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Abstract

OBJECTIVE.—FDG PET/CT of brain tumors is limited by background activity. Dual-phase 

FDG PET/CT can eliminate this limitation and allow discernment of viable tumors. Our aim was 

to assess the diagnostic capability of dual-phase FDG PET/CT qualitatively and quantitatively and 

to determine cutoff values for dual-phase FDG PET/CT in brain tumor imaging.

MATERIALS AND METHODS.—Retrospectively, 51 malignant brain tumors were evaluated 

with dual-phase FDG PET/CT in 32 patients. Acquisitions were performed 30 minutes (time 1) 

and 3 hours (time 2) after administration of 10 mCi (370 MBq) FDG and 6 hours of fasting. Two 

observers independently and qualitatively evaluated lesions. A weighted Cohen kappa was used to 

calculate interrater reliability and accuracy. Quantitatively, maximum standardized uptake value 

(SUVmax) was measured in the lesions, contralateral white matter (CWM), contralateral caudate 

nucleus head, and ipsilateral cerebellar cortex (CC). Lesion-to-CWM SUVmax, lesion–to–

contralateral caudate nucleus head SUVmax, and lesion–to–ipsilateral CC SUVmax ratios at time 1 

and time 2 were calculated. ROC analysis was used to determine optimum cutoff values, and AUC 

ratios were compared among quantitative parameters. Lesion outcome was determined by 

pathologic results (available in 15 lesions), lesion stability on serial MRI examinations 

(representing nonviable tumor), or decreased tumor size on serial MRI examinations after new 

treatment (representing viable tumor).

RESULTS.—Thirty-seven viable and 14 nonviable lesions were evaluated. Qualitatively, the 

diagnostic accuracy (first observer: κ = 0.45 to κ = 0.59; second observer: κ = 0.41 to κ = 0.66) 

and interrater reliability (at time 1: κ = 0.51; at time 2: κ = 0.83) improved with delayed imaging. 

AUC and ROC analysis showed comparably high sensitivity, specificity, and accuracy profiles for 

early and delayed dual-phase FDG PET/CT. Some of the proposed cutoff values were as follows: 

lesion SUVmax at time 1, 7.20 (sensitivity, 89.2%; specificity, 85.7%); lesion SUVmax at time 2, 

7.80 (sensitivity, 97.3%; specificity, 71.4%); lesion-to-CWM SUVmax at time 1, 2.05 (sensitivity, 
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78.4%; specificity, 92.9%); and lesion-to-CWM SUVmax at time 2, 2.36 (sensitivity, 81.1%; 

specificity, 85.7%).

CONCLUSION.—Dual-phase FDG PET/CT improves lesion detection and diagnostic accuracy 

in malignant brain tumors.
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Contrast-enhanced MRI, including perfusion MRI, is the preferred imaging modality in the 

diagnosis and follow-up of primary and metastatic brain tumors. Standard treatment usually 

involves surgical resection followed by a combination of radiotherapy and chemotherapy. 

However, MRI may occasionally provide conflicting results for differentiation of recurrent 

tumor from treatment-related inflammation or pseudoresponse, greatly impacting the 

certainty of planned courses of therapy. This type of situation is particularly evident in the 

follow-up of tumors treated with radiotherapy, alkylating agents such as temozolomide, or 

immunotherapeutics such as bevacizumab. In addition, MRI can be contraindicated because 

of irremovable metal, cardiac pacemakers, or intraocular foreign bodies. These limitations 

can compromise a mainstay in imaging surveillance that is necessary to gauge disease 

response.

PET/CT can be a helpful ancillary tool, particularly for cases in which MRI delivers 

indeterminate results [1-3]. Although many new amino acid radiotracers, such as 
11Cmethylmethionine and 18F-fluoroethyl-L-tyrosine, have been found to be superior to 

FDG in neurooncologic imaging [4-6], they are not available in many institutions in the 

United States because they lack Food and Drug Administration approval or the institutions 

lack an on-site cyclotron. Therefore, FDG is still used in many institutions because of its 

wide availability and reasonable price. However, the high degree of background 

parenchymal glucose metabolism is a well-known challenge of FDG PET/CT for 

intracranial lesions.

Certain methods can be used to improve the diagnostic quality and accuracy of FDG 

PET/CT of the brain. It has been shown that normal brain parenchymal FDG activity slightly 

decreases, whereas FDG activity in intracranial tumors remains relatively stable or increases 

over time. This has led to the development of dual-phase FDG PET/CT imaging in primary 

and metastatic brain tumors with improved diagnostic accuracy compared with traditional 

single-phase imaging [7-11]. Additionally, fusion of PET images with concurrent MRI can 

improve lesion detection [12, 13].

In May 2017, to evaluate possible viable tumor tissue, we began obtaining dual-phase FDG 

PET/CT images of treated brain tumors to fuse them with MR images when MRI results 

were indeterminate or as an alternative when MRI was contraindicated. This method is not 

standardized, so our goal was to retrospectively evaluate dual-phase FDG PET/CT findings 

qualitatively and quantitatively and to compare them with subsequent clinical outcomes. Our 

second objective was to determine specific cutoff values for dual-phase FDG PET/CT to 

differentiate viable tumor from nonviable lesions.
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Materials and Methods

Patients

This retrospective study was approved by our institutional review board. Data for patients 

with primary or metastatic brain tumors that were evaluated with dual-phase FDG PET/CT 

at the University of Minnesota from May 2017 to February 2019 were collected from the 

institutional PACS using search software (Vitrea Intelligence, Vital Images). This method 

identified 36 examinations in 32 patients (one patient underwent three and two patients 

underwent two dual-phase FDG PET/CT scans at different time points; 33 scans were 

obtained for follow-up, three for initial diagnosis). A total of 54 target lesions were 

identified as evaluable. Lesions smaller than 6 mm were excluded because they were below 

the resolution of PET. Of the 54 target lesions, three were excluded because of a lack of 

prospective clinical data to validate observer response (one was secondary to bevacizumab 

and associated potential pseudoresponse, and two lacked prospective clinical and imaging 

data). Therefore, 51 lesions were included in the study.

Image Acquisition

Dual-phase FDG PET/CT protocol——All brain dual-phase FDG PET/CT studies were 

performed 30 minutes (time 1) and 3 hours (time 2) after IV administration of 10 mCi (370 

MBq) FDG after at least 6 hours of fasting, with a blood glucose level below 180 mg/dL. All 

patients underwent imaging with the same PET/CT scanner (Biograph mCT64, Siemens 

Healthineers). The scanner was cross-calibrated between the dose calibrator and the scanner, 

and all clocks were synchronized. According to the protocol, imaging started with 

attenuation correction of CT images of the entire brain using 120 kVp, 340 mAs, and a 

kernel of H19s. Brain CT images were obtained and reconstructed with a slice thickness of 3 

mm using a kernel of H31s with cerebrum window settings. A 10-minute emission PET scan 

was then performed with 400 × 400 resolution. The reconstruction method used was TrueX 

(Siemens Healthineers) with time-of-flight corrections. An ordered-subset expectation-

maximization algorithm with eight iterations and 21 subsets was also used, with a gaussian 

filter. Attenuation of PET images was corrected using CT data.

