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This study was undertaken to investigate the relationship of PET
using fluorodeoxyglucose (FDG) or L-[1-"C]-tyrosine (TYR) with
histopathologic findings in soft-tissue tumors, before and after
therapy. Histopathologic parameters that were studied were
tumor grade, mitotic rate, proliferation activity and amount of
necrosis. Methods: PET with either FDG or TYR was performed
in 55 patients with a lesion suspected to be a malignant softtissue tumor. In 28 patients, a second PET study was performed
after therapy. Metabolic rate of glucose consumption (MRglc)
and protein synthesis rate (PSR) were calculated. Histologie
parameters were obtained from a biopsy specimen that was
taken just after the first PET study and from the tumor remnant
that was resected after therapy. Results: MRglc correlated with
tumor grade (r = 0.71) and mitotic rate (r = 0.68) but not with
proliferation or necrosis. After therapy, there was no longer a
correlation with mitotic rate. PSR correlated with tumor grade (r =
0.53), mitotic rate (r = 0.73) and proliferation (r = 0.66). After
therapy, correlation with mitosis and proliferation had improved,
and a negative correlation was found between PSR and necrosis
(r = -0.74). Conclusion: These results validate the use of both
FDG and TYR to give an in vivo indication of histologie tumor
parameters. However, FDG gives a better indication of tumor
grade, whereas TYR is more accurate in predicting mitotic rate
and proliferation, especially after therapy. FDG may therefore not
be the most suited tracer for monitoring therapy. TYR might be
more appropriate for that purpose.
Key Words: PET; histology;fluorodeoxyglucose;tyrosine;tumor
J NucÃ-Med 1999; 40:381-386

relationship between the glucose consumption and the
malignancy grade has been shown, but very little is known
about the correlation of glucose consumption with other
histopathologic tumor parameters.
Experimental studies have demonstrated that amino acid
transport and protein synthesis rate (PSR) are increased in
malignant cells (4-5). The majority of the amino acid PET
studies in oncology have been performed with L-[methyl-"C]methionine (MET), which is relatively easy to synthesize. In
our institute, L-[l-"C]-tyrosine
(TYR) is used for this
purpose, because with TYR PET the PSR can be quantified,
whereas MET uptake reflects amino acid transport rather
than PSR (6-7). With TYR, several types of malignant
tumors can be visualized (8). The relationship of PSR to
histopathologic tumor parameters has not yet been eluci
dated. This study was undertaken to investigate the relation
ship of both FDG PET and TYR PET with histopathologic
findings in STT, before and after therapy. STTs comprise 1%
of all malignant tumors. Patients with an STT have a poor
prognosis (50% 5-y survival). The estimation of malignancy
of STT depends on mitosis and proliferation. Mitotic activity
and proliferation have prognostic value (9). Histopathologic
parameters that were studied were tumor grade, amount of
necrosis, mitotic rate and proliferation activity, as assessed
with Ki-67 labeling.
PATIENTS AND METHODS

Jthough it seems obvious that a higher mitotic rate and
proliferation require more energy, and that a loss of differen
tiation results in a less efficient and therefore higher
metabolism, a clear correlation between metabolic and
histologie parameters has not yet been demonstrated. With
PET, the metabolism of tumors can be studied in vivo with
radiopharmaceuticals. The radiopharmaceutical 18F-fluoro-2deoxy-D-glucose (FDG) is the most widely used PET tracer
in oncology. With FDG, the metabolic rate of glucose
consumption (MRglc) can be visualized and quantified (7).
High glucose metabolism has been demonstrated with FDG
PET in several types of soft-tissue tumors (STTs) (2-3). A
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Patients
The FDG PET group consisted of 30 patients, 13 men and 17
women (mean age 50 y, range 18-84 y) (Table 1). The TYR PET
group consisted of 25 patients, 19 men and 6 women (mean age 55
y, range 25-83 y) (Table 2). All 55 patients were clinically and
radiographically suspected of having a malignant STT, but histo
logie examination after PET revealed 46 malignant and 9 benign
STTs. Conventional imaging consisted of plain radiography, bone
scintigraphy, CT and/or MRI. All tumors were larger than 2 cm
diameter. A biopsy to obtain a definite diagnosis was performed in
all patients after the PET study, to avoid interference of wound
healing on the PET signal. The study protocol was approved by the
medical ethics committee of the Groningen University Hospital,
and all patients gave informed consent.
To evaluate treatment response, 28 patients underwent a second
PET study (17 FDG PET and 11 TYR PET) after therapy, which
consisted of hyperthermic isolated limb perfusion (HILP) with
tumor necrosis factor-a and melphalan, as described previously
(10).

