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Cancer immunotherapy is a type of cancer treatment that uses the immune system to fight cancer cells. Some of

these treatments stimulate the immune system, while others prime the immune system to identify better and target

cancer cells. In parallel with the implementation of cancer immunotherapy, therapy-specific FDG PET/CT response

criteria were explicitly designed specifically for that purpose. FDG PET/CT plays a key role in the newly developed

response criteria, and several FDG PET/CT-based criteria have been proposed to address all patterns of response

to therapy, including indeterminate response, pseudoprogression, and hyperprogression using several metrics,

such as SUV, MTV, and TLG. This research aims to discuss the effects and side effects of cancer immunotherapy

and to correlate this with the proposed criteria and relevant patterns of FDG PET/CT in lymphoma immunotherapy

as applicable. Additionally, the latest updates and future prospects will be explored.
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1. Introduction

Lymphoma immunotherapy is becoming more appealing over time, as evidenced by the wide variety of approved

therapy options that are now available for certain stages and subtypes of lymphoma . Applying this therapy in

clinical practice has broadened the concept of lymphoma treatment, as it can fight tumor biology in addition to on-

site disease eradication . Management of lymphoma has seen great advances in recent years, with a shift in

focus to immunotherapy in the last three decades . This has translated to FDA approval of several

immunotherapies. Positron emission tomography coupled with computed tomography (PET/CT) allows for better

evaluation of response to immunotherapy in FDG-avid lymphomas, as well as providing prognostication insights .

Metabolic PET parameters are reliable predictors in the context of absent alternative biomarkers.

2. Histrory of Cancer Immunotherapy: Classification,
Previous and Current Facts

The concept of cancer immunotherapy has been explored and studied since the 19th century . However, its

clinical implementation remained debatable until the approval of the first immunotherapy drug in 1976 (Figure 1).

The first generation of immunotherapy relies on the action of vaccines to boost the immune response. This was

[1][2][3]

[4]

[5]

[6]

[7]



FDG-PET/CT in the Monitoring of Lymphoma Immunotherapy Response | Encyclopedia.pub

https://encyclopedia.pub/entry/41561 2/18

followed by the utilization of anti-tumor cytokines, monoclonal antibodies, oncolytic viruses, and adoptive cell

therapies to recruit immune cells against certain types of cancers. Thus far, there are many types of cancer

immunotherapies that are implemented in lymphoma treatment.

Figure 1. Timeline Depicting the shift of focus in cancer immunotherapy over the last three decades in favor of

lymphoma.

2.1. Previous Footprints

After years of research and experimentation, it became evident in the last century that certain bacterial vaccines,

such as Bacille Calmette-Guérin (BCG), could recruit immune cells to inhibit the recurrence of urinary bladder

cancer . This approach remains active and is still adopted in clinical practice. This progress led to the adoption

of the cytokine family later on. Cytokines were found to be effective in inhibiting tumor cell proliferation and

enhancing cancer apoptosis . The timeframe between interferon discovery and adoption witnessed the discovery

of interleukins (IL), namely IL-2. IL-2 was found to be effective in treating advanced renal cell carcinoma (RCC) and

metastatic melanoma .

With the aim to reinforce passive immunotherapy, researchers are investigating new ways to harness the power of

the immune system to fight cancer. One promising area of research is using viruses to target cancer cells and

boost the immune system’s response to the tumor environment . This approach has shown success in treating

melanoma with genetically modified herpes viruses .

2.2. Monoclonal Antibodies: From Rituximab to Immune Checkpoint Inhibitors

Immunomodulating antibodies were studied extensively in the 1990s, and rituximab emerged as a prototype for

many other monoclonal antibodies in 1997 . It is incorporated with cyclophosphamide, doxorubicin HCl,

vincristine, and prednisone in the R-CHOP protocol for the treatment of diffuse large B-cell lymphoma (DLBCL) 
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. The adoption of the immunochemotherapy protocol (R-CHOP) has been shown to have a much higher

survival impact compared to standard chemotherapy protocols .

