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irradiation, in what is known as the abscopal effect; the synergy of radiation with immune-oncological
agents has also been studied and exploited for greater anti-cancer effect. We believe that PET/CT

imaging can offer insight into the mechanism of this synergy and thereby optimize the dosing and
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holds the potential to offer insight into the synergic effect of combining radiation therapy (RT) with
immuno-oncological (IO) agents. This is achieved by evaluating treatment responses both at the RT

and distant tumor sites, thereby encompassing the phenomenon known as the abscopal effect. In
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this context, PET/CT can play an important role in establishing timelines for RT /IO administration
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and monitoring responses, including novel patterns such as hyperprogression, oligoprogression, and
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pseudoprogression, as well as immune-related adverse events. In this commentary, we explore the
incremental value of PET/CT to enhance the combination of RT with IO in precision therapy for solid
tumors, by offering supplementary insights to recently released joint guidelines.
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['8F]-fluorodeoxyglucose positron emission tomography combined with computed
tomography (CT) imaging (['®F]-FDG PET/CT) is a pivotal tool for a wide range of indica-
tions in cancer imaging, including diagnosis, staging, prognostication, response assessment,
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and detection of recurrence/relapse. In the field of radiation therapy (RT), PET/CT plays a
critical role in the clinical workflow, both for treatment planning and delivery.

The widespread adoption of immuno-oncological (IO) agents for the treatment of
various cancers has created a paradigm shift by redefining the role of RT combined with
IO, aiming to produce a synergic action against tumors. Thanks to the combination of
functional and metabolic data it provides, the PET/CT modality can be a valuable support
to clinicians in guiding, monitoring, and adjusting the synergic activity of RT/IO treatment
plans.

In this commentary, we discuss the application of RT in the context of immunomodu-
latory treatments, by adapting ['*®F]-FDG-PET/CT imaging from the recently published
joint guidelines on its recommended use in patients with solid tumors [1]. Our objective is
to advocate for the utilization of PET/CT to monitor tumor responses to therapy, identify
immune-related adverse events, and enhance existing guidelines that define PET/CT’s role
in optimizing the timing of RT and IO agent administration. This aims to enhance patient
outcomes and capitalize on the potential benefits of the abscopal effect.

2. Imaging Biomarkers Derived from Baseline PET
2.1. ['"8F]-FDG PET

Glucose metabolism is most often used as a surrogate of tumor metabolism for staging
and prognosis. However, high baseline glucose consumption in non-tumoral hematopoietic
tissue could be envisioned as a biomarker associated with systemic immunosuppres-
sion, providing clinical guidance on additional therapeutic regimens [2]. On a molecular
level, such increased glucose metabolism—known as the “Warburg effect” [3] or aerobic
glycolysis—is well detected by ['®F]-FDG PET/CT. Metabolic parameters such as maxi-
mum standardized uptake values (SUVmax), mean standardized uptake values (SUVmean),
metabolic tumor volume (MTV), and total lesion glycolysis (TLG) have been demonstrated
as important prognostic and predictive factors in several malignancies after surgery, ra-
diotherapy, or chemotherapy. Imaging metrics quantifying the glucose metabolism of
non-tumoral hematopoietic tissue could also predict the efficacy of immunotherapy and
potentially offer a novel method for stratifying and selecting appropriate patients who
would most benefit from IO regimens [2]. It seems that there is a close relationship between
bone marrow glucose metabolism and myeloid infiltration in the tumor microenvironment,
also known to be associated with unfavorable outcomes regarding responses to 10 and
radiotherapy [4]. Additionally, myeloid cells in the tumor microenvironment must compete
for oxygen and nutrients with the highly demanding cancer cells and adapt their energy
signatures to survive. Their presence in the tumor microenvironment seems to obstruct
anti-tumor T cell immunity, making them more resistant to checkpoint inhibitors [4].

2.2. Immuno-PET

Current imaging techniques have focused mainly on tumor cells. However, their
immune context may have interesting clinical implications. Technological improvements
and new radiopharmaceuticals targeting elements of the immune system and immune
checkpoints have led to the progressive implementation of immuno-PET into the clinical
scenario. This technology can help determine density, composition, functional state, and
leukocyte infiltrate in the tumor microenvironment. Initial research has shown that the
immune context can predict the efficacy of immunotherapy and overall prognosis, although
this has yet to be fully confirmed in clinical trials [5]. Radiotracers targeting small proteins of
checkpoints PD-1/PD-(L)1 (lymphocytic exhaustion), tumor-infiltrating lymphocytes such
as CD3 and CDS8 (cytotoxic lymphocytes), enzymes (ex. Granzyme B, dCK deoxycytidine
kinase, dGK deoxyguanosine kinase), [\8F]-E-AraG, etc., have already been studied [2,6-9].
Initial evidence in humans has proved the capability of immune-PET to non-invasively
identify the expression of checkpoint inhibitors (ICIs), evaluate the immune infiltrate
and its activity, and predict the response to ICI as well as overall survival. The use of
dedicated tracers such as [¥Zr]-labeled PD-1 inhibitor antibodies has helped elucidate
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PD-1 expression, by showing biodistribution and tumor uptake, thereby improving the
prediction of RT /IO response [7]. In the future, the optimal strategy may shift from non-
immune-specific imaging biomarkers to immune-specific biomarkers with immuno-PET.