MRI protocol——At the University of Minnesota, patients with brain cancer undergo 

contrast-enhanced MRI for radiographic surveillance at a minimum of 3-month intervals. In 

this study, multiple 1.5- or 3-T MRI units were used. However, a standard brain tumor 

protocol was used in every case that included T1-weighted imaging, fat-saturated T2-

weighted imaging, FLAIR, DWI, susceptibility-weighted imaging, axial contrast-enhanced 

fat-saturated T1-weighted spin-echo imaging, and contrast-enhanced sagittal 3D T1-

weighted magnetization-prepared rapid acquisition gradient echo (MP-RAGE) imaging with 

thin axial or coronal reformats. The parameters for FLAIR imaging were as follows: TR/TE, 

8000–10,000/80–120; inversion time, 2400–2500 ms; slice thickness, 5 mm; matrix, 256 × 

80 to 320 × 80. The parameters for T1-weighted MP-RAGE imaging were as follows: 

TR /TE, 1740–2400/2–4; slice thickness, 1 mm; matrix, 256 × 100. Perfusion imaging was 

not routinely performed, particularly for metastatic brain tumor cases which were only 

obtained on the clinician’s request or radiologist’s preference. For perfusion, dynamic 

susceptibility contrast MRI (DSC-MRI) was used with an axial echo-planar imaging 
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sequence (TR/TE, 2300/43; slice thickness, 5 mm; matrix, 128% × 100%). A contrast bolus 

(0.1 mmol/kg) was injected via power injector at a rate of 4–5 mL/s depending on the size of 

the IV and was then followed by a flush of 50 mL of saline at a rate of 2 mL/s.

Data Collection

Image analysis——Dual-phase FDG PET/CT images of each target lesion were evaluated 

both qualitatively and semiquantitatively using the MM Oncology application of syngo.via 

software (version VB 30a, Siemens Healthineers). Early- and delayed-phase PET images 

were fused with contrast-enhanced images of the most recent MRI examination. A FLAIR 

sequence was used for fusion in one lesion because of lack of enhancement. For five lesions, 

MRI was contraindicated, so dual-phase FDG PET/CT images were evaluated without MRI 

fusion. One staff radiologist (with fellowship training in neuroradiology and nuclear 

medicine) and one nuclear radiology fellow (with fellowship training in neuroradiology) 

independently evaluated lesions visually for qualitative assessment. The observers deemed 

lesions with FDG uptake higher than, equal to, or close to the background cortical activity to 

be viable. Lesions with no significant increase in FDG uptake relative to background uptake 

were deemed nonviable. Equivocal lesions that were not as FDG avid as the cortex but were 

slightly increased compared with background were deemed indeterminate. The observers 

first evaluated the early-phase image (time 1) and recorded their impression of the tumor as 

viable, nonviable, or indeterminate. Later, they evaluated the delayed-phase image (time 2) 

and again recorded their impression of the tumor. Finally, a combined assessment was 

performed, and the observers reported whether they felt dual imaging was helpful in the 

interpretation. The observers were blinded to quantitative measurements.

For semiquantitative analysis, a radiology resident subjectively placed an appropriately sized 

circular volume of interest (VOI) at the most suspicious region of the lesion. We call this a 

semiquantitative analysis because the quantitative software analysis is highly dependent on 

the placement of the VOI. Fusing MRI and PET data avoids inadvertent placement of the 

VOI over an adjacent healthy cortical structure and allows the radiologist to evaluate the area 

of concern on MRI and more accurately place the VOI on all three planes. Therefore, a 

meticulous approach was undertaken using both MRI and PET data while placing the VOI, 

and placement was confirmed by another observer. Lesion size and location were recorded. 

For normal reference, VOIs were placed in the normal-appearing contralateral white matter 

(CWM), contralateral caudate nucleus head, and ipsilateral cerebellar cortex (CC). These 

regions were selected intentionally. The CWM and contralateral caudate nucleus head were 

used to avoid the stagnant radiotherapy effects likely present on the treated tumor side. Also, 

the contralateral caudate nucleus head does not show metabolic variability, which can be 

seen in different parts of the cerebral cortex. The ipsilateral CC was used to eliminate 

possible radiotherapy effects that can be seen in the contralateral cerebellar cortex in the 

setting of cross-cerebellar diaschisis. The maximum standardized uptake value (SUVmax) 

was determined and used for statistical analysis. Finally, the postinfusion timing of the dual 

phases was recorded.

Simple ratios were calculated for each lesion related to the various reference points at time 1 

and time 2: lesion-to-CWM, lesion–to–contralateral caudate nucleus head, and lesion–to–
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ipsilateral CC. The ratio of lesion-to-CWM ratios was calculated by dividing the ratio at 

time 2 by the ratio at time 1, and percent changes in SUVmax were also calculated for further 

statistical analysis. Percent change in SUVmax for lesions was calculated as:

Lt2 − Lt1
Lt1

× 100, (1)

where Lt1 is the SUVmax of the lesion at time 1 and Lt2 is the SUVmax of the lesion at time 

2. For lesion-to-CWM SUVmax, percent change was calculated as follows:

Lt2
CW Mt2

−
Lt1

CW Mt1
Lt1

CW Mt1

× 100, (2)

where Lt1 and CWMt1 are the SUVmax of the lesion and of the CWM at time 1, respectively, 

and Lt2 and CWMt2 are the SUVmax of the lesion and of the CWM at time 2, respectively. 

For lesion-to-contralateral caudate nucleus head SUVmax, percent change was calculated as 

follows:

Lt2
CCHt2

−
Lt1

CCHt1
Lt1

CCHt1

× 100, (3)

where Lt1 and CCHt1 are the SUVmax of the lesion and of the contralateral caudate nucleus 

head at time 1, respectively, and Lt2 and CCHt2 are the SUVmax of the lesion and of the 

contralateral caudate nucleus head at time 2, respectively. For lesion-to-ipsilateral CC 

SUVmax, percent change was calculated as follows:

Lt2
ICCt2

−
Lt1

ICCt1
Lt1

ICCt1

× 100, (4)

where Lt1 and ICCt1 are the SUVmax of the lesion and of the ipsilateral CC at time 1, 

respectively, and Lt2 and ICCt2 are the SUVmax of the ipsilateral CC at time 2, respectively.

For 20 lesions, DSC-MR images were available and were analyzed by a neuroradiology 

fellow using DynaSuite Neuro software (version 3.1.0, Me-Vis Medical Solutions). An 

appropriately sized circular VOI was placed over the most suspicious area of the tumor and 

CWM to calculate relative cerebral blood volume (rCBV) and relative peak height (rPH) 

[14]. Cutoff values of 2.10 and 1.38 were used for rCBV and rPH, respectively, to determine 

whether the tumor was viable or nonviable [14-16].

Clinical outcome——Patients’ electronic medical records were assessed for clinical 

outcomes. General patient characteristics, including sex, age, tumor diagnosis, prior 
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treatment (radiation, surgery, or chemotherapy), interval between radiotherapy and dual-

phase FDG PET/CT, and any current chemotherapy, were recorded. To objectively confirm 

the validity of the radiologic interpretation, subsequent imaging and pathologic results and 

each patient’s progressive clinical functional status were examined. Subsequent pathologic 

sampling was available in 15 lesions and served as the reference standard to confirm the 

accuracy and predictability of the PET examination.

Of the remaining 36 lesions for which histopathology was not available, those that remained 

stable in the absence of any treatment change after serial MRI examinations separated by a 

6-month period were considered to be nonviable. In many cases, the treatment course was 

retrospectively reviewed and confirmed by the treating medical oncologist. If a new 

treatment was followed by a decrease in tumor size on subsequent MRI, the target lesion 

was considered a viable tumor. The only exception was the use of bevacizumab because of a 

known pseudoresponse effect; therefore, one target lesion was excluded. Four target lesions 

for which subsequent follow-up MRI results were not available (in the setting of death or 

admission to hospice) were considered viable tumors because no additional clinical 

treatments were available to address the progressive or recurrent cancer.

