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Abstract

Background The nucleoside analog 3'-deoxy-3'-'SF-fluo-
rothymidine (FLT) has been investigated for evaluating
tumor proliferating activity in brain tumors. We evaluated
FLT uptake heterogeneity using textural features from the
histogram analysis in patients with newly diagnosed glio-
mas and examined correlation of the results with prolifer-
ative activity and patient prognosis, in comparison with the
conventional PET parameters.

Methods FLT PET was investigated in 37 patients with
newly diagnosed gliomas. The conventional parameters
[tumor-to-contralateral normal brain tissue (T/N) ratio and
metabolic tumor volume (MTV)] and textural parameters
(standard deviation, skewness, kurtosis, entropy, and uni-
formity) were derived from FLT PET images. Linear
regression analysis was used to compare PET parameters
and the proliferative activity as indicated by the Ki-67
index. The associations between parameters and overall
survival (OS) were tested by Cox regression analysis.
Results Median OS was 662 days. For the conventional
parameters, linear regression analysis indicated a signifi-
cant correlation between T/N ratio and Ki-67 index
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(p = 0.02) and MTV and Ki-67 index (p = 0.02). Among
textural parameters, linear regression analysis indicated a
significant correlation for kurtosis (p = 0.003), entropy
(p < 0.001), and uniformity (p < 0.001) as compared to
Ki-67 index, exceeding those of the conventional param-
eters. The results of univariate analysis suggested that
skewness and kurtosis were associated with OS (p = 0.03
and 0.02, respectively), Mean survival for patients with
skewness values less than 0.65 was 1462 days, compared
with 917 days for those with values greater than 0.65
{p = 0.02). Mean survival for patients with kurtosis values
less than 6.16 was 1616 days, compared with 882 days for
those with values greater than 6.16 (p = 0.006).
Ceonclusions Based on the results of this preliminary study
in a small patient population, textural features reflecting
heterogeneity on FLLT PET images seem to be useful for the
assessment of proliferation and for the potential prediction
of survival in newly diagnosed gliomas.

Keywords '*F-FLT - PET - Glioma - Heterogeneity -
Texture

Introduction

Tumors are heterogeneous on histopathological level
with intratumoral spatial variation in cellularity, prolif-
eration, hypoxia, angiogenesis, necrosis, and extracellu-
lar matrix [1]. A high level of intratumoral heterogeneity
has been shown to have a high metastatic potential, a
poor patient outcome, and poor response to treatment,
although the biological relationship is still poorly
understood [1-4]. It is difficult to assess intratumoral
heterogeneity with tissue sampling which is not repre-
sentative of the entire tumor.
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Textural features to assess tumor heterogeneity by
anatomical imaging methods, including CT and MRI, have
shown the ability to characterize tissues as well as predict
treatment response and survival in some tumor types [53, 6].
Recent studies of textural analysis by functional imaging,
including 2-deoxy-2-'*F-fluoro-p-glucose (FDG) positron
emission tomography (PET), have shown similar proper-
ties, although the biological mechanisms are unknown
[7-11]. The most commonly used parameters for semi-
quantitative analysis of PET images are the standardized
uptake value (SUV) derived indices. In brain PET studies,
the tumor-to-contralateral normal brain tissue (T/N) ratio,
which is determined by dividing maximum SUV of the
wmor by mean SUV of the reference tissue, is most
commonly used for semiquantification. Colavolpe et al.
demonstrated that T/N ratio on pretreatment FDG PET
provided a significant additional prognostic information in
newly diagnosed high-grade gliomas [12]. However,
another study showed that FDG T/N ratio was not a sig-
nificant prognostic factor for survival in glioma patients
[13]). Beyond the relatively simple measurements of the
level of tumor uptake, there is recently increasing recog-
nition that the measurement of intratumoral heterogeneity
on FDG PET images can improve the prediction of prog-
nostic value in several types of tumor [7-11].

Although FDG PET directly reflects the glucose meta-
bolic activity of tumor cells and is predictive of patient
outcome [12], the utility of FDG PET for assessing brain
tumor is limited due to high normal brain uptake of FDG.
Another radiotracer,  3'-deoxy-3'-'*F-flucrothymidine
{(FLLT) has been investigated as a promising PET tracer for
evaluating tumor proliferating activity in brain tumors
[14-20]. Unlike FDG, FLT does not have high background
activity in normal gray matter structures. It is trapped
within the cytosol after being monophosphorylated by
thymidine kinase-1 (TK1), a principle enzyme in the sal-
vage pathway of DNA synthesis [21]. Therefore, the
accumulation of FLT is dependent on the presence of TK1,
which is closely associated with cellular proliferation. In
brain gliomas, FLT has been validated for the evaluation of
cellular proliferation [14—16]. Furthermore, FLT PET was
found to be a more significant predictor of the overall
survival (OS) than contrast-enhanced MRI alone in
malignant glioma patients [18].

