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Abstract

Aim—AV-1451 is an imaging agent labeled with the positron-emitting radiolabel Fluorine-18. 

18F-AV-1451 binds paired helical filament tau (PHF-tau), a pathology related to Alzheimer’s 

disease. In our study of AV-1451 uptake in the brains of cognitively normal subjects, we noted a 

case of a meningioma with visually significant uptake of AV-1451.

Objective—We initiated the present retrospective study to further examine cases of meningioma 

that underwent AV-1451 imaging.

Methods—We searched the patient records of 650 patients who had undergone AV-1451 at our 

institution for the keyword “meningioma” to identify potential cases. PET/CT and MRI results 

were visually reviewed and semi-quantitative analysis of PET was performed. A paired student’s t 
test was run between background and tumor standard uptake values. Fisher’s exact test was used to 

examine the association between AV-1451 uptake and presence of calcifications on CT.

Results—We identified 12 cases of meningioma, 58% (7/12) of which demonstrated uptake 

greater than background using both visual analysis and tumor-to-normal cortex ratios (T/N + 

1.90 ± 0.83). The paired student’s t test revealed no statistically significant difference between 

background and tumor standard uptake values (p = 0.09); however, cases with a T/N ratio greater 

than one showed statistically higher uptake in tumor tissue (p = 0.01). A significant association 

was noted between AV-1451 uptake and presence of calcifications (p = 0.01).

Conclusion—AV-1451 PET imaging should be reviewed concurrently with anatomic imaging to 

prevent misleading interpretations of PHF-tau distribution due to meningiomas.
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Introduction

The imaging agent 18F AV-1451 (T807) binds paired helical filament tau (PHF-tau), a 

protein associated with Alzheimer’s disease (AD) for visualization in PET imaging [1–4]. 

The development of AV-1451 comes in response to developments in AD research that 

implicate tau accumulation as an important progressive pathology of the disease [1, 5–7]. 

Autoradiography of human brain samples indicates significant co-localization of AV-1451 

and PHF-tau immunohistochemistry in adjacent sections and high selectivity for PHF-tau 

over amyloid-β plaques which show similar pathology [1, 8, 9]. Tau accumulation as 

indicated by AV-1451 is associated with cognitive deficits attributed to specific regions of 

the brain [5]. Off-target binding of AV-1451 in-vitro is negligible as assessed with a panel of 

72 common CNS targets [1], but is more predominate in ex-vivo autoradiography samples 

[8, 9]. Non-target binding in-vivo is increasingly reported and constitutes a vital area of 

research as AV-1451 imaging progresses to clinical use.

Meningiomas are the most commonly reported primary brain tumor in the United States 

[10]. Roughly 90% of meningiomas are benign, implicating resection only in situations, 

where clinical symptoms are significant [11–13]. The remaining 10% of meningiomas 

are more aggressive, or in rare cases, malignant [12–14]. Meningiomas are commonly 

diagnosed through contrast-enhanced or unenhanced CT imaging and MR imaging, often 

as incidental findings [11]. On CT, meningiomas typically appear hyperdense or isodense 

to surrounding cortical tissue [15]. On MRI, meningiomas are isointense or mildly 

hypointense, but typically enhance with gadolinium [15]. Some meningiomas demonstrate 

visual calcification on imaging, improving visualization [16]. Positron-emission tomography 

(PET) of meningiomas is less common; however, [18F] Fludeoxyglucose (FDG) imaging 

provides an option for determining the aggressiveness of malignant tumors [11, 17, 18]. 

[68Ga] DOTATOC imaging provides superior contrast of tumor margins for pre-operative 

planning of resection, but is not specific to meningiomas [19, 20]. [11C] methionine 

(MET) is equally non-specific to meningioma, but provides superior identification of 

primary brain tumors and recurrence of tumors as compared to FDG [20–23]. Dynamic 

acquisition and analysis of MET uptake increase the differential diagnosis capabilities of 

the tracer as dynamic decreases of the maximum T/N ratio are noted in meningiomas but 

not glioblastomas or lymphomas [24]. Additional experimental PET tracers are generally 

non-specific to meningiomas and presently do not increase diagnostic confidence [19, 20, 

23, 25–36].

