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Abstract 

BACKGROUND: 18F-FET-positron emission tomography/computed tomography (FET-

PET) has reliable diagnostic accuracy in differentiating recurrent brain tumor from 

radionecrosis after radiosurgery. This explorative study analyzed this role of FET-PET in 

brain tumors treated by image-guided robotic stereotactic radiosurgery using 

CyberKnife® (CK-RS). 

METHOD: The study population were patients who underwent FET-PET to resolve 

inconclusive magnetic resonance imaging (MRI) findings in the clinical follow-up of 

primary and secondary brain lesions after CK-RS in 2011-2017. Histology reports or best 

supporting clinicoradiological evidence served as reference standard. Static (tumor-to-

background ratio [TBR]) and dynamic (time to peak [TTP] and time-activity curve [TAC] 

pattern) parameters were determined. Three TAC patterns were distinguished: 

continuously ascending curve (I), ascending curve followed by plateau (II), and steep 

ascent followed by slow descent (III). Receiver operating characteristic curve analysis 

and diagnostic accuracy tests were performed. Analyses were performed for all lesions 

(TOTAL) and brain metastases only (METS). MRI lesions not detected by FET-PET were 

qualitatively analyzed.  

RESULTS: Fourteen patients (median 52 years, range 16-79 years) with a total of 28 

lesions (5 primary brain tumor lesions in 2 patients and 23 metastases in 12 patients) 

were included. The median time interval between CK-RS and FET-PET was 10 months 

(range 4-35). Histology was available for 7/28 lesions (25%), all correctly diagnosed by 

FET-PET. TBRs were higher in recurrent tumor than radionecrosis (median TBRmax of 

5.5 vs. 3.8 in TOTAL and 5.0 vs. 3.5 in METS; median TBRmean of 2.6 vs. 2.1 in TOTAL 

and 2.4 vs. 2.0 in METS). Mean TTP was shorter in tumors (9.6 vs. 16.7 min in TOTAL 

and 8.3 vs. 13.7 min in METS) while median TTP did not differ. No significant cut-offs for 

TBR and TTP were found, thus published cut-offs of 1.95 for TBRmean and 20 min for TTP 

were used. The best diagnostic accuracy was achieved for combined TBRmean and TAC: 

TOTAL (METS): 75% (75%) sensitivity, 63% (71%) specificity, and 71% (74%) accuracy. 

When only TAC patterns were used, accuracy was 82% in TOTAL and 87% in METS. 

Post-test diagnostic probability was 12% (TOTAL) and 16% (METS) higher than that of 

follow-up MRI. Three lesions without PET tracer uptake were stable over time. 
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CONCLUSION: This explorative study shows that the best diagnostic accuracy of FET-

PET in differentiating brain tumor recurrence from radionecrosis after CK-RS is 

achieved when combined static and dynamic parameters are used, resulting in up to 

16% higher diagnostic probability than standard follow-up MRI.  
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Abstract 

HINTERGRUND: Die 18F-FET-Positron-Emissions-Tomographie/Computertomographie 

(FET-PET) weist eine verlässliche diagnostische Genauigkeit in der Differenzierung von 

Hirntumorrezidiven und Radionekrosen nach radiochirurgischer Behandlung auf. In 

dieser explorativen Studie wurde diese Rolle der FET-PET bei Hirntumoren nach 

bildgesteuerter robotergestützter stereotaktischer Radiochirurgiebehandlung mittels 

CyberKnife® (CK-RS) analysiert. 

METHODIK: Eingeschlossen wurden Patienten, die sich von 2011 bis 2017 einer FET-

PET-Untersuchung zur Abklärung unklarer magnetresonanztomographischer (MRT) 

Befunde im Rahmen der klinischen Nachsorge von primären und sekundären 

Hirnläsionen nach CK-RS unterzogen. Als Referenzstandard dienten Histologiebefunde 

oder klinisch-radiologische Befunde als Best Supporting Evidence. Statische (Tumor-to-

Background Ratio [TBR]) und dynamische (Time to Peak [TTP] und Time-Activity Curve 

[TAC]) Parameter wurden ermittelt. Es wurden drei TAC-Muster unterschieden: 

kontinuierlich ansteigende Kurve (I), ansteigende Kurve mit nachfolgendem Plateau (II), 

und steil ansteigende Kurve mit flachem Abfall (III). Grenzwertoptimierungskurven 

wurden berechnet und diagnostische Genauigkeitstests durchgeführt. Analysen erfolgten 

für sämtliche Läsionen (TOTAL) sowie Hirnmetastasen (METS). Im MRT detektierte 

Läsionen, die nicht in der FET-PET abgrenzbar waren, wurden qualitativ analysiert. 

ERGEBNISSE: Vierzehn Patienten (Medianalter 52 Jahre, Spannweite 16-79 Jahre) mit 

insgesamt 28 Hirnläsionen (5 primären Hirntumorläsionen in 2 Patienten und 23 

Hirnmetastasen in 12 Patienten) wurden eingeschlossen. Die Medianzeit zwischen CK-

RS und der FET-PET betrug 10 Monate (Spannweite 4–35 Monate). Ein 

histopathologischer Befund lag bei 7 von 28 Läsionen (25%) vor, die sämtlich mit der 

FET-PET korrekt diagnostiziert wurden. Die TBR war bei Hirntumorrezidiven höher als 

bei Radionekrosen (Median TBRmax TOTAL 5,5 vs. 3,8; METS 5,0 vs. 3,5; Median 

TBRmean TOTAL 2,6 vs. 2,1; METS 2,4 vs. 2,0). TTP war im Mittel bei Hirntumoren kürzer 

(TOTAL 9,6 vs. 16,7 min; METS 8,3 vs. 13,7); die mediane TTP unterschied sich jedoch 

nicht. Signifikante TBR- und TTP-Grenzwerte ließen sich nicht berechnen, daher kamen 

eine in früheren Studien etablierte TBRmean von 1,95 sowie eine TTP von 20 min zur 

Anwendung. Die besten diagnostichen Genauigkeitswerte fanden sich für die 
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Kombination von TBRmean und TAC:  TOTAL (METS): 75% (75%) Sensitivität, 63% (71%) 

Spezifizität und 71% (74%) Genauigkeit. Bei der alleinigen Betrachtung der TAC-Muster 

war die Genauigkeit 82% (TOTAL) bzw. 87% (METS). Die 

Nachtestdiagnosewahrscheinlichkeit war 12% (TOTAL) bzw. 16% (METS) höher als die 

der vorangehenden MRT-Untersuchung. Drei in der FET-PET nicht nuklidavide Läsionen 

waren im Verlauf stabil. 

SCHLUSSFOLGERUNG:  Die beste diagnostische Genauigkeit der FET-PET in der 

Unterscheidung von Hirntumorrezidiven und Radionekrosen nach CK-RS ergibt sich in 

der vorgestellten explorativen Studie für die Kombination von statischen und 

dynamischen Parametern. Hierdurch wird eine bis zu 16% höhere 

Diagnosewahrscheinlichkeit im Vergleich zur herkömmlichen Nachsorge-MRT erzielt. 
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1. Introduction 

This introduction briefly addresses interdisciplinary topics relevant to this dissertation and 

includes an overview of malignant brain tumors and their management, an outline of the 

techniques of radiosurgery in general and CyberKnife in particular, and a discussion of 

the role of positron emission tomography (PET) in neuro-onocological imaging. 

1.1. Overview of Tumors of the Central Nervous System  

Central nervous system (CNS) tumors are a heterogeneous group of neoplasms. Their 

management is complex and challenging. Guidelines and research papers typically deal 

with either primary or secondary brain tumors (metastases). This section provides a 

general overview of both primary and secondary malignant brain tumors including their 

diagnosis and management.  

1.1.1. Epidemiology  

Brain tumors comprise malignant tumors that originate from different CNS cells (primary 

brain tumors, PBTs) and metastatic tumors that spread to the brain from primaries 

elsewhere in the body (secondary brain tumors, SBTs). The most recent data from the 

Central Brain Tumor Registry of the United States (CBTRUS), the largest registry 

providing population-based data on tumors of this kind, show an average annual age-

adjusted incidence rate of approximately 7.1 per 100,000 population for malignant brain 

and other CNS tumors for the years 2014 to 2018 (2). Glioblastoma is the most frequent 

malignant PBT (2), and brain metastasis is the most common intracranial tumor in adults. 

Nevertheless, the exact epidemiology of SBTs is not known (3), and published data vary.  

For instance, brain metastases were found to be about three times more common than 

malignant PBTs in the United States in 2007, affecting approximately 6% of patients 

diagnosed with cancer in that year (4). Several other sources estimate that approximately 

8-10% of cancer patients have symptomatic brain metastases, with supposedly hidden 

and higher numbers found at autopsy (5-7). The authors of a population-based study for 

the years 2010 through 2013 reported that 2% of all cancer patients had brain metastases 

at diagnosis and estimated the annual incidence of brain metastases in the United States 

to be more than 23,500 cases per year (8). Although many types of primary cancers will 
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eventually spread to the brain, the five most common primaries metastasizing to the brain 

are lung, skin, renal, breast, and colorectal cancers (4, 9). For these five cancers, two 

population-based studies conducted in Maastricht and Detroit reported similar incidences, 

ranging from 1.2% for colorectal cancer to 16.3% for lung cancer in Maastricht (7) and 

from 1.8% to 19.9%, respectively, in Detroit, with a combined incidence proportion of 

these five primaries of approximately 9.6% (6). Survival rates of patients with primary 

brain tumors depend on many factors, such as age, site within the brain, tumor 

aggressiveness, and tumor molecular properties. Malignant primary brain tumors have 5-

year survival rates of about 35% (2, 10). 

1.1.2. Classification 

Before the 2016 World Health Organization (WHO) Classification of CNS Tumors, 

primary brain tumors were classified using histological and/or pathological features (11). 

As a result, for instance, all phenotypically astrocytic tumors were grouped separately 

from oligodendroglial phenotypes. The 2016 WHO classification additionally takes 

molecular genetic parameters into account in defining tumor entities (12). Some entities 

were thus newly recognized while others have been omitted from the classification. In the 

current 2021 WHO classification, a greater emphasis on molecular characteristics are 

placed in both tumor grading and tumor classification, leading to some diagnoses to be 

assessed totally based on their molecular features (13, 14). Terminologies were also 

partly changed. However, despite the updates throughout the years, the classification is 

still structured based on the origins of tumor cells. Table 1 lists the simplified version of 

major brain tumor classes distinguished in the current WHO classification.  