Under the same umbrella, immune checkpoint inhibitors (ICI) became approved and available for many cancer

types. The FDA approved the use of ipilimumab in 2011 as a therapy for advanced melanoma . In 2016,

Nivolumab attained the same approval as the first programmed cell death protein 1 (PD-1) inhibitor for the

treatment of Hodgkin’s lymphoma (HL) . Within the following year, another anti-PD-1 inhibitor (pembrolizumab)

was approved. The current range of ICI drugs use checkpoint blockade as their primary mode of action, yet there

are distinctions between the various subclasses. To date, only a limited number of ICIs have been approved for

clinical use by the FDA (Table 1), with others likely to follow in the foreseeable future. The ICI has been shown to

be effective in clinical settings against HL cells and the tumor microenvironment . The programmed death ligand-

1 programmed cell death protein (PD-L1) is potentially blocked and inhibited through ICI administration, which was

observed in 70% of cases . This inhibitory pathway can terminate tumor growth and stimulate the immune

system against HL cells .

Table 1. List of approved immunotherapies for lymphoma.

 mAb: Monoclonal Antibody;  NHL: Non-Hodgkin’s Lymphoma;  HL: Hodgkin’s Lymphoma,  ICI: Immune

Checkpoint Inhibitor;  cHL: Classical Hodgkin’s Lymphoma;  CAR-T: Chimeric Antigen Receptor Therapy;  BiTes:

bispecific T-cell engagers.
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doxorubicin, vinblastine, and dacarbazine (BV-AVD) or bleomycin plus AVD (ABVD) . At first, BV was granted

approval to treat advanced adult HL, followed by recent FDA approval of pediatric untreated classical HL.

2.3. Adoptive Cell Therapy

In recent years, researchers have become more interested in targeting both genetic and cellular abnormalities in

tumors in order to better control cancer growth and spread . A new type of T cell therapy, known as chimeric

antigen receptor therapy (CAR-T), has emerged as a promising treatment option . In this therapy, T cells are

taken from a patient’s blood and modified to express artificial receptors specifically targeted at a particular tumor

antigen . This allows the T cells to bind to and kill the cancer cells while leaving healthy cells unharmed. In

detail, the patient’s T-cell will be equipped with an artificial CAR. These receptors are composed of an antibody-

derived single-chain variable fragment, a transmembrane, and a signaling domain . The CAR segment will allow

T-cells to target tumor antigens. Through antigen binding, the CAR will induce cytokines recruitment and

proliferation against receptor-specific cancer cells .

CAR-T cells were approved for use in leukemia in 2017 and then for lymphoma in the following year .

CAR-T cells represent a major advancement in the field of immunotherapies. This is evident from the fact that two

CAR-T cells, Yescarta (axicabtagene ciloleucel) and Kymriah (tisagenlecleucel), are commercially available .

2.4. Bispecific Antibodies: The Most Recent Addition to the Group

Bispecific antibodies, also known as bispecific T-cell engagers (BiTes), are novel protein constructs that target both

B-cells (CD20) and T-cells (CD3) . These include Mosunetuzumab, Glofitamab and Epcoritamab.

Mosunetuzumab is already FDA/EMA approved for use in r/r Follicular lymphoma (FL). The remainder of BiTes are

on the way to being granted the same approval.

3. Current Applications of PET/CT in Lymphoma
Immunotherapy

The lack of reliable biomarkers to measure immunotherapy response has made FDG PET/CT response criteria

more useful. This hybrid imaging modality can use various metabolic parameters to predict and evaluate therapy

response. In fact, FDG PET/CT is the only imaging modality with the ability to evaluate therapy response and

demonstrate metabolic aspects of immunotherapy-related side effects .

3.1. Response Patterns

The response to immunotherapy varies among patients, with most experiencing a good initial response .

However, some patients may demonstrate different patterns of response after therapy administration (Figure 2).
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Figure 2. Graphical presentation of different response patterns achieved after lymphoma immunotherapy

administration.