3. The New Role of PET for Defining the Effect of IO/RT

['®F]-FDG PET imaging has the advantage of providing metabolic data, including the
quantified tumor glucose uptake, with several potential implications in the investigation of
IO/RT. These metrics help quantify tumor metabolic activity, improve histologic definition,
and may provide insight on IO/RT outcomes. Metabolic information can be used to
evaluate and compare responses to different strategies and sites, such as irradiated versus
non-irradiated tumors [10].

Understanding the Abscopal Effect

The abscopal effect describes a systemic effect of RT defined as the regression of
metastatic tumors located at significant distance from the irradiated sites. It has been
observed in multiple types of cancers and is believed to derive from immune-mediated
component activation following cell death by radiation [2,4]. Radiotherapy induces cy-
tokine release by local cells, the formation of tumor-derived antigens, increased recruitment
of antigen-presenting cells, and upregulation of antigen receptors in immune cells. This
summates to activation of cytotoxic T cells, the circulation of which might be responsible
for distal tumor regression. Several studies have attempted to combine IO with RT to
investigate a potential advantage of the radiation-induced immune response for potential
anti-tumor synergy. Data derived from small trials have reported that the abscopal effect
appears in up to 30% of enrolled patients [11].

To better understand the potential role of PET in defining the abscopal effect, it is
important to understand the current data for the mechanisms explaining the efficacy of RT
in combination with immunotherapy. Two main agents are currently used. Programmed
death protein/ligand 1 (PD-L1) is expressed at the surface of several types of cancer cells; it
interacts with T cells, inhibiting their proliferation and aiding in the evasion of the immune
system. Blocking this pathway restores T cell efficacy and mediates anti-tumor responses.
Cytotoxic T-lymphocyte antigen 4 (CTLA-4), which is expressed on T cells, binds to the B7
protein on antigen-presenting cells to stop T cell activation. Blocking this pathway with an
anti-CTLA-4 antibody restores T cell activity, leading to anti-tumor responses.

In mouse models of renal, pancreatic, and melanoma cancers, daily PD-1 inhibitors
and RT at 1 and 14 days have slowed tumor growth; mathematical models showed that a
delay of >7 days between RT and IO was enough to significantly attenuate the radiosensi-
tive effect [12]. However, radiotherapy with CTLA-4 and PD-1 inhibitors did not improve
response in PD-1-resistant non-small-cell lung cancer [5]. In clinical trials, CTLA-4 in-
hibitors given before or with RT did not improve brain metastases; this may be due to the
brain’s unique role as an immune-privileged site; however, in advanced-stage metastatic
melanoma, non-brain RT in conjunction with CTLA-4 inhibitors significantly improved
survival time [6].

The timing of RT with IO varies drastically depending on the cancer and IO agent
used in mouse models. In melanoma, the dosage of CTLA-4 blockers within 4 weeks of
RT diminished lesions the most. Colorectal cancer and mammary tumors had significantly
higher cure rates and survival times when RT was given closer to CTLA-4 inhibitor dose
dates [10]. Human data are scarcer for combinations of PD-1 inhibitors and RT, with pre-
clinical studies showing optimal administration of PD-1 inhibitors within approximately
7 days of RT [13].

The delicate 10 dosing window may be due to CD8+ cell levels, which peak at 5-8 days
following RT in mouse models, indicating a potential window for enhanced IO effectiv-
ity [13]. In case reports published since 1969, the median time for the abscopal effect to
manifest was 2 months after treatment. Shrinkage of tumors distal to the RT site also fol-
lowed a similar trend, with the tumors decreasing in 1-3 months following treatment [13].
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Still, the effect of clinical responses remains elusive. Metabolic changes detected by PET (Ta-
ble 1), including decreased ['®F]-FDG uptake and total lesion glycolysis, are more objective
and occur earlier in time compared to morphological changes.

Table 1. Overview of typical PET parameters: significant and measured metrics.

PET Parameters Point of Interest
Standardized uptake value (SUV) Dimensionless value of .tanor s uptake of the radlqtracer, quantified as SUVmax{ SUVmean, SUVpeak;
helps distinguish between metabolically normal and abnormal tissues
Metabolically active tumor volume Volume of ['®F]-FDG-avid tumor delineated on PET images; utilized for prognosis and quantifying
(MATV) response to treatment
Total lesion glycolysis (TLG) Product of the mean standardized uptake value. and metabolic activity tumor volume; used to quantify
metabolic tumor burden
- 1 Metric of ['8F]-FDG uptake in bone marrow; often higher than other organs such as the liver and could
Bone marrow avidity : o . e
be a biomarker for detecting immunosuppressive cancers or infiltration by cancers such as lymphomas
Bone marrow to liver ratio/spleen to Ratio between the ['®F]-FDG uptake in bone marrow or in the spleen compared to the liver uptake;
liver ratio used to assess the immune system activation in the context of IO

As for other indications, we assume that the future role of [!8F]-FDG PET for the
evaluation of the abscopal effect and RT/IO strategies will be crucial for establishing
baseline metabolic information and monitoring changes (Figure 1), offering better insight
into prognoses of metastases with IO/RT and helping to detect adverse effects [4].