1.1.3. Diagnosis 

The clinical presentation of brain tumors depends on various factors including their 

location and growth rate. Symptoms can be focal or generalized and include headaches, 

seizures, nausea and vomiting, and neurological symptoms. The latter depend on 

affected cranial nerves and/or functional brain areas (15). Magnetic resonance imaging 

(MRI) is the method of choice for diagnostic workup in patients with signs and symptoms 

suggesting a brain tumor. The standard MRI protocol can be supplemented by multimodal 

functional pulse sequences such as MR spectroscopy and MR perfusion. Other important 
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imaging modalities are computed tomography (CT) and positron emission tomography 

(PET) (5, 16). If initial imaging findings suggest a brain metastasis and the patient has no 

history of cancer, a thorough systemic cancer screening including CT of the chest and 

abdomen and/or (18)F-fluorodeoxyglucose (FDG-)PET will follow to locate the primary 

tumor. Whenever these imaging modalities do not yield a definitive diagnosis and in 

patients with cancer of unknown primary (CUP), a tissue sample should be obtained 

before therapy, either through stereotactic biopsy or open surgery (16). Biopsy should 

also be considered when the suspicious brain lesion appears to be atypical for a certain 

diagnosis (of primary tumor) or when a long time has elapsed since cancer was first 

diagnosed in a patient (16).   
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Table 1. Simplified classification of brain tumors 

Major Classes of Brain Tumors*  

• Gliomas, glioneuronal tumors, and neuronal tumors 
o Adult-type diffuse gliomas  
o Pediatric-type diffuse gliomas  
o Circumscribed astrocytic gliomas 
o Glioneuronal and neuronal tumors 
o Ependymal tumors 

• Choroid plexus tumors  
• Embryonal tumors  
• Pineal tumors 
• Cranial and paraspinal nerve tumors 
• Meningiomas  
• Mesenchymal, non-meningothelial tumors 
• Melanocytic tumors 
• Hematolymphoid tumors 
• Germ cell tumors 
• Tumors of the sellar region 
• Metastatic tumors 

*Simplified and adapted from the 2021 WHO Classification of Tumors of the CNS (13). 
 

1.1.4. Principles of CNS Tumor Management 

The main treatments in neuro-oncology are surgery, radiotherapy, and systemic 

treatment (Figure 1). Further medical management includes symptomatic treatment of 

mass effects (caused by tumor, edema, or radiation necrosis), seizures, endocrine 

disorders, fatigue, mood and cognitive disorders, as well as venous thromboembolism 

(5), all of which can occur in both primary and secondary brain tumors (17, 18).  

The initial key treatment in neuro-oncology is neurosurgical resection because it lowers 

the mortality rate in all glioma types, prolongs survival, improves quality of life by 

improving functional status, and may be the sole curative option, for example, in pediatric 

cases (5, 15, 19-21). Radiotherapy is a further essential element of brain tumor 

management and is done either in an adjuvant setting after surgery or as stand-alone 

therapy in patients who are not candidates for surgery. Radiotherapy in neuro-oncology 
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includes fractionated external beam radiation therapy, radiosurgery, brachytherapy, 

intraoperative radiotherapy, and targeted radionuclide therapy (22).  

Systemic treatment options available to brain tumor patients include cytotoxic alkylating 

chemotherapy and antiangiogenic therapy, as well as immunotherapy in patients with 

metastatic brain tumors or malignant gliomas (5). Many cancer immunotherapies such as 

cancer vaccines (23, 24), oncolytic virotherapeutics (25, 26), checkpoint inhibitors (27), 

adoptive T-cell therapies (28), targeted therapies (29), and convection-enhanced delivery 

(15) are still in the experimental phase. 

In patients with brain metastases, therapeutic management is very heterogeneous and 

depends on many factors, such as the type of primary cancer, the number and size of 

brain metastases, and the patient’s performance status (Figure 1). These factors vary 

from one patient to another and require individually tailored management (16, 30, 31) 

guided by the patient’s prognosis (16, 32-35). In patients with a good performance status, 

initial therapy is based on the number and size of brain lesions. When deemed feasible 

and expected to prolong survival, resection is an option for patients with a limited number 

of metastatic brain lesions (up to 3). Resection should also be considered for lesions ≥3 

cm in size, regardless of symptoms, and in patients with radioresistant primary tumors 

(e.g., melanoma or renal carcinoma). After resection, adjunctive radiotherapy of the 

surgical cavity – using stereotactic radiotherapy/-surgery (SRT/SRS) or whole brain 

radiotherapy (WBRT) – should be implemented to improve local tumor control and 

minimize local recurrence, with WBRT entailing a greater risk of neurocognitive decline 

(16, 36-39). SRS is the first-line treatment option in patients with inoperable lesions and 

lesions up to 3.5 cm in size (16). In patients with more than three brain metastases, 

various additional factors need to be considered besides the number of lesions in 

deciding about the radiotherapeutic regimen (SRS, WBRT, or combined) (16). The 

following section focuses on radiosurgery as it is the topic of this study. 
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Figure 1. Overview of treatment options in patients with CNS tumors 

  

Lesion Characteristics  Clinical Setting 
Type of brain lesions  Prognosis 

Number and sizes of lesions  Patient‘s functional status 
Volume  Systemic disease / comorbidity 

Location within the brain  Patient preference 

CNS Tumor Management 
(Primary and Secondary Brain Tumors) 

Surgery 
(Resection) Systemic Therapy Radiotherapy 

Chemotherapy 

Antiangiogenic therapy 

Fractionated external beam  

Immunotherapy 

Brachytherapy 

Intraoperative radiotherapy 

Targeted radionuclide therapy 

Symptomatic 
Therapy 
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1.2. Radiosurgery and CyberKnife® 

Radiotherapy uses high doses of ionizing radiation to eliminate both benign and 

malignant tumors (40). It enables treatment of surgically inaccessible intracranial lesions 

with great patient comfort. General anesthesia is typically not necessary, and patients are 

not confined to bed after treatment.  

Radiotherapy, in general, is governed by the four Rs of radiobiology or fractionation: 

repair, redistribution, reoxygenation, and repopulation (41). Fractionated dose delivery in 

radiotherapy takes advantage of the fact that, unlike healthy cells, cancer cells lack the 

molecular mechanisms to optimally repair DNA damage and stay radioresistant after 

radiation. In fractionated radiation therapy, the total target dose is not applied in a single 

session but is divided into multiple smaller doses delivered at different time intervals, thus 

allowing normal cells to repair DNA damage while attacking cancer cells with a high 

cumulative dose (42, 43). Fractionated radiotherapy is used for the primary, adjuvant, and 

palliative treatment of both primary and secondary brain tumors and cancer in other body 

regions. Brain lesions are typically radiated at 1.8 to 2 Gy per session over several weeks 

up to a cumulative dose of 30 to 60 Gy (44, 45). 

The term ‘radiosurgery’ was coined by neurosurgeon Lars Leksell in 1951 (46) for a 

neurosurgical technique that uses needles and probes to irradiate a tumor rather than 

opening the skull to remove it. During the procedure, rigid fixation of the patient's head 

ensures precise irradiation of the target area (46, 47). Further development introduced 

the frameless dose-delivery system and replaced the need for needles by using radiation 

beams, making stereotactic radiosurgery (SRS) a totally noninvasive treatment method 

(45, 48). Unlike conventional radiation therapy, SRS is typically performed in a single 

session with application of a high dose of  around 11 Gy to 24 Gy, traditionally using a 

convergence of nonparallel radiation beams (5). The SRS technique achieves a steep 

dose gradient between the tumor and surrounding tissue, thus minimizing damage to 

healthy structures. Unlike fractionated radiotherapy, SRS delivers a single high radiation 

dose that causes irreparable cellular damage and thus can be used in the treatment of 

otherwise typically radioresistant tumor (5, 45). In fractionated SRS, the total dose is 

usually divided into fewer fractions (hypofractionation) compared with conventional 

radiotherapy schedules (44, 45).   
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Several SRS systems that use different dose-delivery systems are commercially 

available, among them Leksell Gamma Knife (Elekta, Stockholm, Sweden), Novalis 

(BrainLAB, Feldkirchen, Germany), and CyberKnife (Accuray, Sunnyvale, CA, USA) (49). 

Gamma Knife uses a frame-mounted system with multiple isocenters from 192 individual 

fixed cobalt-60 sources that create numerous converging collimated beams of different 

sizes; the Novalis system uses linear accelerator-based photon beam production and a 

multileaf collimator as well as multiple non-coplanar arcs of beams for intensity-

modulated radiotherapy; and CyberKnife uses a frameless robot-controlled 6-megavolt 

linear accelerator with nonisocentric cone beams and 6 degrees of freedom combined 

with real-time image-to-image correlation, providing submillimeter precision (49, 50).  

1.2.1. CyberKnife® Robotic Radiosurgery System  

The CyberKnife® Robotic Radiosurgery System is manufactured by Accuray, Inc. 

(Sunnyvale, California, USA) and was developed by the team of Dr. John Adler, Jr. at 

Stanford University and Accuray, Inc (51, 52). This system can robotically and actively 

track, detect, and correct patient movement, thus ensuring frameless real-time image-

guided stereotactic irradiation (53, 54). Its main component is a 6-megavolt linear 

accelerator with a weight of approximately 120 kg mounted on a robotic arm. In addition, 

the system includes a robotic treatment bed, and two ceiling-mounted diagnostic x-ray 

cameras with corresponding flat panel silicon detectors on either side of the patient for 

real-time imaging. The robotic arm and treatment couch each have a total of six degrees 

of mobility and can actively correct rotational and/or translational offsets during radiation 

delivery for high accuracy (49, 50, 52). With these features, CyberKnife radiosurgery can 

be performed without rigid cranial fixation while at the same time improving patient 

comfort. Compared with other radiosurgery systems that use forward planning and 

isocentric radiation delivery, CyberKnife uses an inverse planning algorithm to 

accomplish the steepest dose gradients between the target and surrounding critical 

structures and healthy brain tissue and nonisocentric beam delivery for homogeneous 

dose application, which is of particular advantage when irregularly shaped target lesions 

are treated (49, 55).  

1.2.2. Follow-up after Radiosurgery 
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Response Assessment in Neuro-Oncology (RANO) guidelines are used for monitoring 

the treatment response of both primary and secondary brain tumors in a standardized 

manner (56-58). After radiotherapy for brain tumors, patients require regular imaging for 

the monitoring of treatment outcome and early identification of recurrent tumor. Contrast-

enhanced MRI is the standard imaging tool in brain tumor follow-up programs, allowing 

quantification of tumor volumes for comparison with findings before treatment (5). 

However, MRI is known to have limited accuracy in differentiating radiation 

injury/radionecrosis from recurrent tumor (19, 59). In patients with inconclusive MRI 

findings, PET with radiolabeled amino acid as tracer can help overcome this common 

problem in the clinical setting (Section 1.3). 

1.2.3. Postradiation Effects and Radiation Necrosis 

As with all medical procedures, radiotherapy of brain tumors comes with possible 

complications. They are grouped into acute, early delayed or subacute, and late delayed 

radiation effects: acute reactions occur during or shortly after exposure to ionizing 

radiation, subacute effects within a few weeks to several months, and late effects from 

several months to years after exposure (60). Acute radiation effects include emesis, 

dizziness, seizures, and headaches, typically caused by increased intracranial pressure. 

