
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increased glucose metabolism compared to surrounding and con-
tralateral muscle tissue. Both maximum and average MRgic for
benign, as well as malignant, lesions were significantly higher than
for contralateral normal tissue. The maximum and average MRgic
were not higher for malignant as opposed to benign lesions. There
was a large overlap between the MRgic of benign and malignant
lesions. Conclusion: Fluorine-18-FDG PET appears suitable to
visualize bone tumors. With the quantification of glucose metabo-
lism, it is not possible to differentiate between benign and malignant
bone tumors. There does not seem to be a clear correlation between
the MRgic and the biologic aggressiveness of the neoplasms.

Key Words: bone neoplasms; glucose metabolism; PET; fluorine-
18-fluorodeoxyglucose
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P ET offers the possibility of investigating the metabolism of
tumors in vivo with radiopharmaceuticals. Fluorine-18-fluoro-
deoxyglucose (FDG) is a well-known tracer. It behaves in vivo
like glucose up to its phosphorylization inside the cell. Fluorine-
18-FDG is trapped inside the cell because its metabolite,
18F_FDG-phosphate, is neither a substrate for glucose-6-phos-
phatase nor for fructose-6-phosphatase. In tissues with high
glucose consumption, more '8F-FDG is taken up. Malignant
neoplasms have an increased glucose consumption (/) The
potential of PET with '8F-FDG to visualize various types of
tumors is well established (2-5).

High glucose consumption measurements determined with
PET have been described in several types of soft-tissue sarcoma
(6—8). With '®F-FDG PET, benign lesions can often be distin-
guished from malignant ones. The relationship between the
glucose metabolism of soft-tissue sarcomas, as measured with
PET, and the malignancy grade has been shown (8,9). However,
little is known about the glucose metabolism of bone tumors.
Our current study uses'®F-FDG PET to investigate the glucose
consumption in patients with various types of bone lesions.

MATERIALS AND METHODS

Patients

Twenty-six patients (9 women, 17 men; age range 15-65 yr;
mean age 31 yr) who had clinical and radiographic malignant bone
tumor symptoms were studied. Conventional imaging for these
patients consisted of radiography, CT and bone scintigraphy. A
biopsy to obtain a definite diagnosis was performed in all patients,
after the PET study, in order to avoid the interference of glucose
metabolism with wound healing. Histological examination re-
vealed 19 malignant and 7 benign tumors. Patient characteristics

are presented in Table 1. Patients had not received any cancer
therapy before the PET study. The study protocol was approved by
the Medical Ethics Committee of the Groningen University Hos-
pital. All patients gave informed consent.

PET Studies

Fluorine-18-FDG, with a radiochemical purity of more than
98%, was produced routinely by a robotic system according to the
procedure described by Hamacher (/0). A 951/31 ECAT positron
scanner (Siemens/CTI, Knoxville, TN) was used for data acquisi-
tion. The scanner acquires 31 contiguous tomographic slices
simultaneously over a total axial length of 10.8 cm.

Before the PET study, patients fasted overnight and also had
their normal plasma glucose levels (mean 90 mg/dl, range 72-119)
measured. A 20-gauge needle was inserted into the radial artery
under local anesthesia. An intravenous cannula was inserted into
the cephalic vein for the '®F-FDG injection. The patients were in a
supine position in the scanner with the bone lesion in the field of
view. A 20-min transmission scan was obtained to correct for
attenuation of the photons by the body tissues. Then, 370 MBq (10
mCi) '®F-FDG was intravenously administered and dynamic im-
ages were acquired at the lesion level by obtaining 16 frames from
the time of injection through 50 min postinjection. These include
ten 30-sec frames, three 5-min frames and three 10-min frames. To
establish the input function, 2-cc blood samples were taken
simultaneously from the arterial canula (at 0.25, 0.5, 0.75, 1, 1.25,
1.5, 1.75, 2.25, 2.75, 3.75, 4.75, 7.5, 12.5, 17.5, 25, 35 and 45 min
after injection). Samples were centrifuged and the plasma activity
was assessed using a well counter.

