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Abstract

Purpose High-grade gliomas are aggressive primitive brain tumors presenting aberrant vasculature, regional necro-
sis, and areas of hypoxia. Tumor hypoxia is associated with resistance to conventional treatment and worse prognosis.
["®F]-fluoromisonidazole (‘*F-FMISO) is the most extensively investigated radiotracer for the evaluation of hypoxia. However,
the use of '8F-FMISO in clinical practice has been hampered mainly due to the slow clearance of the unbound tracer from
normoxic tissue and its low tumor-to-background ratio (TBR). The research community has therefore investigated other
radiotracers to overcome the drawbacks of '®F-FMISO. This mini-review aims to present an update on the most relevant
PET studies published in the last 15 years evaluating the utility of radiotracers for hypoxia imaging other than '*F-FMISO
in high-grade glioma (HGG) patients.

Methods A comprehensive computer literature search of studies was carried out in PubMed/MEDLINE database to iden-
tify the most relevant studies published in the last 15 years which investigated the utility of hypoxia PET tracers other than
8 E_.FMISO in the assessment of tumor hypoxia in patients with HGG.

Results 'SF-flouroazomycin arabinoside (‘*F-FAZA) has been proposed as a valid alternative to '*F-FMISO for the assess-
ment of hypoxia, due to its improved biodistribution and enhanced tumor-to-background ratio. Also 1-(2-["®F]fluoro-
1[hydroxymethyl]ethoxy)methyl-2-nitroimidazole('*F-FRP170) seems a valuable hypoxia tracer in patients with brain tumor.
The value of copper-diacetyl-bis(/N4-methylthiosemicarbazone)(Cu-ATSM) seems controversial. Few evidences still exist
regarding the utility of '®F-2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl)-acetamide ('*F-EF5).

Conclusion Hypoxia PET imaging has the potential to provide useful information for the clinicians and to guide hypoxia
tailored treatments. According to the present literature, the most promising hypoxic tracer seems to be '*F-FAZA, but well-
designed and wide trials to validate hypoxia radiotracers and evaluate their clinical utility in daily practice are still lacking.
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tumors arising from the glial tissue [1]. HGG, and particu-
larly grade IV glioma (formerly known as glioblastoma mul-
tiforme—GBM), are characterized by aberrant vasculature
(a phenomenon known as angiogenesis), regional necrosis,
and viable areas of hypoxia [2]. Hypoxia is a pathophysi-
ological status characterized by an oxygen concentration in
a tissue lower than normal [3]. In brain tumors, the median
pO, has been reported to be around 13 mmHg in contrast
to the median pO, (35 mmHg) documented in normal brain
tissue [4, 5].

@ Springer


http://orcid.org/0000-0001-9845-1384
http://orcid.org/0000-0002-2842-0301
http://orcid.org/0000-0002-8780-5690
http://orcid.org/0000-0001-9150-4367
http://orcid.org/0000-0003-1176-9184
http://orcid.org/0000-0001-5676-020X
http://orcid.org/0000-0002-7532-6211
http://crossmark.crossref.org/dialog/?doi=10.1007/s40336-020-00358-0&domain=pdf

Clinical and Translational Imaging (2020) 8:11-20

A well-documented link between hypoxia, prognosis,
and resistance to conventional treatments exists in hypoxic
tumors [3]. The clinical relevance of mapping and meas-
uring tumor hypoxia in HGG using non-invasive imaging
techniques, such as positron emission tomography (PET)
or magnetic resonance imaging (MRI), relies on the possi-
bility of delivering hypoxia-modifying treatments, leading
theoretically to an improvement of patient outcome [3, 6-8].

Quantification of hypoxia in HGG using PET has been
extensively documented [9, 10]. Hypoxia PET imaging
agents can be divided into nitroimidazole-based radiotrac-
ers and other compounds and further divided in fluorinated
and non-fluorinated agents [11]. In the assessment of tissue
hypoxia in brain tumors, further important aspects to con-
sider for a tracer are the lipophilicity and the ability to cross
the blood-brain barrier (BBB) [12].