FDG ANDTYR IMAGINGOF SOFT-TISSUE
TUMORSâ€¢
Kole et al.

381

TABLE 1
Characteristics of Patients Who Were Studied with FDG PET

scan was obtained to correct for attenuation of the photons by the
body tissues. Then 185 MBq FDG or 370 MBq TYR was
intravenously administered and sequential images were acquired at
Patient
the level of the lesion by obtaining 16 frames from the time of
gradeIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII111100000
no.123456789101112131415161718192021222324252627282930Age595439408428538039656243507118561849644739444857563821438254SexFMFFFMMMFFMMFM
injection through 50 min after injection. These include ten 30-s
frames, three 5-min frames and three 10-min frames. For establish
histiocytomaMalignant
fibrous
ing the input function, blood samples were taken simultaneously
histiocytomaSynovial
fibrous
from the arterial cannula (at 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2.25,
sarcomaLeiomyosarcomaSarcoma
2.75, 3.75, 4.75, 7.5, 12.5, 17.5, 25, 35 and 45 min after injection).
NOSSarcoma
The same camera protocol was used for both tracers. The input
function of the TYR studies was corrected for "C-labeled metabo
NOSMalignant
histiocytomaMalignant
fibrous
histiocytomaMalignant
fibrous
histiocytomaMalignant
fibrous
sheathtumorMalignant
peripheral nerve

lites.

PET Data Analysis
The MRglc and the PSR of the lesions were calculated as
described in detail previously (13). For calculating the MRglc or
sheathtumorMalignant
peripheral nerve
PSR, the 10 pixels with highest activity of the tumor were selected.
When the lesion could not be visualized clearly, a region of interest
sheathtumorDedifferentiated
peripheral nerve
was drawn around its location, based on MRI or CT findings. After
liposarcomaLiposarcomaRhabdomyosarcomaPrimitivetherapy, the metabolism was calculated over the same volume as
before therapy to avoid observer bias. Because it is known from a
previous study that MRglc correlates better with malignancy grade
neuroecto-dermal
peripheral
than standardized uptake values, the latter were not calculated (3).
tumorExtraskeletal
chondrosar-comaSarcoma
myxoid
NOSSarcoma
NOSMyxoid
malignant fibrous histiocy
tomaMyxoid
liposarcomaMyxoid
liposarcomaWell-differentiated
liposarcomaWell-differentiated
liposarcomaMalignant

Histologie Examination
Histologie parameters that were compared with the PET findings
before therapy were obtained from a biopsy specimen that was
taken after the first PET study. Those compared with the PET
TABLE 2
Characteristics of Patients Who Were Studied with TYR PET
Patient

gradeIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
no.12345678910111213141516171819202122232425Age666783264571326775
histiocytomaMyxomaLymphangiomaLipomaBursaGanglionTumor
fibrous
histiocytomaMalignant
fibrous
histiocytomaMalignant
fibrous
histiocytomaSynovial
fibrous
sarcomaLeiomyosarcomaFibrosarcomaMalignant

NOS = not otherwise specified.