TABLE 1
Patient Characteristics and Fluorine-18-FDG PET Results
Pationt  Age Volume MRglc Sw
No. Sex () Histology Localization (ml) Malignant Average Maximum Control Average Maximum Control
1 F 19 Osteogenic sarcoma Femur 160 + 15.2 65.0 15 2.73 9.08 0.41
2 M 24 Osteogenic sarcoma Knee joint 213 + 6.9 139 1.7 1.59 293 045
3 M 21 Osteogenic sarcoma Humerus 60 + 10.2 217 25 1.86 3.52 0.53
4 F 17 Osteogenic sarcoma Tibia 205 + 10.0 240 30 1.91 3.46 0.51
5 M 20 Osteogenic sarcoma Humerus 141 + 97 219 3.0 207 417 0.80
6 M 16 Mesenchymal chondrosarcoma  Tibia 178 + 6.9 13.7 14 1.80 3.36 0.51
7 M 19 Chondrosarcoma grade Il Sacroiliac joint * + 16.8 62.7 33
8 M 23 Primitive neuroectodermal tumor  Humerus 51 + 11.0 19.3 23
9 M 26 Ewing’s sarcoma Femur 85 + 83 222 13 1.75 354 0.41
10 M 18 Ewing's sarcoma Femur 203 + 55 15.2 11 148 34 0.35
11 F 50 Malignant fibrous histiocytoma llium 225 + 58.4 122.1 24 2.96 5.73 0.22
12 M 65 Malignant fibrous histiocytoma Pubic bone 300 + 60.5 147.7 52 6.93 16.06 0.68
13 M 22 Malignant lymphoma of bone Tibia 252 + 514 1137 24 5.55 11.36 0.51
14 M 58 Malignant lymphoma of bone Knee joint 62 + 55.6 101.0 21 757 13.65 0.51
15 F 58 Metastasis renal carcinoma Femur 9 + 36.2 1021 20 3.60 9.17 0.37
16 M 42 Metastasis adenocarcinoma lung Ischium 373 + 19.0 39.0 11 3.39 6.53 0.52
17 M 36 Metastasis adenocarcinoma lung Ischium 64 + 311 65.6 16 6.28 1251 0.53
18 F 48 Metastasis squamous cell lium 265 + 38.1 69.0 2.7 764 13.29 0.74
carcinoma from unknown origin
19 M 56 Myeloma (M. Kahlen) flium 1014 + 136 384 27 2.7 544 0.63
20 F 35 Osteoblastoma Tibia 59 - 9.5 38.1 16 3.28 8.70 0.49
21 M 15 Myositis (S. aureus) Femur 354 - 179 405 1.6
22 F 15 Juxtacortical chondroma Fibula 1 - 5.6 103 2.7 4.04 4.94 0.28
23 F 21 Myositis ossificans llium 73 - 78 16.1 22 1.36 223 0.57
24 M 38 Bone infarction Humerus - 23 1 19 0.71 t 0.63
25 M 18 Aneurysmatic bone cyst Tibia 105 - 123 279 2.0 2.69 5.15 0.51
26 F 18 Fibrous dysplasia Parietal bone 29 - 129 284 5.7 2.18 12.27 1.07
*Tumor largely exceeded field of view.
TCould not be established.
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FIGURE 1. Transversal PET image of the knees of a 58-yr-old man with a
large-cell B-cell ymphoma of bone (Patient 14).

Data Analysis

The circumference of the lesion was outlined with the aid of
dedicated software developed at our institution and described
previously (/7). This software uses a manually chosen threshold
technique to define tissue with increased activity after masking all
nonpathologic tissue with high activity. The threshold is chosen on
the last frame of the dynamic study by combining the data of all
planes. Using this technique, all involved tissue in the field of view
is defined and its volume is calculated automatically. The activity
in the selected pixels is averaged and the corresponding time-
activity curve is calculated. By combining the averaged time-
activity data with the plasma input data, the average metabolic rate
of glucose consumption (MRgic) in Fmol/100 g tumor tissue/min
was calculated using the Patlak analysis. Since the lumped constant
of tumor tissue is unknown, the lumped constant of 0.42 of normal
brain tissue was used (/2,13). By calculating the MRglc for the 10
pixels with highest activity, the maximum MRglc of the pathologic
process was also obtained. By using this method, the partial
volume effect is made smaller, because the count density in
adjacent structures will have a less disturbing influence on the
ultimate MRglc value. When the lesion could not be visualized
clearly, a region of interest (ROI) was drawn around its location
based on MRI or CT findings. The MRglc in contralateral normal
tissue was also calculated using an ROI technique. Because normal
bone tissue has an extremely low glucose metabolism, and drawing
an ROI around something you can only locate due to its absence is
difficult, the contralateral ROIs were drawn in muscle tissue. In
addition to the MRglc, standardized uptake values (SUV) were
calculated with the following equation:

V= tissue concentration (MBq/g)
- injected dose (MBq)/body weight (g)

Statistical Analysis

Statistical analysis included the Student’s t-test to test the
hypothesis that there is a difference between the MRglc values of
benign and malignant lesions. The paired Student’s t-test was used
to compare the MRglc in tumor tissue to that in the corresponding
contralateral normal tissue. A p value of < 0.05 was considered
significant.

RESULTS

All lesions were clearly visualized with '8F-FDG PET except
for a small infarction of the humerus (2 cm on conventional
imaging). All the other lesions had increased glucose metabo-
lism compared to surrounding and contralateral normal tissue.
Particularly high MRglc was seen in the malignant fibrous
histiocytoma, malignant lymphoma (Fig. 1) and in the meta-
static lesions (Fig. 2), whereas glucose consumption was
substantially lower in other neoplasms such as osteogenic and
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FIGURE 2. PET image of the upper legs of a 58-yr-old woman with a bone
lesion that proved to be a metastasis of a renal cell carcinoma (Patient 15).

Ewing’s sarcoma (Fig. 3) and benign lesions such as juxtacor-
tical chondroma and myositis ossificans (Fig. 4).

The mean of all patients’ average MRglc of tumor tissue was
20.5 umol/100 g/min (range 2.3-60.5) and the mean of the
MRglc maximums was 49.6 umol/100 g/min (range 10.3-
147.8). The mean MRglc of contralateral normal muscle tissue
was 2.3 umol/100 g/min (range 1.1-5.7). The mean of the
average SUVs of tumor tissue was 3.20 (range 0.74-7.64) and
the mean of the maximum SUVs was 7.07 (range 2.23-16.06).
The mean SUV of contralateral normal muscle tissue was 0.53
(range 0.22-1.07). The MRglc and the SUV for benign and
malignant lesions were significantly higher than for contralat-
eral normal tissue. The maximum and average MRglc and the

FIGURE 3. PET image of the upper part of the thorax of a 20-yr-old man with
an osteogenic sarcoma of the humerus (Patient 5).

r ‘;;IT ol

FIGURE 4. PET image of the pelvis of a 21-yr-old woman with a bone lesion
that later appeared to be caused by myositis ossificans (Patient 23).
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FIGURE 5. Average and maximum MRgic of all bone lesions studied. There
appeared no significant difference in MRgic between benign and malignant
lesions.

SUVs were not significantly different for malignant and benign
lesions (Fig. 5). There was a large overlap between the MRglc
and the SUV of benign and malignant lesions, such that receiver
operating characteristic (ROC) analysis could not provide an
acceptable cutoff point for discrimination (Fig. 6). An accurate
discrimination by time-activity-curve analysis was not feasible
either. However, all lesions with a maximum MRglc > 40.5
pmol/100 g/min or an average MRglc > 17.9 umol/100 g/min
were malignant. The same is valid for lesions with a maximum
SUV > 12.27 or an average SUV > 4.04.

DISCUSSION

Our study shows that PET with the glucose analog '*F-FDG
can visualize benign as well as malignant bone lesions. PET
offers in vivo a visible and quantifiable insight into a metabolic
process for a skeletal disease. On the other hand, the clinical
significance of these findings is not immediately apparent.
Techniques such as radiographs, CT and MRI depict the
anatomic detail that PET images lack. Bone scintigraphy is a far
simpler technique to demonstrate skeletal abnormalities and
may be at least as sensitive. The fact that both benign and
malignant lesions are depicted equally well indicates that the
rate of glucose metabolism is similar in benign and malignant
lesions and does not separate them. In contrast to the findings in
soft-tissue sarcomas, there does not seem to be a correlation
between the MRglc and the biologic aggressiveness of the
neoplasms. These results do not correspond with the findings
from Dehdashti et al. (/4) who found that 'F-FDG PET

Grucose MetaBoLisM oF BoNe TuMors UsiNg PET « Kole et al.
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FIGURE 6. Receiver operating characteristic (ROC) curve of '8F-FDG PET for
bone tumors. When test values are measured on a continuum, sensitivity and
specificity levels depend on where the cutoff between positive and negative
is set. The closer an ROC curve is to the upper left-hand comer of the graph,
the more accurate it is, because the sensitivity approaches 100% without
false-positive results. There was no acceptable cutoff point for this indication.

demonstrates a clear distinction between benign and malignant
intraosseous lesions. However, they investigated only 3 primary
bone tumors and 12 metastatic lesions, so their patient group is
not representative for patients with primary bone tumors.