Statistical Evaluation

Comparisons of viable and nonviable lesions were performed using chi-square tests for the 

qualitative assessments and two-sample t tests for the semiquantitative parameters. 

Comparisons of time 1 and time 2 for the semiquantitative parameters were performed using 

paired t tests separately for the viable and nonviable lesions. Interactions between lesion 

type (viable vs nonviable) and time were also assessed using linear regression models for the 

semiquantitative parameters. Because of the presence of indeterminate assessments, the 

accuracy of each observer’s qualitative assessment at both time points was calculated using a 

weighted Cohen kappa. Interrater reliability at each time point was also calculated using a 

weighted Cohen kappa. For semiquantitative analysis, ROC curves and AUCs were 

calculated for various PET parameters. Optimal cutoff points were determined by 

minimizing the distance between 100% sensitivity or 100% specificity and the ROC curve. 

Various PET parameters (e.g., accuracy, sensitivity, specificity) were calculated using these 

optimal cutoff points. A subgroup analysis was performed among lesions with DSC-MRI 

data. Analyses were performed with R software (version 3.6.0, R Foundation), and p values 

less than 0.05 were considered statistically significant.

Results

Fifty-one lesions in 32 patients (23 women, nine men) with a mean age of 59 years old 

(range, 35–84 years) were included. Histology was as follows: 22 primary high-grade brain 

neoplasms (grade IV glioblastoma multiforme, 20; grade III anaplastic astrocytoma, 2), 26 

metastatic lesions (breast, 12; lung, 7; ovaries, 5; melanoma, 1; endometrium, 1), and three 

primary CNS lymphomas. Clinical outcome analysis revealed 10 viable and five nonviable 

lesions in 15 lesions with available histology. Of the 36 lesions without available pathologic 

results, 27 were considered viable and nine were considered nonviable using our study 

criteria. In total, 37 lesions were deemed viable. Mean lesion size was 20 mm (range, 7–62 
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mm). When the viable and nonviable tumor groups were compared, no significant 

differences were seen in age, sex, diagnosis, lesion size, lesion location, or acquisition time 

(p > 0.05).

Qualitative Assessment

A summary of the two observers’ subjective analyses of the lesions is given in Table 1 and 

Figures 1 and 2. As seen in Table 1, the number of indeterminate results decreased for both 

observers after viewing the delayed images, and diagnostic accuracy was markedly 

improved in the combined assessment. Diagnostic accuracy improved for both the first 

observer (from κ = 0.45 to κ = 0.59) and the second observer (from κ = 0.41 to κ = 0.66). 

The first observer thought dual imaging was helpful in evaluation of 36 of the 51 lesions 

(70.6%); the second observer thought it was helpful in 41 of 51 lesions (80.4%). Regarding 

interrater reliability, there was a weak agreement between the observers at time 1 (κ = 0.51), 

which increased to strong agreement at time 2 (κ = 0.83).

Semiquantitative Assessment

Viable lesions had significantly higher lesion SUVmax, lesion-to-CWM SUVmax, lesion–to–

contralateral caudate nucleus head SUVmax, and lesion–to–ipsilateral CC SUVmax compared 

with nonviable lesions at both time points (Table 2). SUVmax significantly increased from 

time 1 to time 2 for both nonviable and viable lesions (p = 0.010 and p < 0.001, 

respectively). However, for lesion-to-CWM SUVmax, lesion–to–contralateral caudate 

nucleus head SUVmax, and lesion–to–ipsilateral CC SUVmax, the increase was only 

significant for the viable lesions (viable: p < 0.001 for all; nonviable: p = 0.147 for lesion-to-

CWM, p = 0.984 for lesion–to–contralateral caudate nucleus head, p = 0.227 for lesion–to–

ipsilateral CC). In addition, none of the interactions were statistically significant (lesion 

SUVmax, p = 0.180; lesion-to-CWM SUVmax, p = 0.152; lesion–to–contralateral caudate 

nucleus head SUVmax, p = 0.176; lesion–to–ipsilateral CC SUVmax, p = 0.124), suggesting 

that the increase from time 1 to time 2 does not significantly differ by lesion type. Figure 3 

sets out the ROC curves; AUC values showed similar and comparable results for time 1 and 

time 2 with the highest AUC of 92.1% using lesion SUVmax at time 1. The percent changes 

of these different parameters were not as pronounced as individual lesion SUVmax values or 

ratios for any specific phase when differentiating viable from nonviable tumor (Table 2 and 

Fig. 3). Only lesion–to–contralateral caudate nucleus head percent change showed a 

statistically significant result with a markedly lower AUC value.

Table 2 summarizes the comparison of mean values for each parameter at time 1 and time 2 

for both viable and nonviable lesions. All reference points showed statistically similar results 

between viable and nonviable lesions (p > 0.05), allowing appropriate reference for each 

anatomic location. Only ipsilateral CC at time 1 was close to the margin of statistically 

significant difference (p = 0.067).

Table 3 details the optimal cutoff values calculated from the ROC analysis for each 

parameter at time 1 and time 2. The AUC value, diagnostic accuracy, sensitivity, specificity, 

positive predictive value, and negative predictive value were calculated for each parameter.
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Comparison of Dynamic Susceptibility Contrast MRI and Dual-Phase FDG PET/CT

Table 4 summarizes the comparison of field-defined cutoff values for DSC-MRI parameters 

(rCBV and rPH) and dual-phase FDG PET/CT parameters defined by ROC analysis. DSC-

MRI parameters showed greater sensitivity with relatively low accuracy and specificity. In 

comparison, dual-phase FDG PET/CT parameters, in general, provided greater accuracy and 

specificity. In particular, lesion SUVmax at time 2 showed greater accuracy, sensitivity, and 

specificity compared with DSC-MRI data.

Selected examples of brain lesions are shown in Figures 4-6.

Discussion

In addition to MRI, PET has been used as an adjunctive modality to improve lesion 

interpretation in patients with brain cancer. Although both MRI and PET have limitations, 

the diagnostic accuracy can improve with the use of a combined imaging approach. In 

particular, for PET using FDG, dual-phase imaging has shown improved visual recognition 

of primary brain tumor with better lesion differentiation from the background brain tissue 

[10]. Spence et al. [10] reported a nearly 20% increase in tumor–to–white matter ratio with 

dual-phase imaging separated by 3 hours and in lesion–to–gray matter (GM) ratio with 

imaging separated by 5 hours, although the exact underlying mechanism for this finding is 

not known. Typically, glucose is trapped within the cells after phosphorylation with 

hexokinase [17]. Astrocytes have been found to contain glucose-6-phosphatase, which 

removes the phosphate group from glucose-6-phosphate; glucose is then exported from the 

cell via glucose transporter membrane proteins [18]. This mechanism may also play a role in 

decreased FDG retention in normal brain parenchyma over time. Glucose-6-phosphatase 

activity is hypothesized to be reduced in cancer cells, thus further contributing to the 

difference in FDG retention between normal cells and cancer cells [10].

Another method to improve lesion characterization is fusion of PET and MRI data. Whereas 

PET provides metabolic data, the anatomic detail seen in MR images can raise more 

suspicion of even smaller areas within lesions and, thus, better differentiate malignant 

metabolic activity with higher accuracy [12, 13].

Glucose loading before PET may also improve lesion detection. When blood glucose levels 

are high, FDG competes with the glucose in circulation, which decreases the likelihood of 

FDG uptake by normal brain parenchyma [11, 19, 20]. However, the current patient 

preparation protocol for FDG PET/CT brain tumor imaging includes 4–6 hours of fasting 

before FDG administration [1]. In addition to this suggested protocol, we apply delayed 

imaging. Therefore, in this study, our aim was to investigate the role of delayed acquisition 

without using glucose loading.