They tend to be mild to moderate and self-limiting or can be relieved with corticosteroids 

(60-62). Other symptoms include fatigue along with loss of appetite, neurological 

symptoms, orbital pain, radiation dermatitis, and alopecia (61, 63, 64). Early delayed or 

subacute effects can present as somnolence, fatigue or pseudoprogression and are also 

generally reversible and manageable with corticosteroids (60). Late delayed radiation 

effects, however, are typically irreversible, sometimes progressive, and may even be fatal 

(60). They include cognition impairment, leukoencephalopathy, radionecrosis, and other 

radiation-induced CNS toxicity such as telangiectasia or parenchymal brain pathologies 

(gray/white matter) (60, 62).  

Published data on the frequency of radionecrosis after SRS are heterogeneous. 

Approximately 5 – 25% of the patients are at risk of developing radionecrosis within the 

first 6 months after SRS (19, 65). In a small study published in 2019, Donovan et al. found 

a higher radionecrosis rate in the case of multiple brain metastases treated with CK-RS - 

in 16 out of 22 patients (73%) and in 21 of 62 lesions (34%) - compared to published 
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results for SRS treatment despite comparable tumor control (66). The risk of 

radionecrosis after postoperative SRS (9 - 17.5%) is also higher than after postoperative 

WBRT (2.6%) (16, 67, 68). The overall 1-year cumulative incidence of both reversible and 

irreversible complications after initial SRS of brain metastases is about 13-14% and is 

dependent on numerous factors including size, volume and localization within the brain, 

the SRS technique used, the primary tumor, and the dose-volume ratio (19, 69, 70). Thus, 

it is of major interest to reliably diagnose radionecrosis and differentiate it from recurrent 

tumor in clinical routine.   
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1.3. PET Imaging in Neuro-Oncology - Diagnosing Postradiation 

Changes 

This section presents a general outline of the role of positron emission tomography (PET) 

imaging in neuro-oncology with a focus on the diagnosis of cerebral postradiation 

changes in order to explain the rationale for investigating 18F-FET-PET in this study. 

However, it is beyond the scope of this dissertation to detail the complete range of nuclear 

medicine modalities in neuro-oncology.  

1.3.1. Overview of PET and Its Tracers 

PET is a functional imaging modality that allows in vivo assessment of body functions by 

depicting normal and abnormal metabolic activity following injection of a radioactive drug 

known as radiotracer. PET tracers are certain short-lived positron-emitting isotopes that 

are administered at extremely low concentrations (micro- to nanomolar). Cancer cells 

have a higher metabolic activity than normal cells and appear bright on PET scans. While, 

due to its better spatial resolution and wide availability, MRI remains the first-line imaging 

modality, particularly for the initial diagnosis of brain tumors, PET imaging plays an 

increasingly important role in neuro-oncology because the use of various radiotracers 

allows imaging of radiotracer-specific metabolic processes in the body (71).  

Specific PET tracers are available to measure specific metabolic pathways (59, 72). The 

standard PET tracer used in clinical oncology is the radiolabeled glucose analogue  
18F-2-fluoro-2-deoxy-D-glucose (18F-FDG), which exploits the fact that many cancers 

have increased glucose metabolism (73). 18F-FDG, however, has several drawbacks in 

neuro-oncological imaging. Firstly, intracranial tumors have lower contrast on 18F-FDG 

PET scans than tumors elsewhere in the body because of higher tracer uptake by normal 

brain parenchyma due to physiologically higher glucose metabolism compared with other 

body tissues. Secondly, higher tracer uptake also occurs in inflammatory processes, 

which renders 18F-FDG unspecific (19, 74, 75). Thirdly, 18F-FDG uptake has been shown 

to correlate with the tumor grade; as a result, some brain tumors such as low-grade 

gliomas are 18F-FDG-negative and may be missed by PET (74, 76, 77).  

To overcome these drawbacks, radiolabeled amino acid tracers were developed. Certain 

amino acids require specific transporters, making them more specific than the widely 
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metabolized glucose. Many radiolabeled amino acids have been explored for tumor 

imaging, and some of them have been evaluated more extensively in human studies. The 

latter include O-(2-[18F]-fluoroethyl)-l-tyrosine (18F-FET),  

6-18F-fluoro-3,4-dihydoxy-Lphenylalanine (FDOPA),  

3-123I-iodo-a-methyl tyrosine (123I-IMT), 3-18F-fluoro-a-methyltyrosine (FMT), 11C labeled 

L-methionine (11C-MET), and cycloleucine analog 18F-FACBC (59, 78).  

 

1.3.2. 18F-FET-PET/CT in Neuro-Oncology 

In general, PET is used as an add-on examination to help characterize a suspicious brain 

lesion in patients with inconclusive MRI findings. 11C-MET and 18F-FET are among the 

most extensively investigated and most widely used amino acid tracers for brain tumor 

imaging (59, 79-82). All amino acids could theoretically be radiolabeled with 11C; however, 

its short half-life of 20 minutes (59, 74) limits its use in institutions that lack cyclotron units. 

No such drawback exists for 18F, which has a half-life of 110 minutes. 18F-FET is a 

substrate of L-amino acid transporters (LATs), which are abundant in brain tumors, hence 
18F-FET can cross the intact blood-brain barrier, rendering its uptake independent of the 

status of the blood-brain barrier (83-85). Other advantages are that 18F-FET has lower 

uptake in healthy brain tissue than FDG and that it is metabolically more stable than 11C-

MET and F-DOPA because it is not incorporated into metabolic pathways and 

consequently has low retention in healthy brain tissue (59, 79, 86).  

Since its introduction in 1999 (87), 18F-FET has shown promising results in many neuro-

oncological applications ranging from initial diagnostic workup to glioma grading and 

posttherapeutic monitoring including response assessment and differentiation of 

radionecrosis from recurrent malignancy (19, 88-92). For instance, Galldiks et al. (2015) 

showed that 18F-FET-PET had a higher diagnostic accuracy of 93% compared to 

conventional MRI (85%) in diagnosing recurrent glioma (90). 18F-FET-PET imaging can 

be performed statically or dynamically. While a static PET scan captures uptake at a 

single point in time, dynamic PET acquires imaging data on 18F-FET tracer uptake over 

time, typically for 30 to 40 minutes, thus providing additional information on tumor biology 

not available from conventional MRI. Quantitative dynamic data are used to generate a 

time-activity curve (TAC). Distinct TAC patterns have been identified and associated with 
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different types of brain lesions. Several studies investigating the performance of dynamic 
18F-FET-PET/CT in differentiating glioma from radionecrosis report sensitivities of 83-

100% and specificities of 78-100% (93-96). For the differentiation of brain metastasis from 

radionecrosis, investigators report 69-95% sensitivity and 83-93% specificity  (88, 89, 97, 

98). In a study comparing static and dynamic FET-PET, Galldiks et al. (2012) showed 

diagnostic accuracy in differentiating recurrent brain metastasis from radionecrosis to 

increase from 83% with use of a single static parameter (TBRmean) to 92% using a single 

dynamic parameter (TAC).  
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1.4. Hypothesis and Objective 

It is very challenging to differentiate between radionecrosis and recurrent brain tumor in 

patients who have undergone radiotherapy. Dynamic 18F-FET-PET/CT is a widely known 

second-line examination when MRI findings are inconclusive. However, its role in brain 

lesions treated with CyberKnife – a frameless, high-dose, image-guided robotic 

radiosurgery technique - has not been sufficiently analyzed yet. Because the acquisition 

of dynamic 18F-FET-PET parameters is resource-intensive, the benefit of this modality 

should be clearly established to justify its use. We hypothesize that dynamic parameters 

derived from 18F-FET-PET/CT are valuable in differentiating radionecrosis from recurrent 

tumor after CK-RS, as suggested by promising initial results discussed in the preceding 

section. This single-center study explores and analyzes the clinical value of dynamic 18F-

FET-PET/CT in differentiating unclear brain lesions in a patient population with primary 

and secondary brain tumors after treatment with CyberKnife radiosurgery. 
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2. Methods 

2.1. Study Design and Patient Population  

This study retrospectively investigated diagnostic accuracy in the follow-up of patients 

with primary or secondary brain tumors treated at the CyberKnife Center of Charité – 

Universitätsmedizin Berlin and was approved by the local ethics committee (Ref 

EA4/222/17). The study was designed in accordance with the Standards for Reporting of 

Diagnostic Accuracy Studies (STARD) guidelines (99). Candidates initially screened for 

inclusion were patients with suspicious brain lesions (tumor recurrence or radionecrosis) 

on cranial magnetic resonance imaging (cMRI) who subsequently underwent dynamic 
18F-FET-PET/CT (index test) after radiosurgery treatment at the Charité CyberKnife 

Center from 2011 through 2017 (1). A flowchart of routine follow-up care after CyberKnife 

radiosurgery (CK-RS) in our hospital is presented in Figure 2. The final study population 

consisted of patients who underwent dynamic 18F-FET-PET/CT following a diagnosis of 

suspected recurrence with the differential diagnosis of radionecrosis on routine follow-up 

cMRI (1).  

Patients were included regardless of primary tumor site and number of brain lesions. In 

patients with multiple lesions, only CyberKnife-treated lesions that were suspicious on 

follow-up cMRI and led to PET referral were analyzed quantitatively. Lesions that were 

invisible/inactive in 18F-FET-PET/CT were only qualitatively analyzed. Quantitative 

analysis was performed for all (primary and secondary) brain lesions taken together 

(TOTAL) and for the subset of metastatic brain lesions (METS) (1).   
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Figure 2. Simplified routine clinical management of patients following CyberKnife 

radiosurgery of primary and secondary brain tumors 

In patients with suspicious findings at follow-up cMRI, clinicians decide between one of three options: further 

surveillance, additional imaging to clarify the diagnosis, or therapy by repeat radiation or surgery.  
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2.2. CyberKnife® Treatment 

The main principles of routine clinical radiosurgery treatment at Charité CyberKnife 

Center have been reported before (1, 49, 55, 100). Treatment is generally performed in 

an outpatient setting. In the study patients, radiation planning was based on thin-sliced 

CT (0.75 mm) and thin-sliced MRI scans (1 mm, T1-weighted MP-RAGE). These CT and 

MRI images were fused using Multiplan version 4.5 (Accuray Inc., Sunnyvale, CA) (55). 

A custom soft mask was fitted for each patient.  

Individual treatment planning including dose prescription, determination of isodose lines, 

and fractionation scheme was performed by a radio-oncologist, a neurosurgeon, and a 

radiation physicist. The prescribed radiation dose depends on many factors including 

tumor type, size, total lesion volume, location, and previous irradiation. Technical 

planning included setting up collimators, reducing dose in areas at risk, defining dose 

constraints, as well as maximizing dose resolution to evaluate distant scattering of 

radiation (55). 

Before the treatment session, patients were positioned with the aid of in-room lasers. 