3.1.1. Pseudoprogression

Some patients may initially appear to experience disease progression (known as pseudoprogression) before

ultimately achieving a favorable clinical picture . This false positive pattern was first reported in 15% of patients

receiving anti-CTLA4 therapy . The need to correct initial erroneous positive results necessitates the

implementation of new response criteria . Pseudoprogression was first observed in solid tumors and later

reported in lymphomas, introducing additional confusion in PET-driven response assessment . Rather than

being indicative of actual progression, pseudoprogression is more similar to a flare phenomenon caused by

massive immune stimulation (Figure 3) . It is also possible that a delayed immunologic response may contribute

to pseudoprogression . The maximum increase in tumor burden linked with pseudoprogression has been

reported to range from 20% to 163% . During the initial phases of therapy, immune cells may be recruited into

the tumor microenvironment, leading to a temporary increase in tumor size and metabolic activity . However,

pseudoprogression can be confirmed during follow-up imaging through eventual tumor regression and favorable

clinical outcomes . Nonetheless, it remains important to weigh the possibility of initial radiographic progression

being pseudoprogression against the potential for true progression. A biopsy of enlarged lesions for pathologic

review may be helpful in identifying pseudoprogression . McGehee et al. reported a case of pseudoprogression

in a T-cell lymphoma patient . In addition to being symptom-free, the biopsy for the patient was negative, ruling

out disease progression . The same findings were previously mentioned in a case series .

27. Lopci, E.; Meignan, M. Current Evidence on PET Response Assessment to Immunotherapy in
Lymphomas. PET Clin. 2020, 15, 23–34.

28. Hutchings, M.; Radford, J.; Ansell, S.M.; Illés, Á.; Sureda, A.; Connors, J.M.; Sýkorová, A.;
Shibayama, H.; Abramson, J.S.; Chua, N.S.; et al. Brentuximab Vedotin plus Doxorubicin,
Vinblastine, and Dacarbazine in Patients with Advanced-stage, Classical Hodgkin Lymphoma: A
Prespecified Subgroup Analysis of High-risk Patients from the ECHELON-1 Study. Hematol.
Oncol. 2021, 39, 185–195.

29. Mohanty, R.; Chowdhury, C.; Arega, S.; Sen, P.; Ganguly, P.; Ganguly, N. CAR T Cell Therapy: A
New Era for Cancer Treatment (Review). Oncol. Rep. 2019, 42, 2183–2195.

30. Abate-Daga, D.; Davila, M.L. CAR Models: Next-Generation CAR Modifications for Enhanced T-
Cell Function. Mol. Ther. Oncolytics 2016, 3, 16014.

31. Zhang, X.; Zhu, L.; Zhang, H.; Chen, S.; Xiao, Y. CAR-T Cell Therapy in Hematological
Malignancies: Current Opportunities and Challenges. Front. Immunol. 2022, 13, 927153.

32. Frigault, M.J.; Maus, M. v State of the Art in CAR T Cell Therapy for CD19+ B Cell Malignancies.
J. Clin. Investig. 2020, 130, 1586–1594.

33. Wang, Z.; Cao, Y.J. Adoptive Cell Therapy Targeting Neoantigens: A Frontier for Cancer
Research. Front. Immunol. 2020, 11, 176.

34. Ruella, M.; Kenderian, S.S. Next-Generation Chimeric Antigen Receptor T-Cell Therapy: Going off
the Shelf. BioDrugs 2017, 31, 473–481.

35. Yip, A.; Webster, R.M. The Market for Chimeric Antigen Receptor T Cell Therapies. Nat. Rev.
Drug. Discov. 2018, 17, 161–162.

36. Majzner, R.G.; Mackall, C.L. Tumor Antigen Escape from CAR T-Cell Therapy. Cancer Discov.
2018, 8, 1219–1226.

37. Cahill, K.E.; Smith, S.M. Follicular Lymphoma: A Focus on Current and Emerging Therapies.
Oncology 2022, 36, 97–106.

38. Prigent, K.; Aide, N. 18F-Fludeoxyglucose PET/Computed Tomography for Assessing Tumor
Response to Immunotherapy and Detecting Immune-Related Side Effects: A Checklist for the
PET Reader. PET Clin. 2020, 15, 1–10.

39. Wolchok, J.D.; Hoos, A.; O’Day, S.; Weber, J.S.; Hamid, O.; Lebbé, C.; Maio, M.; Binder, M.;
Bohnsack, O.; Nichol, G.; et al. Guidelines for the Evaluation of Immune Therapy Activity in Solid
Tumors: Immune-Related Response Criteria. Clin. Cancer Res. 2009, 15, 7412–7420.

40. Hodi, F.S.; Hwu, W.-J.; Kefford, R.; Weber, J.S.; Daud, A.; Hamid, O.; Patnaik, A.; Ribas, A.;
Robert, C.; Gangadhar, T.C.; et al. Evaluation of Immune-Related Response Criteria and RECIST

[39]

[39]

[40][41]

[27][42][43]

[27]

[44]

[45]

[27]

[46]

[47]

[48]

[48] [49]



FDG-PET/CT in the Monitoring of Lymphoma Immunotherapy Response | Encyclopedia.pub

https://encyclopedia.pub/entry/41561 6/18

Figure 3. Serial Maximum Intensity Projection (MIP) images of an HL patient demonstrating pseudoprogression

pattern during the interim period.

Although biopsy of enlarged lesions can be helpful in distinguishing pseudoprogression from true disease

progression, it is not always practical for some patients (Figure 4). For example, asymptomatic patients usually

tend to express this pattern later on (Figure 5). Therefore, clinical correlation and careful follow-up are the keys to

better tracing the disease’s progress. Pseudoprogression is usually accompanied by an initial increase in tumor

size but not by a deterioration in the patient’s clinical condition or performance status. Genuine disease

progression, or hyperprogression, on the other hand, is often accompanied by a deterioration in the patient’s

condition.
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Figure 4. A fish bone diagram demonstrating the difference between pseudoprogression and hyperprogression.

Figure 5. Schematic showing clinical, histopathological, and imaging differences between pseudo-progression and

hyperprogression.

3.1.2. Hyperprogression

More recently, a permanent progression has been observed and evidenced by the increased rate of tumor growth

. This was supported by Phase 3 clinical trials, which demonstrated decreased survival outcomes in some

patients who underwent immunotherapy treatment . Under the category of hyperprogression, this pattern

most commonly affects elderly patients and has been noted in up to 29% of patients receiving immunotherapy 

. In hyperprogression, there is evidence of a dramatic tumor growth rate associated with clinical worsening .

When comparing baseline imaging with initial therapy imaging, there is a minimum of a twofold increase in overall

tumor burden (Figure 6). In such cases, the only choice is to terminate immunotherapy .
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Figure 6. Serial Maximum Intensity Projection (MIP) images of an HL patient demonstrating a hyperprogression

pattern.

3.1.3. Potentiating Abscopal Effect

The findings suggest that combining radiotherapy with immunotherapy may boost the abscopal effect of local

radiotherapy treatment (Figure 7) . This response pattern was first observed in the 1950s after researchers

noted clinical responses at distant metastatic sites following the administration of locoregional radiotherapy .

Later research showed that this phenomenon is mediated by T cells and that the incidence of the abscopal effect is

favorable in immunocompetent patients . Enhancing immune system response through immunotherapies can

therefore result in a potential synergistic effect . Researchers are still working to determine the exact

mechanism of this effect after several reported clinical cases .
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Figure 7. Graphical presentation of proposed abscopal effect mechanism.

3.2. PET Response Criteria in Lymphoma

Given the lack of biological markers to assess the efficacy of immunotherapy . It was necessary to create

therapy-specific criteria to assess the wide array of response patterns encountered.