There is still limited experience of the PET textural
analysis in patients with brain gliomas [22]. That study [22]
used 18F~ﬂuoroethyl—L—tyrosine (FET) PET, but there has
been no report of use of FLLT. The purpose of the present
study was to retrospectively evaluate FLT uptake hetero-
geneity in patients with newly diagnosed gliomas using
textural features from histogram analysis and to correlate
the results with proliferative activity as indicated by the Ki-
67 index and patient prognosis, in comparison with the
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conventional PET parameters, T/N ratio, and metabolic
tumor velume (MTV).

Methods
Patients

This study was approved by our institutional ethical review
committee, and written informed consent was obtained
from all patients.

From August 2010 to March 2016, 41 patients with
newly diagnosed gliomas underwent FLT PET/CT. Of
these, 4 patients were excluded, because they did not
exhibit sufficient FLT uptake in the tumor to perform’
volumetric and textural analysis. As a result, 37 patients
(15 males, 22 females; mean age, 55.8 years; age range,
8-84 years) were included in the study,

Pathologic diagnosis had been obtained by stereotactic
biopsy or open surgery. The distribution of tumor grade
and type according to World Health Organization classifi-
cation [23] was as follows: 4 grade II diffuse astrocytomas,
9 grade III anaplastic astrocytomas, 2 grade III anaplastic
oligodendrogliomas, 1 grade HI anaplastic ependymoma,
and 21 grade IV glioblastomas.

FLT synthesis and PET/CT imaging

FLT was synthesized using the method described by
Machulla et al. [24].

All acquisitions were performed using a Biograph mCT
64-slice PET/CT scanner (Siemens Medical Solutions USA
Inc., Knoxville, TN, USA}. Data acquisition began with CT
at the following settings: no contrast agent, 120 kV,
192 mA, 1.0-s tube rotation time, 3-mm slice thickness,
3-mm increments, and pitch 0.55. PET emission scanning
of the head region with a 15-min acquisition of one bed
position was performed 60 min after intravenous injection
of FLT (3.7 MBa/kg). The PET data were acquired in
three-dimensional mode and were reconstructed by the
baseline-ordered-subset expectation maximization bases,
incorporating correction with point spread function and
time-of-flight mode] (5 iterations and 21 subsets). A Gaus-
sian filter with a full-width at half-maximum of 3 mm was
used as a post-smoothing filter.

Image analyses

An experienced nuclear medicine physician, who was
blinded to the patient outcome, performed the image
analyses. Volumes of interest (VOIs) of the tumor on FLT
PET images were selected using a threshold of 40 %, of the
maximum SUV. If nontumoral areas of activity were
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incorrectly included within the VOI, adjustments were
performed by the operator.

First-order textural features included the standard devi-
ation of the gray-level histogram distribution, skewness
(asymmetry of the histogram), kurtosis (flatness of the
histogram), entropy (irregularity of gray-level distribution),
and uniformity (uniformity of gray-level distribution)
[25-27] (Fig. 1). Calculation of the textural features was
performed using the in-house software in C environment
(gce 4.9.3). Those features were obtained by applying pixel
positions and their values extracted from the selected VOIs.
For the reference tissue, a circular region of interest of
10 x 10 mm was manually placed on the uninvolved
contralateral hemisphere on the plane that showed maxi-
mum tumor uptake. The T/N ratio and MTV as the con-
ventional PET parameters were derived from the same
VOIs.

Ki-67 immunohistochemistry

Formalin-fixed, paraffin-embedded sections of resected
specimens from brain tumor were made for immunohisto-
chemical staining. The Ki-67 index was estimated as the
percentage of Ki-67-positive cell nuclei per 500-1000 cells
in the region of the tumor with the greatest density of
staining.

Statistical analysis

All statistical analyses were performed using a software
package (SPSS Statistics, version 22; IBM). Correlations
between the Ki-67 index and all PET parameters were
examined using linear regression analysis. Associations
between the conventional and textural parameters were
also investigated using linear regression analysis. OS or
time to last censoring was calculated from the date of PET
examination to death or the date of the last follow-up. The
threshold value that was most discriminating in terms of
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Fig. 1 FLT PET images of examples of four gltiomas. a Grade II
diffuse astrocytoma with low textural skewness (—0.27) and low
textural kurtosis (3.94), b grade IIT anaplastic astrocytoma with high
texiural skewness (0.80) and low textural kurtosis (5.97), ¢ grade IV

differentiating between two groups of patients was selected
using receiver operating characteristic methodology. The
separate association between each parameter and OS was
assessed by univariate Cox regression analysis, because the
number of events did not allow a multivariate analysis.
Kaplan—-Meier curves were calculated for parameters that
showed statistical significance after univariate analysis, and
differences were assessed using a log-rank test. Differences
were considered statistically significant at a p value of less
than 0.05.