PET Studies
FDG was routinely produced by a robotic system according to
the procedure described by Harnacher et al. (Â¡1),with a radiochemical purity of more than 98%. TYR was produced by more than a
modified microwave-induced Biicherer-Strecker synthesis (12).
The radiochemical purity was more than 99%. A 951/31 ECAT
positron scanner (Siemens/CTI, Knoxville, TN) was used for data
acquisition. The scanner acquires 31 contiguous tomographic slices
simultaneously over a total axial length of 10.8 cm and has a spatial
resolution of 6 mm at full width half maximum.
Patients fasted overnight before the PET study. Serum glucose
levels (and in case TYR PET was performed also tyrosine levels)
were measured just before each PET session and were all within
normal range. A 20-gauge needle was inserted into the radial artery
while the patient was under local anesthesia. An intravenous
cannula was inserted into the contralateral cephalic vein for the
injection of the tracer. The patients were positioned supine in the
scanner with the tumor in the field of view. A 20-min transmission
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sheathtumorPleiomorphic
peripheral nerve
liposarcomaSarcoma
NOSSarcoma
NOSSarcoma
NOSMalignant
histiocytomaMalignant
fibrous
histiocytomaSynovial
fibrous
sarcomaMyxoid
liposarcomaWell-differentiated
liposarcomaMyxoid
liposarcomaMyxoid
liposarcomaFibrosarcomaClear
sarcomaMalignant
cell
hemangiopericytomaLipomaLipomaBenign

sheathtumorElastofibromaTumor
peripheral nerve

NOS = not otherwise specified.
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findings after therapy were obtained from the residual tumor that
was resected as a whole, approximately 8 wk after HILP.
Histologie diagnosis was made on hematoxylin-eosin stained
paraffin sections and additional immunohistologic stains, if neces
sary. All STTs were classified according to Enzinger and Weiss (14)
and graded according to the system of Coindre et al. (9). Benign
tumors were assigned tumor grade 0. The amount of necrosis was
estimated on gross examination and microscopically. At least one
section per centimeter of the largest tumor diameter was taken. The
number of mitoses per 2 mm2 (mitotic index) was counted in 15
adjacent fields on hematoxylin-eosin stained paraffin sections.
Proliferation activity was assessed by Ki-67 labeling. Ki-67 is a
nuclear antigen that is present during the whole cell cycle, except
for the GO and G l phase and is therefore a measure of proliferation.
For Ki-67 labeling, the monoclonal antibody MIB-1 (Immunotech
S.A., Marseille, France) was used, which recognizes an epitope of
the Ki-67 antigen. Ki-67 labeling was performed on paraffin
sections (4 urn) according to a method modified from Shi et al. (ÃŒ5).
In short, after being heated on a hot plate, slides were dewaxed in
xylene and rehydrated in serial ethanol washes (100%, 96% and
70%). After being heated twice in an autoclave for 10 min at 110Â°C
in 20 mmol/L citrate buffer (pH 6.0), slides were incubated with a
1:400 dilution of the antibody in malÃ©atebuffer (pH 7.4). The
primary antibody was detected with a biotinylated secondary
antibody followed by a streptavidine-alkaline phosphatase conju
gate (ready-to-use link and label; Biogenex, San Ramon, CA).
Final color was developed by the bromochlorindolyl-phosphate
4-nitroblue-tetrazoliumchloride
method (Boehringer, Mannheim,
Germany). For determining the Ki-67 labeling index (LI), we used
ocular micrometry on a microscope with an eyepiece grid at X400
magnification. In histologically viable areas, 15 fields were ran
domly selected. The positive and negative nuclei were counted.
Endothelial cells, inflammatory cells and necrosis were excluded.
The Ki-67 LI was defined as the number of positive nuclei divided
by the total number of nuclei in each of the 15 fields. The mean
Ki-67 LI of the 15 fields was calculated.
Statistical Analysis
To quantify the degree of correlation between the PET findings
and the histologie parameters, a Spearman's (nonparametric param
eters) or Pearson's correlation (parametric parameters) analysis
was performed with SPSS statistical software (SPSS Inc., Chicago,
IL). P < 0.05 was considered to be significant. A correction for
multiple comparisons was made by adjusting the P level down
ward.
RESULTS

