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Featured Application: The study proposes a methodology to evaluate the response of patients
with brain lesions to Gamma Knife treatments through the use of Positron Emission Tomogra-
phy imaging.

Abstract: Gamma Knife treatment is an alternative to traditional brain surgery and whole-brain
radiation therapy for treating cancers that are inaccessible via conventional treatments. To assess
the effectiveness of Gamma Knife treatments, functional imaging can play a crucial role. The aim
of this study is to evaluate new prognostic indices to perform an early assessment of treatment
response to therapy using positron emission tomography imaging. The parameters currently used in
nuclear medicine assessments can be affected by statistical fluctuation errors and/or cannot provide
information on tumor extension and heterogeneity. To overcome these limitations, the Cumulative
standardized uptake value (SUV) Histogram (CSH) and Area Under the Curve (AUC) indices were
evaluated to obtain additional information on treatment response. For this purpose, the absolute
level of [11C]-Methionine (MET) uptake was measured and its heterogeneity distribution within
lesions was evaluated by calculating the CSH and AUC indices. CSH and AUC parameters show
good agreement with patient outcomes after Gamma Knife treatments. Furthermore, no relevant
correlations were found between CSH and AUC indices and those usually used in the nuclear
medicine environment. CSH and AUC indices could be a useful tool for assessing patient responses
to therapy.

Keywords: gamma knife; imaging quantification; [11C]-methionine positron emission tomogra-
phy; cancer

1. Introduction

The Leksell Gamma Knife (GK) is a stereotactic radio surgical device capable of
treating brain tumors inaccessible to conventional surgery by allowing accurate target
irradiation. It is a minimally invasive instrument that does not involve a scalpel or in-
cision [1,2]. Tumor delineation is the crucial step when planning GK treatment because
metastatic lesions can show infiltrative natures. Magnetic resonance (MR) is usually used
to perform accurate delineation of the target volume. MR provides high-quality images
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with excellent soft-tissue contrast [3–6]. With the aim of adding another layer of sophistica-
tion during radiosurgery, the integration of positron emission tomography (PET) images
in the treatment planning phase was evaluated [7–9]. Functional information improves
lesion knowledge, as demonstrated by Gempt et al. [10]. The biological tumor volume
(BTV) identified by PET can be used to treat the cancer region more precisely [11]. Fur-
thermore, PET imaging has become a standard component of diagnosis and staging in
oncology [12–16]. Functional changes are often faster and more indicative of the effects
caused by therapy than anatomical imaging, providing a faster method of detecting the
treatment response [17,18]. Levivier et al. [19] found that PET conveys complementary
information to information derived from computerized tomography (CT) or MR imaging
in brain disorders. Historically, the first parameter introduced for the evaluation of PET
studies is the maximum standardized uptake value (SUVmax), which provides punctual
information of the voxel showing the highest uptake value within the tumor. Nevertheless,
this parameter can be affected by statistical fluctuation errors and cannot provide informa-
tion on the extent of the tumor [20]. For this reason, other quantitative indices have been
introduced, such as metabolic tumor volume (MTV) and total lesion glycolysis (TLG) [21].
These parameters provide information on the extent of the tumor but no information on
the uptake heterogeneity.

To overcome these limitations and considering that the dose distribution is not uniform
in GK treatments, sixteen patients underwent [11C]-Methionine (MET) PET scans and
GK treatments were considered in this study to calculate new PET indices, such as the
Cumulative SUV Histogram (CSH) and Area Under the Curve (AUC), in order to obtain
additional PET information, such as the functional heterogeneity [22]. In other words, we
focus on the [11C]-MET uptake heterogeneity in pre- and post-treatment PET examinations
by calculating CSH and AUC for each patient. Methionine is an amino acid that exhibits
increased transport within active cancer cells. It has been reported that the extent of
tumor cell invasion can be more clearly detected by [11C]-MET PET than by CT or MR [23].
The correlation between CSH and AUC results with medical reports evaluated by three
physicians was also considered in our study. The proposed methodology could represent a
useful tool for assessing patient response to GK treatments.