['®F]-fluoromisonidazole ("*F-FMISO) is the most exten-
sively used and validated radiotracer so far for the evaluation
of hypoxia in patients with brain tumors [10, 13—17]. How-
ever, other radiotracers have been investigated to overcome
the main drawbacks of '®F-FMISO which have limited its
translation from the research setting to the clinical practice:
the slow clearance of the unbound tracer from normoxic
tissue, the slow plasma clearance, and the low tumor-to-
background ratio (TBR) [11].

This review aimed to discuss the most relevant PET clini-
cal studies, published in the last 15 years, evaluating the util-
ity of PET radiopharmaceuticals for imaging tumor hypoxia,
other than '8F-FMISO, in patients with HGG, offering also
an insight, when available, on the complementarity between
PET and advanced MRI techniques in this setting.

Methods

We searched on PubMed and Scopus databases using com-
binations of the following search terms: ‘tumor hypoxia’,
‘brain tumor’, ‘glioma’ ‘PET’, ‘positron emission tomog-
raphy’, ‘nitroimidazoles’, ‘fluoromisonidazole’, ‘FMISO’,
‘FAZA’, EF5’, ‘FRP170’ ‘Cu-ATSM’, DiFA’. The search
results were screened for relevance and the reference lists of
relevant publications were also crosschecked. Only papers
published in English were considered. The final reference
list was compiled by considering papers published in the last
15 years through December 2019.

18E_FAZA

Several hypoxia-specific PET tracers have been proposed for
tumor hypoxia imaging after '®F-FMISO. One of the most
promising second-generation 2-nitroimidazole radiolabeled
compounds is '®F-flouroazomycin arabinoside (\*F-FAZA)
(Tables 1 and 2, Fig. 1) [11]. Compared to 'F-FMISO,
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I8E_FAZA has an improved biodistribution, related to the
addition of a sugar moiety, making it less lipophilic [14].
BF_.FAZA has faster diffusion and more rapid clearance
from normal tissue compared to '*F-FMISO, providing an
enhanced tumor-to-background ratio [19].

A higher contrast with non-target tissues for 'SF-FAZA
compared to '8F-FMISO, has been reported by Souvatzoglou
et al., with an average tumor-to-muscle ratio of 2.0+0.3
at 2 h post-injection acquisition [20]. The same group also
reported that 'F-FAZA has overall superior pharmacoki-
netics and that the use of dynamic analysis offers further
potential improvement [21]. The different pharmacokinetics
of '8 F-FAZA can be inferred evaluating its octanol/water
partition coefficient (P). This is a parameter reflecting the
hydrophilic/lipophilic nature of a tracer, with lower values
indicating lower lipophilicity. Whereas '®F-FMISO has a
P of 0.4, the corresponding value is 0.027 for 'SF-FAZA.
The lower P, as demonstrated in preclinical experiments,
results in a faster plasma clearance and lower uptake in
organs (especially liver, kidneys and small intestine) 3 h
post-injection compared to '*F-FMISO [21, 22].

First-in-human biodistribution and dosimetry data for
8E_.FAZA have been recently presented by Savi et al. The
authors reported an effective dose equivalent (EDE) similar
to that of '®F-FMISO (0.015 mSv/MBq vs. 0.013 mSv/MBg,
respectively) with the highest absorbed dose measured in the
urinary bladder wall [23].

Few studies investigated the application and relevance of
¥ F_FAZA in the specific clinical setting of HGG and there is
a lack of studies evaluating the utility of the combined use of
8E_.FAZA and MRI in the assessment of hypoxia. Postema
et al. were the first group reporting clinical experience on
BE_.FAZA in HGG [24]. Their study included 50 oncologi-
cal patients, 7/50 of whom were affected by GBM. A high
tumor-to-blood ratio of the radiotracer was reported, mainly
related to the lack of uptake of '8F-FAZA in the normal
brain tissue. Additionally, '"8F-FAZA provided good quality
images at 2-3 h post-injection, thus avoiding later scanning.
This study confirmed that '®F-FAZA was highly representa-
tive of tumor hypoxia within glioblastoma. Although a dis-
rupted BBB certainly plays a role in '®F-FAZA uptake in
gliomas, the radiotracer retention is strictly dependent from
the reduction process, which happens only under hypoxic
conditions, and therefore 'SF-FAZA uptake is absent in nor-
mal brain tissue.