Standard FDG-PET FDG-PET for RT FDG-PET for RT+IO

Bone biopsy and organ
function evaluation

v

’ E“ | | BraiLnMRl |

v v ) Y

Low-CT performed in tandem with PET, or a higher dose planning CT, followed by PET I

o
N

v \4

Contouring of the metabolically active areas on FDG-PET to
define biologically active volumes (BTV) for RT planning

v 0'8 dayS
Administration of 10 agentl
v Within 7 days ¥
@ | Radiation Therapy |
l 2-5 months l

| Abscopal Effect |

v 6-12 weeks ‘L
Standard clinical follow-up to assess response criteria and re-staging |

Figure 1. Guidelines on ['8F]-FDG PET for radiotherapy and radiotherapy + immuno-oncology, in
comparison to standard ['8F]-FDG PET. Bone marrow biopsy, organ function assessment, and brain
MRI are performed when immuno-oncological agents are added, to provide a baseline in case of
immune-related adverse events during treatment. We recommend a clinical and imaging follow-up
after 5 months to assess primary and metastatic response. Regression of tumors distant to the primary
could indicate the abscopal effect.
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Our proposal for using ['®F]-FDG PET/CT to assess the abscopal effect is as follows:
A bone marrow biopsy, organ evaluation, and brain MRI must be performed to provide
a baseline, to be referred to in case of adverse effects of IO administration. A standard
low-dose CT with or followed by PET is then performed to generate baseline data for tumor
anatomical location, metabolic activity, and burden; these data will also be used to create
a personalized RT, to irradiate the most metabolically active regions and spare healthy
tissues. Corresponding IO agents are administered; within 7 days, RT is administered, to
take advantage of the resultant window of radio sensitivity. A clinical follow-up to assess
response and re-staging is performed 6—12 weeks after the RT; if the metastases distal to
the primary tumor irradiation site have regressed, the abscopal effect has occurred. Based
on response criteria or adverse effects, clinicians can adjust IO or RT to each patient and
repeat as necessary.

4. The Role of PET for Refining Patterns of Response to IO/RT
4.1. Role of PET for Hyperprogression

The concept of hyperprogression is not well understood or quantified; it may be the
result of tumor resistance to radiation or IO agents such as PD-1 inhibitors [2,14]. It poses a
diagnostic dilemma to the wait-and-see strategy currently used to differentiate true pro-
gression from pseudoprogression (Figure 2). Hyperprogression has been more frequently
observed in patients with a higher baseline tumor burden and multiple metastases. Further
complications to the management paradigm are the wide range of hyperprogression fre-
quencies, ranging from 8% to 30%, and the new concepts in RT, such as oligoprogression,
discussed in the next section [2,14].

A potential reason for this wide frequency range is the variability in the definition
criteria [1]. On one side, hyperprogression is categorized as a fast tumor progression inde-
pendent of 10 therapy [14]. Herein, tumor growth rate is only considered after beginning
IO. This makes for a more convenient prognostic tool, as it only requires two response
assessments, but this definition cannot demonstrate a causal effect: the fast progression
cannot be attributed specifically to 1O. Patients with a high baseline tumor burden at
the beginning are more likely to fit hyperprogression criteria if only those two points in
time are considered. Another definition of hyperprogression is accelerated growth as a
harmful effect of IO agents. This takes into account the change between pretreatment and
on-treatment tumor growth rates. This definition has a demonstrably lower rate of hyper-
progression using PET. It also assumes medical imaging is available before and during 10
therapy, which is often the case in patients treated with IO.

Integrating the criteria for defining hyperprogression is critical, given its importance
in prognosis. To do so, it is important to take into account clinical, radiologic, and metabolic
biomarkers. It is also important to differentiate fast and accelerated progression criteria
and harmonize their detection methods as well as the criteria for measuring target lesions,
and to consider new methods altogether.

The future role of PET in patients with solid tumors treated with a combination of IO
and RT might also involve predicting patients that are more likely to become hyperprogres-
sors based upon the extraction of biomarkers in baseline imaging [14].

4.2. Role of PET for Oligoprogression

Oligoprogression refers to the progression of only a few lesions in metastatic cancer;
a limited number of lesions may progress even as the others regress or remain stable.
This is often due to the development of resistance to targeted therapies and 1O agents,
and it poses a challenge for treatment [15,16]. The patient’s tumor burden is lower than
that of hyperprogression, presenting fewer and smaller metastases; however, similar to
hyperprogression, oligoprogression may still warrant more aggressive treatments such as
local ablation, brachytherapy, or surgery where appropriate [16]. As with hyperprogression,
PET/CT provides valuable insight into the detection of oligoprogression patterns. As
the increase in tumor size is often smaller than with hyperprogression, more specific
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radiotracers with a higher sensitivity would detect these slight changes and allow for
quicker interventions and better survival rates [16].

Figure 2. Patterns of response from ['8F]-FDG PET during immunotherapy with checkpoint inhibitors
illustrated at baseline (a,b,e,f,i,j,m,n) and during treatment (c,d,g,h,k,1,0,p): (starting from upper pan-
els) partial response (a—d), progressive disease (e-h), pseudoprogression (i-1), and hyperprogression
(m-p).

4.3. Role of PET for Pseudoprogression

The current response criteria for IO focus principally on the detection of the pseudo-
progression phenomenon, which is defined as a brief increase in tumor burden or new
tumors, followed by an abrupt decrease or stability. It is believed that IO agents may
cause a brief uptick in tumor metabolism and vasculature due to inflammation, or possible
resistance to the IO agent. This brief increase in size requires a follow-up scan within
4-8 weeks [1].

The incidence of pseudoprogression varies with the type of tumor and IO agent ad-
ministered, reaching up to 17.9% in “progressive” patients treated with the PD-1 blocker
pembrolizumab [16]. Data suggest that the outcomes of pseudoprogressive patients resem-
ble those of treatment-sensitive patients instead of true progressive patients. This is the
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reason why available criteria aim to provide clinical guidance to ensure pseudoprogression
is not misdiagnosed as true progression.

According to the joint guidelines [1], ['8F]-FDG PET imaging is indicated prior to im-
munotherapy (due to its ability to predict and detect tumor prognosis through mean tumor
volume [13]) and for response assessment [1]. This allows for the detection of different
patterns of response, including pseudoprogression, which may be due to a delayed immune
system activation, local inflammation, and/or immune system tumor infiltration [17]. In
the context of RT/IO, ['®F]-FDG PET can be used to dose-paint or image the heterogeneity
of a tumor’s activity, though it is unclear if it benefits survival [14].

4.4. Role of PET for the Diagnosis of Immune-Related Adverse Events

Immunogenic or toxic effects due to RT/IO can be observed weeks or months after
treatment. Radiotoxic effects may take years to develop in prolonged treatment. This makes
their combined effects difficult to quantify and emphasizes the importance of investigating
new biomarkers. For example, the inflammatory process induced by immune-related
adverse effects (irAEs) is associated with a markedly increased ['®F]-FDG uptake. This
modality has been used to predict thyroiditis with hypothyroidism and irAE in cancer
patients receiving a combination of two ICIs, even prior to the appearance of the usual
clinical and biological indicators required for diagnosis of most irAEs [2]. The substrate
for irAEs is the activation of the T cell inflammatory response and cytokine release [12].
Symptoms are systemic and potentially life-threatening, with the capability to occur in
nearly every organ [1]. Fortunately, patients respond to steroids or discontinuation of IO
therapy.

Imaging is able to detect immunogenic lesions indicative of irAE in patients 75% of
the time. Thanks to its ability to depict inflammation in a whole-body modality, ['®F]-FDG
PET/CT represents the optimal tool for the early detection of irAEs [17].

5. Documentation and Reporting: Adaptation of the Joint Guidelines

The recently published joint EANM/SNMMI/ANZSNM practice guidelines/procedure
standards on ['®F]-FDG PET/CT use in immunomodulatory treatments [1] provide dedi-
cated insight on how to perform, interpret, and report the scan during IO regimens [18,19].

The clinical history of the patient should be briefly summarized, including relevant
diagnostic tests, prior imaging findings, and the specific type, site, timing, and number of
RT/IO. Drugs potentially impacting ['®F]-FDG uptake should be listed. Sufficient details
should be recorded for follow-up imaging to be replicated or at least comparable.

Imaging findings should be described in a logical manner; they may be grouped by
significance, TNM staging, or body region. Relevant ['®F]-FDG findings require a detailed
description of the location, extent, and intensity of ['8F]-FDG uptake with noteworthy
anatomical findings in CT. Target lesions should be identified using the indications of the
selected metabolic response criteria (Table 2), as well as the pattern of response used for
tumor assessment [20].

There should also be a focus on significant clinical findings with respect to any ad-
ditional imaging needed to clarify the impression. Any relevant abnormalities must be
promptly communicated, in order to avoid treatment delays that might result in significant
morbidity or mortality. It should be recognized that the use of PET may alter the rate of
detecting irAEs compared to those previously identified in routine clinical care and may
impact both subsequent treatments.
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Table 2. Immune-related response criteria. Modified from Lopci et al. [1] under a Creative Commons Attribution 4.0 International License (http://creativecommons

org/licenses/by/4.0/) URL (accessed on 31 July 2023).

EORTC PERCIST 1.0 LYRIC PECRIT PERCIMT imPERCIST iPERCIST
Authors Young et al. [21] Wahl et al. [22] Cheson et al. [23] Cho et al. [24] Anwar et al. [25] Tto et al. [26] Goldfarb et al. [27]
. Solid tumor/['8F]-FDG  Solid tumor/['®F]-FDG Lymphoma/CT and Melanoma/CT and CT and ['®F]-FDG 18 18
Tumor type/Modality PET PET [15F]-FDG PET [15F]-FDG PET/CT PET/CT ['°F]-FDG PET/CT [*°F]-FDG PET/CT
Year 1999 2009 2016 2017 2017 2019 2019
Lesion measurement - - Bidimensional Unidimensional - - -
Baseline size - - >15 mm >10 mm - - -
. . 5 lesions total, 2 6 lesions total . According to RECIST 5 lesions total, 2 per 5 lesions total, 2 per
Baseline lesion number - (nodes and 5 lesions (2 per organ)
per organ extranodal sites) 1.1 and PERCIST 1 organ organ
PD depends on number SULpeak of new To be confirmed by a
New lesion Results in PD Results in PMD Considered as IR2a Results in PD and functional size of lesion(s) included in the  new imaging evaluation
new lesion(s) sum of SULpeak at least 4 weeks later
Non-index lesion - - Considered as IR2b Same as RECIST 1.1 - - -
Complete ['8F]-FDG PET-uptake <

Complete resolution

resolution of
['8F]-FDG PET uptake
within the tumor
volume so that it is
indistinguishable from
surrounding normal
tissue

Disappearance of all
metabolically active
lesions

liver (score 1, 2, 3)
without a residual mass
OR on CT,
target nodes/nodal
masses must regress
to <15 mm in
longest diameter

See RECIST 1.1
Results in clinical
benefit

No new lesions

Disappearance of all
lesions

Disappearance of all
lesions

Partial reduction

A reduction
of a minimum of
15-25% in tumor
SUV after one
cycle of chemotherapy,
and >25% after more
than one treatment cycle

Reduction in
SULpeak in
target lesions of >
30% and
absolute drop in
SUL > 0.8 SUL units

['®F]-FDG PET-uptake >
liver (score 4 or 5) with
reduced uptake
compared with baseline
and residual masse(es)
of any size OR on CT >
50% decrease in SPDof
up to 6 measurable
nodes and extranodal
sites

See RECIST 1.1
Results in clinical
benefit

No new lesions

>30% decrease in sum
of SULpeak of target
lesions and decrease of
>0.8 SUL units

>30% decrease in sum
of SULpeak
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Table 2. Cont.

EORTC PERCIST 1.0 LYRIC PECRIT PERCIMT imPERCIST iPERCIST
An increase in
SUV < 25% or a See RECIST 1.1
decrease < 15% If SULpeak decreases by
Stable _ andno visible Neither CR/PR Neither CR/PR more than 15.5%, Neither CR/PRnor PD  Neither CR/PRnor PD  Neither CR/PR nor PD
disease increase in extent nor PD can be nor PD can be clinical benefit can be established can be established can be established
of ['"®F]-FDG PET tumor established established If SULpeak decreases by
uptake (>20% in less than 15.5%, no
the longest clinical benefit
dimension)
First PD is IR
(indeterminate
response)
Increase > 5 mm (if <2
cm) or 10 mm (if >2 cm)
An increase in SUV > of at least one lesion Four or more new
5% within the fumor Criteria for IR lesions of less than
region defined on the IR1: >50% increase in 1.0 cm in functional
baseline scan. visible SPD in first 12 weeks diameter, or three or >30% increase in sum of
increase in th:e extent Increase in IR2a: <50% increase more new lesions of SULpeak or new lesions
P . 18737 SULpeak of > in SPD with new lesion See RECIST 1.1 more than 1.0 cm in o : . Results in UPMD
rogressive [°FI-FDG PET tumor 30% or th IR2b: <50% increase in Results in no clinical functional diameter, or >30% increase in sum of Clinical stability is
disease uptake (>20% in the o or the ¢ S’PD N h ¢ %o/ benefi ! SULpeak idered to d 4 de if
longest dimension) or appearance of a ) w%t >50% enefit two Oor more new considered to decide i
the appeararce of new new lesion increase in product lesions of more than treatment should be
[1F]-FDG PET uptake of the perpendicular 1.5 cm in functional continued after UPMD
in metastatic diameters of a lesion . dia.nTeter
lesions or set of lesions Predicts clinical PD, and
IR3: increase in no clinical benefit
['®F]-FDG PET uptake
without a concomitant
increase in lesion size
meeting criteria for IR1
or IR2
Confirmation PD No No Yes, wait up to 12 weeks No No No Yes, 4-8 g;ﬂ(g later for
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6. Conclusions

Recent advances in solid tumor treatment with RT combined with IO treatment require
advanced imaging and analysis to determine real-time benefits and complications to novel
interventions. The importance of [{®F]-FDG PET/CT for the evaluation of the abscopal
effect [28] and RT/IO strategies [28,29] will be crucial in establishing baseline metabolic
information and providing increased insight to response, as well as for the detection
of adverse treatment effects. Still, the modality has its limitations. ['8F]-FDG uptake is
dependent on various tumor factors (size, metabolic activity, and serum glucose), which can
lead to false negatives in very small lesions (for example, micro-metastases), and tumors
with a lower metabolic rate (prostate, hepatic, etc.). In the future, we can expect [\8F]-FDG
PET to be supplemented by novel radio tracers and molecule imaging, including immune-
PET, radiolabelled antibodies, and agents with more exclusive expression in cancerous
lesions, improving specificity and yielding higher tumor-to-normal ratios. Moreover, the
implementation of artificial intelligence (AI) and dedicated algorithms for image analysis
and the evaluation of follow-up studies will further assist therapy monitoring using PET
and help determine RT/IO timing and dosage [2,30].

Author Contributions: CM.P, E.L. and L.D.: Conceptualization, Methodology. CM.P, E.L.,R-D.S.,
D.D.J., S.A. (Samy Ammari), A.L., S.A. (Sanjay Aneja), A.S.,, MM.S.,, KM.C,, LH.S,, E.D. and L.D.:
Data curation. CM.P, E.L. and L.D.: Writing—Original draft preparation. E.L. and L.D.: Supervision.
CM.P,EL, R-DS, D.D]J, S.A. (Samy Ammari), A.L, S.A. (Sanjay Aneja), A.S.,, M.M.S.,, KM.C,,
L.HS., ED. and L.D.: Validation. CM.P, E.L,, R.-D.S., D.D.]., S.A. (Samy Ammari), A.L., S.A. (Sanjay
Aneja), A.S., MM.S,, KM.C,, LH.S,, E.D. and L.D.: Writing—Reviewing and Editing. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article.

Conflicts of Interest: Egesta Lopci reports receiving grants from Fondazione AIRC (Associazione
Italiana per la Ricerca sul Cancro) and from the Italian Ministry of Health (Ministero della Salute),
and faculty remuneration from ESMIT (European School of Multimodality Imaging & Therapy) and
the MI&T congress. Kathleen Cappacione has served as an advisor for Cardinal Health. Lawrence
Schwartz has served as an advisor for Novartis, GlaxoSmithKline and received research funding
from Eli Lilly, Astellas Pharma, Merck Sharpe and Dohme, Pfizer, and BMS. All remaining authors
have declared no conflict of interest.

Abbreviations

['®F]-FDG-PET  ['®]Fluorodeoxyglucose Positron Emission Tomography

CT Computed Tomography

ANZSNM Australian and New Zealand Society of Nuclear Medicine
CMR Complete Metabolic Response

EANM European Association of Nuclear Medicine

10 Immuno-oncology

irAE Immune-related Adverse Events

MATV Metabolic Activity Tumor Volume

PD-1 Programmed Death Protein/Ligand

PERCMIT PET Response Evaluation Criteria for Inmunotherapy
RT Radiation Therapy

SNMMI Society of Nuclear Medicine and Molecular Imaging
S10AY Standardized Uptake Value

TLG Total Lesion Glycolysis



Cancers 2023, 15,5179 11 of 12

References

1.

W

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Lopdi, E.; Hicks, R.J.; Dimitrakopoulou-Strauss, A.; Dercle, L.; Iravani, A.; Seban, R.D.; Sachpekidis, C.; Humbert, O.; Gheysens,
O.; Glaudemans, A.W.J.M,; et al. Joint EANM/SNMMI/ANZSNM practice guidelines/procedure standards on recommended
use of [18F]FDG PET/CT imaging during immunomodulatory treatments in patients with solid tumors version 1.0. Eur. J. Nucl.
Med. Mol. Imaging 2022, 49, 2323-2341. [CrossRef]

Dercle, L.; Sun, S.; Seban, R.D.; Mekki, A.; Sun, R.; Tselikas, L.; Hans, S.; Bernard-Tessier, A.; Bouvier, EM.; Aide, N.; et al.
Emerging and Evolving Concepts in Cancer Inmunotherapy Imaging. Radiology 2023, 306, €239003; Erratum in Radiology 2023,
306, 32-46. [CrossRef]

Warburg, O. On respiratory impairment in cancer cells. Science 1956, 124, 269-270. [CrossRef] [PubMed]

Mekki, A.; Dercle, L.; Lichtenstein, P.; Marabelle, A.; Michot, ] M.; Lambotte, O.; Le Pavec, J.; De Martin, E.; Balleyguier, C.;
Champiat, S.; et al. Detection of immune-related adverse events by medical imaging in patients treated with anti-programmed
cell death 1. Eur. J. Cancer 2018, 96, 91-104. [CrossRef] [PubMed]

Wei, W.; Rosenkrans, Z.T.; Liu, J.; Huang, G.; Luo, Q.-Y.; Cai, W. Inmunopet: Concept, design, and applications. Chem. Rev. 2020,
120, 3787-3851. [CrossRef] [PubMed]

Lopci, E. Immunotherapy Monitoring with Immune Checkpoint Inhibitors Based on [\8F]FDG PET/CT in Metastatic Melanomas
and Lung Cancer. J. Clin. Med. 2021, 10, 5160. [CrossRef]

Kok, I.C.; Hooiveld, ].S.; van de Donk, P.P.; Giesen, D.; van der Veen, E.L.; Lub-de Hooge, M.N.; Brouwers, A.H.; Hiltermann,
T.J.N.; van der Wekken, A.J.; Hijmering-Kappelle, L.B.M.; et al. 89Zr-pembrolizumab imaging as a non-invasive approach to
assess clinical response to PD-1 blockade in cancer. Ann. Oncol. 2022, 33, 80-88. [CrossRef] [PubMed]

Niemeijer, A.N.; Leung, D.; Huisman, M.C.; Bahce, I.; Hoekstra, O.S.; van Dongen, G.A.M.S.; Boellaard, R.; Du, S.; Hayes, W,;
Smith, R.; et al. Whole body PD-1 and PD-L1 positron emission tomography in patients with non-small-cell lung cancer. Nat.
Commun. 2018, 9, 4664. [CrossRef] [PubMed]

Bensch, F,; van der Veen, E.L.; Lub-de Hooge, M.N.; Jorritsma-Smit, A.; Boellaard, R.; Kok, I.C.; Oosting, S.E,; Schroder, C.P;
Hiltermann, T.J.N.; van der Wekken, A J.; et al. 89Zr-atezolizumab imaging as a non-invasive approach to assess clinical response
to PD-L1 blockade in cancer. Nat. Med. 2018, 24, 1852-1858. [CrossRef] [PubMed]

Young, K.H.; Baird, ].R.; Savage, T.; Cottam, B.; Friedman, D.; Bambina, S.; Messenheimer, D.].; Fox, B.; Newell, P.; Bahjat, K.S.;
et al. Optimizing timing of immunotherapy improves control of tumors by hypofractionated radiation therapy. PLoS ONE 2016,
11, e0157164. [CrossRef]

Ngwa, W.; Irabor, O.C.; Schoenfeld, ].D.; Hesser, J.; Demaria, S.; Formenti, S.C. Using immunotherapy to boost the abscopal effect.
Nat. Rev. Cancer 2018, 18, 313-322. [CrossRef] [PubMed]

Liu, Y;; Dong, Y.; Kong, L.; Shi, E; Zhu, H.; Yu, ]. Abscopal effect of radiotherapy combined with immune checkpoint inhibitors. .
Hematol. Oncol. 2018, 11, 104. [CrossRef] [PubMed]

Janopaul-Naylor, J.R.; Shen, Y.; Qian, D.C.; Buchwald, Z.S. The abscopal effect: A review of pre-clinical and clinical advances. Int.
J. Mol. Sci. 2021, 22, 11061. [CrossRef] [PubMed]

Aide, N.; Hicks, R.J.; Le Tourneau, C.; Lheureux, S.; Fanti, S.; Lopci, E. FDG PET/CT for assessing tumour response to
immunotherapy: Report on the EANM symposium on immune modulation and recent review of the literature. Eur. J. Nucl. Med.
Mol. Imaging 2019, 46, 238-250. [CrossRef] [PubMed]

Seban, R.D.; Schwartz, L.H.; Bonardel, G.; Dercle, L. Diagnosis of Hyperprogressive Disease in Patients Treated with Checkpoint
Inhibitors Using 18F-FDG PET/CT. J. Nucl. Med. 2020, 61, 1404-1405. [CrossRef] [PubMed]

Laurie, S.A ; Banerji, S.; Blais, N.; Brule, S.; Cheema, PK.; Cheung, P.; Daaboul, N.; Hao, D.; Hirsh, V.; Juergens, R.; et al. Canadian
consensus: Oligoprogressive, pseudoprogressive, and oligometastatic non-small-cell lung cancer. Curr. Oncol. 2019, 26, e81—e93.
[CrossRef] [PubMed]

Cherk, M.H.; Nadebaum, D.P,; Barber, T.W.; Beech, P; Haydon, A.; Yap, K.S. 18F-FDG PET features of immune-related adverse
events and pitfalls following immunotherapy. J. Med. Imaging Radiat. Oncol. 2022, 66, 483-494. [CrossRef]

Costa, L.B.; Queiroz, M.A.; Barbosa, F.G.; Nunes, R.F,; Zaniboni, E.C.; Ruiz, M.M.; Jardim, D.; Gomes Marin, J.E; Cerri, G.G.;
Buchpiguel, C.A. Reassessing Patterns of Response to Inmunotherapy with PET: From Morphology to Metabolism. Radiographics
2021, 41, 120-143. [CrossRef]

Lopci, E.; Aide, N.; Dimitrakopoulou-Strauss, A.; Dercle, L.; Iravani, A.; Seban, R.D.; Sachpekidis, C.; Humbert, O.; Gheysens, O.;
Glaudemans, A.W.].M,; et al. Perspectives on joint EANM/SNMMI/ANZSNM practice guidelines/procedure standards for
['®F]FDG PET/CT imaging during immunomodulatory treatments in patients with solid tumors. Cancer Imaging 2022, 22, 73.
[CrossRef]

Lopci, E.; Castello, A.; Filippi, L. Novelties from the Joint EANM/SNMMI/ANZSNM Guidelines on Immunotherapy. Cancer
Biother. Radiopharm. 2023, epub ahead of print. [CrossRef]

Young, H.; Baum, R.; Cremerius, U.; Herholz, K.; Hoekstra, O.; Lammertsma, A.A.; Pruim, J.; Price, P. Measurement of clinical
and subclinical tumour response using [18F]-ﬂuorodeoxyglucose and positron emission tomography: Review and 1999 EORTC
recommendations. European Organization for Research and Treatment of Cancer (EORTC) PET Study Group. Eur. J. Cancer 1999,
35, 1773-1782. [CrossRef] [PubMed]

Wahl, R.L.; Jacene, H.; Kasamon, Y.; Lodge, M.A. From RECIST to PERCIST: Evolving considerations for PET response criteria in
solid tumors. J. Nucl. Med. 2009, 50 (Suppl. S1), S122-5150. [CrossRef]


https://doi.org/10.1007/s00259-022-05780-2
https://doi.org/10.1148/radiol.239003
https://doi.org/10.1126/science.124.3215.269
https://www.ncbi.nlm.nih.gov/pubmed/13351639
https://doi.org/10.1016/j.ejca.2018.03.006
https://www.ncbi.nlm.nih.gov/pubmed/29698933
https://doi.org/10.1021/acs.chemrev.9b00738
https://www.ncbi.nlm.nih.gov/pubmed/32202104
https://doi.org/10.3390/jcm10215160
https://doi.org/10.1016/j.annonc.2021.10.213
https://www.ncbi.nlm.nih.gov/pubmed/34736925
https://doi.org/10.1038/s41467-018-07131-y
https://www.ncbi.nlm.nih.gov/pubmed/30405135
https://doi.org/10.1038/s41591-018-0255-8
https://www.ncbi.nlm.nih.gov/pubmed/30478423
https://doi.org/10.1371/journal.pone.0157164
https://doi.org/10.1038/nrc.2018.6
https://www.ncbi.nlm.nih.gov/pubmed/29449659
https://doi.org/10.1186/s13045-018-0647-8
https://www.ncbi.nlm.nih.gov/pubmed/30115069
https://doi.org/10.3390/ijms222011061
https://www.ncbi.nlm.nih.gov/pubmed/34681719
https://doi.org/10.1007/s00259-018-4171-4
https://www.ncbi.nlm.nih.gov/pubmed/30291373
https://doi.org/10.2967/jnumed.120.242768
https://www.ncbi.nlm.nih.gov/pubmed/32086243
https://doi.org/10.3747/co.26.4116
https://www.ncbi.nlm.nih.gov/pubmed/30853813
https://doi.org/10.1111/1754-9485.13390
https://doi.org/10.1148/rg.2021200093
https://doi.org/10.1186/s40644-022-00512-z
https://doi.org/10.1089/cbr.2022.0091
https://doi.org/10.1016/S0959-8049(99)00229-4
https://www.ncbi.nlm.nih.gov/pubmed/10673991
https://doi.org/10.2967/jnumed.108.057307