2. Materials and Methods
2.1. Patients

We retrospectively analyzed patients with metastatic brain cancers who underwent
restaging PET/CT after GK between March 2014 and December 2015. The inclusion
criteria were as follows: (i) [11C]-MET PET/CT performed one week before stereotactic
neuro-radiosurgery, (ii) [11C]-MET PET/CT performed two months after stereotactic neuro-
radiosurgery for the early treatment assessment, and (iii) MR performed one year after
stereotactic neuro-radiosurgery to assess the treatment response. In this way, sixteen
patients (8 males, 8 females; mean age ± standard deviation: 60 ± 9.80 years; median
age: 57 years; age range: 48 ÷ 78 years) with metastatic brain cancers originating from
melanoma (n = 2), breast (n = 2), kidney (n = 2), lung (n = 9), and urothelium (n = 1) primary
cancers were considered.

All subjects were treated with Leksell Gamma Knife® model C, a mini-invasive
technique for the treatment of cerebral lesions inaccessible to conventional surgery [24,25].
The dose released during treatment in a single fraction ranged from 16 to 18 Gy at 50%
isodose. The qualitative evaluation of the treatment response was carried out by a team of
three physicians (S.C., Sebastiano Cosentino, F.M., and S.C., Salvatore Cicero). The clinical
staff jointly analyzed brain tumors without any information of the quantitative evaluation
performed in this study. Comparing their perspectives, physicians were able to provide a
careful assessment for each case.

This study was not a clinical trial but a retrospective study that did not influence
management of patients. Image analyses were performed offline. In any case, the informed
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consent to the processing of personal data was obtained from all the subjects involved in
the study.

2.2. [11C]-Methionine PET (MET)

Methionine is the most popular amino acid tracer used in PET imaging. It has a
potential role in providing additional information in brain studies, although MR remains
the gold-standard for diagnosis and follow-up evaluations after radiotherapy [26,27]. Cell
proliferation in brain tumors is associated with protein synthesis and since the amino acids
are protein constituents, avid uptake of these precursors indicates a rapidly proliferating
cell. As a consequence, an increase in amino acid transport and protein synthesis, compared
to normal tissue, indicates the presence of tumor proliferation. For this reason, MET-PET is
able to distinguish between malign and benign tissue with great sensitivity and specificity.
The MET-PET specificity for cancer delineation and differentiation between relapse and
radiation necrosis is higher than MR [28].

Since C-11 isotope has a short half-life (20.3 min) [29], on-site production of MET is
essential to perform diagnostic scans. An IBA cyclotron 18 MeV was used to produce C-11.
To ensure compatibility with in vivo administration, the final product was subjected to
quality control according to European Pharmacopoeia. Radiochemical and enantiomeric
purity, higher than 95% and 90%, respectively, were assessed by radio-HPLC-UV, while
residual solvents were evaluated by gas chromatography.

2.3. PET/CT

PET brain acquisitions were performed using the PET/CT Discovery 690 with time
of flight (TOF) by General Electric Medical Systems (Milwaukee, WI, USA). Patients
fasted for 4 hours before PET examination and were injected intravenously with MET.
The PET protocol started 10 minutes after injection. PET images consisted of a matrix of
256 × 256 voxels of 1.1719 × 1.1719 × 3.27 mm3 voxel size. Imaging data were encoded in
the 16-bit Digital Imaging and Communications in Medicine (DICOM) format. The activity
of MET administered to patients was 550 MBq.