No well-defined quantitative cutoff values have been established for single-phase or dual-

phase FDG PET/CT of brain tumors [1]. Consequently, an objective of this study was to 

determine cutoff values that can translate to clinical usage and serve as standards for future 

studies involving dual-phase FDG PET/CT. Prior studies of single-phase PET scans acquired 

at 1 hour typically have used prespecified lesion SUVmax or a lesion-to-CWM SUVmax ratio. 
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For example, a ratio of 1.75 was recommended for lesion-to-CWM SUVmax in metastatic 

lesions, resulting in a sensitivity of 87.5% and specificity of 32% [12]. Leiva-Salinas et al. 

[13] found that lesions with lesion-to-CWM SUVmax ratios of 2, 2.5, or higher resulted in 

worse outcomes compared with ratios of 1.7 in patients with primary brain tumors.

We are aware of only a few studies that have examined the utility of dual-phase FDG 

PET/CT in brain tumors, which have yielded different recommendations and results. In a 

study that included 22 metastatic and primary brain tumors and compared low-grade and 

high-grade lesions, data showed a significant difference in lesion SUVmax between time 1 

and time 2, although there was no difference between groups regarding percent change [21]. 

Similar to our study, all patients underwent PET/CT after 6-hour fasting. According to a 

study by Horky et al. [8], which investigated 27 metastatic lesions in 25 patients, the most 

useful and accurate parameters to differentiate radiation necrosis from viable tumors were 

lesion-to-GM percent change, lesion-to-CWM percent change, lesion-to-GM at time 2, and 

lesion-to-CWM at time 2 using SUVmax. Their proposed cutoff values, relative sensitivity, 

and specificity were as follows: 19%, 94.7%, and 100%, respectively, for lesion-to-GM 

percent change; 25%, 89.4%, and 90.9% for lesion-to-CWM percent change; 1, 78.9%, and 

100% for lesion-to-GM at time 2; and 1.72, 100%, and 81.8% for lesion-to-CWM at time 2 

[8]. In our study, parameters such as lesion–to–contralateral caudate nucleus head percent 

change and lesion-to-CWM percent change were found to have little correlative 

predictability or clinical utility. These differences can be explained by variations in imaging 

protocols used by Horky et al. and by our group. First, Horky et al. permitted patients to eat 

between early and delayed imaging. Second, they used contralateral frontal cortical GM as a 

reference point. In our view, the contralateral caudate nucleus head and ipsilateral CC are 

more reliable reference points because of the concrete nature of the anatomic landmarks and 

the stability of the metabolic activity.

The diagnostic performance of DSC-MRI varies from study to study. Mitsuya et al. [15] 

found 100% sensitivity and 95% specificity using an rCBV cutoff of 2.10 to differentiate 

metastasis from radiation necrosis. Matsusue et al. [16] used the same value but found 85%, 

90%, and 80% values for accuracy, sensitivity, and specificity, respectively. Although these 

studies contained a small number of lesions, the numbers were comparable with our small 

subgroup analysis. Regarding rPH, Barajas et al. [14] found a sensitivity of 89% and 

specificity of 81% using a cutoff of 1.38 in discrimination of glioblastoma multiforme from 

radiation necrosis while using a cutoff of 1.70 for rCBV with unreliable results. These 

studies indicate that DSC-MRI has a good sensitivity profile with relatively lower 

specificity, leading to a missed diagnosis in 10–20% of cases. In our small study population, 

DSC-MRI also had a high sensitivity profile, although a lower specificity and accuracy 

profile was found compared with dual-phase FDG PET/CT. Among different PET 

parameters, the best accuracy (85%), sensitivity (91.7%), and specificity (75.0%) were 

obtained using a cutoff value of 7.80 for lesion SUVmax in the 3-hour delayed imaging. 

However, this analysis should not be used for direct comparison of these two imaging 

methods because our DSC-MRI data came from a selected case series in which clinical and 

radiologic progression could not be clearly identified; therefore, additional dual-phase FDG 

PET/CT examinations were performed. However, it should provide an idea about the 
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benefits and efficacy of using dual-phase FDG PET/CT when conventional MRI and DSC-

MRI results are indeterminate.

Our data indicate that dual-phase FDG PET/CT provides increased lesion detection and 

diagnostic accuracy for patients with primary and secondary brain cancer. The delayed phase 

significantly contributes to a decrease in indeterminate results. According to our experience, 

dual-phase imaging was not overly inconvenient to patients and did not pose scheduling 

difficulties within the department. Although the data acquired at the early time point 

provided good comparison imaging with a limited amount of additional radiation exposure, 

if patient inconvenience or scheduling concerns are thought to impede adoption of this 

imaging protocol at a cancer center, then single-phase imaging data acquired at 3 hours 

could be used with a similar diagnostic accuracy. This conclusion is supported by an 

increase in both interobserver reliability and strong agreement at time 2 and is echoed in the 

findings of Spence et al. [10] and Bochev et al. [7].

This study has several advantages. First, to our knowledge, it is the largest study 

investigating the utility of dual-phase FDG PET/CT in primary and metastatic brain tumors. 

Second, we used fusion of MRI with PET for better lesion identification and delineation. 

Next, perfusion DSC-MRI and dual-phase FDG PET/CT were compared; to our knowledge, 

our study is the first to make this comparison. Finally, new cutoff values for both early and 

delayed acquisition were proposed for use in routine clinical practice and future studies.

This study has certain limitations. First are the known limitations of a retrospective design. 

In addition, the study sample could be considered small despite being, to our knowledge, the 

largest of any study examining dual-phase FDG PET/CT. Finally, the clinical outcome was 

not fully defined by pathologic results as the reference standard, and although all available 

data were used, including follow-up imaging and clinical assessment, biased results cannot 

be clearly excluded for cases in which histopathology was not available.

Conclusion

Overall, dual-phase FDG PET/CT fused with MRI improves lesion detection and diagnostic 

accuracy in primary and metastatic brain cancer. With the introduction of 3-hour delayed 

imaging, qualitative interrater reliability is improved, and indeterminate results are 

decreased. Optimal cutoff values using lesion SUVmax, lesion-to-CWM SUVmax, lesion–to–

contralateral caudate nucleus head SUVmax, and lesion–to–ipsilateral CC SUVmax for early 

and delayed acquisition showed comparable results with high diagnostic accuracy, 

sensitivity, and specificity. On the basis of this information, an alternative single-phase 

imaging protocol acquired at 3 hours might be optimal without early-phase imaging. 

Radiologists should use dual-phase imaging for improved qualitative assessment, and with 

the addition of the semiquantitative analysis using the aforementioned values, diagnostic 

accuracy further improves, particularly in cases where perfusion DSC-MRI shows 

indiscernible results.
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Fig. 1—. 
Subjective qualitative determinations of nature of lesion combined with semiquantitative 

lesion–to–contralateral white matter (L:CWM) ratios. Observers reviewed same images of 

51 tumors in 32 patients to allow comparison of determinations. Solid circles, open circles, 

and stars represent observer determinations that lesion was viable tumor, nonviable tumor, or 

indeterminate, respectively.