Cancers 2023, 15,5179 12 of 12

23.

24.

25.

26.

27.

28.

29.

30.

Cheson, B.D.; Ansell, S.; Schwartz, L.; Gordon, L.I; Advani, R.; Jacene, H.A.; Hoos, A.; Barrington, S.F.; Armand, P. Refinement
of the Lugano Classification lymphoma response criteria in the era of immunomodulatory therapy. Blood 2016, 128, 2489-2496.
[CrossRef] [PubMed]

Cho, S.Y,; Lipson, E.J.; Im, H.-].; Rowe, S.P.; Gonzalez, E.M.; Blackford, A.; Chirindel, A.; Pardoll, D.M.; Topalian, S.L.; Wahl, R.L.
Prediction of response to immune checkpoint inhibitor therapy using early-time-point (18)F-FDG PET/CT imaging in patients
with advanced melanoma. J. Nucl. Med. 2017, 58, 1421-1428. [CrossRef] [PubMed]

Anwar, H.; Sachpekidis, C.; Winkler, J.; Kopp-Schneider, A.; Haberkorn, U.; Hassel, ].C.; Dimitrakopoulou-Strauss, A. Absolute
number of new lesions on (18)F-FDG PET/CT is more predictive of clinical response than SUV changes in metastatic melanoma
patients receiving ipilimumab. Eur. |. Nucl. Med. Mol. Imaging 2018, 45, 376-383. [CrossRef] [PubMed]

Ito, K,; Teng, R.; Schoder, H.; Humm, J.L.; Ni, A.; Michaud, L.; Nakajima, R.; Yamashita, R.; Wolchok, ].D.; Weber, W.A. (18)F-FDG
PET/CT for monitoring of ipilimumab therapy in patients with metastatic melanoma. J. Nucl. Med. 2019, 60, 335-341. [CrossRef]
[PubMed]

Goldfarb, L.; Duchemann, B.; Chouahnia, K.; Zelek, L.; Soussan, M. Monitoring anti-PD-1-based immunotherapy in non-small
cell lung cancer with FDG PET: Introduction of iPERCIST. EJNMMI Res. 2019, 9, 8. [CrossRef] [PubMed]

Dercle, L.; Henry, T.; Carré, A.; Paragios, N.; Deutsch, E.; Robert, C. Reinventing radiation therapy with machine learning and
imaging bio-markers (radiomics): State-of-the-art, challenges and perspectives. Methods 2021, 188, 44—60. [CrossRef]

Michot, J.-M.; Mazeron, R.; Dercle, L.; Ammari, S.; Canova, C.; Marabelle, A.; Rose, S.; Rubin, E.; Deutsch, E.; Soria, J.-C.; et al.
Abscopal effect in a Hodgkin lymphoma patient treated by an anti-programmed death 1 antibody. Eur. J. Cancer 2016, 66, 91-94.
[CrossRef]

Dercle, L.; McGale, J.; Sun, S.; Marabelle, A.; Yeh, R.; Deutsch, E.; Mokrane, F.-Z.; Farwell, M.; Ammari, S.; Schoder, H.; et al.
Artificial intelligence and radiomics: Fundamentals, applications, and challenges in immunotherapy. . Immunother. Cancer 2022,
10, €005292. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1182/blood-2016-05-718528
https://www.ncbi.nlm.nih.gov/pubmed/27574190
https://doi.org/10.2967/jnumed.116.188839
https://www.ncbi.nlm.nih.gov/pubmed/28360208
https://doi.org/10.1007/s00259-017-3870-6
https://www.ncbi.nlm.nih.gov/pubmed/29124281
https://doi.org/10.2967/jnumed.118.213652
https://www.ncbi.nlm.nih.gov/pubmed/30413661
https://doi.org/10.1186/s13550-019-0473-1
https://www.ncbi.nlm.nih.gov/pubmed/30694399
https://doi.org/10.1016/j.ymeth.2020.07.003
https://doi.org/10.1016/j.ejca.2016.06.017
https://doi.org/10.1136/jitc-2022-005292

	Introduction 
	Imaging Biomarkers Derived from Baseline PET 
	[18F]-FDG PET 
	Immuno-PET 

	The New Role of PET for Defining the Effect of IO/RT 
	The Role of PET for Refining Patterns of Response to IO/RT 
	Role of PET for Hyperprogression 
	Role of PET for Oligoprogression 
	Role of PET for Pseudoprogression 
	Role of PET for the Diagnosis of Immune-Related Adverse Events 

	Documentation and Reporting: Adaptation of the Joint Guidelines 
	Conclusions 
	References