In the setting of treatment planning, Mapelli et al.
reported the potentiality of '8F-FAZA PET/CT in guid-
ing tailored radiotherapy treatment in HGG. The group
described the possibility to provide an additional boost on
more hypoxic regions using '®F-FAZA PET images in a
simulated radiotherapy scheme. Additionally, this molecu-
lar imaging technique has been also used to assess tumor
response after radiotherapy with promising implication for
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clinical practice [25]. The same group reported for the first
time the ability of 'F-FAZA to identify the more hypoxic
regions within the tumor and consequently its ability to
guide stereotactic biopsy on the tumor areas with the highest
aggressive potential. To achieve this goal, a co-registration
of MRI and '8F-FAZA PET/CT images has been performed
to identify the areas showing either high perfusion MRI
markers expression and high '*F-FAZA uptake, therefore
indicating the most representative hypoxic tumor region
[26].

Other hypoxia PET tracers

Research is continuously addressing the development of new
radiotracers, which can evaluate the heterogeneous nature of
glial tumors, with particular regards to the extent of hypoxia
within the tumor tissue, overcoming the limitations of “tra-
ditional” hypoxia PET tracers [3]. Currently, there is a lack
of studies that systematically correlate these tracers with
MRI in patients with HGG. Therefore, in this paragraph, we
discuss the most promising hypoxic tracers considering both
clinical and preclinical evidence.
2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-
pentafluoropropyl)-acetamide (EFS) is a lipophilic com-
pound that binds to hypoxic tumor cells [27, 28]. Koch et al.
evaluated the clinical usefulness of '®F-EF5 PET by compar-
ing '8F-EF5 uptake with EF5 bindings, assessed by immuno-
histochemistry, in 3 patients with glioblastoma (Fig. 2). The
authors found that the uptake of '*F-EF5 corresponded to
the regions characterized by high EF5 [29]. The same group
proved that the '8F-EF5 distribution is positively correlated
with intertumoral variation of radiation response in twenty-
two 9Lgliosarcoma tumors grown in Fischer rats [30]. The
main limit for the widespread use of such compound relies
on the requirement for electrophilic fluorination using '*F-
F2, at the time of the radiolabeling process. Another limita-
tion of '8F-EF5 could be its low tumor-to-normal tissue ratio
due to the slow clearance of the unbound tracer [15].
Another novel hydrophilic tracer for hypoxia assessment
is 1-(2-['8F]fluoro-1[hydroxymethyl]ethoxy)methyl-2-ni-
troimidazole (*F-FRP170; Table 2). In preliminary evalu-
ations, low distribution has been reported in normal brain
tissue [31]. Shibahara et al. assessed hypoxia in glial tumors
of different grades in a group of eight patients. The authors
found that high '8F-FRP170 uptake was associated with a
remarkable hypoxia-inducible-factor (HIF-1a) expression in
case of GBM, whereas the uptake was moderate for lower-
grade gliomas [32]. In four out of eight patients, an BE_EDG
PET/CT scan was also performed to compare the distribu-
tion of the two radiotracers. The uptake of FDG did not
match well with the FRP170 uptake, presumably due to their
different pharmacodynamics. The same was true also for two
of the three patients who underwent to ''Cmethionine PET/

CT together with the '*F-FRP170 PET; the only concord-
ant case was a recurrent anaplastic astrocytoma, possibly
because cell proliferation was high enough to induce hypoxia
in the tumor mass, or the vascular supply was adequate for
hypoxic tumor cells to continue proliferating. Also, Beppu
et al. reported interesting findings on the potential usefulness
of "8F-FRP170 for the detection of hypoxic areas within glial
tumors. In a preliminary study involving twelve patients with
GBM undergoing '®F-FRP170 PET 1 h after injection, the
authors reported that areas with high 'F-FRP170 uptake,
calculated as the SUV ., within the 10 mm-ROI drawn in
the areas with the highest uptake, corresponded to areas with
low pO,, measured with microelectrodes during the tumor
excision [33]. More recently, the same group compared low
and high "®F-FRP170 uptake areas with immunohistochemi-
cal staining for Ki-67 within tumor specimens and hypoxia-
inducible factor (HIF)-1 expression in 13 patients with
GBM. A good match was found between high '®F-FRP170
uptake and high HIF-1a levels and also between high Ki-67
expressions and high '®F-FRP170 uptake areas [34]. Accord-
ing to these findings, it has therefore been postulated that
8 F_.FRP170 uptake may be considered as a marker of pro-
liferation rather than hypoxia.

Among novel hypoxic radiotracers, also copper-dia-
cetyl-bis(N4-methylthiosemicarbazone) (Cu-ATSM) has
shown some promising results (Table 3). In hypoxic cells,
Cu-ATSM is trapped by the reaction with thiol groups or
redox-active proteins. Conversely, Cu-ATSM is less retained
in tissues with an inadequate amount of oxygen, owing to
a less reducing environment, with its subsequent wash-out
from the cells [16, 35, 36]. Four different Copper-isotopes
were bound with ATSM compound: OCy-, %'Cu-, °*Cu-,
%4Cu [37]. Among them, %4Cu- seems to be the most prom-
ising for clinical applications, owing to its feasible half-life
(12.7 h) and a more remarkable TBR, which, once assessed
1-hour post-injection, was shown to be higher than the TBR
provided by 2-nitroimidazole based tracers. Moreover, it
demonstrated the fastest clearance, with an easier radiola-
beling procedure and synthesis, compared to other radiotrac-
ers targeting hypoxia [19]. A pioneering preclinical study
evaluated the relationship between copper-diacetyl-bis(N4-
methylthiosemicarbazone) (Cu-ATSM) uptake with pO, and
its changes obtained by the administration of hydralazine, in
a 9Lgliosarcoma rat model [38] and found an inverse cor-
relation between pO, and 1Cu-ATSM uptake.

62Cu-ATSM uptake has proved also to be an independent
prognostic factor in glioma patients (in terms of PFS and
0OS; p<0.05) and is a more promising imaging method to
predict prognosis compared to '®F-FDG PET/CT, as shown
in a study including 56 patients with grade 2—4 glioma
[39]. More recently, Tateishi et al. evaluated the feasibil-
ity of ®Cu-ATSM PET to discriminate patients with differ-
ent grade of glioma, even in association with 'CMET PET
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Fig.1 (Adapted with the permission of Mapelli et al. [26]. A
77-year-old patient with a suspected brain tumor. a MRI gadolinium-
enhanced T1 image showing an enhancing, oedematous lesion in
the right basal ganglia and "corona radiata" with mass effect on the
right ventricle. The lesion also showed high values of relative cere-
bral blood volume, b (rCBV; yellow arrow), transfer constant (K""),
¢ red arrow and fractional plasma volume (Vp)(d)—white arrow. e)

and/or 'F-FDG PET. The authors found higher SUV
and TBR in both ®*Cu-ATSM PET and ''CMET PET scans
in patients with GBM than in patients with grade II or III
gliomas. By establishing a TBR cut-off of 1.9, the authors
confirmed that >Cu-ATSM PET could be a useful tool for
distinguishing patients with GBM from patients with lower-
grade glioma [40].

Intratumoral distribution of Cu-ATSM has also been
compared with the distribution of 'F-FMISO and '*F-FDG
[41-43]. The rationale of this comparison relies on the fact
that "*F-FMISO and ®*Cu-ATSM have different retention
mechanisms and different half-lives, #,,,=110 min and
12.7 h, respectively. Furthermore, in a 9Lgliosarcoma rat
model, Dence and coworkers found a strong positive cor-
relation between intra-tumoral 'SF-FMISO uptake, assessed
2 h post injections, with ®*Cu-ATSM uptake either at 10 min
and 24 h post-injection [44].