During irradiation, the 6-dimensional skull tracking of the CyberKnife image guidance 

system was used: real-time images were acquired and compared with the reference CT 

scan at defined intervals to improve precision. Based on this, therapists get 

recommendations for possible adjustments for each beam site, allowing precision 

correction up to 0.1 mm in translations and 0.1° in rotations (100, 101).  
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Figure 3. CyberKnife system at Charité CyberKnife Center 

Photograph courtesy and copyright of Charité Cyberknife Center (102)  

 
Figure 4. Example illustrating CyberKnife radiation planning  

(A)  Three-dimensional reconstruction of beam directions (blue lines). (B) Axial view of a left parietal lesion with multiple 

dose prescription contours; sagittal and coronal views are not shown. Anonymized images from the Charité Cyberknife 
Center database. 

B A 
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2.3. MRI and 18F-FET-PET/CT Protocols  

2.3.1. Magnetic Resonance Imaging  

After CK-RS, all patients included in this retrospective analysis underwent regular follow-

up using contrast-enhanced cMRI. Many follow-up cMRI examinations were performed 

in 1.0-1.5 Tesla scanners at outside facilities (1). The study patients who underwent cMRI 

at Charité University Hospital were examined on MRI scanners with field strengths 

ranging from 1.5 to 3.0 Tesla. The standard cMRI protocol uses head coil and includes 

T1- and T2-weighted pulse sequences, diffusion-weighted imaging, and postcontrast T1-

weighted 1.0 mm thin-sliced 3-dimensional isovoxel gradient echo imaging after 

intravenous administration of gadobutrol (Gadovist®, Bayer, 1 mmol/ml) or gadoterate 

meglumine (Dotarem®, Guerbet, 0.5 mmol/ml) at a dosage of 0.1 mmol/kg of body 

weight. The postcontrast images were used for multiplanar reconstruction (1).  

2.3.2. 18F-FET-PET/CT  

18F-FET-PET/CT was performed as described before (1). Briefly, patients were instructed 

to fast or to be on a protein-low diet for at least 4 hours, to drink approximately 1 liter of 

water and to empty the bladder prior to the PET/CT examination. Before PET/CT 

acquisition, the patient’s head was positioned and fixated. Imaging data were acquired in 

the 3-dimensional mode with a Gemini TF 16” (Philips Medical Systems) with the Astonish 

TF-Upgrade. The 40-min emission scan was started directly after intravenous 

administration of 150 - 200 MBq 18F-FET. The data were reconstructed using an algorithm 

with a 128 × 128 matrix size in a single bed position with 16 cm axial field of view (FOV), 

followed by manual reconstruction using the filter “normal” with 20 dynamic frames in 6 x 

20 sec, 8 x 1 min, and 6 x 5 min. For attenuation correction, a low-dose CT scan of the 

entire head was acquired with 5 mm slice thickness, 30 mAs tube current, 120 kV tube 

voltage, 0.5 s gantry rotation time, and 512 matrix size (1).  

As described in Lim et al. (1), a nuclear medicine physician with more than 15 years of 

experience in the field semiautomatically placed a region of interest (ROI) in each 

suspicious lesion and normal brain tissue using a 40% isocontour threshold and 

determined static and dynamic PET parameters as follows: tissue 18F-FET uptake was 

expressed as standardized uptake value (SUV), calculated as tissue radioactivity divided 
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by injected radioactivity per gram of body weight. The maximum SUV (SUVmax) of a 

suspicious lesion was divided by the SUVmax in the normal brain ROI to generate the 

tumor-to-background ratio (TBR). Time to peak (TTP) – which is the time needed from 

the start of dynamic acquisition until SUVmax is reached in the lesion – was measured. A 

time-activity curve (TAC) was generated, and the patterns were analyzed and interpreted 

based on three generally accepted TAC patterns first described for glioma grading (89, 

92, 93, 98). The three TAC patterns are: TAC I for a slowly and continuously ascending 

curve indicating the metabolism of non-tumorous lesions, TAC II for an ascending curve 

followed by a plateau, and TAC III for a descending curve, with both TAC II and III 

indicating tumorous lesions with higher metabolism. These patterns have been shown to 

allow differentiation of radionecrosis from recurrent tumor (88-93). 
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2.4. Data Analysis and Statistics 

Each lesion was treated as an individual data point. Whenever available, histopathology 

reports were used as reference diagnoses. However, in clinical routine and particularly in 

neurosurgery, histological verification is not always available. In such cases, best 

supporting evidence based on follow-up imaging and clinical data was used as reference 

diagnosis, as previously done in other studies (88, 89, 98, 103). Briefly, tumor recurrence 

was assumed when the contrast-enhanced T1-weighted sequence of follow-up cMRI 

showed a more than 25% increase in size of an abnormality in a previously treated area 

according to MacDonald’s criteria (104) and / or there were new or worsening neurological 

deficits associated with the treated area during follow-up. Radiation necrosis was 

assumed when there was a size decrease in follow-up imaging and neurological deficits 

remained constant or improved over time. This retrospective evaluation was performed 

by a neurosurgeon subspecializing in stereotactic surgery with more than 10 years of 

experience and a nuclear medicine clinician with more than 15 years of experience (1).  

As described in Section 2.1, quantitative analysis was performed for all brain lesions 

(TOTAL) and metastases only (METS). The PET parameters determined in the study 

population were analyzed to identify possible cut-off values in comparison to published 

works.  

Normal distribution of 18F-FET-PET parameters was tested using the Shapiro-Wilk test. 

The Mann-Whitney U-test was used to compare groups of not normally distributed 

samples. The Kruskal-Wallis test was applied to analyze significance of differences in 

TTP distribution among the three TAC patterns. A post-hoc test (Dunn-Bonferroni test) 

was employed to determine the validity of significant differences in the pairwise 

comparison of TAC patterns. The diagnostic accuracy of the index test was analyzed 

(sensitivity, specificity, accuracy, likelihood ratio, pre- and post-test probability). 

Regarding pre- and post-test probability, to our knowledge, no exact prevalence data for 

radionecrosis/recurrence after CyberKnife treatment have been reported so far, therefore 

pre-test probability was derived from cross-tabulation between MRI findings and the 

clinical reference diagnosis. Diagnostic probabilities were calculated for different 

combinations of PET parameters. Improvement of diagnostic probability relative to the 

pre-PET situation was defined as the difference between pre- and post-test probabilities. 
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Confidence intervals were used to provide for estimates in accordance with statistical 

literature (105, 106).  

Collection and analysis of data were performed using Microsoft Excel and IBM® SPSS® 

Statistics Version 24. Data analysis was planned following consultation with iBike 

(Institute of Biometry and Clinical Epidemiology) of Charité - Universitätsmedizin Berlin.  
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3. Results 

3.1. Study Population and Characteristics 

A total of 29 patients with suspected recurrence or radionecrosis after CK-RS were initially 

screened for inclusion (Figure 5). Patients without dynamic 18F-FET-PET/CT during 

follow-up were excluded. Another two patients with lesions not showing uptake in 

dynamic 18F-FET-PET were analyzed qualitatively, leaving 14 patients eligible for 

quantitative analysis.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 5. Flowchart of patient recruitment 

CK-RS = CyberKnife – stereotactic radiosurgery.  

Adapted from the original publication of Lim et. al. (1) 

 

Patients with PET/CT for suspicious brain lesion after CK-RS (n = 29)  

Patients with dynamic 18F-FET-PET/CT for suspicious brain lesion after CK-RS (n=16)  

Total study population (n=14) 

Patients with static 18F-FET-PET/CT (n=13) 

Patients with “invisible” lesions in 18F-FET-PET/CT (n=2)  

Qualitative 
analysis 

Quantitative 
analysis 
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The 14 patients included in the quantitative analysis (2 males, 12 females) had a median 

age of 52 years (range 16-79 years). Three patients had a single brain lesion (Σ n = 3). 

Nine patients had two brain lesions (Σ n = 18). One patient had three brain lesions (Σ n = 

3). One patient had four brain lesions (Σ n = 4). Histological confirmation was available 

for 7 of the 28 brain lesions (25%) in five patients. Six patients (43%) with a total of 13 

lesions (46%) underwent WBRT before CK-RS treatment (Table 2).  

Table 2. Patient demographics and lesion distribution  

Age  median 52 years; range 16-79 years 

Sex 2 (14%) males / 12 (86%) females  

Number of Brain Lesion(s) 
per Patient Number of Patients (%) Number of Lesions 

(%) 

1 3 (21.4) 3 (10.7) 

2 9 (64.3) 18 (64.3) 

3 1 (7.1) 3 (10.7) 

4 1 (7.1) 4 (14.3) 

Total 14 (100) 28 (100) 

Histology available in 5 (36) 7 (25) 

WBRT (prior to CK-RS) 6 (43) 13 (46) 

Adapted from the original publication of Lim, et. al. (1) 

A total of 28 lesions in 14 patients were included in this retrospective analysis: 23 

metastatic brain tumors in 12 patients and 5 primary brain tumor lesions in two patients 

(Table 3). The primary brain tumors were an ependymoma and a PTPR (papillary tumor 

of penial region). Primaries of secondary brain tumors included breast cancer in 9 

patients, non-small-cell lung cancer in 2 patients, and malignant melanoma in 1 patient.  
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Table 3. Distribution of primary tumors in the study population 

 

CK-RS treatment characteristics were similar in the two groups compared (TOTAL and 

METS) (Table 4). All CK-RS treatments were unfractionated with a median prescription 

dose of 19 Gy (range of 13 – 20 Gy for TOTAL and 16 – 20 Gy for METS), median 

planning and gross tumor volumes of 1.4 to 1.5 cm3 (range 0.20 – 11 cm3 for both groups). 

The median time interval between a patient’s last CK-RS treatment and 18F-FET-PET/CT 

was 10 and 9 months in TOTAL and METS, respectively (range 4 – 35 months for TOTAL 

and 4 – 23 months for METS). Dynamic 18F-FET-PET/CT was performed in average 15 

days (range 7-30 days) after a patient’s last MRI examination. For patients who 

underwent WBRT before CK-RS treatment, the median interval between WBRT and 18F-

FET-PET/CT was 28 and 29 months in TOTAL and METS, respectively. Four metastatic 

lesions (16.7% in TOTAL, 17.4% in METS) in 3 patients were treated twice with CK-RS 

before dynamic 18F-FET-PET/CT. The median interval between these two CK-RS 

sessions was 58 weeks (range 27.6-70.90 weeks). Primaries of the four lesions were 

malignant melanoma, non-small-cell lung cancer, and breast cancer.   

  

Diagnosis No of Patients (in %) No of Lesions (in %) 

Primary Brain 
Tumor 

Ependymoma 1 (7.14) 3 (10.71) 
PTPR 1 (7.14) 2 (7.14) 

Brain 
Metastasis 

Breast cancer 9 (64.29) 18 (64.29)  
Non-small-cell 

lung cancer  2 (14.29) 3 (10.71) 

Malignant 
melanoma 1 (7.14) 2 (7.14) 

Total 14 (100) 28 (100) 

PTPR = Papillary tumor of the pineal region. Three lesions without tracer uptake in PET (metastasis from breast and 

lung cancers) are not included in the table. Adapted from the original publication of Lim et al. (1) 
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Table 4. CyberKnife treatment characteristics 

 Mean (SD) Median Min-Max 

 
TOTAL 
(n=28) 

METS 
(n=23) 

TOTAL 
(n=28) 

METS 
(n=23) 

TOTAL 
(n=28) 

METS 
(n=23) 

No. Of 
Fractions 

1 1 1 1 n.a. n.a. 