A–D, Scatterplots show qualitative assessment of lesions as nonviable, viable, or 

indeterminate by staff radiologist observer at time 1 (A) and time 2 (B) and by nuclear 

radiology fellow at time 1 (C) and time 2 (D). Both observers designated fewer lesions as 

indeterminate after seeing delayed images. In addition, some lesions initially deemed to be 

nonviable in early phase were deemed viable after viewing delayed imaging. For those 

lesions, lesion-to-CWM ratio was less than 2 in early phase but greater than 2 in delayed 

phase.
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Fig. 2—. 
Accuracy of subjective qualitative determinations of nature of lesion when compared with 

semiquantitative lesion–to–contralateral white matter (L:CWM) ratios. Observers reviewed 

same images of 51 tumors in 32 patients to allow comparison of determinations. Solid 

circles, open circles, and stars represent observer determinations that determination was 

inaccurate, accurate, or indeterminate, respectively.

A–D, Scatterplots show qualitative assessments by staff radiologist observer at time 1 (A) 

and time 2 (B) and by nuclear radiology fellow at time 1 (C) and time 2 (D). After seeing 

delayed images, designations of nature of lesion as indeterminate were more accurate and 

number of inaccurate determinations decreased for both observers.
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Fig. 3—. 
ROC analysis for early phase (solid black line), delayed phase (dashed line), and percent 

change (dotted line). Gray diagonal line is line of reference.

A, Graph shows analysis of lesion maximum standardized uptake value (SUVmax). In early 

and delayed phases, AUCs were 92.1% and 87.5%, respectively, with percent change of 

45.0%.

B, Graph shows analysis of ratio of lesion SUVmax to contralateral white matter SUVmax. In 

early and delayed phases, AUCs were 89.0% and 88.7%, respectively, with percent change 

of 68.5%.

C, Graph shows analysis of ratio of lesion SUVmax to contralateral caudate nucleus head 

SUVmax. In early and delayed phases, AUCs were 88.6% and 90.8%, respectively, with 

percent change of 73.7%.

D, Graph shows analysis of ratio of lesion SUVmax to ipsilateral cerebellar cortex SUVmax. 

In early and delayed phases, AUCs were 87.3% and 87.4%, respectively, with percent 

change of 67.4%.
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Fig. 4—. 
84-year-old man with metastatic lung cancer who underwent stereotactic gamma knife 

treatment to right cerebellar peduncle lesion 18 months before.

A and B, Follow-up MR image (A) shows increasing enhancement at treatment site, which 

was deemed to be radiation necrosis after negative perfusion MR image (B) relative peak 

height of 0.3 and relative cerebral blood volume of 0.6 in treatment site ROI (R1, outline).

C and D, On early (C) and delayed (D) PET/CT images obtained to assess progression, 

lesion shows ringlike peripheral FDG uptake, consistent with tumor recurrence. In general, 

tumoral activity is better seen on delayed imaging because of decreased background activity.

E, Fusion of delayed PET and MRI show metabolic activity corresponding with enhancing 

regions. Lesion maximum standardized uptake values (SUVmax) were 12.4 on early images 

and 22.4 on delayed images (80% increase) with corresponding contralateral white matter 

(CWM) SUVmax values of 4 and 5.7, yielding ratios of lesion SUVmax to CWM SUVmax of 

3.1 and 3.9, respectively. Patient again underwent gamma knife treatment; follow-up images 

(not shown) showed decreased enhancement.
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Fig. 5—. 
67-year-old woman with metastatic breast cancer who had previously undergone whole-

brain radiation and stereotactic radiosurgery to treat lesion in genu of corpus callosum. On 

3-month follow-up images (not shown), lesion was markedly smaller.

A, Twelve-month follow-up MR image shows enlarging mass on treatment side, which 

could represent either radiation necrosis or recurrence.

B, Early dual-phase FDG PET image shows lesion designated as radiation necrosis by both 

observers on visual assessment (maximum standardized uptake value [SUVmax], 5).

C, Delayed FDG PET image shows marked uptake (SUVmax, 10.3) within tumor, 

particularly in anterolateral aspect of target lesion (arrow), which was designated as 

recurrent tumor by both observers. Even though relative decrease or stability in background 

activity is expected in most cases, background may also show significantly increased uptake 

in some cases. Cutoff values could be useful in these situations. In this case, lesion–to–

contralateral white matter ratios in early and delayed phases were 1.4 and 2.5, respectively. 

Patient underwent stereotactic gamma knife treatment with lesion stability in future follow-

ups (not shown).
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Fig. 6—. 
36-year-old man who underwent surgical resection of glioblastoma multiforme and 

subsequent treatment with concurrent temozolomide and radiotherapy 5 months before.

A, Follow-up MR image shows T2 hyperintense nonenhancing masslike lesion in right 

temporal lobe that is distant from initial surgical resection cavity but is within area of 

previous radiotherapy.

B, Despite concern for recurrence, perfusion MR image shows negative finding with relative 

peak height of 0.25 and relative cerebral blood volume of 0.3. For further assessment, patient 

underwent FLAIR-fused PET/CT.

C and D, Early (C) and delayed (D) FLAIR-fused PET/CT images show lesion that both 

observers designated as radiation necrosis on both early and delayed images. On early 

images, maximum standardized uptake value (SUVmax) of lesion was 6.4 and that of 

contralateral white matter (CWM) was 3.0, yielding ratio of 2.1. On delayed images, 

SUVmax was 8.6 for lesion and 3.7 for CWM, yielding ratio of 2.3. Percent change for lesion 

was 34%. On follow-up imaging (not shown), this area had grown with new enhancement, 

so patient underwent biopsy, which revealed viable glioblastoma. Although observers did 

not reach correct diagnosis with visual assessment, use of determined quantitative cutoff 

values could have been led to this case being correctly identified as representing viable 

tumor.

Özütemiz et al. Page 18

AJR Am J Roentgenol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Özütemiz et al. Page 19

TA
B

L
E

 1
:

C
om

pa
ri

so
n 

of
 V

is
ua

l Q
ua

lit
at

iv
e 

A
ss

es
sm

en
ts

 o
f 

V
ia

bl
e 

an
d 

N
on

vi
ab

le
 L

es
io

ns
 b

y 
Tw

o 
O

bs
er

ve
rs

V
is

ua
l A

ss
es

sm
en

t
N

on
vi

ab
le

 L
es

io
n 

(n
 =

 1
4)

V
ia

bl
e 

L
es

io
n 

(n
 =

 3
7)

To
ta

l (
n 

= 
51

)
p

St
af

f 
ra

di
ol

og
is

t

 E
ar

ly
 p

ha
se

0.
00

4

 
V

ia
bl

e
3 

(2
1.

4)
24

 (
64

.9
)

27
 (

52
.9

)

 
N

on
vi

ab
le

7 
(5

0.
0)

4 
(1

0.
8)

11
 (

21
.6

)

 
In

de
te

rm
in

at
e

4 
(2

8.
6)

9 
(2

4.
3)

13
 (

25
.5

)

 D
el

ay
ed

 p
ha

se
<

 0
.0

01

 
V

ia
bl

e
5 

(3
5.

7)
33

 (
89

.2
)

38
 (

74
.5

)

 
N

on
vi

ab
le

7 
(5

0.
0)

1 
(2

.7
)

8 
(1

5.
7)

 
In

de
te

rm
in

at
e

2 
(1

4.
3)

3 
(8

.1
)

5 
(9

.8
)

 C
om

bi
ne

d 
as

se
ss

m
en

t
<

 0
.0

01

 
V

ia
bl

e
5 

(3
5.

7)
33

 (
89

.2
)

38
 (

74
.5

)

 
N

on
vi

ab
le

7 
(5

0.
0)

2 
(5

.4
)

9 
(1

7.
6)

 
In

de
te

rm
in

at
e

2 
(1

4.
3)

2 
(5

.4
)

4 
(7

.8
)

 D
ua

l i
m

ag
in

g 
he

lp
fu

l
0.

04
7

 
Y

es
7 

(5
0.