Results

All measured PET parameters, namely, T/N ratio, MTV
(ml), standard deviation, skewness, kurtosis, entropy, and
uniformity are summarized in Table 1.

Association with Ki-67 immunohistochemistry

Data on the Ki-67 immunohistochenical staining were
available for 34 out of 37 patients. For the conventional
parameters, linear regression analysis indicated a significant
correlation between T/Nratio (r = 0.39,p = 0.02) and MTV
(r=040, p =002), and Ki-67 index. Among textural
parameters, linear regression analysis indicated a significant
correlation for kurtosis (r = 0.49, p = 0.003), entropy
(r=073, p<0001), and uniformity (»r= —0.62,
p < 0.001) as compared to Ki-67 index, exceeding those of
the conventional parameters. There was no significant corre-
lation for the standard deviation (» = 0.29, p = 0.10) and
skewness (r = 0.24, p = 0.18), compared to the Ki-67 index.

Association between the conventional and textural
parameters

In all patients, significant correlations were seen for T/N
ratio compared with the standard deviation (r = 0.75,

() @

Y

=

glioblastoma high textural skewness ((.72) and low textural kurtosis

(4.93), and d grade IV glioblastoma with high textural skewness
(1.44) and high textural kurtosis (11.87)
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Table 1 All parameters measured on FLT PET for 37 patients with
newly diagnosed gliomas

FLT PET parameter Median Range

T/N ratio 10.64 1.82 10 35.92
MTV (ml) 37.36 1.06 to 105,54
Standard deviation 0.84 0.17 to 2.90
Skewness 047 —0.41 to 1.91
Kurtosis 397 3.71to 11.87
Entropy 2.50 2,00 to 3.09
Uniformity ‘ 0.21 0.13 t0 0.27

Table 2 Results of univariate analysis of clinical and FLT PET
parameters and their association with the overall survival in 37
patients with newly diagnosed gliomas

Parameter Overall survival
P Hazard ratio

Sex 0.22 0.51 (0,17, 1.48)
Age . 0.32 1.01 (0.98, 1.04)
WHO grade 0.37 2.56 (0.33, 19.92)
T/N ratio 0.13 2.59 (0.75, 8.88)
MTV (ml) 0.36 0.49 (0.11, 2.20)
Standard deviation 012 2.46 (0.80, 7.60)
Skewness 0.03 3.71 (1:21, 11.38)
Kurtosis 0.02 5.14 (141, 18.72)
Enfropy 0.21 1.98 (0.68, 5.76)
Uniformity 0.40 0.63 (0.21, 1.82)

Data in parentheses are 95 % Cls

T/N ratio tumor-to-contralateral normal brain tissue ratio, MTV
metabolic tumor volume

p < 0.001), skewness (r = 0.47, p = 0.004), and kurtosis
(r =037, p=0.03). A significant correlation was also
found between MTV and entropy (r = 0.38, p = 0.03).

Association with OS

Data on OS were also available for all patients. Median OS
was 662 days, with 23 survivors at the time of analysis.

In univariate analysis, skewness (p = 0.03) and kurtosis
(p = 0.02) were significantly associated with survival
{Table 2). Standard deviation, entropy, and uniformity as
well as the conventional parameters, T/N ratio and MTV,
yielded no significant results on OS analysis (Table 2).

Mean survival for patients with skewness values less
than 0.65 was 1462 days, compared with 917 days for
those with values greater than 0.65 (p = 0.02) (Fig. 2a).
Mean survival for patients with kurtosis values less than
6.16 was 1616 days, compared with 882 days for those
Wwith values greater than 6.16 (p = 0.006) (Fig. 2b).
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Discussion

In the present study, we evaluated FLT uptake hetero-
geneity using textural features from histogram analysis in
patients with newly diagnosed gliomas. Textural and con-
ventional parameters on FLT PET images were found to be
useful in the assessment of tumer proliferation. Moreover,
the correlation coefficient for textural parameters was
higher than that for the conventional parameters. In uni-
variate analysis, skewness and kurtosis were associated
with OS.