Prescription 
Dose (Gy) 

18.56 (1.9) 19.00 (1.0) 19.00 19.00 13-20 16 - 20 

PTV (cm3) 2.1 (2.6) 2.35 (2.8) 1.45 1.50 0.19 - 11.02 0.20 - 11.02 

GTV (cm3) 2.06 (2.6) 2.35 (2.8) 1.36 1.50 0.19 - 11.02 0.20 - 11.02 

Dose min (Gy) 17.58 (1.8) 17.87 (1.2) 17.8 17.90 11.7 - 20 15.51 - 20.00 

Dose max (Gy) 26.1 (2.9) 26.76 (1.9) 27.08 27.10 18.1 - 29 21.17 - 28.57 

Coverage (%) 98.4 (2.0) 98.3 (2.1) 99.1 99.11 92 - 100 92 - 100 

Last CK-RS-to-
PET interval 
(mo.) 

12.96 (7.3)  11.46 (5.8) 10.00 9.00 4 - 35 4 - 23 

Last MRI-to-
PET interval 
(mo.) 

0.55 (0.2) 0.51 (0.3) 0.49 0.49 0.23 - 1.02 0.23 - 1.02 

WBRT-to-PET 
interval (mo.) 

25.43 
(16.1) 29.25 (8.6) 28.16 29.26 2.3 - 47 16.95 - 40.18 

No of CK-RS treatments before FET-PET 
TOTAL 
(n=28) 

METS 
(n=23) 

1 24 (85.7%) 19 (82.6%) 

2 4 (16.7%) 4 (17.4%) 

Results are presented for all lesions analyzed (TOTAL) and and the subset of metastatic lesions (METS). SD = standard 

deviation, Gy = Gray, PTV = planning tumor volume, GTV = gross tumor volume, CK-RS = CyberKnife® radiosurgery, 

PET = positron emission tomography, mo. = months, MRI = magnetic resonance imaging, WBRT = whole brain 
radiotherapy. Adapted from the original publication of Lim et. al. (1) 

The interval between CK-RS and dynamic 18F-FET-PET/CT was shortest (4 months) in 

patients with brain metastasis from breast cancer (Table 5). The interval between the last 

CK-RS and dynamic 18F-FET-PET/CT varied the least in malignant melanoma (11 

months), while there was a relatively wide range for other primaries. The range was 

widest for ependymoma with a min-max range of 9-35 months.  
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Table 5. CyberKnife-to-18F-FET-PET intervals in months by primary tumor 

Primary Tumor No of 
Patients 

No of 
Lesions 

Mean Interval 
(SD) 

Median 
Interval Min-Max 

Ependymoma 1 3  21.3 (13) 20 9-35 

PTPR 1  2 15.5 (9.2) 15.5 9-22 

Non-small-cell 
lung cancer 2 3 15.3 (8) 20 6-20 

Breast cancer 9 18 11.1 (5.8) 8.5 4-23 

Malignant 
melanoma 1  2 11 (0.0) 11 11-11 

SD = Standard deviation, PTPR = Papillary tumor of the pineal region. Three lesions without tracer uptake in PET 
(metastasis from breast and lung cancers) are not included in the table. 

One patient with non-small-cell lung cancer had one PET-active brain lesion, which was 

included in quantitative analysis, and one PET-inactive brain lesion, which was excluded 

from quantitative analysis. Two further patients each had one PET-inactive lesion, 

amounting to a total of 3 lesions with suspicious MRI findings that appeared inactive in 

the 18F-FET-PET examination. These three lesions were excluded from quantitative 

parameter analysis and were only qualitatively analyzed. 
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3.2. Results of Data Analysis  

3.2.1. Static 18F-FET-PET/CT Parameters 

Maximum Tumor-to-Background Ratio 

In both TOTAL (n = 28) and METS (n = 23), TBRmax was normally distributed in the 

radionecrosis subset and the recurrent tumor subset (Shapiro-Wilk test). TBRmax tended 

to be higher in recurrent tumor than in radionecrosis in both TOTAL and METS (Tables 6 

and 7). 

Mean Tumor-to-Background Ratio 

In both TOTAL and METS, TBRmean was normally distributed in the radionecrosis subset 

but not normally distributed in the tumor recurrence subset (Shapiro-Wilk test). Similar to 

TBRmax, TBRmean tended to be higher in recurrent tumor than in radionecrosis (Tables 6 

and 7). 

 

Table 6. Results for static and dynamic 18F-FET-PET parameters in the whole study 

population (TOTAL)  

TOTAL (n = 28) 

 Tumor (n = 20)* Radionecrosis (n = 8)*  

 Mean (SD) 95% CI Median Mean (SD) 95% CI Median p-value** 

TBRmax 5.8 (2.6) (4.6; 7.0) 5.5 4.3 (2.0) (2.6; 5.9) 3.8 0.15 

TBRmean 3.0 (1.4) (2.4; 3.7)  2.6 2.3 (0.7) (1.7; 2.9) 2.1 0.12 

TTP (min) 9.6 (6.8) (6.4; 12.8) 7.3 16.7 (14.2)  (4.8; 28.5) 7.3 0.82 

*Reference diagnosis.**t-test for TBRmax, Mann-Whitney U-test for TBRmean and TTP. SD = Standard deviation, CI = Confidence 
interval, TBR = Tumor-to-background ratio, TTP = Time to peak, min = minutes 
 

  



40 

 

 

 

Table 7. Results for static and dynamic 18F-FET-PET parameters in the metastasis group 
(METS) 

METS (n = 23) 

 Tumor (n = 16)* Radionecrosis (n = 7)*  

 Mean 
(SD) 95% CI Median Mean (SD) 95% CI Median p-

value** 

TBRmax 5.3 (2.1) (4.2; 6.5) 5.0 3.8 (1.5) (2.4; 5.2) 3.5 0.01 

TBRmean 2.6 (0.66) (2.3; 3.0) 2.4 2.1 (0.5) (1.6; 2.6) 2.0 0.10 

TTP (min) 8.3 (3.4) (6.5; 10.1) 7.3 13.7 (13.1) (1.6; 25.9) 7.3 0.58 

*Reference diagnosis. **t-test for TBRmax, Mann-Whitney U-test for TBRmean and TTP. SD = Standard deviation, CI = Confidence 
interval, TBR = Tumor-to-background, TTP = Time to peak, min = minutes 

 

A histological diagnosis was available for 7 lesions (6 recurrent tumors and 1 

radionecrosis).  In this subset, median TBRmax was 4.6 for recurrence and 2.3 for 

radionecrosis. Median TBRmean was 2.8 and 1.9, respectively (Table 8). 

Table 8. Results for static and dynamic 18F-FET-PET parameters in 7 lesions with 
histology 

HISTOLOGY (n = 7) 
 Tumor (n = 6)* Radionecrosis (n = 1)* 
 Mean (SD) 95% CI Median n/a 

TBRmax 5.4 (2.4) (2.9; 8.0) 4.6 2.3 

TBRmean 2.9 (0.6) (2.2; 3.5) 2.8 1.9 

TTP (min) 7.5 (1.6) (5.8; 9.1) 7.3 35.3 

*Histological (reference) diagnosis. p-value is not applicable due to n = 1 in radionecrosis. SD = Standard deviation, CI = Confidence 
interval, TBR = Tumor-to-background ratio, TTP = Time to peak, min = minutes 
 

ROC analyses were performed to identify possible cut-off values for maximum and mean 

TBR as diagnostic PET parameters. The best cut-off values were 4.12 for TBRmax and 

2.13 for TBRmean for both TOTAL and METS. These cut-off values had only 70% 

sensitivity with 62.5% specificity for TBRmax and 75% sensitivity with 62.5% specificity for 

TBRmean in TOTAL. In METS, these cut-off values had 62.5% sensitivity and 71.4% 

specificity for TBRmax and 68.8% sensitivity with 71.4% specificity for TBRmean. Both 

parameters had suboptimal to low diagnostic power in TOTAL and METS with an area 

under the curve (AUC) < 0.75 and p >0.05 (Figure 6).  
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Figure 6. ROC curve of TBR values in TOTAL and METS  

The table below the curves lists the best tumor-to-background ratio (TBR) cut-off values derived from the curves with their corresponding diagnostic values, areas under the curve 

(AUC), 95% confidence intervals (CI), and p-values.

  Cut-Off Value Sensitivity Specificity AUC 95% CI p-value 

TOTAL 
TBRmax 4.12 70% 62.5% 0.68 0.46 - 0.91 0.14 

TBRmean 2.13 75% 62.5% 0.69 0.47 – 0.91 0.12 

METS 
TBRmax 4.12 62.5% 71.4% 0.71 0.47 – 0.94 0.12 

TBRmean 2.13 68.8% 71.4% 0.72 0.50 – 0.94 0.10 
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3.2.2. Dynamic 18F-FET-PET/CT Parameters 

In dynamic 18F-FET-PET/CT examinations, the time-activity curve (TAC) and time to peak 

(TTP) reflect tracer uptake over time, providing further information for lesion 

characterization.  

Time to Peak 

TTP values were not normally distributed (Shapiro-Wilk test). No difference was found in 

median TTP values between recurrent tumor and radionecrosis in either TOTAL or METS 

(median = 7.3). Mean TTP was shorter in recurrent tumor than in radiation necrosis in 

both TOTAL and METS (Tables 6 and 7).  

The six histologically confirmed recurrent tumor lesions had a mean TTP of 7.5 min and 

a median TTP of 7.3 min, and the one histologically confirmed radiation necrosis had a 

TTP of 35.3 min (Table 8).  

ROC analysis performed to identify possible cut-off values for TTP yielded 25.3 min for 

both TOTAL (95% sensitivity and 37.5% specificity) and METS (100% sensitivity and 

28.6% specificity). AUCs were < 0.55, and p-values were not significant (Figure 7).
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Figure 7. ROC curve of TTP values in TOTAL and METS  

The table below the curves lists the best time to peak (TTP) cut-off values derived from the curves with their corresponding diagnostic values, areas under the curve (AUC), 95% 

confidence intervals (CI), and p-values. 

 Cut-Off Value Sensitivity Specificity AUC 95% CI p-value 

TOTAL 25.3 min 95% 37.5% 0.53 0.25 - 0.81 0.82 

METS 25.3 min 100% 28.6% 0.42 0.11 – 0.74 0.57 
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Time-Activity Curve Patterns  

Three types of TAC patterns were found in the study population and are illustrated in 

Figure 8: continuously ascending curve (TAC I), ascending curve followed by a plateau 

(TAC II), and ascending curve followed by descending curve and long plateau (TAC III).  
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In the TOTAL group of 28 lesions, 5 (18%) had TAC pattern I, 15 (54%) had TAC pattern 

II, and 8 (29%) lesions had TAC pattern III (Table 9a.). In the METS group of 23 lesions, 

4 (17%) had TAC pattern I, 11 (48%) TAC pattern II, and 8 (35%) lesions had TAC pattern 

III (Table 9b). The six histologically confirmed tumor lesions had TAC pattern II or III, and 

the one histologically confirmed radionecrosis had TAC I (Table 9c and 10). 