0)
29

 (
78

.4
)

36
 (

70
.6

)

 
N

o
7 

(5
0.

0)
8 

(2
1.

6)
15

 (
29

.4
)

N
uc

le
ar

 r
ad

io
lo

gy
 f

el
lo

w

 E
ar

ly
 p

ha
se

0.
00

3

 
V

ia
bl

e
0 

(0
.0

)
18

 (
48

.6
)

18
 (

35
.3

)

 
N

on
vi

ab
le

9 
(6

4.
3)

9 
(2

4.
3)

18
 (

35
.3

)

 
In

de
te

rm
in

at
e

5 
(3

5.
7)

10
 (

27
.0

)
15

 (
29

.4
)

 D
el

ay
ed

 p
ha

se
<

 0
.0

01

 
V

ia
bl

e
3 

(2
1.

4)
34

 (
91

.9
)

37
 (

72
.5

)

 
N

on
vi

ab
le

9 
(6

4.
3)

3 
(8

.1
)

12
 (

23
.5

)

 
In

de
te

rm
in

at
e

2 
(1

4.
3)

0 
(0

.0
)

2 
(3

.9
)

 C
om

bi
ne

d 
as

se
ss

m
en

t
<

 0
.0

01

 
V

ia
bl

e
3 

(2
1.

4)
34

 (
91

.9
)

37
 (

72
.5

)

 
N

on
vi

ab
le

9 
(6

4.
3)

3 
(8

.1
)

12
 (

23
.5

)

 
In

de
te

rm
in

at
e

2 
(1

4.
3)

0 
(0

.0
)

2 
(3

.9
)

AJR Am J Roentgenol. Author manuscript; available in PMC 2021 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Özütemiz et al. Page 20

V
is

ua
l A

ss
es

sm
en

t
N

on
vi

ab
le

 L
es

io
n 

(n
 =

 1
4)

V
ia

bl
e 

L
es

io
n 

(n
 =

 3
7)

To
ta

l (
n 

= 
51

)
p

 D
ua

l i
m

ag
in

g 
he

lp
fu

l
<

 0
.0

01

 
Y

es
7 

(5
0.

0)
34

 (
91

.9
)

41
 (

80
.4

)

 
N

o
7 

(5
0.

0)
3 

(8
.1

)
10

 (
19

.6
)

N
ot

e—
V

al
ue

s 
ar

e 
th

e 
nu

m
be

r 
(p

er
ce

nt
ag

e)
 u

nl
es

s 
in

di
ca

te
d 

ot
he

rw
is

e.
 E

ar
ly

 a
nd

 d
el

ay
ed

 p
ha

se
 im

ag
es

 w
er

e 
ob

ta
in

ed
 a

t 3
0 

m
in

ut
es

 (
tim

e 
1)

 a
nd

 3
 h

ou
rs

 (
tim

e 
2)

, r
es

pe
ct

iv
el

y.

AJR Am J Roentgenol. Author manuscript; available in PMC 2021 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Özütemiz et al. Page 21

TA
B

L
E

 2
:

C
om

pa
ri

so
n 

of
 S

em
iq

ua
nt

ita
tiv

e 
Pa

ra
m

et
er

s 
fo

r 
B

ot
h 

V
ia

bl
e 

an
d 

N
on

vi
ab

le
 L

es
io

ns

P
ar

am
et

er
N

on
vi

ab
le

 L
es

io
n 

(n
 =

 1
4)

V
ia

bl
e 

L
es

io
n 

(n
 =

 3
7)

To
ta

l (
n 

= 
51

)
p

SU
V

m
ax

 L
es

io
n

 
E

ar
ly

 p
ha

se
5.

6 
(0

.7
–8

.9
)

10
.3

 (
4.

6–
16

.4
)

9.
0 

(0
.7

–1
6.

4)
<

 0
.0

01

 
D

el
ay

ed
 p

ha
se

7.
4 

(1
.1

–1
4.

9)
16

.0
 (

5.
9–

62
.5

)
13

.6
 (

1.
1–

62
.5

)
0.

00
3

 
p

0.
01

0a
<

 0
.0

01
a

0.
18

0b

 C
W

M

 
E

ar
ly

 p
ha

se
4.

1 
(2

.3
–6

.2
1

4.
3 

(2
.7

–1
0.

0)
4.

0 
(2

.3
–1

0.
0)

0.
66

2

 
D

el
ay

ed
 p

ha
se

4.
8 

(2
.8

–7
.4

1
4.

5 
(2

.2
–6

.7
1

4.
6 

(2
.2

–7
.4

1
0.

46
8

 
p

0.
04

9
0.

35
8

0.
42

0

 C
on

tr
al

at
er

al
 c

au
da

te
 n

uc
le

us
 h

ea
d

 
E

ar
ly

 p
ha

se
11

.8
 (

6.
4–

14
.8

)
12

.6
 (

7.
1–

25
.4

)
12

.4
 (

6.
4–

25
.4

)
0.

47
5

 
D

el
ay

ed
 p

ha
se

15
.7

 (
8.

1–
21

.7
)

15
.2

 (
4.

8–
30

.2
)

14
.4

 (
4.

8–
30

.2
)

0.
79

3

 
p

<
 0

.0
01

<
 0

.0
01

0.
53

3

 I
ps

ila
te

ra
l C

C

 
E

ar
ly

 p
ha

se
8.

1 
(5

.2
–1

0.
8)

9.
2 

(6
.0

–1
4.

6)
8.

9 
(5

.2
–1

4.
6)

0.
06

7

 
D

el
ay

ed
 p

ha
se

9.
6 

(5
.8

–1
3.

0)
9.

7 
(5

.3
–1

4.
7)

9.
6 

(5
.3

–1
4.

7)
0.

95
2

 
p

0.
00

9
0.

08
1

0.
25

5

 L
es

io
n 

to
 C

W
M

 
E

ar
ly

 p
ha

se
1.

4 
(0

.2
–2

.1
)

2.
5 

(1
.0

–4
.6

)
2.

2 
(0

.2
–4

.6
)

<
 0

.0
01

 
D

el
ay

ed
 p

ha
se

1.
7 

(0
.2

–3
.5

)
3.

6 
(1

.3
–9

.9
)

3.
0 

(0
.2

–9
.9

)
<

 0
.0

01

 
p

0.
14

7a
<

 0
.0

01
a

0.
15

2b

 L
es

io
n 

to
 c

on
tr

al
at

er
al

 c
au

da
te

 n
uc

le
us

 h
ea

d

 
E

ar
ly

 p
ha

se
0.

5 
(0

.1
–0

.8
)

0.
9 

(0
.4

–1
.5

)
0.

8 
(0

.1
–1

.5
)

<
 0

.0
01

 
D

el
ay

ed
 p

ha
se

0.
5 

(0
.1

–0
.8

)
1.

1 
(0

.4
–3

.5
)

0.
9 

(0
.1

–3
.5

)
<

 0
.0

01

 
p

0.
98

4a
<

 0
.0

01
a

0.
17

6b

 L
es

io
n 

to
 ip

si
la

te
ra

l C
C

 
E

ar
ly

 p
ha

se
0.

7 
(0

.1
–1

.0
)

1.
1 

(0
.6

–1
.9

)
1.

0 
(0

.1
–1

.9
)

<
 0

.0
01

 
D

el
ay

ed
 p

ha
se

0.
8 

(0
.1

–1
.6

)
1.

7 
(0

.6
–6

.0
)

1.
4 

(0
.1

–6
.0

)
0.