In the process of reviewing AV-1451 scans from ongoing research studies, we incidentally 

identified significant uptake of AV-1451 in a meningioma. We hypothesize that additional 

cases of meningioma will show similar uptake. The present study was initiated to 

retrospectively examine AV-1451 uptake in meningiomas to determine the characteristics 

of the tracer in meningiomas of various sizes and types.
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Methods

Case selection

Cases were selected from a cohort of 650 patients who had volunteered for a research 

imaging study with the radiotracer AV-1451. All patients signed proper informed consent 

for research imaging and the research trial was approved by the Institutional Review Board 

of the institution. The medical records of the 650 patients were searched for the keyword 

“meningioma”. Patients were included in the present study if they were found to have a 

meningioma on anatomic imaging.

Imaging protocols

The day prior to the imaging study, water consumption was encouraged to induce more rapid 

clearance of the radioisotope. Subjects were injected with 370 ± 37 MBq of 18F-AV-1451 

intravenously. Imaging was delayed for 80–100 min following injection to allow for uptake 

of the radiotracer. PET/CT scans were then acquired on the GE Discovery RX or Discovery 

690XT (General Electric Healthcare; Waukesha, WI, USA) cameras. CT images were 

reconstructed in a transaxial slice orientation with a slice thickness of 3.75 and interval of 

3.27 or 1.96 mm depending on the scanner. Forty-seven or seventy-nine slices were obtained 

again dependent on the scanner and interval used. For CT imaging, kVp was 120 and mA 

was 35–40. On PET, four frames of 5 min each were obtained to correct for patient motion 

and were summed. A 3D OSEM iterative algorithm was used for reconstruction and a 5.0 

mm post-filter was applied. Attenuation correction was measured using the CT obtained 

prior to PET. MRIs were performed at 3 T using an eight-channel phased array coil on all 

participants. MRI methods have been previously described [37].

Radiosynthesis of AV-1451
18F-AV-1451 was produced by the radiopharmacy at Mayo Clinic in Rochester, MN 

following the protocols previously described [8].

Image analysis

Non-contrast MR images obtained for study purposes were interpreted by a CAQ-certified 

neuroradiologist prior to the initiation of the retrospective review. Additional diagnostic 

MRI examinations with intravenous contrast were reviewed when available. Probable 

meningiomas were confirmed by consensus. Tumor measurements were made with the 

OsiriX Open-Source PACS Workstation, 64-bit version 7.5 (Pixmeo; Geneva, Switzerland). 

MR scans were compared along-side PET/CT in cases, where meningiomas were difficult to 

identify on CT.

PET/CT scans were reviewed visually for uptake greater than background and quantified 

with the AW VolumeShare 2 software (General Electric Healthcare; Waukesha, WI, USA). 

Calcification was visually assessed using CT. Existence of meningioma was informed, but 

the presence of calcification on CT was blinded. The maximum standard uptake value 

(SUVmax) was determined in the meningioma and a randomly selected region of interest 

(ROI) in normal brain tissue in the occipital region of the same slice as the meningioma 

ROI. A circular ROI was drawn to encompass the entirety of the meningioma to assess 
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tumor SUVmax. The ROI was then translated to normal cortical tissue in the same slice for 

assessment of the normal SUVmax. Axial slices were visually selected based on the greatest 

uptake with multiple slices sampled to quantitatively confirm the maximum uptake. ROIs 

were set by one individual (TJB) under the guidance of an experienced nuclear medicine 

physician (VJL). Tumor-to-normal tissue ratios (T/N) were also calculated for standardized 

comparison. A T/N ratio greater than one was considered positive for AV-1451 uptake. 

SUVmax was calculated by the AW VolumeShare 2 software using the following method: 

SUVmax = [Max ROI activity (MBq/g)]/[Injected dose (MBq)/body weight in grams].

Autoradiography and immunohistochemistry

Post-mortem samples of meningiomas were selected from the Mayo Clinic Brain Bank. 

Samples obtained were from patients who were not scanned in the PET/CT trial, no 

such samples were available. AV-1451 autoradiography and PHF-tau immunohistochemistry 

(IHC) were performed as previously described on six samples of meningioma [8]. A 

standard hematoxylin and eosin (H&E) stain was also evaluated for calcified areas of 

interest.