Overall, TTP was longer in the radionecrosis group (TAC I) than in the recurrent tumor 

group (TAC II or III) (Table 9a-c). Mean TTP values of histologically confirmed tumor 

lesions did not differ much (8 min for TAC II vs. 7 min for TAC III, respectively; Table 9c). 

There was a significant difference in TTP distribution across the three TAC patterns in 

the TOTAL group (p < 0.05) but not in the METS group (p > 0.10). The post-hoc Dunn-

Bonferroni test showed that this difference in TOTAL was only between TAC I and TAC 

III (p = 0.004 with a large effect size of 0.88 according to Cohen (107)) with median values 

of 35.3 min for TAC I vs. 6.8 min for TAC III and mean values of 28.7 min for TAC I vs. 
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Figure 8. Examples illustrating the three TAC patterns found in the study population  
TAC I: continuously ascending curve.  
TAC II: steep ascent with slow descent 
TAC III: steep ascent followed by small descent and long plateau. 
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6.8 min for TAC III. Other pairwise comparisons in TOTAL (TAC I vs. TAC II and TAC II 

vs. TAC III) revealed no significant differences.  

 

Table 9. Distribution of TAC patterns and TTP values 

a. 
TOTAL (Σ n = 28) 

 n (%) TTP Mean (SD) TTP Median Min-Max 

TAC I 5 (18%) 28.7 (12.2) 35.3 7.3-35.3 

TAC II 15 (54%) 8.5 (3.5) 7.3 5.3-20.3 

TAC III  8 (29%) 6.8 (1.3) 6.8 5.3-9.3 

b. 

METS (Σ n = 23) 

 n (%) TTP Mean (SD) TTP Median Min-Max 

TAC I  4 (17%) 19.6 (15.5) 18.8 5.3-35.3 

TAC II  11 (48%) 8.8 (4.0) 7.3 5.3-20.3 

TAC III   8 (35%)  6.8 (1.3) 6.8 5.3-9.3 

c. 
HISTOLOGY (Σ n = 7) 

 n (%) TTP Mean (SD) TTP Median Min-Max 

TAC I 1 (14%) 35.3* 

TAC II 3 (43%) 8.0 (1.2) 7.3 7.3-9.3 

TAC III  3 (43%) 7.0 (2.1) 6.3 5.3-9.3 

* no mean, median or min-max values available due to n = 1.  

Adapted from the original publication of Lim et. al. (1) 
 
3.2.3. Diagnostic Accuracy 

The ROC analysis results presented in Sections 3.2.1 and 3.2.2 identified no significant 

cut-offs with high diagnostic power. We therefore used published cut-off values with 

proven high diagnostic accuracy to assess the diagnostic performance of static and 

dynamic 18F-FET-PET parameters in our study population. We used the parameter 
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combination published in Galldiks et al., 2012 (TBRmean > 1.95 combined with TAC II or 

III and TTP ≤20 minutes as cut-off values for tumor) (89).  

In our small study population, 18F-FET-PET/CT correctly diagnosed all 7 lesions for which 

histological reference diagnoses were available (Table 10). 

Table 10. Cross-tabulation between histology reports (n = 7) and 18F-FET-PET/CT 

findings 

  Histology 
Total 

  Tumor Radionecrosis 

18F-FET-PET/CT 
Tumor 6 0 6 

Radionecrosis 0 1 1 

Total 6 1 7 

In the TOTAL group (n = 28), the pre-test probability of correctly differentiating a 

suspicious lesion was about 71% with pre-test odds = 2.5 (Table 11). In this group, 80% 

sensitivity, 38% specificity, and 68% accuracy were reached when the static parameter, 

TBRmean, was used as the only diagnostic parameter, yielding a positive likelihood ratio 

(LR+) of 1.28 and a negative likelihood ratio (LR-) of 0.53. For the TAC pattern alone, 

accuracy was 82% with 95% sensitivity, 50% specificity, LR+ = 1.90, and LR- = 0.10. For 

TTP alone, accuracy was 79% (95% sensitivity, 38% specificity 38%, LR+ = 1.52, LR- = 

0.13).  

In the METS group (n = 23), pre-test probability was approximately 70% with pre-test 

odds of 2.3, which is comparable to the TOTAL group (Table 11). TBRmean alone achieved 

an accuracy of 65% (75% sensitivity, 43% specificity, LR+ = 1.31, LR- = 0.58). TTP alone 

had 74% accuracy (94% sensitivity, 29% specificity, LR+ of 1.31 and LR- of 0.22. The 

TAC pattern alone resulted in 87% accuracy (100% sensitivity, 57% specificity, LR+ of 

2.33 and LR- of 0.00). 

In addition, various combinations of static and dynamic parameters were analyzed (Table 

11). In TOTAL, the combination of TBRmean and TAC pattern had 71% accuracy (75% 

sensitivity, 63% specificity, LR+ of 2, LR- 0.40) and post-test probability of 83%, 

corresponding to a 12% improvement in diagnostic probability (difference of pre- and 
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post-test probability). In the METS, the combination of these two parameters achieved 

74% accuracy (75% sensitivity, 71% specificity, LR+ 2.63, LR- 0.35) and a post-test 

probability of 86%, corresponding to a 16% improvement in diagnostic probability. For the 

combined use of three parameters - TBRmean, TAC pattern, and TTP – similar post-test 

diagnostic probabilities of 82% and 83% were achieved, corresponding to improvements 

in diagnostic probability by 11% for TOTAL and 13% for METS (Table 11). 

Overall, use of dynamic 18F-FET-PET/CT parameters resulted in better accuracy values 

(Figure 9). TBRmean alone had 68% and 65% accuracy in TOTAL and METS, respectively. 

Once dynamic parameters were used, any kind of combination increased accuracy. The 

highest accuracies of 82% in TOTAL and 87% in METS were achieved using the TAC 

pattern as the only diagnostic parameter. Combined static and dynamic parameters 

(TBRmean, TAC, and TTP) resulted in 79% and 83% accuracy in TOTAL and METS, 

respectively.  
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Adapted from the original publication of Lim et al. (1) 

TOTAL (n = 28) 

Pre-Test Odds / Probability  2.5 / 71% 

 Sensitivity (95% CI) Specificity (95% CI) Accuracy (95% CI) LR+ (95% CI) LR- (95% CI) 

TBRmean 80% (56-94) 38% (9-76) 68% (48-84) 1.28 (0.72-2.29) 0.53 (0.15-1.87) 

TTP 95% (75-100) 38% (9-76) 79% (59-92) 1.52 (0.88-2.62) 0.13 (0.02-1.10) 

TAC 95% (75-100) 50% (16-84) 82% (63-94) 1.90 (0.94-3.83) 0.10 (0.01-0.76) 

TBRmean+TAC 75% (51-91) 63% (24-91) 71% (51-87) 2 (0.79-5.07) 0.40 (0.16-1.01) 

Post-Test Odds / Probability 5.0 / 83% 

TBRmean+TAC+TTP 90% (68-99) 50% (16-84) 79% (59-92) 1.80 (0.89-3.65) 0.20 (0.05-0.88) 

Post-Test Odds / Probability 4.5 / 82% 

METS (n = 23) 

Pre-Test Odds / Probability 2.3 / 69.6% 

 Sensitivity (95% CI) Specificity (95% CI) Accuracy (95% CI) LR+ (95% CI) LR- (95% CI) 

TBRmean 75% (48-93) 43% (10-82) 65% (43-84) 1.31 (0.65-2.65) 0.58 (0.17-1.95) 
TTP 94% (70-100) 29% (4-71) 74% (52-90) 1.31 (0.81-2.13) 0.22 (0.02-2.03) 
TAC 100% (79-100) 57% (18-90) 87% (66-97) 2.33 (0.99-5.49)  0.00 (n.a.) 

TBRmean+TAC 75% (48-93) 71% (29-96) 74% (52-90) 2.63 (0.79-8.76) 0.35 (0.13-0.92) 

Post-Test Odds / Probability 6.00 / 86% 

TBRmean+TAC+TTP 94% (70-100) 57% (18-90) 83% (61-95) 2.19 (0.92-5.19) 0.11 (0.01-0.81) 

Post-Test Odds / Probability  5.0 / 83% 

Table 11. Diagnostic performance results using single and combined static and dynamic PET parameters for all lesions (TOTAL) and 

metastatic lesions only (METS) 
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Figure 9.  Graphic representation of accuracy values of individual PET parameters and 

their combinations investigated for all brain lesions (TOTAL) and metastatic brain lesions 

(METS)  

3.2.4. 18F-FET-PET-Negative Lesions 

For the three suspicious lesions without tracer uptake in 18F-FET-PET/CT, qualitative 

analysis was performed. The first case is a glioblastoma, shown in Figure 10, that 

appeared suspicious in follow-up MRI but was 18F-FET-negative in the subsequent PET 

examination (Figure 10b). Further follow-up MRI examinations performed after PET 

showed increasing loss of enhancement of the suspicious area in contrast-enhanced 

images over time (Figure 10c-f), and the lesion was ultimately assumed to be a 

radionecrosis. The other two negative lesions, presented in Figures 11 and 12, nicely 

illustrate the challenges clinicians face in differentiating suspicious lesions. Despite the 

striking MRI appearance of the lesion (indicated by arrow) in Figure 11a, there was no 

tracer uptake in 18F-FET-PET (Figure 11b). The case in Figure 12 is of particular interest: 

in this patient with multiple brain metastases, the two lesions depicted in Figure 12d 

(dotted arrows) and the posterior right horn lesion in 12j (solid arrow) were treated in the 

same CK-RS session. However, they differed in terms of 18F-FET tracer uptake: whereas 

two lesions showed good tracer uptake, thus suggestive of viable tumor (Figure 12e), the 

other lesion (Figure 12j) was negative in the PET image (Figure 12k). This index case 

underlines the role of molecular imaging tracers and in vivo tumor characterization in PET 
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in differentiating viable tumor from radionecrosis in multiple lesions with the same 

treatment history.  

 
Figure 10. Patient with glioblastoma 

Serial contrast-enhanced MR images obtained after CK-RS with PET examination performed after detection of 

suspicious lesion in MRI: (a) and (c) – (f) are postcontrast T1-weighted MRI images, (b) is a PET image.  

CK-RS was performed on the tumor lesion near the corpus callosum/left lateral ventricle (arrow) in July 2015. MRI 

follow-up in September 2015 shows a suspicious lesion measuring about 2.6 cm (arrow in (a)). The lesion is 

metabolically inactive in the subsequent 18F-FET-PET examination (b). Repeat follow-up MRI shows less and less 

pronounced enhancement of the lesion over time, and the lesion is almost undetectable (arrow in (f)) in the last MRI 

from June 2016. The patient died in July 2016. Adapted from the original publication of Lim et. al. (1)  
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Figure 11. Patient with metastatic breast cancer  

Serial contrast-enhanced MR images obtained after CK-RS with PET examination performed after detection of 

suspicious lesion in MRI: (a), (c) – (f) are contrast-enhanced T1-weighted MR images, (b) is a PET image.  