3.2.1. Lugano Classification

The Lugano criteria are widely used in studies and clinical trials of immunotherapy drugs, despite being non-

specific for immunotherapy response . The criteria provide a solid foundation for future therapy-specific

response criteria . In 2014, the Lugano classification was adopted by a team of specialists in oncology,

hematology, radiology, and nuclear medicine . This classification uses metabolic PET parameters to assess

response to therapy at the end of therapy (EoT) and during the interim period (iPET) . Since then, it has been

considered the gold standard interpretation criteria for FDG-avid lymphomas . The Lugano study introduced a

five-point scale for assessing metabolic response instead of using a dichotomous response pattern . The ordinal

scale, consisting of five Deauville scores (DS) (Table 2), was used to examine the degree of response . The

degree of response can be measured by qualitative visual assessment of FDG uptake within the most intense

residual lymphomatous lesion identified during EoT or i-PET . The retrieved values are then visually compared

to reference metabolic values derived from the background, mediastinal blood pool, and liver. The complete

metabolic response is indicated if the Deauville 5-point scale (5PS) is between 1–3. A score of 4 or 5 on the five-

point scale, with evidently reduced uptake since the baseline study, is indicative of partial metabolic response

(PMR) . A DS of 4 or 5 can also indicate disease progression (PD) when there is evidence of increased uptake

since the baseline study, with or without the interval development of new FDG avid lymphomatous disease process

.

Table 2. Lugano classification and deauville 5-point scale (D5PS) in FDG-avid lymphomas.
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The introduction of immunotherapy has necessitated modifications to the previously established Lugano

classification in order to account for pseudoprogression . This transient pattern of response, characterized by an

increase in tumor size and metabolic flare, can make it difficult to determine if a patient is truly progressing or if

their disease is simply pseudo-progressing . In 2016, the LYRIC group introduced a new category of response,

labeled the Indeterminate Response (IR), to account for this pseudoprogression pattern . If there is suspicion of

pseudoprogression, a patient can be classified as IR, and therapy can be continued for up to 12 weeks before a

definitive confirmation is made . After that point, follow-up FDG PET/CT imaging can be used to discriminate

between true progression and pseudoprogression. Additionally, histopathologic confirmation can be pursued to

better understand the disease pattern .

3.2.3. Response Evaluation Criteria in Lymphoma (RECIL)

In an effort to harmonize lymphoma response criteria in clinical trials, RECIL revolutionized the way to evaluate

immunotherapy . Anatomically, lesions measurement was modified to include only unidimensional measurement

of the long diameter of three selected target lesions . In addition, RECIL proposed measuring and comparing the

difference in tumor burden. As a result, complete response (CR) has replaced CMR and would require at least a

30% reduction in tumor burden in addition to a DS range of 1–3 . In a parallel fashion, a higher DS of 4–5 would

indicate a PR, achieving a reduction in tumor burden of at least 30% . A new category labeled as a minor

response has been proposed in cases of at least 10% tumor burden reduction, not exceeding the 30% threshold

. A stable disease pattern can be observed if the range of change in the tumor burden lies between −10% and

+20%. Otherwise, disease progression implies a value of more than a 20% increase in tumor burden, with or

without the appearance of a new lesion . It is noteworthy that both the PD and minor response categories do not

require correlation with 5PS . Additionally, disease relapse is considered when a newly appearing lesion

exceeds 1.9 cm in the long axis .

4. Influence of FDG PET/CT in Hodgkin’s Lymphoma (HL)

HL is known for its high FDG avidity and chemosensitivity . Previous research has focused on exploring

standard therapeutic protocols to determine therapy response and outcome . However, with the

emergence of new lines of cancer immunotherapy, new treatment protocols have been introduced, accompanied

by new PET/CT response criteria specific to lymphoma immunotherapy .

4.1. Immune Checkpoint Inhibitors

The idea behind the ICI mechanism has led to the first clinical trial conducted by Ansell et al. . This first clinical

trial reported a response rate of nearly 90% in relapsed or refractory (R/R) HL cases treated with nivolumab . In

a similar fashion, the efficacy of pembrolizumab in BV-relapsed HL was examined, resulting in an overall response

rate (ORR) of about 65% . In the last decade, a few other clinical trials and studies have been conducted to

evaluate the safety and efficacy of anti-PD1 agents, such as nivolumab and pembrolizumab for R/R HL, which

have led to FDA approval of these agents for this use . In one of the earliest studies exploring the role of FDG
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PET/CT in anti-PD1 immunotherapy, Dercle et al. found that among 16 patients with HL, 4 achieved complete

metabolic response after 6 months of therapy . The same patients were then analyzed to determine patterns of

response, and it was found that 9 out of 16 patients had objective response . These findings confirmed the

reliability of FDG PET/CT in assessing response to immunotherapy . Metabolic PET parameters were also found

to be significant outcome predictors. A study by Castello et al. found that metabolic PET parameters are significant

outcome predictors in patients with R/R HL treated with pembrolizumab . A total of 43 patients were enrolled,

and after a median follow-up of 19 months, the responder group had lower DS and SUV max values when

compared with the non-responder group . Additionally, progression free survival (PFS) was found to be longer in

the responder group . Despite the previously stated achievements of ICI in clinical settings, long-term benefits

are still not adequately studied . Many recent studies have explored the potential benefits of combining

immunotherapy with other treatment protocols for patients with advanced HL . One such study found that

the combination of nivolumab with BV vedotin plus doxorubicin and dacarbazine was highly effective, with more

than 90% of patients achieving an ORR of 93% . A recent multicentric study incorporating two novel agents

including Nivolumab and BV explored disease response following 3 cycles of BV-AVD at an interim period in limited

HL patients . Patients with iPET negative results received consolidation therapy with nivolumab, while iPET-

positive patients received four cycles of Nivolumab plus BV followed by Nivolumab Consolidation . All iPET

negative patients achieved CR after assessment by PET/CT at EoT . iPET positive patients was found only in

two patients, one of which achieved CR at EoT while the other one has DS of 4 achieving CR after switching to

radiotherapy due to treatment side effects . These findings suggest that the combination of different treatment

protocols may be a promising approach for improving outcomes in HL.

4.2. Brentuximab Vedotin (BV)

After the approval of immune checkpoint inhibitors for HL, another monoclonal antibody became available, BV, for

the treatment of both adult and pediatric patients. The efficacy of the drug was explored in many trials through the

use of FDG PET scans for therapy response . These studies showed an ORR of around 70%. Additionally,

Kahraman et al. examined the efficacy of BV in clinical settings through the use of FDG PET/CT scans to monitor

therapy outcomes in cases of R/R HL . At the interim period and after a median follow-up of 16 months, PFS

was significantly prolonged in patients with negative interim PET results compared to positive interim results . A

recent study confirmed the previous observation that patients with negative iPET results have improved PFS and

overall survival (OS) compared to those with positive iPET results .

BV was also incorporated as frontline therapy substituting Bleomycin in BV-AVD regimen. This treatment protocol

was tested in phase III ECHELON 1 study . The main aim was to compare standard ABVD treatment vs. BV-

AVD combination for patients with advanced HL . The trial included six cycles of treatment, and an iPET was

performed after cycle 2 . A modified PFS was implemented counting any event of additional anticancer therapy

as part of progression in patients exceeding 5PS of 3 . The modified 2-year PFS for those receiving BV-AVD

was 82.1%, while the PFS for those receiving ABVD was 77.2% (p = 0.04) . A recent post hoc analysis has

found that patients with stage IV disease and extranodal sites seem to benefit the most from BV-AVD in terms of

modified PFS . It’s noteworthy that the modified PFS benefit with BV-AVD was largely limited to patients who
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had a positive iPET (DS of 4–5) after 2 cycles of therapy (57.5% vs. 42.0%; HR, 0.61; 95% CI, 0.34–1.09 vs.