00
1

AJR Am J Roentgenol. Author manuscript; available in PMC 2021 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Özütemiz et al. Page 22

P
ar

am
et

er
N

on
vi

ab
le

 L
es

io
n 

(n
 =

 1
4)

V
ia

bl
e 

L
es

io
n 

(n
 =

 3
7)

To
ta

l (
n 

= 
51

)
p

 
p

0.
22

7a
<

 0
.0

01
a

0.
12

4b

R
at

io
 o

f 
ra

tio
s

1.
1 

(0
.9

–2
.2

)
1.

5 
(0

.7
–4

.3
)

1.
4 

(0
.7

–4
.3

)
0.

11
8

Pe
rc

en
t c

ha
ng

e

 L
es

io
n 

SU
V

m
ax

31
.4

 (
−

26
.0

 to
 6

9.
1)

55
.8

 (
−

4.
9t

o4
58

.0
)

49
.1

 (
−

26
.0

 to
 4

58
.0

)
0.

31
7

 L
es

io
n 

to
 C

W
M

14
.1

 (
−

13
.5

 to
 1

20
.8

)
48

.4
 (

−
27

.0
 to

 3
34

.0
)

39
.0

 (
−

27
.0

 to
 3

34
.0

)
0.

11
8

 L
es

io
n 

to
 c

on
tr

al
at

er
al

 c
au

da
te

 n
uc

le
us

 h
ea

d
0.

5 
(−

41
.5

 to
 3

3.
0)

26
.3

 (
−

30
.4

 to
 1

57
.3

)
19

.2
 (

−
41

.5
 to

 1
57

.3
)

0.
01

8

 L
es

io
n 

to
 ip

si
la

te
ra

l C
C

14
.4

1 
(−

33
.7

 to
 8

6.
3)

47
.5

 (
−

16
.1

 to
 3

46
.4

)
38

.4
 (

−
33

.7
 to

 3
46

.4
)

0.
09

2

N
ot

e—
V

al
ue

s 
ar

e 
th

e 
m

ea
n 

(r
an

ge
) 

un
le

ss
 in

di
ca

te
d 

ot
he

rw
is

e.
 E

ar
ly

 a
nd

 d
el

ay
ed

 p
ha

se
 im

ag
es

 w
er

e 
ob

ta
in

ed
 a

t 3
0 

(t
im

e 
1)

 a
nd

 9
0 

(t
im

e 
2)

 s
ec

on
ds

, r
es

pe
ct

iv
el

y.
 S

U
V

m
ax

 =
 m

ax
im

um
 s

ta
nd

ar
di

ze
d 

up
ta

ke
 v

al
ue

, C
W

M
 =

 c
on

tr
al

at
er

al
 w

hi
te

 m
at

te
r, 

C
C

 =
 c

er
eb

el
la

r 
co

rt
ex

.

a Fr
om

 p
ai

re
d 

t t
es

t.

b Fr
om

 a
ss

es
sm

en
t o

f 
in

te
ra

ct
io

n 
be

tw
ee

n 
na

tu
re

 o
f 

le
si

on
 a

nd
 p

ha
se

.

AJR Am J Roentgenol. Author manuscript; available in PMC 2021 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Özütemiz et al. Page 23

TA
B

L
E

 3
:

O
pt

im
al

 C
ut

of
f 

V
al

ue
s 

B
as

ed
 o

n 
R

O
C

 A
na

ly
si

s 
an

d 
A

ss
oc

ia
te

d 
M

ea
su

re
s 

of
 D

ia
gn

os
tic

 P
er

fo
rm

an
ce

O
pt

im
al

C
ut

of
fa

A
cc

ur
ac

y

P
ar

am
et

er
A

U
C

 (
%

)
V

al
ue

95
%

 C
I

pb
Se

ns
it

iv
it

y
Sp

ec
if

ic
it

y
P

P
V

N
P

V

SU
V

m
ax

 L
es

io
n

 
E

ar
ly

 p
ha

se
92

.1
7.

20
45

/5
1 

(8
8.

2)
76

–9
6

0.
00

6
33

/3
7 

(8
9.

2)
12

/1
4 

(8
5.

7)
33

/3
5 

(9
4.

3)
12

/1
6 

(7
5.

0)

 
D

el
ay

ed
 p

ha
se

87
.5

7.
80

46
/5

1 
(9

0.
2)

79
–9

7
0.

00
1

36
/3

7 
(9

7.
3)

10
/1

4 
(7

1.
4)

36
/4

0 
(9

0.
0)

10
/1

1 
(9

0.
9)

 L
es

io
n 

to
 C

W
M

 
E

ar
ly

 p
ha

se
89

.0
2.

05
42

/5
1 

(8
2.

4)
69

–9
1

0.
07

0
29

/3
7 

(7
8.

4)
13

/1
4 

(9
2.

9)
29

/3
0 

(9
6.

7)
13

/2
1 

(6
1.

9)

 
D

el
ay

ed
 p

ha
se

88
.7

2.
36

42
/5

1 
(8

2.
4)

69
–9

1
0.

07
0

30
/3

7 
(8

1.
1)

12
/1

4 
(8

5.
7)

30
/3

2 
(9

3.
8)

12
/1

9 
(6

3.
2)

 L
es

io
n 

to
 C

C
H

 
E

ar
ly

 p
ha

se
88

.6
0.

68
42

/5
1 

(8
2.

4)
69

–9
1

0.
07

0
29

/3
7 

(7
8.

4)
13

/1
4 

(9
2.

9)
29

/3
0 

(9
6.

7)
13

/2
1 

(6
1.

9)

 
D

el
ay

ed
 p

ha
se

90
.8

0.
61

43
/5

1 
(8

4.
3)

71
–9

3
0.

03
0

32
/3

7 
(8

6.
5)

11
/1

4 
(7

8.
6)

32
/3

5 
(9

1.
4)

11
/1

6 
(6

8.
8)

 L
es

io
n 

to
 ip

si
la

te
ra

l C
C

 
E

ar
ly

 p
ha

se
87

.3
0.

89
42

/5
1 

(8
2.

4)
69

–9
1

0.
07

0
30

/3
7 

(8
1.

1)
12

/1
4 

(8
5.

7)
30

/3
2 

(9
3.

8)
12

/1
9 

(6
3.

2)

 
D

el
ay

ed
 p

ha
se

87
.4

1.
07

41
/5

1 
(8

0.
4)

67
–9

0
0.

13
0

31
/3

7 
(8

3.
8)

10
/1

4 
(7

1.
4)

31
/3

5 
(8

8.
6)

10
/1

6 
(6

2.
5)

Pe
rc

en
t c

ha
ng

e

 L
es

io
n 

to
 C

C
H

73
.7

14
.2

0c
36

/5
1 

(7
0.

6)
56

–8
3

0.
68

0
35

/3
7 

(9
4.

6)
11

/1
4 

(7
8.

6)
25

/2
8 

(8
9.

3)
11

/2
3 

(4
7.