Left frontal metastasis (arrow) was treated with CK-RS in June 2013. MRI follow-up in May 2014 (a) shows a suspicious 

lesion measuring 2.2 cm without uptake in the 18F-FET-PET examination (b). Over the course of follow-up, the patient 

developed new brain metastases. The left frontal lesion is seen to show increasingly more pronounced enhancement 

starting in May 2015 (e). The patient died in January 2016. Adapted from the original publication of Lim et. al. (1) 

12/14 09/15 05/14 18F-FET-PET/CT 06/14 08/14 05/15 

d f a b c e 
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Figure 12. Patient with metastatic lung cancer 
Serial contrast-enhanced MR images obtained after CK-RS with PET examination performed after detection of 

suspicious lesion in MRI: (e) and (k) depict PET acquisitions, the rest are post-contrast T1-weighted MRI images. Upper 

panel (a) – (f) shows two biparietal lesions (dotted arrows) over time. Lower panel (g) – (j) shows images from a more 

inferior plane taken at the same time points; the suspicious lesion in the lower panel is located posterior to the right 

posterior horn in (g) – (l) (white solid arrow).  

The patient had whole brain radiotherapy in March 2012. The two biparietal lesions (dotted arrows) in the upper panel 

and the right posterior horn lesion in the lower panel (solid arrows) were treated with CK-RS in March 2013. These three 

lesions appeared suspicious from as early as June 2013. The biparietal lesions in (a) – (f) show circumferential tracer 

uptake in PET (e), while the right posterior horn lesion does not (k). The patient developed new left parietal metastasis 

in January 2014 which increased in size (not shown). There was only one cMRI done after the PET-examination (f) and 

(l), showing the right posterior horn lesion to be relatively stable. The patient died in hospice care in February 2015, 

approximately one month after the last cMRI. Adapted from the original publication of Lim et. al. (1)  
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4. Discussion 

 Summary 

In this single-center study, the use of dynamic 18F-FET-PET parameters led to a slight 

improvement of all diagnostic accuracy parameters analyzed, as already reported in Lim 

et al. (1). Overall, there was no combination of diagnostic parameters that provided both 

high sensitivity and high specificity. Specificity was particularly low, and the highest value 

reached in the study population was only 63%. Accuracy was highest when tracer uptake 

over time (TAC pattern) alone was used for differentiation of recurrent brain tumors from 

radionecrosis. Specificity alone was slightly improved when static and dynamic 

parameters were combined. Compared with the diagnostic probability of standard follow-

up cMRI, post-test diagnostic probability of lesion differentiation using dynamic 18F-FET 

PET/CT increased by 12% when all brain lesions in the study population were analyzed 

and by 16% in the subset of metastatic brain lesions (1). While this improvement in brain 

lesion differentiation is minor, our results clearly demonstrate the reproducibility and 

applicability of published cut-off values for dynamic 18F-FET-PET parameters (88, 89, 98) 

in patients with primary and secondary brain lesions after CyberKnife treatment. All 18F-

FET-PET/CT diagnoses in the present study matched the histologic diagnoses available 

for 7 of the 28 lesions (25%) analyzed.  

 

 Study Population Characteristics 

Our patient population was heterogenous, including both primary (n = 5) and secondary 

brain tumors (n = 23) (1). Conversely, most studies conducted so far investigated only 

either brain metastases or primary brain tumors (80, 85, 88-91, 93, 94, 98). For better 

comparability of the present findings with published data, separate analyses were 

conducted for all (primary and secondary) brain tumors (TOTAL) and the subset of 

metastatic lesions only (METS). All analyses carried out yielded similar results for the two 

groups, TOTAL and METS, which is predominantly attributable to the very small number 

of primary brain tumors (n = 5) in our study population. 
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The distribution of primary tumors underlying brain metastases in this study population 

(i.e., breast and lung cancer and melanoma) is consistent with the five most common 

primary cancers known to metastasize to the brain, i.e., lung and renal cancer, melanoma, 

breast and colorectal cancer (6, 7). Breast cancer was the most common primary tumor 

in our study population (9 of 14 patients, 60%) and had the shortest interval between CK-

RS and dynamic 18F-FET-PET/CT. This aligns with known clinical data: firstly, brain 

metastases are most frequent in breast and lung cancer patients (4, 9). Secondly, patients 

with brain metastases from breast cancer tend to have a poorer prognosis than patients 

with non-small-cell lung cancer as well as lower Karnofsky scores and more additional 

systemic metastases in other body regions (108). 

The primary tumor entities (ependymoma and PTPR) in our study did not include 

glioblastoma – the most common primary brain tumor. This might be attributable to the 

exclusion criteria and the small size of the study population. Furthermore, patients with 

glioblastoma have short median survival estimates, ranging from around 7.5 to 17 months 

(109). SRS is a salvage treatment option for recurrent glioblastoma (110), and recurrence 

usually means a poorer prognosis. Posttherapeutic changes such as radionecrosis, 

however, may occur years after treatment. Thus, patients with glioblastoma might not 

have survived long enough to develop radionecrosis. 

The fact that differences did not reach statistical significance in our study is likely also 

attributable to the small study population. The only significant difference in PET 

parameters between recurrent brain tumor and radionecrosis was found for TBRmax in the 

METS group (p = 0.01) and for TTP between lesions with TAC I (radionecrosis) versus 

TAC III (recurrent brain tumor) patterns. Nevertheless, the results of the diagnostic 

accuracy tests still lead to the hypothesis that dynamic 18F-FET-PET/CT has comparative 

effectiveness in differentiating primary and secondary brain tumor recurrence from 

radionecrosis, supporting previously reported results for brain metastases and gliomas 

(85, 88-91, 93, 94). Further prospective studies investigating larger numbers of study 

population are needed to validate this hypothesis. 
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 CyberKnife® Treatment and Radionecrosis 

The most important factors contributing to the occurrence of radionecrosis include 

radiation dose, tumor volume, location of lesions within the brain, and fractionation. The 

incidence of radionecrosis can be as high as 50% in SRS treatment of brain metastases 

with a dose of 16 to 22 Gy. Single-dose radiotherapy has a radionecrosis rate of about 

20% vs. 8% for fractionated therapy (70, 111-115). In general, SRS has a higher risk of 

radionecrosis than other types of radiotherapy (16, 66-68). SRS works by focusing 

radiation beams from different angles on a target point, causing microvascular defects 

that affect both malignant and normal cells and lead to reactive changes such as tissue 

inflammation and vessel impermeability (116). Perifocal edema, with or without contrast 

enhancement in cMRI, is a common reactive change in the brain. Such changes often 

look very similar to malignant processes, thus rendering cMRI unreliable in differentiating 

tumor progression from radionecrosis. Moreover, these post-SRS reactive changes are 

often asymptomatic. The latency period between imaging changes and possible clinical 

symptoms adds to the challenges clinicians face in differentiating tumor recurrence from 

radionecrosis. Reactive changes in cMRI typically appear 6 to 8 months after SRS, 

though a longer time period of 23 months has also been reported (116-118). In our study, 

the longest interval between the last CK-RS session and the PET examination was 35 

months in TOTAL and 23 months in METS (1).  

Minniti et al. (2011) recommend fractionation to avoid post-treatment changes after SRS 

when the total brain volume irradiated with 12 Gy is larger than 8.5 cm3 (70). This 

recommendation is taken into account in routine clinical treatment planning in our 

department. In a study population most similar to ours, Zhuang et al. (2016) showed that 

the occurrence of radionecrosis after CyberKnife treatment of primary and secondary 

brain tumors was predominantly influenced by the biologically equivalent dose (BED), 

treatment fractionation, and previous WBRT. The authors found a BED threshold of 74 

Gy to be the most effective predictor of radionecrosis and recommended a maximum 

dose of 22.68 Gy as dose per session in patients undergoing unfractionated radiation 

(119). Mean BED in our study was below this threshold with approx. 43 Gy for TOTAL 

and 64 Gy for METS. All treatments in our study were unfractionated, and irradiated 

volumes were relatively small, with a median PTV of 1.5 cm3 in both TOTAL and METS 
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and a median GTV of 1.40 cm3 in TOTAL and 1.50 cm3 in METS. Mean PTV and GTV 

were 2.1 cm3 in TOTAL and 2.4 cm3 in METS. Mean and median prescription dose was 

19 Gy (range of 13-20 Gy in TOTAL and 16-20 Gy in METS), which is in the range of 

standard doses reported by other authors (70, 111, 114, 115, 119).  

Despite the limitations of our study, our findings provide valuable insights, especially in 

view of the fact that experience with the CyberKnife SRS system is still limited. Twelve 

centers have a CyberKnife system in Germany, and the system at the Charité was the 

first CyberKnife system installed in a teaching/university hospital in Germany (120-122). 

 

 Assessment of 18F-FET-PET Parameters   

As a molecular diagnostic imaging modality, PET detects conspicuous tracer uptake 

associated with pathological processes such as malignant tumors or inflammatory 

conditions. The amino acid tracer O-(2-[18F]fluoroethyl)-l-tyrosine (18F-FET) is an artificial 

amino acid tagged with 18F. With its high accumulation in brain tumors and low 

accumulation in inflammatory brain tissue, this tracer is widely used in PET examinations 

of brain tumor patients. Uptake of this tracer is also low in peripheral tumors, supposedly 

because of its specific transport mechanisms: 18F-FET tracer uptake relies on the amino 

acid transporter system, in particular the L-transporter system, which consists of many 

subtypes and transports neutral amino acids (123). This transport system is active at the 

blood-brain barrier and is stereospecific, meaning that it only allows transport of L-

isomers of 18F-FET (87); see Section 1.3.  

After intravenous injection, 18F-FET typically accumulates in brain lesions, rendering them 

visible in PET. Because malignant lesions and benign processes have different tracer 

uptake patterns, the uptake pattern or curve theoretically allows lesion characterization 

such as differentiation of recurrent tumor from radiation necrosis. This assumption was 

confirmed by the trends observed in our study, though we did not obtain statistically 

significant results. In our study, dynamic parameters only slightly improved the diagnostic 

accuracy of 18F-FET-PET/CT compared with static parameters. Accuracy was highest 

when only time-activity curves of tracer uptake over time were analyzed for differentiation 

(Figure 9). Combination with the additional dynamic parameter TTP did not improve post-
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test diagnostic probability (Table 11). It is therefore of interest to further investigate 

whether the TAC pattern alone may be sufficient for brain lesion differentiation in the 

clinical setting. 

However, identification of one of the three known TAC patterns is not always 

straightforward. In our study population, the typical TAC pattern III with a short and quick 

ascent followed by a steep descent and plateau described in previous publications (89, 

92) was not unambiguously identifiable. Instead, flatter descending patterns, often 

followed by a plateau, were more common. This explains the atypical example of TAC 

pattern III presented in Figure 8.  