2.4. PET Feature-Based Measures

Similar to the dose–volume histogram (DVH), which is the radiation dose histogram
for tumor treatment [30], the CSH uses the SUV derived from PET imaging instead of
the dose value derived from CT imaging. Specifically, the SUV is the widely used PET
semiquantitative parameter calculated as the ratio of the tissue radioactivity concentration
(RC) in kBq/mL and the MET injected dose (ID) in MBq at the time of injection divided by
the body weight in kilograms [31]:

SUV =
RC
ID

× Mp (1)

where RC is calculated as the ratio between the image intensity and the image scale factor.
ID is the product between actual activity and dose calibration factor. Therefore, in the case
of PET imaging, the image intensity values were normalized in SUVs. While the SUVmean
is the mean intensity value in the region of interest (ROI), the SUVmax is defined as the
voxel with the highest SUV within a specified ROI. It is the most common PET parameter
because it is both a ROI and user independent [32]. A disadvantage is that it represents
a small portion of the tumor that may not be a statistically reliable representation of the
whole-tumor biology. It does not take into account the SUV distribution within the tumor.
Starting from these considerations, the CSH is the representation of the percentage of the
tumor volume with a certain SUV [22,33]. The CSH summarizes the 3D functional imaging
intensity information in a single curve for the structure of interest, which will be used
to derive intensity-volume metrics, such as the area under the CSH (AUC) to take into
account the tumor uptake heterogeneity [22] (see Figure 1 for an example of CSH and
AUC). In this way, it is possible to analyze changes in the uptake distribution within the
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tumor due to nonuniform dose distribution during GK treatments. Finally, in addition to
the aforementioned PET feature-based measures, MTV and TLG were also calculated [21].
These parameters provide information on the tumor extension but no information on the
uptake heterogeneity. MTV is the active volume of oncological lesions obtained using a
segmentation algorithm, e.g., [34,35], while TLG was calculated to acquire a simultaneous
estimate of volumetric and metabolic information:

TLG = MTV × SUVmean (2)

Consequently, TLG is also a segmentation-dependent parameter.
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Under the Curve (AUC). CSH shows the percentage of the tumor volume with a certain SUV. For
example, the 60% of the tumor has a SUV > 1.

2.5. Data Analysis

For the purpose of treatment response monitoring, the quantitative assessment of PET
studies before and after treatment can become the standard. In general, however, the uptake
of PET radiotracers is not homogeneously distributed across the tumor due to necrosis,
cell proliferation, blood flow, microvessel density, and hypoxia [22]. For this reason, it
is interesting to quantify heterogeneity in tumor uptake to provide useful information
for planning radiation therapy treatment. The area under the CSH can be a quantitative
parameter capable of providing additional information on the tumor response and its
heterogeneity. Lower values correspond to greater heterogeneity.

To evaluate this innovative PET parameter in the evaluation of the treatment response,
we analyzed PET images using a semiautomatic MATLAB tool [36] to reduce intra- and
interoperator result variability. As a matter of fact, semiautomatic algorithms provide
greater accuracy and consistency in defining PET volumes and they are important to
quantify the response to therapy. In our tool, the operator dependence is minimal because
it is limited to the change in the size of the bounding area containing the cancer region—no
parameter setup is required.

In the following, a brief explanation of the processing steps is presented. The user
draws a line on the coronal PET image along the lesion, and the axial slice with SUVmax
is automatically identified and showed to the user. To manage ambiguous situations,
physicians can make corrections to the volume of interest (VOI), including the tumor
region, obtained as described in [36]. After a square bounding region enclosing the tumor
is shown, the user can reduce the region size to discard any external area with high uptake
to target. This approach allows the proper inclusion of cancer, excluding false positives.
Furthermore, the number of PET slices containing the tumor in basal examinations is
recorded to process the same slice volume in post-GK treatment examinations. In this way,
the proposed tool is designed ad hoc to appropriately compare cumulative histograms
between follow-up scans. According to the literature [19], the SUV threshold was set at
50% of SUVmax and the area under the CSH curve was considered as a quantitative index
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of the MET uptake heterogeneity within the lesion volume. Figure 2 outlines the overall
flow diagram of the proposed approach.
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Figure 2. Flow diagram of the proposed semiautomatic approach to calculate CSH and AUC
parameters. Adopted graphical and color notations are explained in the legend box.

