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Abstract

Treatment-related changes can be difficult to differentiate from progressive glioma using MRI 

with contrast (CE). The purpose of this study is to compare the sensitivity and specificity of 18F-

DOPA-PET and MRI in patients with recurrent glioma. Thirteen patients with MRI findings 

suspicious for recurrent glioma were prospectively enrolled and underwent 18F-DOPA-PET and 

MRI for neurosurgical planning. Stereotactic biopsies were obtained from regions of concordant 

and discordant PET and MRI CE, all within regions of T2/FLAIR signal hyperintensity. The 

sensitivity and specificity of 18F-DOPA-PET and CE were calculated based on histopathologic 

analysis. Receiver operating characteristic curve analysis revealed optimal tumor to normal (T/N) 

and SUVmax thresholds. In the 37 specimens obtained, 51% exhibited MRI contrast enhancement 

(M+) and 78% demonstrated 18F-DOPA-PET avidity (P+). Imaging characteristics included M-P− 

in 16%, M-P+ in 32%, M+P+ in 46% and M+P− in 5%. Histopathologic review of biopsies 

revealed grade II components in 16%, grade III in 43%, grade IV in 30% and no tumor in 11%. 

MRI CE sensitivity for recurrent tumor was 52% and specificity was 50%. PET sensitivity for 

tumor was 82% and specificity was 50%. A T/N threshold > 2.0 altered sensitivity to 76% and 

specificity to 100% and SUVmax > 1.36 improved sensitivity and specificity to 94 and 75%, 

respectively. 18F-DOPA-PET can provide increased sensitivity and specificity compared with MRI 
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CE for visualizing the spatial distribution of recurrent gliomas. Future studies will incorporate 

18F-DOPA-PET into re-irradiation target volume delineation for RT planning.
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Introduction

In 2016, an estimated 23,770 new central nervous system tumors will be diagnosed and 

16,060 will succumb to their disease [1]. Gliomas are the most common primary brain tumor 

diagnosed in children and adults. Despite modern therapy, most patients will eventually 

experience tumor progression. For patients with high-grade gliomas, progression-free 

survival remains short at 7 months [2, 3]. While low-grade tumors tend to have a better 

prognosis, at least half of low-grade glioma patients will experience tumor progression [4, 

5].

Although the rate of tumor progression is high for glioma patients, the radiographic 

determination of tumor progression can be difficult. Following completion of surgery, 

chemotherapy and radiotherapy for primary disease, the volume of peritumoral edema can 

be substantial and differentiating treatment-related changes from true tumor progression can 

be impossible with conventional MRI, as both can result in increased contrast enhancement 

and T2 signal abnormality. Because of these shortcomings, neurosurgical intervention is 

often needed to confirm the diagnosis.

The limitations of conventional MRI and invasive nature of neurosurgical intervention 

intensify the need for an alternative imaging modality with greater insight into tumor 

kinetics [6–8]. A more accurate imaging modality could not only better identify patients 

with recurrent disease, but could also enhance localization of recurrent tumor within the 

typically large areas of post-treatment T2 signal change. 18F-fluoro-deoxyglucose (18F-

FDG) positron emission tomography (PET) is commonly used to visualize tumors outside 

the brain. However, the high rate of brain glucose metabolism limits its utility in the setting 

of brain tumors. In contrast, brain tumors exhibit high uptake of amino acid tracers relative 

to the normal surrounding brain [9, 10]. Unlike gadolinium, 3,4-dihydroxy-6-[18F]-fluoro-

L-pheny-lalanine (18F-DOPA) is transported across the intact blood brain barrier [11]. A 

previous report of primarily newly-diagnosed gliomas demonstrated that 18F-DOPA-PET 

SUV-max more accurately identified regions of high-grade disease than MRI in patients with 

astrocytomas [12]. Limited data exist to compare 18F-DOPA-PET with conventional MRI in 

patients with suspected recurrent gliomas [13]. We hypothesize that 18F-DOPA-PET offers 

enhanced sensitivity and specificity for spatially delineating recurrent glioma than with 

conventional MRI.
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Materials and methods

Clinical trial enrollment

Informed consent was obtained and patients were enrolled in one of two institutional clinical 

trials evaluating the impact of 18F-DOPA-PET on neurosurgical planning for newly-

diagnosed or recurrent gliomas. In order to be included for analysis in the present study, 

patients needed to be at least 7 years old with MRI findings compatible with recurrent 

glioma using RANO criteria and a planned craniotomy with resection or biopsy [8]. Any 

contraindication to MRI or PET would exclude patients from the trials.