In the evaluation of a variety of tumors, 8. FDG PET has
proved to be a valuable adjunct to other imaging modalities. For
instance, malignant myeloma was clearly depicted on the PET
images (Fig. 7). These patients often have a negative bone scan
with ®™Tc-phosphate possibly due to the production of an
osteoclast-activating factor that promotes bone resorption with-
out osteoblastic change (/5,16). Several types of metastatic
lesions are also invisible using conventional bone scintigraphy
(17,18). The use of '8F-FDG PET is based primarily on the
observation that malignant tumors have increased glycolysis
compared to normal tissues (/9). Proposed explanations for this
phenomenon include increased concentration of hexokinase in
malignant cells, which results in a higher uptake and phosphor-
ylation of glucose (and FDG) and increased amounts of a
special glucose transporter in malignant cells, which results in
a higher rate of entry of glucose (and FDG) (20,27). However,
the relation of these features to malignancy grade has not yet

FIGURE 7. PET image of the pelvis of a 56-yr-old man with a malignant
myeloma (Patient 19).
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FIGURE 8. PET image of the proximal part of the lower legs of an 18-yr-old
man with an aneurysmatic bone cyst (Patient 25).

been elucidated. In brain tumors, both positive and negative
correlations have been demonstrated (22,23).

It has been suggested that hyperglycemia may increase the
sensitivity of tumor tissue to therapy (24,25). The more meta-
bolically active the cell at the time of exposure to cytotoxic
treatment or radiation therapy, then the higher the possibility
that the DNA is more susceptible to damage and, therefore, the
more effective the treatment (26). Evidence exists to support
this hypothesis. A recent PET study in patients with soft tissue
sarcoma indicated that predicting the treatment outcome based
on pretreatment glucose consumption is possible (28). In our
study, all four of the patients with osteogenic sarcoma, with
relatively low MRglc (Patients 2-5), did respond poorly to the
subsequent chemotherapy, whereas the one patient with higher
MRglc (Patient 1) responded well to therapy.

Little has been published about PET in benign lesions. It is
known that inflammatory lesions such as arthritis and sarcoid-
osis show increased '®F-FDG uptake (28,29) probably due to
the metabolic activity of macrophages and granulation tissue
(30). The aneurysmal bone cyst may be a reparative process as
the result of trauma or tumor induced anomalous vascular
process (31). The metabolic activity as established with '®F-
FDG PET validates this theory (Fig. 8). Osteoblastoma is
marked by very active formation of osteoid and immature bone
trabeculae produced by compact masses of hypertrophic osteo-
blasts (32). There can even be an inflammatory response to
osteoblastoma (33). This metabolic activity is most likely
responsible for the increased'®F-FDG uptake that we found
(Fig. 9).

PET offers interesting options for further research. Other
radiopharmaceuticals may be developed to distinguish benign
from malignant lesions. The affinity of the positron-emitting

FIGURE 9. PET image of the lower legs of a 35-yr-old woman with an
osteoblastoma of the tibia (Patient 20).
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'8F may be exploited for bone imaging. PET can detect the local
recurrence of a tumor in the early phase, since metabolic
changes precede anatomic changes particularly in the area that
has been treated previously. PET with '8F-FDG has the poten-
tial as an agent to monitor the effects of chemotherapy.
Radiographic imaging techniques are notoriously insensitive for
evaluating the effects of treatment, since anatomic changes lag
behind metabolic changes. When chemotherapy or radiotherapy
influences the level of glucose consumption, this is immediately
reflected in the MRglc in tumor cells as measured by PET.
Research in this direction is in progress (34). In addition to the
possibility of quantifyin%gr:etabolism, '8F.FDG PET may have
another advantage over ~ "Tc-phosphate bone scanning, since
the biological basis of the latter technique is that it reflects
osteoblast activity rather than tumor metabolism per se. Fluo-
rine-18-FDG is presumed to be associated with the metabolic
activity of the tumor itself (17,18).