In order to evaluate the ablation effect, the percentage change of AUC between pre-
and post-treatment periods was obtained as follows:

∆AUC =
AUCpost − AUCpre

AUCpre
(3)

AUC variation was analyzed and its correlation with the patients’ outcomes was
studied. Three outcome classes, based on variation of AUC and on shifting of CSH
curve, were identified: positive response, stable response, and negative response. Figure 3
shows the workflow of the proposed study used to compare PET studies before and after
GK treatment.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 13 
 

 
Figure 3. The workflow of the proposed study. 

2.6. Statistical Analysis 
Statistical analyses were performed to assess whether ΔAUC provides additional in-

formation compared to the other PET parameters (ΔMTV, ΔSUVmax, ΔSUVmean and ΔTLG). 
For this reason, the Pearson correlation coefficient (r) between ΔAUC and the aforemen-
tioned prognostic indices was computed as: 𝑟 = 𝐶𝑂𝑉(𝑋, 𝑌)𝜎𝑋𝜎𝑌  (4)

where COV is covariance, σX is the standard deviation of X and σY is the standard devia-
tion of Y. The Pearson correlation coefficient ranged between +1 and −1, where + 1 and − 
1 show total correlation (no difference between ΔAUC and the aforementioned prognostic 
indices), 0 is no correlation (total difference between ΔAUC and the aforementioned prog-
nostic indices). Consequently, the determination coefficient (R2) was calculated as: 𝑅 =  𝑟  (5)

In this way, R2 ranges from 0 to 1. R2 = 0 means that the dependent variable cannot be 
predicted by the independent variable. Finally, the paired t-test was used to determine 
whether a result is statistically significant. Particularly, the t-test was used to determine 
whether the correlation coefficient is significantly equal to zero, hence there is no evidence 
of an association between ΔAUC and the aforementioned indices.  

3. Results 
A total of 16 patients were involved in this study. All subjects were treated with the 

Leksell Gamma Knife Model C and they underwent PET/CT Discovery 690 with TOF (GE 
Medical Systems) before and after the treatment. For basal studies, tumor size ranged 
from 0.25 to 10.56 cm3 (mean ± standard deviation: 2.83 ± 2.41 cm3) with a SUVmax between 
1.6 and 6.84 (mean ± standard deviation: 3.91 ± 1.57). In follow-up studies, tumor size 
ranged from 0 (complete response) to 12.02 cm3 (mean ± standard deviation: 2.40 ± 2.96 

Figure 3. The workflow of the proposed study.



Appl. Sci. 2021, 11, 2999 6 of 12

2.6. Statistical Analysis

Statistical analyses were performed to assess whether ∆AUC provides additional
information compared to the other PET parameters (∆MTV, ∆SUVmax, ∆SUVmean and
∆TLG). For this reason, the Pearson correlation coefficient (r) between ∆AUC and the
aforementioned prognostic indices was computed as:

r =
COV(X, Y)

σXσY
(4)

where COV is covariance, σX is the standard deviation of X and σY is the standard deviation
of Y. The Pearson correlation coefficient ranged between +1 and −1, where + 1 and −1 show
total correlation (no difference between ∆AUC and the aforementioned prognostic indices),
0 is no correlation (total difference between ∆AUC and the aforementioned prognostic
indices). Consequently, the determination coefficient (R2) was calculated as:

R2 = r2 (5)

In this way, R2 ranges from 0 to 1. R2 = 0 means that the dependent variable cannot
be predicted by the independent variable. Finally, the paired t-test was used to determine
whether a result is statistically significant. Particularly, the t-test was used to determine
whether the correlation coefficient is significantly equal to zero, hence there is no evidence
of an association between ∆AUC and the aforementioned indices.