Stereotactic neurosurgical planning and tissue acquisition

Patients underwent 18F-DOPA-PET as previously described [12]. CT images were obtained 

for attenuation correction of PET data. 10 min after injection of the radioisotope, a 10-min 

3D PET acquisition was acquired. PET sinograms were reconstructed with a fully 3D-

OSEM algorithm into a 300 mm field of view with a pixel size of 1.17 and slice thickness of 

1.96 mm. Before the operation, conventional MRI scans were acquired using a 3D T1-

weighted spoiled gradient series (field of view 24 × 24 cm, matrix size 256 × 256) after 

administration of gadolinium–diethylen-etriamine pentaacetic acid contrast (Magnevist). 

Following this, both a 2D T2-weighted fast spin echo series and a T2-weighted fluid-

attenuated inversion recovery (FLAIR) series with contiguous 3-mm-thick slices were 

obtained.

Tumor SUVmax and normal SUVmean were used to generate the tumor-to-normal (T/N) 

ratios, which were used guide thresholding and contouring of the tumor on PET imaging by 

an expert nuclear medicine radiologist. The normal reference brain volume was defined by 

contouring the contralateral normal brain tissue at the level of the centrum semiovale up 

through the most superior portion of the brain. An experienced nuclear medicine radiologist 

contoured the 18F-DOPA PET volumes based on a series of predetermined PET thresholds 

(ranging from 1.1 to 1.8) using the mean SUV from normal contralateral brain. A T/N > 2.0 

was used to identify a sub-region of the 18F-DOPA PET contour that corresponded to the 

area of highest grade disease components. The 18F-DOPA-PET scan was rigidly registered 

to the T1 MRI scan using MIM Maestro (MIM Software, Inc, Cleveland, OH) software and 

the images were transferred to the Stealth Station Neuro-navigation System (Medtronic 

Sofamor Danek). An experienced Radiation Oncologist contoured the T1 CE and T2 FLAIR 

abnormalities.

Tissue targets were planned from regions containing the following: T1 contrast enhancement 

(CE) with PET avidity (M+P+), T1 nonenhancing region with PET avidity (M-P+), a region 

with T1 CE but not PET uptake (M+P−) and a region with neither contrast enhancement nor 

PET uptake (M-P−). All biopsies were taken from regions of T2 signal hyperintensity. A 

representative fusion of PET and MRI volumes is shown in Fig. 1. Patients underwent 

craniotomy with either a stereotactic biopsy or attempted resection. Locations were only 

biopsied if the neurosurgeon deemed the location to be low risk for morbidity. For patients 

who underwent resection, 1–3 simulated stereotactic biopsy sample locations ~ 1 cm3 in size 

were planned and acquired during the resection, whereas patients undergoing biopsy had at 

Youland et al. Page 3

J Neurooncol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



least three locations sampled. Each sample obtained was processed for histopathology and 

graded independently by an expert neuropathologist blinded to radiographic imaging using 

hematoxylin and eosin (H&E) staining.

Data analysis

For each biopsied sample, a 5 mm radius contour was created around the stereotactic 

coordinate point from the center of the location with MIM Maestro to account for the biopsy 

sample size and uncertainties in the physical biopsy volume. Statistical analysis was 

performed using JMP 10.0. Sensitivity was calculated by taking true positive results divided 

by the sum of true positive and false negatives. Specificity was calculated by taking true 

negative results and dividing by the sum of true negatives and false positives. A receiver 

operating characteristic (ROC) curve was constructed for evaluation of optimal SUVmax 

and T/N PET thresholds. Fisher’s exact test was used to compare categorical variables and 

ANOVA was used for comparison of continuous and categorical variables.