1A and 2A). There was no correlation between the MRglc
and Ki-67 LI (Fig. 3A) or the amount of necrosis either
before or after therapy (Fig. 4A). After therapy, the correla
tion between MRglc and mitotic rate disappeared (r = 0.18).
In the TYR PET group, PET was obtained before therapy
in 25 patients. PSR ranged from 0.13 to 5.66 nmol/kg
tissue/min. There were 11 grade III tumors, 4 grade II, 6
grade I and 4 grade 0 (Table 2). Necrosis ranged from 0% to
80%, mitotic rate from 0 to 59/2 mm2 and the Ki-67 LI
ranged from 0.9 to 43.8. After therapy, PSR (range 0.502.79 nmol/kg tissue/min), necrosis (range 0%-59%), mitotic
rate (range 0-40/2 mm2) and the Ki-67 LI (range 0-33.0)
were obtained in 11 patients.
Before therapy, a correlation was found between PSR and
tumor grade (r = 0.58) (Fig. IB), mitotic rate (r = 0.73)
(Fig. 2B) and the Ki-67 LI (r = 0.66) (Fig. 3B). There was
no correlation between the PSR and the amount of necrosis.
After therapy, the correlation between PSR and mitotic rate
(r = 0.82) (Fig. 2C) and between Ki-67 LI (r = 0.87) (Fig.
3C) had improved. There was now also a clear negative
correlation between PSR and necrosis percentage (r =
-0.74) (Fig. 4B).
DISCUSSION

This study demonstrates a clear correlation between both
FDG PET and TYR PET on the one hand and several
histopathologic tumor parameters on the other. This correla
tion exists even though the tumor metabolic activity as
measured with PET is compared with histopathologic param
eters from a biopsy specimen that may not be representative
of the whole tumor.
In several previous PET studies with patients with STTs, a
relationship was found between FDG uptake and malig
nancy grade (2,3). Low-grade tumors have lower FDG
uptake than intermediate- and high-grade tumors. However,
no significant difference was found between intermediateand high-grade tumors. These results may elucidate this,
because we did find a correlation between MRglc and
mitotic rate but not between MRglc and necrosis. Malig
nancy grade was determined by mitotic rate, differentiation
and the amount of necrosis (9). These parameters may have
opposing effects on tumor metabolism as assessed with PET.
especially in high-grade tumors. A high mitotic rate requires

In the FDG PET group, PET was obtained in 29 patients
before therapy (there was one technical failure). MRglc
ranged from 0.6 to 99.1 umol/100 g tissue/min. There were 6
grade III tumors, 12 grade II, 6 grade I and 5 grade 0 (Table
1). One tumor was not graded, because there was too little
biopsy material for accurate grading. Necrosis ranged from
0% to 70%, mitotic rate from 0 to 25/2 mm2 and the Ki-67 LI
ranged from 1.2 to 38.4. After therapy, MRglc (range
7.4â€”44.4 umol/100 g tissue/min), necrosis (range 0%100%), mitotic rate (range 0-50/2 mm2) and Ki-67 LI (range
0-37.1) were obtained in 17 patients.
Before therapy, a correlation was found between MRglc
and tumor grade (r = 0.71) and mitotic rate (r = 0.68) (Figs.
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FIGURE 1. Metabolicrate of (A) glucose consumption(MRglc)
and (B) protein synthesis rate (PSR) as measured with PET
versus tumor grade. MRglc correlates better with tumor grade
than PSR. Correlation coefficients are 0.71 and 0.58, respec
tively.
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FIGURE 2. (A) Metabolierate of glucoseconsumption(MRglc) and (B) proteinsynthesisrate (PSR) before and (C) after therapy as
measured with PET versus mitotic activity. Correlation coefficients are 0.68,0.73 and 0.82, respectively.