@ Springer

8F_.FAZA PET image showed uptake in correspondence of the brain
lesion with a central photopenic area possibly due to necrotic tissue.
f MRI and '8F-FAZA PET/CT images were co-registered and fused
and an area of both high perfusion MRI markers and high '*F-FAZA
uptake was selected for biopsy. The histological analysis confirmed
the presence of a grade IV glioblastoma

However, further evidence warns to consider Cu-ATSM
as a marker for hypoxia tout court since the validity of *Cu-
ATSM uptake as a marker of hypoxia is dependent on tumor
type [45]. Indeed, it is still a matter of debate whether Cu-
ATSM could be able to detect a pure hypoxic phenomenon
rather than cell-redox potential and vascular delivery [46,
47].

More recently, another PET tracer, 1-(2,2-dihydroxym-
ethyl-3-['8F]-fluoropropyl)-2-nitroimidazole (‘*F-DiFA)
has been proposed for measuring hypoxia [48]. This tracer
accumulates in hypoxic tissue via a glutathione conjuga-
tion reaction and displays a more hydrophilic nature than
BE_EFMISO [8]. In vitro experiments in Fadu head and neck
cancer cells, preincubated under hypoxia (O,=1%), docu-
mented higher radioactivity uptake at 2 h after incubation
with for '*F-DiFA compared to '®F-FMISO (0.53 +0.02 vs.
0.34+0.07; p<0.01) [49]. A subsequent preclinical study,
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Fig.2 Adapted with the permis-
sion from Koch et al. [29]. CE
MRI image of tumor (upper
left) and the correspondent PET
image (lower left). The anterior
area of the tumor (red arrow)
displays little '3F-EF5 uptake
and tissue obtained from this
region has no EF5 binding,
determined by IHC (upper
right). The inferior area (green
arrow) is characterized by high
3F_EF5 uptake and tissue
obtained from this area has high
EF5 binding, determined by
IHC (lower right)

conducted in EMT6 mammary carcinoma cell-bearing mice,
showed higher accumulation in tumor than "*F-FMISO at
1 h and 2 h post-injection [50]. Preliminary clinical data
in seven patients with different types of tumors undergo-
ing both '®F-FMISO and '®F-DiFA PET scan showed at a
visual analysis similar diagnostic ability for tumor hypoxia
for '®F-DiFA (evaluated at 1 h and 2 h) compared to
BE_FMISO (assessed 4 h post-injection). Unfortunately, no
data are still available for brain tumors [48].

Conclusion

Well-designed trials are required to validate hypoxia radi-
otracers and evaluate their clinical utility in daily clinical
practice. Hypoxia PET imaging has the potential to provide
useful information for clinicians to guide hypoxia-tailored
treatments. Based on current literature, the most promising
second-generation hypoxic tracer seems to be '*F-FAZA,
although additional research trials should be performed
before introducing this tracer into the clinical scenario. The

ideal tracer for quantifying hypoxia has not yet been found in
brain tumor imaging. Although hydrophilic compounds pre-
sent undeniable advantages compared to lipophilic tracers
in terms of pharmacokinetics, there is still an open debate
between supporters of lipophilic tracers and supporters of
hydrophilic tracers. Despite the undeniable advantages of
hydrophilic profile in terms of pharmacokinetics, the impact
of BBB disruption on tracer delivery should be further
investigated.

Another problem to consider is that hypoxia PET imaging
requires fully equipped facilities with trained staff for tracer
production and accurate image analysis. A consensus in the
quantification methodology of hypoxia in PET imaging is
still missing. Another point that needs to be addressed is the
comparison of the hypoxic volume (defined in PET imaging)
and the volume of the radio-resistant portion of the tumor.
Last but not least, trials evaluating the utility of hypoxia PET
imaging in the assessment of response to hypoxia-targeted
treatments are warranted to define the potential impact in
patient outcome.
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