Statistical analysis

A one-tailed, paired student’s T test was performed to assess variance between tumor and 

background SUV maximums. Fisher’s exact test was performed to examine the association 

between AV-1451 uptake and the presence of calcification.

Results

Twelve cases of meningioma were selected following the medical record search. Subjects 

were on average 75 years at the time of AV-1451 scanning (range 54–83). Five were male 

and seven were female. One subject (case 11) was diagnosed with amnestic mild cognitive 

impairment, while all others were cognitively normal. Biopsy diagnosis was not performed 

on any of the meningiomas. Detailed subject information is noted in Table 1.

All cases were hypointense or isointense on non-contrast T1-weighted MR imaging. The 

vast majority of tumors were isointense or hypointense on T2-weighted images, with the 

exception of a single tumor (Case 6) which was mildly T2 hyperintense. No hyper-intensity 

or edema in surrounding brain tissue was noted in any cases.

Seven cases demonstrated visual evidence of AV-1451 uptake by the meningioma and 

observably greater SUV maximum values (58%) (Fig. 1). Five cases showed no uptake 

in the meningioma with SUV maximums lower than background (Fig. 2). All cases of 

positive visual uptake also noted calcifications on CT imaging, while only one case negative 

for visual uptake noted calcifications. Upon statistical analysis using Fisher’s exact test, 

a significant association between AV-1451 visual uptake and calcification was noted (p = 

0.01). Table 1 includes all SUVmax data and visual assessment results. A paired student’s t 
test revealed no significant differences in SUV maximum as compared to background ROIs 

(p = 0.09); however, for the seven tumors with T/N ratios greater than one, the paired t 
test results were significant (p = 0.01) indicating significantly greater uptake in tumor as 
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compared to background. The average T/N ratio for all cases was 1.43. In the group of 

meningiomas that visually demonstrate stronger binding, the average T/N ratio was 1.9.

Tissue samples from six post-mortem cases were examined; three were highly calcified 

and three showed minimal calcification. No cases entirely devoid of psammoma bodies 

(indicative of calcification) were available. Calcifications observed on H&E were co-

localized with stronger binding in autoradiography images by visual comparison. PHF-Tau 

staining revealed negligible binding in all samples. Figures 3, 4, 5 depict three representative 

cases for a correlative comparison.

Discussion

Visually observable uptake of AV-1451 was seen in over half of meningiomas. This finding 

is essential to consider when performing quantitative analysis of AV-1451 images in brain 

regions, where meningiomas are present. When performing regional AV-1451 analysis, 

especially when using MRI templates or other non-individual ROI segmentation methods, 

uptake of AV-1451 in meningiomas within a region may lead to improper characterization 

of AV-1451 uptake as spuriously representing pathologic PHF-tau in the brain region. 

Group uptake in meningiomas by SUV analysis was not significantly higher than normal 

background uptake; however, the sub-group demonstrating visual hyper-intensity did show 

significantly higher uptake. This is of particular interest as quantitative analysis of AV-1451 

imaging develops.

Meningiomas are effectively diagnosed through CT and MR imaging particularly when 

calcification is present. Given the strong correlation between AV-1451 uptake and calcified 

meningiomas in the present study, the potential for AV-1451 to improve meningioma 

diagnosis is limited. In addition, MET and DOTATOC imaging provides superior 

visualization of tumor margins with dynamic MET imaging also providing some differential 

diagnostic capabilities; limiting any added benefit from AV-1451 imaging of meningioma. 

While AV-1451 is not effective for the characterization of meningiomas, it is an interesting 

source of off-target binding. The mechanism of AV-1451 uptake by meningiomas is not 

easily elucidated. Meningiomas are not known to accumulate tau protein, particularly that of 

AD origin [38]. Post-mortem immunostaining of 15 cases of meningioma for tau revealed 

no immunoreactivity within tumor margins which is consistent with our findings in six 

cases of meningioma [38]. One case of positive staining was previously recorded with 

the cerebral tissue surrounding and compressed by the meningioma staining darkly for tau 

but still lacked tau infiltration into the meningioma [38]. The presence of PHF-tau within 

meningiomas does not appear to be a viable explanation of the off-target binding that we 

have noted.