Currently, in brain PET studies, SUV-based parame-
ters, such as maximum SUV and T/N ratio, are used most
frequently and are considered to be related to several
clinicopathological factors in brain tumers [12-20].
However, an important disadvantage associated with these
parameters is that they do not essentially reflect the total
activity for the whole tumor, A noninvasive method of
assessing the intratumoral heterogeneity might be a
valuable clinical tool in oncologic imaging, because
tumors exhibit heterogeneity. In medical imaging, tumor
heterogeneity can be assessed by several texture-based
methods. To the best of our knowledge, there appears to
be still limited experience of evaluating PET textural
analysis in patients with brain gliomas [22). That study
[22] was done using FET PET [22]. The present study is
the first report to examine FLT PET uptake heterogeneity
in patients with newly diagnosed gliomas, in comparison
with conventional PET parameters.

Increased cell proliferation and DNA replication is a-
characteristic of malignant transformation [28]. The
assessment of cellular proliferation rate by means of PET is
useful as a noninvasive clinical approach. Actually, uptake
of FLT has previously been described as a useful predictive
parameter of cell proliferation in various types of tumors,
including gliomas [29]. Choi et al, showed a significant
correlation between FLT T/N ratio and Ki-67 index in
patients with gliomas [16). The present study also showed a
correlation between T/N ratio and MTV and Ki-67 index in
newly diagnosed gliomas. Moreover, a correlation was also
observed between textural parameters (Kurtosis, entropy,
and uniformity) and Ki-67 index, and the correlation
coefficient for these textural parameters was higher than
that for the conventional parameters. There are currently no
reports comparing PET textural analysis and tumor pro-
liferation in patients with brain gliomas. The heterogeneity
of tracer uptake within tumors has been attributed to a
number of factors, including not only cellular proliferation,
but also cellularity, angiogenesis, necrosis, and vascular-
ization [27]). Further studies are needed to evaluate the
correlation between PET textural features and tumor pro-
liferation in patients with the variety of tumor types.
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Fig. 2 Kaplan-Meier survival curves showing significantly different
overall survivals for patients with a skewness values less than 0.65
(solid line) and those with skewness values greater than 0.65 (dotted

Changes in the conventional FLT PET parameters dur-
ing treatment were reported to be predictive of OS in
recurrent gliomas patients [20]. Zhao et al. indicated that
T/N ratio and MTV derived from a pretreatment FLT PET
were independent predictors of survival in patients with
recurrent malignant gliomas [19]. However, these indices
were not predictive of patient survival in the present study.
One possible reason for this may be due to the clinical
differences between the patient populations evaluated in
the two studies. All our patients had newly diagnosed
gliomas, including both high-grade and low-grade gliomas.
On the other hand, all patients in the study by Zhao et al.
[19] had recurrent high-grade gliomas. To date, studies on
the clinical significance of intratumoral heterogeneity using
PET textural analysis are limited, even though intratumoral
heterogeneity is a potential prognostic factor. In non-small
cell lung cancer (NSCLC), heterogeneity features on FDG
PET have shown associations with response and survival
after chemoradiotherapy [8, 9]. In cervical cancer, more
heterogeneous distributions of FDG PET were related to
greater risk of lymph node metastases, risk of local
recurrence, and worse progression-free survival (PES) [11].
Unfortunately, many of these studies are retrospective,
performed in small number of patients. Moreover, they use
a univariate approach and do not actually assess the
incremental value of textural metrics over the conventional
indices, such as SUV and MTV. Eary et al. evaluated 234
patients with sarcoma for tumor heterogeneity on baseline
FDG PET and concluded that heterogeneity was a strong
independent predictor of survival, and that maximum SUV
was somewhat less predictive [10]. Cook et al. investigated
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line) (p = 0.02) and b kurtosis values less than 6.16 (solid line) and
those with kurtosis values greater than 6.16 (dotted line) (p = 0.006)

the prognostic value of baseline FDG PET heterogeneity in
NSCLC [8]. They found that textural features performed
better than SUV parameters and MTV, showing no sig-
nificant association with outcome [8]. The present study
also evaluated both textural and conventional parameters,
and our findings are in line with results of Cook et al. [8]
and Eary et al. [10]. Pyka et al. evaluated textural analysis
using FET PET in patients with high-grade gliomas for
assessing patient prognosis compared to T/N ratio and
MTYV [22]. Their results showed a significant correlation of
FET PET texture but not T/N ratio with patient PFS and
0S, on multivariate analysis [22]. Our findings in uni-
variate analysis are also in line with their results [22].
Taken together, these results add to the growing body of
evidence that the heterogeneity of tumor metabolism,
measured by PET textural analysis, is an important prog-
nostic factor, as it has already been demonstrated for glu-
cose metabolism on FDG PET images of other tumor
entities [7-11]. However, T/N ratio was not significantly
related to OS in our and Pyka et al.’s studies [22]. In the
present study, we have noted correlations between a
number of textural features and T/N ratio, even though T/N
ratio and heterogeneity parameters measure different
characteristics. In our study, higher standard deviation,
skewness, and kurtosis were more likely in tumors with
high T/N ratio than in those with low T/N ratio. However,
the relationship between these parameters and clinico-
pathological factors of brain tumors is diverse and has not
been entirely elucidated. In Pyka et al.’s study, the corre-
lation of WHO grade to OS was determined as significant
in univariate analysis but not in multivariate analysis [22].