Results

Patient characteristics

Of the 47 patients enrolled in the two clinical trials, 13 had a prior diagnosis of glioma and 

presented with imaging findings worrisome for recurrent disease. Characteristics of the 

patients and tumors treated are shown in Table 1. The median age at initial diagnosis was 40 

(range 14–64). Primary surgical resection commonly achieved GTR (54%) and pathology 

revealed astrocytoma histology in most patients. The most common adjuvant treatment 

course consisted of radiotherapy (69%) with concurrent and adjuvant temozolomide (54%). 

Characteristics at the time of recurrence are shown in Table 1. The median time to first 

recurrence was 25 months (range 6–143 months). The median time from initial diagnosis to 

trial enrollment was 30 months (range 10–247 months). Patients were most commonly 

enrolled on the trial at the time of first recurrence (69%). One of the two patients with initial 

low-grade disease had high-grade transformation at the time of recurrence. The highest 

grade of recurrent disease was II in 8%, III in 38% and IV in 54%. All recurrent tumors had 

an astrocytic component.

Comparison of contoured PET avidity and MRI contrast enhancement

A total of 37 specimens were obtained for analysis. Of these, 19 (51%) were taken from 

regions of MRI contrast enhancement and 29 (78%) from regions of 18F-DOPA PET avidity 

as determined by an expert nuclear medicine radiologist. Discordant imaging characteristics 

included M-P+ in 12 (32%) and M+P− in 2 (5%). Concordance between MRI and PET were 

seen as M+P+ in 17 (46%) and M-P− in 6 (16%). Sensitivity and specificity analyses are 

shown in Table 2. MRI sensitivity was 52% and specificity was 50%. PET sensitivity was 

82% and specificity was 50%.

PET threshold analysis

An exploratory analysis of PET tumor-to-normal (T/N) and SUVmax thresholds was 

performed using a ROC curve analysis. Increasing T/N ratios correlated with the presence of 

recurrent tumor on biopsy with the ANOVA test (p = 0.002). A T/N ratio of > 1.0 
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significantly correlated with the presence of recurrent tumor (p = 0.009), with sensitivity of 

100% and specificity of 50%. ROC analysis revealed the optimal T/N threshold to be > 2.0, 

resulting in a sensitivity of 76% and specificity of 100% (p = 0.008; Fig. 2a). An optimal 

PET SUVmax threshold using ROC analysis was 1.36, which strongly correlated with the 

presence of recurrent tumor on biopsy (p = 0.03; Fig. 2c) with a sensitivity of 94% and 

specificity of 75%.

Radiographic and pathologic correlations

The presence of MRI contrast enhancement was associated with increasing recurrent tumor 

grade (p = 0.004). Regions of MRI contrast enhancement correlated with the presence of 

high-grade recurrent tumor (p = 0.03) with a sensitivity of 63% and specificity of 80%. The 

contoured region of PET avidity did not correlate with recurrent tumor grade (p = 0.35, 

Table 3). However, a T/N greater than 2.0 (p = 0.001) and SUVmax greater than 2.0 (p = 

0.003) correlated with increasing recurrent tumor grade (Table 3). A T/N greater than 2.0 

correlated with the presence of high-grade recurrent tumor (p = 0.0004) with a sensitivity of 

85% and specificity of 80% (Fig. 2b). A PET SUVmax above 2.0 was associated with 93% 

sensitivity and 60% specificity (p = 0.002) for the presence of high-grade recurrent tumor 

(Fig. 2d). Although neither PET avidity (p = 0.12) nor the presence of MRI contrast 

enhancement (p = 0.51) correlated with tumor histology, an SUVmax greater than 2.0 (p = 

0.01) and T/N greater than 2.0 (p = 0.003) correlated with an increasing likelihood of a pure 

astrocytoma (Table 3).

A total of eight specimens were obtained in the two patients initially diagnosed with a low-

grade glioma. Malignant transformation to high-grade disease was seen in three specimens, 

which did not correlate with MRI contrast enhancement (p = 1.0), PET avidity (p = 0.14), 

SUVmax greater than 2.0 (p = 0.14) or T/N greater than 2.0 (p = 0.14) in this small subset of 

patients.