There was no difference in median TTP between recurrent tumor and radionecrosis in 

the group of all brain lesions in our study population and the subset of metastatic brain 

lesions only, but mean TTP tended to be higher in radionecrosis, which is probably 

attributable to the high standard deviation. TTP ≥ 20 minutes was seen in 33% of 

radionecrosis lesions and 10% of recurrent tumors. In accordance with this distribution, 

ROC analysis of TTP yielded an atypical curve form with no reliable cut-off. Generally, 

there were mixed results for TTP distribution across TAC patterns, probably due to the 

small study population. Except for the pairwise comparison of TTP between TAC I and 

TAC III lesions in the group of all lesions, there was no significant TTP difference in other 

pairwise comparisons in TOTAL and no significant difference at all in METS. 

Nevertheless, TTP tended to be longer in TAC I lesions, or radionecrosis, than in 

malignant lesions with TAC II or III patterns. In their study from 2017, Unterrainer et al. 

concluded that, although cancerous lesions tend to have a TAC III tracer uptake pattern, 

there is high heterogeneity or variability in TAC patterns and TTP among metastases from 

different primary tumors, at least before treatment (124). This might explain why no 

reliable TTP cut-off values could be derived in our study or in the 2016 study of Romagna 

et al. (98). Along with the small study population, this might explain why our results 

possibly underestimate the true benefit of 18F-FET-PET. 

Another finding to be discussed is the occurrence of 18F-FET-negative lesions in our study 

population (Section 3.2.4., Figures 10-12) (1). The negative glioblastoma presented in 

Figure 10 had decreasing contrast enhancement in serial MRI follow-up, thus confirming 

the diagnosis made by PET. This case nicely illustrates that PET can still help in lesion 
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differentiation even when a lesion shows no tracer uptake, which is due to the principle 

of molecular imaging and thus the in vivo characterization of lesions. However, 

interpretation of the other two cases (Figures 11 and 12) was challenging. Due to 

progressive disease, the patients’ death, and the lack of further MR images, it is possible 

that either the suspicious lesions were initially tumor-free with recurrent tumor developing 

over time, or dynamic 18F-FET-PET/CT failed to detect tumor at the time of examination. 

Several studies have shown that brain tumors can be 18F-FET-negative, namely up to 

30% of low-grade gliomas and up to 5% of high-grade gliomas as well as secondary brain 

tumors (125-128). Unterrainer et al. found high variation in uptake intensity among 

untreated brain metastases from different primary tumors and 18F-FET negativity in small 

metastases (≤ 1.0 cm) from breast cancer and malignant melanoma (124). The three 

negative lesions in our study were larger than 1.0 cm in size and were a high-grade glioma 

and two metastatic lesions (from breast and lung cancer). In interpreting imaging findings, 

examiners must bear in mind that, after treatment of several brain lesions, a patient may 

have both, recurrent tumor and radionecrosis, in follow-up imaging. 

 

 Performance of Diagnostic Parameters 

Although 18F-FET-PET/CT correctly identified all seven histologically confirmed lesions in 

our study (Table 10), the best diagnostic accuracy achieved in this study was moderate 

with merely 75% sensitivity in both groups and specificity of 63% vs. 71%, LR+ 2.00 vs. 

2.63, LR- 0.40 vs. 0.35, and post-test probability 83% vs. 86% in TOTAL vs. METS, 

respectively. These are the diagnostic accuracy values achieved with the combined use 

of TBRmean and TAC pattern for lesion differentiation. In comparison, the highest 

published sensitivity and specificity in differentiating recurrent brain metastasis from 

radionecrosis were 95% and 93%, respectively – with a pooled sensitivity of 83% and 

pooled specificity of 89% (90, 91, 94, 96). As mentioned before, we performed the 

diagnostic accuracy tests using cut-off values derived from published data (Table 12). For 

TBRmean, we chose the cut-off of 1.95, which was successfully reproduced by Galldiks et 

al. (2012), Romagna et al. (2016), and Ceccon et al. (2017) (88, 89, 97, 98) The non-

significant cut-off for TBRmean of 2.13 identified in our ROC curve analysis is relatively 

close to the value we used. For TTP, we used 20 minutes as threshold based on Galldiks 
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et al. (89), as it is closest to our own non-significant TTP cut-off of 25 minutes. Conversely, 

Ceccon et al. used a TTP threshold of 32.5 minutes, while Romagna et al. could not 

derive a reliable TTP threshold either (88, 98). As can be seen from Table 12, Guffens et 

al. (2015) was the only other study with a sensitivity < 80%. Li et al. (2018) attributed this 

low sensitivity to a smaller variation in primary tumors underlying brain metastases 

compared to other studies (97). This explanation also holds true for our study, which 

included only two primary tumor entities, and for the study of Guffens et al. (2015) with 

three primary cancer entities (129). Ceccon et al. (2017) also investigated brain 

metastases from only three different primary cancers; however, their study population 

was twice as large as ours (88). Compared to all other studies compiled in Table 12, our 

study investigated the smallest total number of both patients and lesions.  

The highest published diagnostic accuracy was 100% sensitivity and specificity for glioma 

(88, 89, 97, 98). With only two patients with two different primary brain tumors and a total 

of 5 brain lesions in our study population, there was no point in doing a separate analysis 

for a primary brain tumor group (1).  

Post-test diagnostic probabilities improved by approximately 12% and 16% in TOTAL and 

METS, respectively. Analysis of pre-/post-test probabilities was carried out using the 

“prevalence” of lesions suspicious for tumor recurrence in our study population, which 

does not represent the actual prevalence of recurrent tumor and/or radionecrosis after 

CK-RS treatment in a general patient population. However, it is important to emphasize 

that our study was carried out to explore the benefit of dynamic 18F-FET-PET/CT in the 

differentiation of brain lesions after CK-RS and to estimate how much this index test could 

improve diagnostic probability in this particular patient population, building on the high 

diagnostic accuracies achieved with dynamic 18F-FET-PET/CT parameters in previous 

studies (19, 88-91, 93, 94, 97, 130).  
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Table 12. Overview of studies investigating 18F-FET PET/CT for differentiating radionecrosis and recurrent brain metastasis after 

radiotherapy 

Study Year 

Age 
Range / 
Median 

(y) 

Male/ 
Female 

Primary 
Cancer Treatment Patie

nts Lesions Study 
Design 

Median 
Follow-Up 
(Months) 

Standard 
Reference Cut-Off Values 

Diagnostic 
Accuracy 
(Se/Sp %) 

Galldiks et al. 
(89) 2012 17-70/53 

(mean) 5:26 

Lung, breast, 
renal, 
colorectal, 
skin, bone 

SRS, WBRT 31 40 P 12 H+CR 
TAC II and III + 
TBRmean > 
1.95 

95/91 

Guffens et al. 
(129) 2015 n.a. n.a. Breast, lung, 

head & neck n.a. 29 39 R n.a. H+C TAC II and III vs. 
TAC I 69/86 

Romagna et al. 
(98) 2016 61.9 11:11 

 Lung, breast, 
renal, 
gastrointenstin
al, skin 

SRS, SBT 22 34 P 28.3  H+CR 

Descending 
TACs + 
TBRmax > 2.15 
+ TBRmean > 
1.95 

93/84 

Ceccon et al. 
(88) 2017 17-78/55 

(mean) 14:48 Lung, breast, 
mixed cancer 

SRS, WBRT, 
EFRT, 
brachytherap
y 

62 76 R 16  H+CR 
TBRmean > 
1.95 + presence 
of TAC slope < 
0.37 SUV/h 

83/93 

Lim et al. 2022 16-79/52  2:12 

Breast, lung, 
skin, 
(ependymoma, 
PTPR) 

SRS– 
CyberKnife, 
WBRT 

12 (2) 23 (5) R 9  H+CR 
TAC II and III + 
TBRmean > 
1.95 * 

75/71 

This table is modified from Li et al., 2018 (97) and partially adapted from Lim et. al. (1) 
 
*Cut-off value taken from three published studies (bold in the table) due to non-significant TBRmean cut-off of 2.13.  
 
Abbreviations 
SRS: stereotactic radiosurgery, WBRT: whole brain radiotherapy, SBT: stereotactic iodine-125 brachytherapy, EFRT: external fractionated radiotherapy, P: prospective, R: retrospective, H+CR: 
histology+ clinicoradiological findings, H+C: histology + clinical TAC: time-activity curve, TBR: tumor-to-background ratio, SUV: standard uptake value, Se: sensitivity, Sp: specificity, n.a.: not 
applicable, PTPR: papillary tumor of pineal region. 
Note 
For comparability, the data for our study in the last row are for the METS group only (with results for primary brain tumors in gray in brackets).  
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 Limitations 

Major limitations of this study include its single-center and retrospective design, a small 

number of patients, and the lack of sample size calculation, making this study 

underpowered for statistical analysis. Thus, this is a hypothesis-generating study (1). 

Since the installation of a PET/MRI system in our institution, PET/MRI has replaced 

PET/CT for differentiation of recurrent brain tumor and radionecrosis because of its 

superiority in terms of tissue contrast and brain lesion characterization. Therefore, it was 

not possible to recruit more patients for our study.  

Although some patients had multiple lesions, we treated each lesion as an individual data 

point (1). This is the usual procedure in neuro-oncological studies, although such cases 

are essentially dependent cases and should not be treated as purely individual data 

points. This issue should be addressed with appropriate methodology in future studies. 

This limitation might have affected our significance results, because significance tests are 

supposed to be done in either dependent or independent data, and not in mixed data as 

in our study. Confidence intervals were therefore always presented in the analyses to 

derive estimates. While providing information on statistical significance, confidence 

intervals are less prone to misinterpretation related to sample size than p-values. In 

addition, confidence intervals are less dependent on statistical assumptions.  

Despite the limitations just outlined, this small retrospective pilot study still provides 

essential information regarding the differentiation of tumor recurrence from radionecrosis 

using dynamic 18F-FET-PET/CT after robotic radiosurgery. Interest in experience with 

CyberKnife radiosurgery is likely to increase with the wider use of this system. To our 

knowledge, this is the first dynamic 18F-FET-PET/CT study investigating this specific 

patient population. We hope this study can help in the planning of future studies or meta-

analyses to confirm or disprove the results presented here. 

  

5. Conclusion and Outlook 

In our analysis, dynamic 18F-FET-PET/CT improved post-test diagnostic probability by 

12%-16% in patients with suspected recurrent brain lesions after high-precision image-

guided robotic stereotactic radiosurgery (CyberKnife®). This improvement was 

accomplished using a published cut-off value of TBRmean > 1.95 and dynamic 18F-FET-
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PET parameters. Diagnostic accuracy was only moderate, with high sensitivity but low 

specificity. Accuracy was highest when time-activity curve (TAC) patterns were used as 

the only diagnostic parameter. Evaluation of TAC patterns alone as the best diagnostic 

parameter holds promise for improving accuracy and, if confirmed, might reduce the need 

for quantitative measurement of parameters such as TBR in the clinical setting. Larger 

prospective studies are warranted to validate our findings.  
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