CONCLUSION

Fluorine-18-FDG PET appears suitable for visualizing bone
tumors, but with the quantification of glucose metabolism, it is
not possible to differentiate between benign and malignant bone
tumors, although the lesions with the highest glucose utilization
were all malignant.
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We investigated the use of PET and 2['®Flfluoro-2-deoxy-D-glucose
(FDG) for detection and therapy control of metastatic germ cell
cancer in comparison to CT. Methods: Fifty-four PET studies were
performed in addition to CT in 33 patients with histopathologically
proven germ cell tumors (14 seminomas, 18 nonseminomas, 1 not
classified). The scans were done either after initial diagnosis (Group
1; n = 12), within 2 wk after completion of chemotherapy (Group 2;
n = 13) or 14-375 days after chemotherapy (Group 3; n = 29). PET
and CT were validated either by histology (n = 19) or clinical
follow-up for 182-1704 days (n = 35). Focal pathological uptake
with PET was quantified using standardized uptake values (SUVs).
Results: PET was significantly more accurate than CT (0.86 versus
0.59; p < 0.025) for detection of residual viable tumor in Group 3.
While sensitivities of PET and CT did not differ markedly, PET was
significantly more specific than CT. No significant differences be-
tween PET and CT were found in Groups 1 and 2. PET scans after
therapy resulted in false-negative findings in five of nine cases of
Group 2 but only in two of nine cases of Group 3. False-positive PET
findings occurred in three inflammatory processes. SUV of semino-
mas was significantly higher than in nonseminomas (p < 0.01).
Conclusion: PET using FDG is superior to CT for assessment of
residual tumor after chemotherapy of germ cell cancer and may thus
have an increased effect on patient management in the future. PET
must be performed at least 2 wk after completion of therapy. Further
data are necessary to determine the role of FDG PET for initial
staging of germ cell cancer.

Key Words: germ cell tumor; staging; therapy control; PET; fluorine-
18-fluorodeoxyglucose
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'I::sticular cancer is now the most frequent malignancy among
men between 20 yr and 40 yr. Incidences of 4-10 of 100000
have been reported in most industrialized countries (/). Germi-
nal cell tumors are categorized into pure seminomas (40%) and
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into the heterogeneous group of nonseminomatous tumors
comprising teratoma, chorionic carcinoma, embryonal and
mixed or combination tumors (2).

Metastatic spread is found in 70% of nonseminomatous
tumors and 30% of seminomas at the time of diagnosis. With
radiotherapy and the introduction of cisplatin combination
chemotherapy, prognosis of metastatic testicular cancer has
been dramatically improved. Cure rates of 80%—-90% were
reported in Stage II and III patients; cure is also possible in
patients who failed to achieve complete remission after initial
therapy (3).

Staging after initial diagnosis determines whether systemic
chemotherapy, abdominal radiotherapy or no further therapy is
necessary. Diagnosis of metastatic spread is usually made by
CT of abdomen and chest and/or elevated tumor markers
(human chorionic gonadotropin (HCG), alpha-fetoprotein
(AFP) and lactate dehydrogenase). CT-based clinical staging
has been shown to have a false-negative rate in clinical Stage I
patients of 30%—40% even with third- and fourth-generation
CT scanners (4,5). As a consequence, Stage I seminomas
undergo abdominal radiation therapy, whereas different thera-
peutic strategies are presently performed in clinical Stage I
nonseminomas. These strategies comprise retroperitoneal
lymph node dissection (RPLND), chemotherapy or surveil-
lance. Due to excellent cure rates in early testicular cancer,
therapy-induced morbidity (disturbances of ejaculation, infer-
tility, surgical complications, induction of secondary tumors)
has become an important matter. The development of better
noninvasive imaging techniques would be a key to a more
individualized therapy.

Another problematic issue is the occurrence of indeterminate
residual masses in CT after completion of chemotherapy in
15%—75% of patients. Surgical resection of the mass is usually
performed and histological examination shows necrosis/fibrosis
in 40%-50% of the cases, differentiated teratoma in 12%—40%
of the cases and persistent viable malignancy in 20%—-40% of

815