Discussion

In this series of patients with recurrent gliomas, 18F-DOPA-PET visualized biopsy-proven 

recurrent disease better than MRI contrast enhancement. Regions of high PET avidity with 

an SUVmax > 1.36 or T/N > 2.0 had better sensitivity and specificity for tumor than MRI 

contrast enhancement. However, the presence of high-grade tumor correlated significantly 

with both MRI contrast enhancement and increasing 18F-DOPA-PET avidity, with higher 

sensitivity than MRI when SUVmax was > 2.0 or T/N was > 2.0. Taken together, these data 

support the use of 18F-DOPA-PET in the localization of recurrent gliomas for neurosurgical 

biopsy targeting, resection planning and radiotherapy target volume delineation.

MRI is the most common imaging modality used for diagnosis and surveillance of gliomas. 

In patients with newly-diagnosed gliomas, tumor is known to extend beyond contrast 

enhancement into peritumoral edema [14]. Recurrences are contained within 2 cm of 

contrast enhancement in 78–90% of patients [15, 16]. The remainder of tumor is considered 

nonenhancing, which typically resides in an edematous region seen as an increase in T2/

FLAIR signal on MRI. Although historical criteria used to identify patients with tumor 

progression did not take into account nonenhancing tumor, its significance has become 
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widely accepted and has been incorporated into updated response assessment criteria [8, 17]. 

However, after surgery, chemotherapy and radiotherapy, the volume of FLAIR 

hyperintensity can be substantial and differentiating delayed treatment-related changes from 

tumor progression can be problematic, as both can cause increased contrast enhancement. 

An imaging modality that could better visualize the true extent of recurrent disease would 

therefore be advantageous.

Amino acid PET is a metabolic imaging modality that has been reported to better visualize 

gliomas than MRI alone. Unlike contrast enhancement, it is preferentially transported into 

tumor tissue and has low baseline uptake in the surrounding normal brain. In this study of 

patients with suspected recurrent glioma, 18F-DOPA-PET sensitivity exceeded that of MRI 

contrast enhancement. When a T/N threshold of 2.0 or SUVmax threshold of 1.36 was used, 

both sensitivity and specificity were greater than MRI. A prior study of 35 patients with 

suspected recurrent gliomas underwent MRI and 18F-DOPA-PET [13]. They reported MRI 

contrast enhancement sensitivity and specificity to be 92 and 44%, respectively, and PET 

sensitivity and specificity to be 100 and 89%, respectively. In contrast to our study, recurrent 

disease was evaluated with a single biopsy or serial imaging and no effort was made to 

evaluate the distribution of tumor in regions of discordant imaging. Thus, the data presented 

here offer greater insight into the spatial distribution of tumoral components in recurrent 

gliomas.

In addition to improved tumor localization, the metabolic information gained with amino 

acid PET has the potential to noninvasively assess tumor grade and histology [12, 18]. While 

MRI contrast enhancement correlated with tumor grade in this cohort of recurrent glioma 

patients, it did not correlate with histology. Because nearly all tumors exhibited some 

increase in PET avidity, PET uptake did not independently correlate with tumor grade or 

histology. A prior 18F-DOPA-PET study reported similar findings with a visual, non-

quantitative assessment of avidity [19]. Unlike MRI contrast, amino acid PET tracers can be 

transported through the intact blood brain barrier in lower-grade tumors [11]. Despite this, 

when a quantitative assessment of PET thresholds was explored, an SUVmax > 2.0 or T/N > 

2.0 correlated with increasing tumor grade and astrocytic histology. Specific thresholds for 

recurrent high-grade tumor have not yet been clearly established in the literature. While 

some groups report no correlation between SUVmax or T/N with initial tumor grade or 

histology, they have correlated higher T/N ratios and SUVmax values with poor survival 

[19–21]. Furthermore, our group and several others have shown that increasing SUVmax 

values and T/N ratios correlate with the presence of higher tumor grade in primarily newly-

diagnosed gliomas [12, 22–24]. Ultimately, these data suggest that most recurrent gliomas 

exhibit some degree of 18F-DOPA uptake with increasing uptake seen in higher-grade, 

astrocytic (i.e. more aggressive) tumors.