more energy and results in a high cell density, which in itself
has been shown to correlate with FDG uptake in other tumor
types (16,17). Differentiation is based on the resemblance to
normal tissue, and poor differentiation is associated with
more aggressive growth and a tendency to metastasize.
Necrosis is a clear sign of aggressive and poorly controlled
growth and will thus be found more in high-grade tumors
with an increased rate of glucose consumption, but necrosis
is not metabolically active. Therefore, with an increasing
amount of necrosis, the average rate of glucose consumption
of the tumor will decrease. Apparently, the same theory may
be valid forTYR PET. However, the influence of necrosis on
the tumor PSR appears to be stronger than on MRglc,
because the correlation coefficient of PSR and tumor grade
is lower (r = 0.58 versus r = 0.71) and after therapy, when
necrosis becomes more prominent, a clear negative correla
tion between PSR and necrosis is shown. The latter may be
explained by the fact that inflammatory cells that are
frequently seen in necrotic areas and the reactive inflamma
tory tissue in the tumor rim after therapy also have a high
MRglc, but no high PSR (18-21).
FDG uptake was shown to be related to proliferation in
patients with intracranial tumors, bronchial carcinoma and
head and neck tumors (22-24). However, we could not
confirm this in patients with STTs. From the results from
Minn et al. (24) and Watanabe et al. (25), it was suggested
that the increase in glucose use in head and neck cancers is
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mainly needed for nucleic acid synthesis. However, larger
changes in proliferation rate result in only moderate changes
in FDG uptake (26). In in vitro studies, only a weak
relationship of FDG uptake to proliferative activity was
established (16,27). In patients with carcinoma of the
hypopharynx, the relationship between FDG accumulation
and the proliferative index was evident (r = 0.80), but only
when the tumors with high and low FDG uptake were
separated (28). These data suggest that another factor contrib
utes to the uptake of FDG in tumors. This unknown factor
might be the expression of an oncogene, which enhances
glucose transport or density of glucose transporter proteins,
or a simultaneously occurring inflammatory reaction.
In studies with patients with lung, breast or head and neck
cancer, the uptake of the amino acid MET correlated well
with the proliferative activity of the tumor (29-31). In in
vitro studies, the relationship between amino acid uptake
and proliferation was better than with FDG (27). We now
validated these in vitro observations in the clinical situation
in tumors with different growth characteristics using TYR
PET. In two studies of patients with various brain tumors, no
correlation was found between PSR as measured with TYR
PET and proliferation (32,33). Although brain tumors and
STTs are two entirely different entities, this suggests that
there are also confounding factors influencing the PSR of
tumors that are worth exploring.
Both MRglc and PSR correlated with mitotic rate. The
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FIGURE 3. (A) Metabolic rate of glucoseconsumption(MRglc) and (B) proteinsynthesisrate (PSR) before and (C) after therapy as
measured with PET versus proliferation activity. Correlation between MRglc and the Ki-67 labeling index (LI) is not significant.
Correlation coefficient of PSR and proliferation is 0.66 before and 0.87 after therapy.
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FIGURE 4. (A) Metabolie rate of glucoseconsumption(MRglc)
and (B) protein synthesis rate (PSR) as measured with PET
versus amount of necrosis after therapy. There is no significant
correlation between MRglc and necrosis percentage, whereas
there is clear negative correlation between PSR and necrosis
(r= -0.74).

disappearance of the correlation between MRglc and mitotic
rate after therapy might be influenced by the inflammatory
reaction that was seen at all tumor sites after HILP. Except
for tumor grade, TYR correlated better with all histologie
tumor parameters than FDG, especially after therapy. FDG
may therefore not be the most suited tracer for monitoring
therapy. This was also the conclusion in a previous study that
studied the value of FDG PET for monitoring treatment in
similar patients (34). TYR PET may be more appropriate to
monitor therapy. The first results of TYR PET for treatment
evaluation that were reported recently, indeed confirmed less
disturbance of inflammatory cells for TYR than for FDG,
although with TYR a complete response could be distin
guished from a partial response with 100% accuracy (35).
Further studies investigating the value of TYR PET for
monitoring therapy are therefore required.
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CONCLUSION

This study demonstrates the correlation of tumor grade
and mitotic rate with MRglc measured with FDG PET,
whereas there was no correlation with the amount of
necrosis and proliferation. A correlation was found between
the PSR measured with TYR PET on the one hand and tumor
grade, mitotic rate and proliferation on the other hand. After
therapy, there was a clear negative correlation between the
PSR and the amount of necrosis. FDG may not be the most
suited tracer for monitoring therapy because of disturbing
uptake by inflammatory cells. TYR PET might be more
appropriate for that purpose.
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