It is possible that meningiomas present with paired helical filaments of other proteins or 

other crystalline structures similar to those noted in AD that may serve as surrogates for 

AV-1451 binding. All seven cases positive for AV-1451 uptake demonstrated calcification 

on CT image analysis, suggesting that calcifications may provide the crystalline structure 

necessary for AV-1451 binding. Autoradiographic and H&E analysis of meningioma slices 

supports this hypothesis as calcifications were co-localized with elevated AV-1451 binding 
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but not with PHF-tau IHC reactivity. Previously reported post-mortem autoradiographic 

evaluation of AV-1451 in brain samples from Alzheimer’s disease cases indicated off-target 

binding in calcifications located in the choroid plexsus further supporting this conjecture 

[8]. One case that was negative for AV-1451 uptake did express distinct calcification on 

CT indicating the potential for a more complicated binding mechanism potentially related 

to previously defined off-target binding such as neuromelanin or hemorrhagic lesions 

[9]. Similar uptake of the amyloid PET radiotracer, Pittsburgh compound B (PiB) in 

meningiomas is noted in our practice (unpublished) and in previously published works [39, 

40]. Understanding PiB binding better could shed light on similar off-target mechanisms of 

AV-1451 accumulation in meningiomas.

Case 8 (Fig. 1) depicts a meningioma in which the uptake of AV-1451 did not encompass the 

entire tumor area. Given the premise that AV-1451 binds calcifications, we hypothesize that 

the core of the tumor was more densely calcified than the periphery leading to the observed 

pattern of uptake. Case 8 did not require surgical excision, so no tumor slices are available 

for ex-vivo assessment with H&E staining. CT imaging indicates variable calcification 

throughout the meningioma, but without ex-vivo analysis, density of psammoma bodies is 

difficult to assess.

Further pathological studies of meningiomas are necessary to determine the exact 

mechanism that causes significant AV-1451 uptake in some meningiomas. The selective 

nature of this uptake in 58% (7/12) of our reported cases provides evidence that 

meningiomas need to be considered as possible causes of false positive uptake on AV-1451 

scans. With a greater understanding of the unique pathology of differing meningiomas, 

AV-1451 imaging and off-target binding may be better understood.

Conclusion

Our study demonstrated visual uptake of AV-1451 in 58% (7/12) of meningiomas. Analysis 

of AV-1451 PET images should include review of regions that include meningiomas to avoid 

misleading interpretations about the presence of PHF-tau in the brain. To this end, review of 

individual anatomic imaging should accompany AV-1451 PET imaging.
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Fig. 1. 
Two representative cases, patient 8 (top) and patient 12 (bottom), of meningioma with 

visible uptake of AV-1451. Axial slices of PET (a, d) and PET/CT fusion (b, e) show uptake 

that is co-localized with meningioma on MR (c, f). MR images are Axial Gradient Echo (c) 

and T2 weighted (f)
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Fig. 2. 
Two representative cases, patients 5 (top) and 6 (bottom), of meningioma lacking uptake 

of AV-1451. Axial slices of PET (a, d) and PET/CT fusion (b, e) show uptake at or below 

normal uptake in regions identified as meningioma by MR (c, f). MR images are axial 

T1-weighted post-gadolinium (c) and axial gradient echo (f)
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Fig. 3. 
Correlative PHF-Tau IHC (a), H&E staining (b), and AV-1451 autoradiography without (c) 

and with blocking (d) of a meningioma positive for calcifications. Arrows indicate highly 

calcified areas co-localized on autoradiography and H&E staining
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Fig. 4. 
Correlative H&E staining (a), PHF-Tau IHC (b), and AV-1451 autoradiography without (c) 

and with blocking (d) of a meningioma positive for calcifications. Inset e depicts zoomed-in 

analysis of psammoma body calcifications that correlate with increased AV-1451 signal seen 

on autoradiography
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Fig. 5. 
Correlative PHF-Tau IHC (a), H&E staining (b), and AV-1451 autoradiography without (c) 

and with blocking (d) of a meningioma negative for calcifications
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