The benefits of more accurate imaging in patients with suspected recurrent glioma are 

numerous. In patients with questionable radiographic findings, an imaging modality that 

better correlates with active tumor could more accurately differentiate tumor progression 

from pseudoprogression or radionecrosis than MRI. Furthermore, more reliable tumor 

localization can allow for more extensive resections while minimizing unnecessary 

morbidity. Given that re-resection can produce new neurologic deficits in 8–39% of patients, 
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knowing the true extent of tumor may help to better predict postoperative deficits while 

maximizing the extent of resection and potentially enhancing survival [25–27]. Moreover, 

better tumor localization could direct patients toward noninvasive therapy in lieu of surgery 

when the risk of morbidity exceeds the expected benefit of resection.

Many patients are treated with reirradiation after other salvage therapies have been rendered 

ineffective or hazardous. This is typically delivered using stereotactic, hypofractionated 

techniques targeting solely contrast enhancing tumor [28, 29]. Because nonenhancing tumor 

is left untreated, approximately 30–40% of recurrences are located outside the reirradiation 

target volume [30, 31]. As the risk of radionecrosis rises substantially with increasing 

reirradiation volume, incorporating all of the T2/FLAIR abnormality would likely increase 

toxicity to unacceptable levels [29]. In contrast, nonenhancing 18F-DOPA-PET avid regions 

are often significantly smaller than T2/FLAIR volumes [12]. Thus, incorporating 18F-

DOPA-PET into the delineation of recurrent glioma treatment volumes could potentially 

improve tumor control without substantially increasing toxicity.

Although this prospective study has numerous strengths, several limitations exist. This study 

was primarily designed to compare the spatial distribution of MRI contrast enhancement 

with 18F-DOPA-PET avidity. Thus, the volume of T2/ FLAIR abnormality was not 

explicitly compared with the distribution of 18F-DOPA uptake. However, all biopsies were 

taken from regions of T2 hyperintensity. Furthermore, our group and several others have 

shown that the T2/FLAIR abnormality is significantly larger than amino acid PET-avid 

regions [12, 32, 33]. Moreover, our prior study showed no 18F-DOPA-PET avidity outside 

the T2/FLAIR abnormality and very limited extension of tumor beyond 18F-DOPA-PET 

avidity into the T2/FLAIR volume at all. The lack of comparison with perfusion and 

diffusion MRI sequences represents a limitation of this study. Because sensitivity and 

specificity analyses were based on individual biopsy specimens, patients with more biopsy 

specimens obtained were more heavily weighted than those with fewer specimens obtained. 

Similarly, the low frequency of negative biopsies, and overall low number of biopsies 

performed per patient could limit our statistical robustness. Though this has the potential to 

influence the results, no clear evidence of bias was seen upon detailed review of the 

database. The inclusion of low- and high-grade gliomas in this series may influence the 

interpretation of results, as the radiographic appearance of recurrent disease may be 

influenced by histology. Because mutation testing was not performed for the recurrent 

glioma samples obtained during the study, and classification was performed by an expert 

neuropathologist using the then-current 2007 WHO classification, reclassification of 

recurrent tumors using the updated 2016 WHO criteria was not performed. Lastly, all 

patients enrolled on this trial had MRI findings concerning for recurrent disease and all 

ultimately had biopsy confirmation of recurrence. Thus, these results do not comment on the 

utility of 18F-DOPA-PET to differentiate pseudoprogression from tumor progression.