85.2% vs. 80.9%; HR, 0.77; 95% CI, 0.59–1.02 for those who had a negative iPET) . Similarly, standard PFS

was calculated for north American subgroup and was found to be higher in BV-AVD arm (88.1% vs. 76.4%; HR,

0.50; 95% CI, 0.32–0.79; p = 0.002) . The ECHELON-1 trial results suggest that adding BV to AVD regimen may

increase efficacy of initial therapy, for patients with advanced HL.

In an effort to minimize toxicity at escalation, The German Hodgkin Study Group has tested variations of the

regimen in which BV is added to frontline therapy . These regimens do not contain bleomycin or vincristine in an

effort to prevent the worsening of pulmonary toxicity or neuropathy. Procarbazine was changed to dacarbazine in

one variant to lessen the risk of secondary leukemia . 104 patients with stages IIB to IV HL participated in a

phase 2 trial where they were randomly assigned to receive either 6 cycles of brentuximab vedotin, etoposide,

cyclophosphamide, adriamycin, procarbazine, and prednisone (BrECAPP) or 6 cycles of brentuximab vedotin,

etoposide, cyclophospham (BrECADD) . The 18-month PFS estimates were 95% and 89% for patients receiving

BrECAPP and BrECADD, respectively, with a median follow-up of 17 months .

Advanced HL cases were assessed with PET derived metrics to determine the predictive value. A study by Gavane

et al. included 45 patients with R/R HL treated with BV-based salvage therapy . It was observed that several

baseline metabolic PET parameters, including metabolic tumor volume (MTV), total lesion glycolysis (TLG) and

SUV peak, provide significant prognostic value in such patients . Previous research has established the role of

BV in advanced cases of HL, but its efficacy in early-stage HL is not as well-known. In a study by Abramson et al.,

the use of combined AVD/BV without radiotherapy in 34 patients with non-bulky early-stage HL was explored .

One cycle of BV was administered on days 1 and 15, followed by four cycles of AVD/BV . A complete response

rate of 52% after the lead-in cycle of BV and 97% after two AVD/BV cycles was achieved, and the 3-year PFS rate

was 94% . In a study by Park and colleagues, the approach of 6 cycles BV consolidation therapy after 2–6

ABVD cycles in early-stage HL was explored . A consolidation approach yielded a 95% complete response rate,

and a three-year progression-free survival of 92% . Currently, there is a noticeable shift in emphasis toward

incorporating BV as part of frontline therapy to observe therapy outcomes.

4.3. Chimeric Antigen Receptor Therapy (CAR-T)

Interestingly, CAR-T is the only immunotherapy that would require FDG PET/CT assessment during initial

administration. In fact, two FDG PET/CT studies have to be carried out before CAR-T infusion. This involves

performing FDG PET/CT at time of decision (TD), followed by second scan at time of transfusion (TT). Afterwards,

another two scans will be performed to monitor therapy response at 1-month (M1) and 3-month (M3) intervals .

This approach has attained high sensitivity and specificity of about 99% and 100% respectively . It is

noteworthy that not all clinical centers adhere to this approach, as many clinicians rely on TT PET/CT as a baseline

study . When assessing treatment response in clinical settings, multiple PET parameters are usually

incorporated. These parameters are derived from values of 5 PS, SUVmax, and the variation between different

time points (∆SUVmax), along with tumor volume analyses . Volumetric analyses rely on values of MTV. An

unfavorable response is considered when there is less than 66% of SUVmax reduction between two time points 
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. The successful results of BV therapy have helped to provide the infrastructure for CAR-T to implement

CD30 as a potential target. In a study of 18 patients with R/R HL, Wang and colleagues found that treatment with

anti-CD30 CAR T cells was feasible and tolerable . Patients in the study had received extensive prior

treatment, including both conventional lymphodepletion regimens and more disease-controlling regimens . The

ORR in the study was 39%, with 28% of patients showing stable disease at two months after therapy infusion. The

median PFS was 6 months . Further support for the safety and efficacy of anti-CD30 CAR-T therapy comes

from a phase 1 trial conducted by Ramos et al. . This trial included 9 patients with R/R HL or anaplastic large

cell lymphoma. The study showed an ORR of 33%, demonstrating the feasibility and tolerability of this type of

therapy . A more recent trial enrolling 41 patients with R/R HL showed even more promising results, with an

