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Abstract

Background. Amino acid PET imaging of brain tumors has been shown to play an important role in predicting tumor
grade, delineation of tumor margins, and differentiating tumor recurrence from the background of postradiation changes,
but is not commonly used in clinical practice because of high cost.We propose that PET/MRI imaging of patients grouped to
the day of tracer radiosynthesis will significantly decrease the cost of PET imaging, which will improve patient access to PET.
Methods. Seventeen patients with either primary brain tumors or metastatic brain tumors were recruited for
imaging on 3T PET/MRI and were scanned on 4 separate days in groups of 3 to 5 patients. The first group of con-
secutively imaged patients contained 3 patients, followed by 2 groups of 5 patients, and a last group of 4 patients.
Results. For each of the patients, standard of care gadolinium-enhanced MRI and dynamic PET imaging with
8F-FDOPA amino acid tracer was obtained. The total cost savings of scanning 17 patients in batches of 4 as op-
posed to individual radiosynthesis was 48.5% ($28 321). Semiquantitative analysis of tracer uptake in normal brain
were performed with appropriate accumulation and expected subsequent washout.

Conclusion. Amino acid PET tracers have been shown to play a critical role in the characterization of brain tu-
mors but their adaptation to clinical practice has been limited because of the high cost of PET. Scheduling patient
imaging to maximally use the radiosynthesis of imaging tracer significantly reduces the cost of PET and results in
increased availability of PET tracer use in neuro-oncology.

cost | FDOPA | PET/MRI | radioisotope | radiotracer | synthesis

Amino acid PET imaging of brain tumors has been shown to
play an important role in the prediction of tumor grade, de-
lineation of tumor margins, and differentiating tumor recur-
rence from the background of postradiation changes.'® The
most common amino acid PET tracers that are used in im-
aging of brain tumors include "C-methionine, '®F-FDOPA,

and '8F-FET."® Thus far, combined PET/CT has been used for
PET imaging of brain tumors with subsequent coregistration
of PET images onto separately acquired MRI. Introduction of
simultaneous PET/MRI opened up the possibility of simulta-
neous imaging with MRI and PET.>*" In body applications, si-
multaneous PET/MRI imaging of neuroendocrine tumors with
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68Ga-DOTA-TATE and %Ga-DOTA-TOC provides excellent
evaluation of tumor metastatic burden with PET and ad-
ditional detailed evaluation of liver lesions with dedicated
MRI of the liver.'”? PET/MRI has also been helpful in the
evaluation of prostate cancer with 8Ga-PSMA-11, which
allows simultaneous acquisition of dedicated pelvis MRI
with the PET scan, thus providing detailed MRI evalua-
tion of the pelvis for tumor extent in the prostate, seminal
vesicles, and pelvic lymph nodes.'?*

Applications of PET/MRI in neurologic diseases include
imaging of brain tumors,3%681517 gpilepsy,'®'® and neu-
rodegenerative disorders.?? In brain tumors, imaging
with '8F-FDOPA evaluates amino acid uptake by cells via
L-type amino acid transporter 1 (LAT1) transporter that is
present both on epithelial cells of the blood vessels and
on the glioblastoma cells, allowing the tracer to bypass the
blood-brain barrier and be transported into the glioblas-
toma cells. LAT1 transporter is involved in transporting a
variety of amino acids, including the ""C-methionine and
"8F-fluoro-ethyl-tyrosine (FET) tracers, and is expressed in
up to 90% of glioblastoma cells.3-5815-1721-23

Even though amino acid PET has shown to be effective
in evaluating brain tumors, the high cost of PET imaging
and tracer synthesis has mostly kept this type of imaging
in research and out of clinical practice.’ Our study evalu-
ated the feasibility of performing simultaneous "®F-FDOPA
PET/MRI on patients with either primary or metastatic
brain tumors. Our goal was to identify the most efficient
method of patient imaging and focused on maximizing the
use of each batch of '8F-FDOPA production prepared for im-
aging of our patients. We started with imaging of 3 patients
per day and increased to up to 5 patients per day from one
batch of "®F-FDOPA production, resulting in efficient use of
our radiochemistry facility and significant cost savings that
may help expedite translation of '8F-FDOPA PET/MRI im-
aging to the clinic.

I
Methods

Seventeen patients with either primary brain tumors or
metastatic brain tumors from lung and breast cancers
were recruited for imaging on a 3T PET/MRI (GE SIGNA
PET/MR). Patients were scanned in groups of 3, 4, or 5 per
day. Patient groups were scheduled and a batch of tracer
was synthesized the morning of the scan. This study was
performed in compliance with HIPAA regulations and
approved by institutional IRB. All patients signed IRB-
approved consent forms prior to imaging.

The MRI portion of the exam included localizer se-
quence, axial brain volume imaging (BRAVO)T1 (a GE 3-di-
mensional [3D] inversion recovery spoiled gradient echo
T1 weighted), axial BRAVO T1 postgadolinium, axial diffu-
sion weighted imaging (DWI) (2-mm slice thickness), axial
3D susceptibility weighted angiography (SWAN), 3D CUBE
(3D fast spin echo) fluid-attenuated inversion recovery
(FLAIR), axial T2-weighted image (3-mm slice thickness) ac-
quired after intravenous gadolinium administration, arte-
rial spin labeling (ASL).

PET imaging was performed immediately after injec-
tion of "®F-FDOPA (185-222 MBq) and for the duration of

the exam providing 35 to 45 minutes of PET data for each
of the patients. PET data were obtained in list mode and
dynamic multiframe data were created for each minute
for the first 10 minutes after injection and for every 5 min-
utes for the time points at 10, 15, 20, 25, 30, 35, 40, and 45
minutes. The dynamic multiframe data were reconstructed
using the vendor-provided time-of-flight-ordered subsets
expectation maximization algorithm with 28 subsets, 5
iterations, and spatial Gaussian postfilter with 2 mm full-
width at half maximum cutoff frequency. Regions of in-
terest (ROI) were manually drawn along the borders of the
tumor by a neuroradiologist (M.S.A.). The size of the ROI
depended on the size of the tumor. Mean, maximum, and
minimum standardized uptake values were generated for
each time point. Cost of imaging scans were obtained from
billing records.

I
Results

Seventeen patients with primary brain gliomas and pa-
tients with brain metastases from breast or lung cancer
were imaged (Table 1). There were 10 patients with glio-
blastoma, isocitrate dehydrogenase (/DH) wild-type treated
with radiation therapy and subsequent chemotherapy.
There were 2 patients with anaplastic astrocytoma (patient
1: 1p19q intact, IDH1 R132H mutant, O8-methylguanine
methyltransferase (MGMT) unmethylated; patient 2:
IDH1 R132H wild-type, MGMT methylated, PTEN de-
leted, EGFR not amplified); and one patient with dif-
fuse astrocytoma (molecular markers unknown) status
postchemoradiotherapy. There were 4 patients with met-
astatic cancer—breast (2) or lung (2)—that demonstrated
increased enhancement after radiation therapy. All of the
patients were imaged within 1 year of radiation therapy.
Groups of 3 to 5 patients were imaged on a single day
on a GE PET/MRI 3T scanner. The first group of consecu-
tively imaged patients contained 3 patients; second group
5 patients; third group 5 patients; and the last group 4 pa-
tients. The cost of the batch production of tracer for each

Table1. Patient Characteristics. Seventeen PET/MRI Imaging
Exams Were Performed on a GE PET/MRI 3 Tesla Scanner

Characteristics

Age, y 571+ 11.8
Sex 10 male, 7 female

Glioblastoma (10)
Anaplastic astrocytoma (2)
Astrocytoma (1)

Metastatic breast cancer (2)
Metastatic lung cancer (2)

35-45

DWI, ASL,T1,T2, 3D FLAIR, SPGR
PG,T1 PG, SWAN

Tumor types

PET imaging time, min

MRI sequences

Abbreviations: 3D FLAIR, 3-dimensional fluid-attenuated inversion
recovery; ASL, arterial spin labeling; SPGR PG, spoiled gradient-recalled
sequence post-gadolinium; SWAN, susceptibility-weighted angiography.



Table 2. Imaging of Patients the Same day as the Batch of '®F-DOPA
Is Produced Results in Significant Cost Savings

Batch scan Cost of individual
scans
Batch 1 $2605 $2400 x 3=$7200
tracer
Pt 1 MRI $1030 $1030
Pt 2 MRI $1030 $1030
Pt 3 MRI $1030 $1030
Batch 2 $2938 $2400 x 5=$12 000
tracer
Pt 4 MRI $1030 $1030
Pt5 MRI $1030 $1030
Pt 6 MRI $1030 $1030
Pt 7 MRI $1030 $1030
Pt 8 MRI $1030 $1030
Batch 3 $3468 $2400 x 5=%$12 000
tracer
Pt 9 MRI $1030 $1030
Pt 10 MRI $1030 $1030
Pt 11 MRI $1030 $1030
Pt 12 MRI $1030 $1030
Pt 13 MRI $1030 $1030
Batch 3 $3468 $2400 x 4 = $9600
tracer
Pt 14 MRI $1030 $1030
Pt 15 MRI $1030 $1030
Pt 16 MRI $1030 $1030
Pt 17 MRI $1030 $1030
Total $29 989 $58 310

Abbreviation: Pt, patient.

Production of a batch of tracer includes costs of materials and per-
sonnel. In our study, multiple patients were scanned the same day

a batch of tracer was produced. In our first group, 3 patients were
imaged with a batch of tracer costing $2605. If these 3 patients were
imaged individually, the separate production costs of tracer would
have been $7200. Cost of the MRI portion of the exam was the same
for batch-imaged patients and if patients were imaged separately.

of the groups is described in Table 2. Although the exact
pricing shown in Table 2 is specific to our institution, a sim-
ilar pricing practice is common at other radiopharmaceu-
tical facilities across the country. For the 3-patient batch,
the cost of tracer synthesis was $2605 per batch. If each
of these patients were imaged individually, the cost of the
tracer batch would be $7200. This results in a $4595 cost
savings for a batch of 3 patients. For 2 batches of 5 pa-
tients, the cost savings for tracer synthesis is $9062 and
$8532, respectively. For a batch of 4 patients, the cost sav-
ings for tracer synthesis is $6132. This totals to a cost sav-
ings of $28 321 for imaging of 17 patients with "®F-FDOPA
PET. Therefore, the cost per patient in batch group is
$1784.1 + 138 vs $3715.8 + 571 if patients were imaged on
separate days.
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For each of the patients, clinical-grade MRI was obtained
that included T1 pregadolinium and postgadolinium im-
aging, 3D FLAIR, T2, DWI, susceptibility weighted imaging
with SWAN, and perfusion imaging with ASL (Figures 1
and 3). Clinical-quality images were obtained for all 17 of
the imaged patients, and clinical interpretation was per-
formed on all of the MRI portions of the scan. MRl and PET
images were diagnostic both for brain metastases (see
Figure 1) and high-grade gliomas (see Figure 3).

Dynamic PET acquisition was obtained for each of the 17
patients for 35 to 45 minutes after injection of the tracer
(see Figure 2). Dynamic PET analysis was successful in all
of the patients. Semiquantitative analysis of tracer uptake
within the striatum demonstrated an appropriate gradual
increase in tracer uptake within the striatum over a period
of 35 minutes, with reaching of plateau by 40 minutes
after tracer injection. Semiquantitative analysis of tracer
washout from the internal carotid artery demonstrated a
rapid decrease in blood pool tracer within the first 10 to 15
minutes, with reaching of plateau by 20 minutes after in-
jection. Semiquantitative analysis of tracer washout from
the superior sagittal sinus demonstrates a rapid decrease
in tracer uptake from the venous blood pool within the first
10 to15 minutes and reaching a plateau by 20 minutes after
injection.

I
Discussion

Our study shows that amino acid hybrid PET/MRI imaging
of brain tumors is feasible and significant cost savings
could be obtained through patient batching. The availa-
bility of PET tracers and significant cost of tracer synthesis
and delivery have limited the use of PET in clinical practice
and research. An average PET/CT with novel tracer can cost
up to $5000, depending on the institution. Therefore, in ad-
dition to the discovery of novel tracers and their applica-
tions to clinical practice, it is critical to consider factors that
contribute to the high cost of PET imaging. Our study dem-
onstrates that clustering patients to a single clinical day
with single-batch synthesis of tracer leads to up to 48.5% in
direct cost savings. These costs do not account for factors
of clinical charges to the patient and insurance reimburse-
ment, because '8F-FDOPA is not currently FDA approved
for neuro-oncology use. Depending on regional and local
payers, imaging can be considered appropriate and there-
fore its cost absorbed by insurance with an investigational
new drug application (IND) in place. By performing cost-
recovery IND, the cost of the radiopharmaceutical would
decrease as well.

'8F-FDOPA PET tracer is an analog of phenylalanine
amino acid normally transported into glioblastoma cells
via the LAT1 transporter. It is used to determine glioblas-
toma tumor margins after resection and to differentiate
tumor recurrence from background postradiation changes.
In our study, we show that simultaneous acquisition of dy-
namic "8F-FDOPA PET and clinical-quality MRI of the brain
is possible in patients with primary brain tumors such as
glioblastoma and astrocytoma and in patients with meta-
static brain tumors from lung and breast primaries. All of
our patients were treated for their primary disease with
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radiosurgery 7 months prior to imaging. Diagnostic quality MRI of the brain was obtained at the same time as PET imaging. PET imaging was per-

formed for 45 minutes.

either resection and/or radiation therapy and were re-
cruited during the time of suspected recurrence. In our re-
cruited patients, we performed 17 PET/MRI hybrid scans
while preparing only 4 batches of '8F-FDOPA. This resulted
in more efficient use of our radiochemistry laboratory and
significantly reduced the price of radiotracer preparation.

In all of our patients, we were able to obtain dynamic con-
tinuous PET imaging ranging from 35 to 45 minutes and
all patients with diagnostic MRI received a clinical read
and were evaluated by the neuro-oncology tumor board.
The limitations of our study include small sample size and
a heterogeneous collection of patients with high-grade
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Figure 2. Analysis of '®F-DOPA uptake within A, striatum, and B, petrous internal carotid artery and superior sagittal sinus (SSS). Mean, max-
imum, and minimum standardized uptake values were measured within a region of interest placed within either caudate nucleus, petrous portion
of the internal carotid artery, or within the superior sagittal sinus. The values were measured on images acquired over time to determine kinetic

curves of tracer uptake.

gliomas, astrocytomas, and metastatic breast and lung
cancer. In addition, there is an inherent limitation of the
PET scan, which is the exposure to radiation from the
8F-labeled tracer that is not present in MRl scans.The radi-
ation dose from imaging of the brain was similar between
'8F-FDG and '8F-FDOPA.2* Therefore, use of amino acid
PET in clinical practice should follow the guidance of clin-
ical trials that define the intervention window where PET
should be used and where follow-up MRI is sufficient. To
establish these guidelines and methods for translating ad-
vanced molecular imaging methods into clinical practice,
extensive research is needed and our method will provide
a way to significantly decrease the cost of implementing
research PET scans.

The major challenge of batching PET/MRI scans was timely
recruitment of patients. We recruited patients by direct com-
munication with neuro-oncologists and by participating in
a tumor board, which allowed us to identify 3 to 5 patients
per scanning day. All of the recruited patients presented for
imaging but on one of the last imaging days, only 4 patients
were able to be recruited. Adequate recruitment to imaging
may present as a challenge in using this method, although
patients were motivated to undergo this imaging scan and
none turned down imaging. Another challenge of this method
is communication of batch request to the radiochemist for

synthesis the morning of the scan. The synthesis would start
early in the morning around 4:30 am and would complete by
10:30 am. Therefore, if a patient cancels the morning of the
scan, there is no time to recruit another patient in his or her
place, which highlights the need to discuss the obstacles of
imaging with patients prior to the day of PET/MRI.

To our knowledge, this is the first study describing the
use of single-batch PET amino acid tracer preparation for
scanning of multiple patients. This method allows imaging
of patients with PET tracers in a more cost-efficient manner
and can result in the increased availability of PET tracer
use in neuro-oncology practice.
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Figure 3. '®F-DOPA PET/MRI imaging of patient with glioblastoma, isocitrate dehydrogenase 1 wild-type and MGMT (0f-methylguanine
methyltransferase) methylated and undergoing pembrolizumab treatment. Diagnostic quality MRI of the brain was obtained at the same time as
PET imaging demonstrating heterogeneously enhancing tumor with no evidence of increased perfusion. PET imaging was performed for 45 min-
utes and demonstrated focal tracer uptake within the region of the tumor.
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