In conclusion, 18F-DOPA-PET avidity has better sensitivity than MRI contrast enhancement 

for the detection of recurrent glioma. Furthermore, a T/N ratio > 2.0 and SUV-max > 1.36 

had better sensitivity and specificity than MRI in predicting the presence of tumor. Enhanced 

sensitivity was also seen for the detection of high-grade disease when the T/N or SUVmax 

were > 2.0. Future studies will use 18F-DOPA-PET avidity and thresholds to guide 
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neurosurgical resections and radiotherapy target volume delineation for reirradiation in 

patients with recurrent gliomas.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Representative 18F-DOPA-PET (a), T1 post-contrast MRI (b), and T2 MRI (c) 

demonstrating regions of concordant and discordant MRI and PET findings. The regions 

shown include a 0.5-cm radial expansion upon the stereotactic biopsy coordinate. The M-P+ 

biopsy specimen (SUVmax 2.73; d) showed lower cellularity compared with the M+P

+MAX specimen (SUVmax 4.66; e). M-P−: non-enhancing, PET-negative; M-P+: non-

enhancing, PET-positive; M+P+: enhancing, PET-positive
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Fig. 2. 
Radiographic and pathologic correlations for MRI and 18F-DOPA-PET. A T/N ratio above 

2.0 was associated with the presence of recurrent tumor denoted as “Path+” (a), particularly 

with a high-grade component (b). An SUVmax above 1.36 was similarly associated with the 

presence of recurrent tumor (c), and an SUVmax above 2.0 correlated with HGG (d)
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Table 1

Patient and tumor characteristics

N = 13 %

Age (years)

 Median (range) 40 (14–64)

Gender

 Male 9 69

 Female 4 31

Initial surgery

 Biopsy 2 15

 STR 4 31

 GTR 7 54

Initial histology

 Glioblastoma, NOS 3 23

 Glioblastoma, IDH wild type 3 23

 Glioblastoma, IDH mutant 1 8

 Diffuse astrotycoma, IDH mutant 1 8

 Anaplastic astrocytoma, IDH wild type 1 8

 Anaplastic astrocytoma, IDH mutant 2 15

 Anaplastic oligodendroglioma, NOS 1 8

 Pleomorphic xanthoastrocytoma 1 8

Initial grade

 II 2 15

 III 4 31

 IV 7 54

IDH status

 Mutant 4 31

 Wild type 3 23

 Unknown 6 46

1p/19q status

 Codeleted 1 8

 Single deletion 1 8

 Intact 4 31

 Unknown 7 54

MGMT status

 Methylated 1 8

 Unmethylated 2 15

 Unknown 10 77

Initial chemotherapy

 TMZ 7 54

 TMZ + dasatinib 1 8

 None 5 38
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N = 13 %

RT delivered

 Yes, initial course 9 69

 Yes, recurrence 2 15

 No 2 15

Initial RT dose (Gy)

 Median (range) 59.4 (54–60)

Time to first recurrence (months)

 Median (range) 25 (6–143)

Time from diagnosis to study enrollment (months)

 Median (range) 30 (10–247)

Number of recurrences

 1 9 69

 2 1 8

 5 2 15

 6 1 8

Prior salvage chemotherapy

 Yes 3 23

 No 10 77

Number of salvage chemotherapy courses

 3 2 67

 4 1 33

Salvage chemotherapy agentsa

 TMZ 5 50

 CCNU 2 20

 PCV 1 10

 Bevacizumab 1 10

Prior salvage surgery

 None 9 69

 1 1 8

 2 0 0

 3 3 23

Type of salvage surgeryb

 Biopsy 1 10

 STR 5 50

 GTR 4 40

Type of study surgery

 Biopsy 2 15

 STR 3 23

 GTR 8 62

Recurrence gradec

 II 1 8

 III 5 38
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N = 13 %

 IV 7 54

Recurrence histologyd

 Astrocytoma 10 77

 Oligoastrocytoma 3 23

 Oligodendroglioma 0 0

STR subtotal resection, GTR gross total resection, IDH isocitrate dehydrogenase, MGMT O-6-methylguanine-DNA-methyltransferase, TMZ 
temozolomide, CCNU lomustine, PCV procarbacine, cyclophos-phamide, vincristine, RT radiation therapy

a
Denominator is total number of courses of chemotherapy

b
Denominator is total number of surgeries performed

c
The highest grade tissue obtained at the time of study surgery or during any prior procedure

d
Classified using 2007 WHO criteria. Histologic classification using 2016 WHO criteria was not possible due to a lack of mutation status testing 

performed on recurrent specimens
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