8)

N
ot

e—
V

al
ue

s 
ar

e 
th

e 
nu

m
be

r/
to

ta
l n

um
be

r 
(p

er
ce

nt
ag

e)
 u

nl
es

s 
in

di
ca

te
d 

ot
he

rw
is

e.
 E

ar
ly

 a
nd

 d
el

ay
ed

 p
ha

se
 im

ag
es

 w
er

e 
ob

ta
in

ed
 a

t 3
0 

m
in

ut
es

 (
tim

e 
1)

 a
nd

 3
 h

ou
rs

 (
tim

e 
2)

, r
es

pe
ct

iv
el

y.
 P

PV
 =

 p
os

iti
ve

 
pr

ed
ic

tiv
e 

va
lu

e,
 N

PV
 =

 n
eg

at
iv

e 
pr

ed
ic

tiv
e 

va
lu

e,
 S

U
V

m
ax

 =
 m

ax
im

um
 s

ta
nd

ar
di

ze
d 

up
ta

ke
 v

al
ue

, C
W

M
 =

 c
on

tr
al

at
er

al
 w

hi
te

 m
at

te
r, 

C
C

H
 =

 c
on

tr
al

at
er

al
 c

au
da

te
 n

uc
le

us
 h

ea
d,

 C
C

 =
 c

er
eb

el
la

r 
co

rt
ex

.

a O
pt

im
al

 c
ut

of
f 

va
lu

es
 w

er
e 

de
te

rm
in

ed
 a

ft
er

 R
O

C
 a

na
ly

si
s.

b V
al

ue
s 

in
di

ca
te

 w
he

th
er

 th
e 

ac
cu

ra
cy

 is
 g

re
at

er
 th

an
 th

e 
no

-i
nf

or
m

at
io

n 
ra

te
, w

hi
ch

 is
 th

e 
pe

rc
en

ta
ge

 o
f 

th
e 

la
rg

es
t c

la
ss

 (
vi

ab
le

 o
r 

no
nv

ia
bl

e 
tu

m
or

) 
fo

r 
ea

ch
 p

ar
am

et
er

.

c O
nl

y 
le

si
on

–t
o–

co
nt

ra
la

te
ra

l c
au

da
te

 n
uc

le
us

 h
ea

d 
pe

rc
en

t c
ha

ng
e 

sh
ow

ed
 a

 s
ta

tis
tic

al
ly

 s
ig

ni
fi

ca
nt

 r
es

ul
t w

ith
 a

 m
ar

ke
dl

y 
lo

w
er

 A
U

C
 v

al
ue

.

AJR Am J Roentgenol. Author manuscript; available in PMC 2021 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Özütemiz et al. Page 24

TA
B

L
E

 4
:

Su
bg

ro
up

 C
om

pa
ri

so
n 

of
 C

as
es

 W
ith

 A
va

ila
bl

e 
Pe

rf
us

io
n 

M
R

 I
m

ag
es

 U
si

ng
 P

re
di

ct
io

ns
 B

as
ed

 o
n 

Sp
ec

if
ic

 C
ut

of
f 

V
al

ue
s

T
ru

e 
O

ut
co

m
e

M
ea

su
re

d 
V

al
ue

,

P
re

di
ct

ed
 O

ut
co

m
ea

N
on

vi
ab

le
L

es
io

n 
(n

 =
 8

)
V

ia
bl

e 
L

es
io

n
(n

 =
 1

2)
To

ta
l (

n 
= 

20
)

A
cc

ur
ac

y
pb

Se
ns

it
iv

it
y 

(%
)

Sp
ec

if
ic

it
y 

(%
)

Pe
rf

us
io

n 
D

SC
-M

R
I

 r
C

B
V

60
 (

36
–8

1)
0.

60
83

.0
25

.0

 
N

on
vi

ab
le

2
2

4

 
V

ia
bl

e
6

10
16

 r
PH

60
 (

36
–8

1)
0.

60
83

.0
25

.0

 
N

on
vi

ab
le

2
2

4

 
V

ia
bl

e
6

10
16

PE
T

/C
T

 L
es

io
n 

SU
V

m
ax

80
 (

56
–9

4)
0.

05
75

.0
87

.5

 
E

ar
ly

 p
ha

se

 
 N

on
vi

ab
le

7
3

10

 
 V

ia
bl

e
1

9
10

 
D

el
ay

ed
 p

ha
se

85
 (

62
–9

7)
0.

01
91

.7
75

.0

 
 N

on
vi

ab
le

6
1

7

 
 V

ia
bl

e
2

11
13

 L
es

io
n 

to
 C

W
M

 S
U

V
m

ax
75

 (
50

–9
0)

0.
12

58
.3

10
0.

0

 
E

ar
ly

 p
ha

se

 
 N

on
vi

ab
le

8
5

13

 
 V

ia
bl

e
0

7
7

 
D

el
ay

ed
 p

ha
se

80
 (

56
–9

4)
0.

05
66

.7
10

0.
0

 
 N

on
vi

ab
le

8
4

12

 
 V

ia
bl

e
0

8
8

N
ot

e—
V

al
ue

s 
in

 p
ar

en
th

es
es

 a
re

 9
5%

 C
Is

. E
ar

ly
 a

nd
 d

el
ay

ed
 p

ha
se

 im
ag

es
 w

er
e 

ob
ta

in
ed

 a
t 3

0 
m

in
ut

es
 (

tim
e 

1)
 a

nd
 3

 h
ou

rs
 (

tim
e 

2)
, r

es
pe

ct
iv

el
y.

 D
SC

 =
 d

yn
am

ic
 s

us
ce

pt
ib

ili
ty

 c
on

tr
as

t, 
rC

B
V

 =
 r

el
at

iv
e 

ce
re

br
al

 b
lo

od
 v

ol
um

e,
 r

PH
 =

 r
el

at
iv

e 
pe

ak
 h

ei
gh

t, 
SU

V
m

ax
 =

 m
ax

im
um

 s
ta

nd
ar

di
ze

d 
up

ta
ke

 v
al

ue
, C

W
M

 =
 c

on
tr

al
at

er
al

 w
hi

te
 m

at
te

r.

a Pr
ed

ic
tio

ns
 w

er
e 

m
ad

e 
us

in
g 

th
e 

fo
llo

w
in

g 
cu

to
ff

 v
al

ue
s:

 r
C

B
V

, 2
.1

; r
PH

, 1
.3

8;
 le

si
on

 S
U

V
m

ax
 o

n 
ea

rl
y 

ph
as

e 
im

ag
in

g,
 7

.2
; l

es
io

n 
SU

V
m

ax
 o

n 
de

la
ye

d 
ph

as
e 

im
ag

in
g,

 7
.8

; l
es

io
n 

to
 C

W
M

 S
U

V
m

ax
 o

n 

ea
rl

y 
ph

as
e 

im
ag

in
g,

 2
.0

5;
 le

si
on

 to
 C

W
M

 S
U

V
m

ax
 o

n 
de

la
ye

d 
ph

as
e 

im
ag

in
g,

 2
.3

6.

AJR Am J Roentgenol. Author manuscript; available in PMC 2021 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Özütemiz et al. Page 25
b V

al
ue

s 
in

di
ca

te
 w

he
th

er
 th

e 
ac

cu
ra

cy
 is

 m
or

e 
th

an
 th

e 
no

-i
nf

or
m

at
io

n 
ra

te
, w

hi
ch

 is
 th

e 
pe

rc
en

ta
ge

 o
f 

th
e 

la
rg

es
t c

la
ss

 (
vi

ab
le

 o
r 

no
nv

ia
bl

e 
tu

m
or

) 
fo

r 
ea

ch
 p

ar
am

et
er

.

AJR Am J Roentgenol. Author manuscript; available in PMC 2021 October 01.


	Abstract
	Materials and Methods
	Patients
	Image Acquisition
	Dual-phase FDG PET/CT protocol—
	MRI protocol—

	Data Collection
	Image analysis—
	Clinical outcome—

	Statistical Evaluation

	Results
	Qualitative Assessment
	Semiquantitative Assessment
	Comparison of Dynamic Susceptibility Contrast MRI and Dual-Phase FDG PET/CT

	Discussion
	Conclusion
	References
	Fig. 1—
	Fig. 2—
	Fig. 3—
	Fig. 4—
	Fig. 5—
	Fig. 6—
	TABLE 1:
	TABLE 2:
	TABLE 3:
	TABLE 4:

