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Background

The distinction between treatment effect and recurrent brain malignancy has been a controversial
topic for quite some time, with various proponents and opponents for the various cross-sectional
neuroimaging modalities. The goal of this manuscript is to provide the latest information on
positron emission tomography (PET) molecular imaging, offer other options within the realm of
molecular imaging, and to let the reader’s ultimate decision regarding follow-up imaging be made
on a case-by-case basis based upon available resources and user experience.

Delineation between treatment effect and tumor recurrence is an exceedingly important decision
in the era of more focused, targeted therapy, whether anti-angiogenic, immunologic, or radiother-
apy. The consequences of an incorrect assessment are obvious, leading to unnecessary treatment
and morbidity, delayed treatment, or shortened survival. Various modalities have been proposed to
follow such lesions after initial treatment: MRI, MRS, brain PET, and brain single photon emission
computed tomography (SPECT). Only molecular imaging (PET and SPECT) will be discussed in
this article.

Molecular imaging is distinguished from anatomical imaging in that it requires intact intra-
and extra-cellular architecture, whereas anatomical imaging only requires an intact structure.
Cancer begins at a cellular level, and thusly, microscopic changes precede macroscopic changes. No
imaging modality can replace a microscopic diagnosis, but current technology attempts to model a
microscopic process non-invasively. This has inherent implications of:

1. A radiographically negative scan cannot exclude microscopic disease.

2. Molecular imaging depends on specific substrate metabolism by tumors. If the particular
tumor cannot metabolize or concentrate the substrate, false negative scans will occur.

3. False positive scans can occur when substrates are metabolized or concentrated by cells related
to non-neoplastic processes, such as inflammation or infection.

These implications lead to the paradigm of follow up imaging after initial diagnosis and treatment:
how to separate cases of residual/recurrent disease from treatment response. The optimal imaging
algorithm has not been clearly delineated.

Molecular Imaging Modalities
Brain PET/CT

Positron emission tomography with or without inline computed tomography (CT) imaging has
largely overtaken clinical SPECT imaging of the brain for functional and oncological purposes.
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The increased resolution of PET (3 mm theoretical) and shorter
acquisition times (10min) have significant advantages over
SPECT imaging. At our institution, brain PET has largely replaced
brain SPECT for both oncologic and neurologic indications. Pre-
viously, the number of PET cameras limited the availability to PET
imaging, but currently, most tertiary medical centers have access
to PET imaging (1). The number of installed PET/CT scanners
and procedures also appears to have plateaued, however.
Positron emitting isotopes are limited in the United States, as
only 18-F-fluoro-de-oxy-glucose (FDG), 11-C-choline, and 18-
F-sodium fluoride (NaF) are currently approved by the FDA for
routine clinical use. Sodium fluoride is a bone imaging agent, and
11-C-choline is only approved for prostate cancer imaging in the
United States. Promising agents include O-2-18-F-flourorethyl-
L-tyrosine (FET), 18-F-fluoro-dopamine (F-DOPA), 18-F-flouro-
thymidine (FLT), and 11-C-methionine (MET); however, these
are only approved under an Investigational New Drug (IND)
application in the United States and are not commercially available
for routine clinical use outside of a research protocol. The main
topic of this article will be the use of 18-F-FDG-PET/CT.
Flouro-deoxy-glucose is structurally very similar to glucose,
with the number 2 hydroxyl group substituted with F-18. It
becomes a charged particle and is excreted mainly via the kidneys.
However, tumor cells are unable to distinguish FDG from glucose
and transport it through the cell membrane into the intracellular
space, where it is phosphorylated by hexokinase into FDG-6-
phosphate. Due to the polarity as well as faulty cellular enzyme
machinery, FDG-6-phosphate becomes trapped within cancer
cells and undergoes positron emission radioactive decay, thus
localizing its distribution within the body and organs, specifically
the brain in this discussion. Hence, cancer cells will concentrate
FDG, although to varying degrees, often related to the degree of
de-differentiation of the tumor. Increasing levels of FDG uptake
associated with higher grades of gliomas has been well docu-
mented (2-4). However, background uptake of FDG by normal
brain cells is quite high, leading to decreased target to background
ratios. This leads to lowered overall sensitivity for FDG-PET
imaging compared to a radiotracer, which is not normally metab-
olized by the brain, e.g., tyrosine, choline, thymidine, methionine,
or dopamine. As a result, there is significant promise in these
tracers, but they are not available for routine use in the US at this
time. In addition, despite the increased uptake of FDG (or any
other metabolic marker) within primary tumor cells, other types
of metabolically active cells may concentrate the tracer, namely
inflammatory cells such as neutrophils and macrophages (5). This
confounds the interpretation of subsequent PET/CT studies both
during and after treatment for gliomas, since both medication
and radiation can induce inflammation to varying degrees and at
different times. Hence, follow-up FDG-PET/CT imaging is less
accurate than imaging at initial diagnosis for tumor detection.
However, PET imaging has a clear advantage in that individual
lesion tracer uptake can be quantified with the SUV, which is a
reproducible measurement of the degree of uptake within a given
lesion. A volumetric total lesion uptake can also be calculated in
cases of significant disease burden. There has been considerable
discussion and controversy as to the utility of FDG-PET/CT imag-
ing in the setting of routine follow-up during and after treatment

for malignant gliomas with conflicting data. The majority of
false positive studies relate to underlying inflammation, with the
majority of false negative studies due to small lesion size and low
lesion grade (4). Follow-up imaging time after therapy is also
controversial, with too early imaging potentially inaccurate due
to acute inflammation, and too late imaging potentially missing
opportunity for shifting the treatment scheme. Serial imaging is
also useful because of the reproducibility of PET results. The
trend of lesion uptake may be just as important as the absolute
uptake. Benign uptake would be expected to be stable, over time,
despite the absolute value. Malignant uptake would be expected to
increase with time. Given comparable sensitivity of PET imaging
(up to 77% using FDG-PET and 92% using 11-C-choline PET)
with contrast-enhanced MRI (up to 87%) (6-8), it is the author’s
opinion that while FDG-PET/CT imaging is the best choice at
this time, given its relatively widespread availability, the future of
neuroimaging is imaging with other tracers combined with MRL
More and more studies are showing better agreement between
modalities when results are combined, rather than independently
analyzed (4). 11-C-choline, in particular, shows promise (9), but
is limited by its short half life of 20 min. 18-F-FET imaging shows
greater promise, particularly with anti-angiogenic therapy (10-
12), but is not approved for clinical use in the United States.

Brain SPECT

Single photon emission computed tomography (SPECT) has been
utilized for several decades in nuclear medicine imaging. It allows
for tomographic rather than planar images and improves diag-
nostic accuracy. It, however, has limitations of spatial resolution
and long imaging times. Spatial resolution is approximately 1 cm
under ideal conditions and imaging times can be up to 45 min
per acquisition. Both of these can limit its usefulness in the
setting of distinguishing between tumor recurrence and post-
treatment changes. However, for facilities without access to PET
imaging, brain SPECT can still provide useful information, as
SPECT gamma cameras are more widely accessible than PET
scanners. Currently, the only clinically available brain SPECT
agent for use in this setting in the US is Thallium-201 chloride.
Previous studies have suggested relative robust accuracy with Th-
201 (13); however, its popularity has shifted, due to increasing
availability of 18-F-FDG. However, the concepts are the same, if
the reader chooses to utilize Thallium brain SPECT imaging. In
our experience, brain SPECT imaging is inferior to brain PET/CT
imaging due to the slower throughput and inability to quantify
changes that occur with time or to quantify individual findings
seen on a single scan. The reader is left to subjectively describe
changes and relative uptake, which often makes interpretation
difficult. But SPECT imaging remains a viable option for facilities
without access to PET.

Conclusion

Molecular imaging in the setting of detecting recurrent disease
and delineating treatment effect is an evolving topic, with mul-
tiple promising, newer agents being evaluated, particularly, PET
tracers. The future of imaging in this setting is likely going to
be a combination of multiple modalities with possibly multiple
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radiotracers. Serial imaging is likely to be important as well. Fur-
ther research is underway to define the optimal imaging protocols.
Ultimately, at this time, determining the most accurate modality
is up to the reader, who must determine the best compromise,
given what resources are available and his or her comfort level in

References

1. Buck AK, Herrmann K, Stargardt T, Dechow T, Krause BJ, Schreyogg J.
Economic evaluation of PET and PET/CT in oncology: evidence and method-
ologic approaches. ] Nucl Med (2010) 3:401-12. doi:10.2967/jnumed.108.
059584

2. Patronas NJ, Brooks RA, DeLaPaz RL, Smith BH, Kornblith PL, Di Chiro
G. Glycolytic rate (PET) and contrast enhancement (CT) in human cerebral
gliomas. AJNR Am ] Neuroradiol (1983) 3:533-5.

3. De Witte O, Lefranc F, Levivier M, Salmon I, Brotchi ], Goldman S. FDG-PET
as a prognostic factor in high-grade astrocytoma. ] Neurooncol (2000) 2:157-63.
doi:10.1023/A:1026518002800

4. Yoon JH, Kim JH, Kang W], Sohn CH, Choi SH, Yun TJ, et al. Grading of cere-
bral glioma with multiparametric MR imaging and F-FDG-PET: concordance
and accuracy. Eur Radiol (2014) 24(2):380-9.