3. Results

A total of 16 patients were involved in this study. All subjects were treated with the
Leksell Gamma Knife Model C and they underwent PET/CT Discovery 690 with TOF (GE
Medical Systems) before and after the treatment. For basal studies, tumor size ranged
from 0.25 to 10.56 cm3 (mean ± standard deviation: 2.83 ± 2.41 cm3) with a SUVmax
between 1.6 and 6.84 (mean ± standard deviation: 3.91 ± 1.57). In follow-up studies,
tumor size ranged from 0 (complete response) to 12.02 cm3 (mean ± standard deviation:
2.40 ± 2.96 cm3) with a SUVmax between 0 (complete response) and 4.6 (mean ± standard
deviation: 2.81 ± 1.17). Changes (∆) in AUC, SUVmax, SUVmean, MTV and TLG between
baseline and follow-up scans and medical reports performed by the three nuclear medicine
physicians are shown in Table 1 for each patient.

Table 1. Positron emission tomography (PET) parameter variations (%) between pre- and post-Gamma Knife (GK) treatment.

Patient N. ∆AUC ∆MTV ∆SUVmax ∆SUVmean ∆TLG Physician Report

#1 2.33 13.87 −12.63 −12.18 0.05 Stable

#2 −38.62 18.80 −32.72 −25.73 −11.77 Improvement

#3 −59.05 0.12 −47.66 −33.56 −33.48 Improvement

#4 −17.43 −62.72 −20.23 −5.91 −64.93 Improvement

#5 −57.59 −81.16 −41.83 −14.34 −83.86 Improvement

#6 −36.42 24.85 −44.36 −40.85 −26.15 Improvement

#7 8.62 −16.90 9.47 10.10 −8.50 Worsening

#8 16 −100 −100 −100 −100 Complete Response

#9 −11.22 7.73 −2.29 −5.56 1.73 Stable

#10 −4.61 −13.27 −11.28 3.08 −10.60 Stable

#11 −30.37 −31.53 −26.21 −17.96 −43.83 Improvement
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Table 1. Cont.

Patient N. ∆AUC ∆MTV ∆SUVmax ∆SUVmean ∆TLG Physician Report

#12 −13.07 14.14 −22.74 −17.40 −5.72 Improvement

#13 −23.03 −94.29 −34.64 −10.65 −94.90 Improvement

#14 −25.48 −62.20 −30.11 −11.82 −66.67 Improvement

#15 1.88 −61.12 −1.00 4.34 −59.43 Stable

#16 −6.11 −5.06 −33.55 −13.41 −17.80 Stable

Starting from an exploratory analysis of PET parameters to understand if ∆AUC
could actually provide further information to other PET parameters, Pearson correlation
coefficients (r) between ∆AUC and the aforementioned prognostic indices were com-
puted. ∆MTV, ∆SUVmax, ∆SUVmean, and ∆TLG were not highly correlated with ∆AUC
(see Figure 4). The determination coefficients (R2) were low, demonstrating a low corre-
lation between considered measures. As a result, it can be affirmed that ∆AUC provides
additional information than other PET parameters. The paired t-test showed a p-value
greater than 0.05 in all cases, so there is no evidence of an association between ∆AUC and
the aforementioned indices. Finally, three outcome classes were identified based on the
variation of AUC and on the shifting of the CSH curve: positive response, stable response,
and negative response, as shown in Figure 5.
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3.1. Positive Response

Nine patients who showed positive responses to treatment show a reduction in the
AUC greater than about 10% and a shifting of the CSH to the left, as is possible to see
in Figure 6 (patient #3). Patients included in this category show a marked response
to the therapy. In particular, all cases show a reduction in the MET uptake (as can be
seen in Table 1, where ∆SUVmean is always negative), indicating a probable formation of
necrotic areas.
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3.2. Stable Response

The five patients included in this class show a AUC reduction of less than 10% and no
modification of the CSH between the PET pretreatment and the PET post-treatment, as it is
possible to see in Figure 7 (patient #1). Patients included in this category show a moderate
response to the therapy.

3.3. Negative Response

The patient included in this class shows an increasing AUC and a right shifting of
CSH, as it is possible to see in Figure 8 (patient #7). The patient included in this category
worsened following therapy.
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4. Discussion

The conventional parameters used in the nuclear medicine environment, such as the
SUVmax, can be affected by statistical fluctuation errors and cannot provide information
on the tumor extension and heterogeneity. The other parameters introduced to resolve
these limitations have some limitations related to partial volume effect [32] and to the
segmentation method chosen to identify the tumor area [37]. TLG is the first parameter
that can provide both anatomical and metabolic information. It is calculated by performing
a multiplication of SUVmean with the MTV value. Nevertheless, TLG does not take into
account the SUV distribution within the VOI.

New parameters were proposed, such as CSH and AUC, in order to provide infor-
mation about the absolute uptake, the radiotracer distribution, and the lesion dimen-
sion [22,33,38,39]. The histograms are similar to DVH used in radiotherapy [30]. The CSH
is a cumulative histogram that shows the percentage of the lesion volume with the same
SUV. It takes into account the distribution of SUV within the tumor volume. The AUC
consists of the value of the area under the histogram curve and can be a quantitative index
of tracer uptake heterogeneity or homogeneity tumor response [22].

The aim of this work was to assess these new prognostic indices in order to perform
an early assessment of the treatment response to therapy using MET-PET images. The
strength of these new parameters is that they can potentially take into account the SUV
distribution within the tumor area voxel by voxel and not only a single one, as is the case
when using SUVmax or a single mean value, i.e., the SUVmean, which does not take into
account the tumor heterogeneity. No relevant correlation was found between AUC and
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other parameters usually used in the nuclear medicine environment. Furthermore, the
CSH and AUC parameters showed a good agreement with the patient follow-up after
GK treatments. Changes in AUC between baseline and follow-up scans could indicate
an increase in necrotic tissue tumour after treatment [22]. In our study, the proposed
classification (positive, stable, and negative response) found a good agreement with the
patient outcome evaluated by three physicians. In particular, nine patients with a positive
response to the treatment showed a reduction in AUC—lower AUC values correspond to
greater heterogeneity, which can be associated with an increase in the necrotic tissue, as
well as the corresponding MET uptake reduction in the follow-up scans.

Conversely, an increase in heterogeneity (positive ∆AUC) can indicate a negative
response to therapy. As a result, AUC represents a potential clinical index for an early
assessment of the treatment response. In fact, functional changes are faster to identify
the therapy response than anatomical imaging (CT or MRI). However, the current clinical
methodology in nuclear medicine departments is limited to visual assessment or uptake
value measurements, such as SUVmax. Our preliminary results suggest that the proposed
parameters could provide better discriminating power for the use of PET imaging in
radiotherapy or chemotherapy. These parameters may be incorporated into the plan-
ning process to modify patient management. For example, this could be carried out by
intensifying chemotherapy treatment after radiotherapy for high-risk patients showing
negative responses or providing less toxic regimens for patients at lower risk; in the age of
radiomics [40,41], it is mandatory to find the most relevant quantitative features in moni-
toring or predicting the patient’s response to cancer therapy. Further studies are needed
to evaluate the proposed PET parameters in depth and enlarge the number of patients
involved, as well as improve statistics to validate the patient outcome classes identified in
our work.

5. Conclusions

CSH and AUC could be new functional parameters useful for evaluating treatment re-
sponse considering the heterogeneity information provided by PET studies. An innovative
method to monitor the patient’s treatment response could be developed to alter patient
management in the early stages to maximize results of therapy from the perspective of
personalized medicine.
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