@ Springer



‘

A > i - g i - o
Auther's personal copy

Ann Nucl Med

In univariate analysis of the present study, WHO grade was
not significantly associated with OS. They categorized
patients between grade Il and IV gliomas [22]. The present
study categorized patients between low-grade (grade II}
and high-grade (grade III and IV) gliomas, although low-
grade glioma was only 4 patients. They showed that tex-
tural feature, coarseness, and contrast, on FET PET for
predicting OS in patients with gliomas [22]. The results of
the present study suggest the potential value of textural
feature, skewness, and kurtosis, on FLT PET for predicting
survival in patients with gliomas, although these details
must be interpreted with care due to the lower number of
patients. To date, there is still limited experience of the
PET textural analysis in patients with brain gliomas. Fur-
ther larger patient populations need to be examined.

For tumor delineation on FLT PET images, the thresh-
old of 40 % of the maximum SUV was chosen, because it
provides a good tradeoff allowing for appropriate delin-
eation of the tumor against normal tissue without the loss
of too many voxels. Tumor delineation on PET images is
less than straightforward. Many delineation methods exist,
such as manual contouring, value thresholding, percentage
thresholding, and a variety of other semiautomated tech-
niques. Yan de Wiele et al. mentioned that the optimal
threshold for tumor delineation was shown to be inversely
related to tumor size and maximum SUV [30]. In the
present study, some of tumors were too small activity
volume and too low SUV. It is not possible to exclude an
effect from tumor size and tumeor uptake. Brooks and
Grigsby suggested that the inclusion of tumor volumes
below 45 ml could bias comparisons of intratumoral
uptake heterogeneity metrics derived from data from the
current generation of PET scanners [31]. It may be nec-
essary to define a minimum tumor volume and minimum
tumor uptake for textural analysis. ’

In the present study, PET images were reconstructed by
the baseline-ordered-subset expectation maximization
bases, incorporating correction with point spread function
and time-of-flight model. The impact of reconstruction
settings on textural features is not yet clear, especially
relating to point spread function and time-of-flight model.
There is a need to re-evaluate the robustness of textural
features with respect to acquisition mode and reconstruc-
tion parameters.

Limitations of the present study include small sample
size and retrospective design. The number of events and
patients did not allow a multivariate analysis, Moreover,
the intratumoral heterogeneity can be represented by var-
ious methods. For example, first-order features only con-
sider the statistical distribution of the intensity of each
pixel, while second-order features consider the relation of
two pixels adjacent to each other. In the present study, only
the first-order features were analyzed. Additional large
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prospeciive studies are needed to confirm the predictive
value of intratumoral heterogeneity in clinical practice.
While there is accumulating literature on the predictive
abilities of textural features in anatomical imaging meth-
ods, the evidence for textural analysis in PET imaging is

-only just emerging. Compared to CT or MRI, PET images

have a lower spatial resolution. Small tumors, which are
below the spatial resolution of PET scans, may not be
suitable for evaluating tumor heterogeneity. Yu et al, have
assessed whether textural features in FDG PET/CT co-
registered images can differentiate between normal and
abnormal nodes to assist radiotherapy target planning [32].
They found that a combination of PET and CT textures had
a higher discriminative power [32]. Advances in hardware,
such as simultaneous PET/MRI, will further stimulate
imaging research into the analysis of intratumor hetero-
geneity. Textural analysis maximizes the information
obtained from the standard clinical images without the
need for additional acquisitions. To date, there have been
few tumor heterogeneity studies using newer radiophar-
maceuticals other than FDG. Further studies are needed to
investigate textural features using different imaging
modalities and different PET tracers to elucidate their
potential clinical value.

Conclusion

Based on the results of this preliminary study in a small
patient population, textural features reflecting heterogene-
ity on FL.T PET images seem to be useful for the assess-
ment of tumor proliferation and for potential prediction of
survival, in patients with newly diagnosed gliomas.
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