5. Yamada S, Kubota K, Kubota R, Ido T, Tamahashi N. High accumulation
of fluorine-18-fluorodeoxyglucose in turpentine-induced inflammatory tissue.
J Nucl Med (1995) 7:1301-6.

6. Larsen VA, Simonsen HJ, Law I, Larsson HB, Hansen AE. Evaluation of
dynamic contrast-enhanced T1-weighted perfusion MRI in the differentiation
of tumor recurrence from radiation necrosis. Neuroradiology (2013) 3:361-9.
doi:10.1007/s00234-012-1127-4

7. Nihashi T, Dahabreh IJ, Terasawa T. Diagnostic accuracy of PET for recur-
rent glioma diagnosis: a meta-analysis. AJNR Am ] Neuroradiol (2013)
5(944-50):S1-11. doi:10.3174/ajnr.A3324

8. Tan H, Guan Y, Lin X. Comparison of MRI, F-18 FDG, and 11C-choline
PET/CT for their potentials in differentiating brain tumor recurrence from
brain tumor necrosis following radiotherapy. Clin Nucl Med (2011) 11:978-81.
doi:10.1097/RLU.0b013e31822{68a6

9. Li W, Ma L, Wang X, Sun ], Wang S, Hu X. 11C-choline PET/CT tumor
recurrence detection and survival prediction in post-treatment patients

interpreting the radiographic findings, but the author’s opinion is
that molecular imaging is the best single imaging modality at this
time, with combined multimodality imaging soon to become the
top choice, particularly when radiotracers only currently used for
research become available for widespread clinical use.

with high-grade gliomas. Tumour Biol (2014) 12:12353-60. d0i:10.1007/
$13277-014-2549-x

10. Hutterer M, Nowosielski M, Putzer D, Waitz D, Tinkhauser G, Kostron H,
et al. O-(2-18F-fluoroethyl)-L-tyrosine pet predicts failure of antiangiogenic
treatment in patients with recurrent high-grade glioma. ] Nucl Med (2011)
6:856-64. doi:10.2967/jnumed.110.086645

11. Nedergaard MK, Michaelsen SR, Urup T, Broholm H, El Ali H, Poulsen HS,
etal. 18F-FET microPET and microMRI for anti-VEGF and anti-PIGF response
assessment in an orthotopic murine model of human glioblastoma. PLoS One
(2015) 2:e0115315. doi:10.1371/journal.pone.0115315

12. Galldiks N, Rapp M, Stoffels G, Fink GR, Shah NJ, Coenen HH, et al. Response
assessment of bevacizumab in patients with recurrent malignant glioma using
[18F]fluoroethyl-L-tyrosine PET in comparison to MRI. Eur ] Nucl Med and
Mol Imaging (2013) 1:22-33. doi:10.1007/s00259-012-2251-4

13. Kahn D, Follett KA, Bushnell DL, Nathan MA, Piper JG, Madsen M,
et al. Diagnosis of recurrent brain tumor: value of 201Tl SPECT vs. 18F-
fluorodeoxyglucose PET. AJR Am ] Roentgenol (1994) 6:1459-65. d0i:10.2214/
ajr.163.6.7992747

Conflict of Interest Statement: The author declares that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest. The Guest Associate Editor Pamela
Zyman New declares that, despite being affiliated to the same institution as author
Stephen Chiang, the review process was handled objectively and no conflict of
interest exists.

Copyright © 2015 Chiang. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

April 2015 | Volume 6 | Article 74


http://dx.doi.org/10.2967/jnumed.108.059584
http://dx.doi.org/10.2967/jnumed.108.059584
http://dx.doi.org/10.1023/A:1026518002800
http://dx.doi.org/10.1007/s00234-012-1127-4
http://dx.doi.org/10.3174/ajnr.A3324
http://dx.doi.org/10.1097/RLU.0b013e31822f68a6
http://dx.doi.org/10.1007/s13277-014-2549-x
http://dx.doi.org/10.1007/s13277-014-2549-x
http://dx.doi.org/10.2967/jnumed.110.086645
http://dx.doi.org/10.1371/journal.pone.0115315
http://dx.doi.org/10.1007/s00259-012-2251-4
http://dx.doi.org/10.2214/ajr.163.6.7992747
http://dx.doi.org/10.2214/ajr.163.6.7992747
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

	Follow-up imaging: molecular imaging is likely best as a single modality, but multimodality imaging is the future
	Background
	Molecular imaging modalities

	Brain PET/CT
	Brain SPECT

	Conclusion
	References