ORR of 72% and a one-year overall survival rate of 94% . This study suggests that anti-CD30 CAR-T therapy is

a promising treatment option for patients with R/R HL . In a similar fashion, Voorhees et al. examined the

predictive role of MTV prior to anti-CD30 therapy in HL . This study found that there was a strong association

between PFS and MTV prior to lympho-depletion . Therefore, minimizing MTV value before CAR-T is found

beneficial. The results from this study have broadened the field of research to include CAR-T. To date, there are 4

clinical trials underway to explore different potential uses of PET/CT for assessing therapy response in CAR-T

patients .

5. Influence of FDG PET/CT in Non-Hodgkin’s Lymphoma
(NHL)

Similarly, FDG PET/CT is of vital importance for outcome prediction and prognostication . The only difference in

NHL is that there are certain histologic subtypes that do not optimally express FDG avidity . Indolent NHL fall

under the category of variable FDG avid NHL while aggressive NHL usually have moderate to high FDG avidity

(Table 3). Therefore, incorporation of FDG PET/CT is most acknowledged in response assessment of aggressive

NHL.

Table 3. Status and degree of FDG avidity in each type and subtype of Lymphoma.
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Category Subtype of Lymphoma FDG Avidity Degree of FDG Avidity

HL Classical Avid High

Mixed cellularity Avid Moderate to high

Lymphocyte depletion Avid Moderate to high

Lymphocyte predominance Avid Moderate
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 HL: Hodgkin’s Lymphoma;  NHL: Non-Hodgkin’s Lymphoma.

5.1. FDG PET/CT in Diffuse Large B-Cell (DLBCL)

5.1.1. Rituximab

Since the approval of FDG PET/CT by the FDA, a number of studies have been conducted to explore the efficacy

of this treatment modality. Haioun et al. were among the first to examine the prognostic and predictive value of

early FDG PET/CT imaging . In their study, 41% of all 90 patients received rituximab as part of the therapy

protocol . These patients were then followed up to determine the prognostic outcome . It was concluded

that patients with negative PET results had much more favorable outcomes, reflected by PFS and OS rates of 82%

and 90%, respectively, as compared to 43% and 61% for those with positive PET results . More recently, a

group of DLBCL patients treated with R-CHOP and evaluated by FDG PET/CT at the interim stage were

prospectively enrolled in a study . The calculated 3-year PFS and OS rates in iPET negative patients achieved

statistically significant superiority when compared to positive results . Data from these studies along with others
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Diffuse large B-cell Avid High

Burkitt Avid High

Anaplastic Large cell Avid High
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Indolent NHL 

Follicular Variable Low-high

Lymphoplasmacytic Variable Low-high
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were collected to conduct a meta-analysis . This meta-analysis was interested in examining the predictive role

of iPET in DLBCL patients treated with R-CHOP . The overall sensitivity and specificity of iPET were observed

to be discouraging, justifying the need for more effort to unify response criteria . Recently, a group of GOYA

DLBCL patients were analyzed for data following the first line of immunochemotherapy to determine survival

outcome . It was found that EoT PET is an independent predictor of both PFS and OS and a promising

prognostic marker for such patients . The results from the previous analysis necessitate a meta-analytic study

in the near future to support this evidence. Another GOYA group analysis was carried out to observe PFS rates

difference between DLBCL patients receiving R-CHOP vs Obinutuzumab plus CHOP (G-CHOP) . The study

was unable to demonstrate any PFS benefit of G-CHOP over R-CHOP in previously untreated patients with DLBCL

. As of right now, metabolic PET parameters are being extensively studied in an attempt to outline their

prognostic values . The GOYA group of patients was analyzed using metabolic PET parameters. Tumor

MTV was found to be a predictor of therapy failure in these patients. A recent study concerning baseline PET

parameters in R-CHOP treated DLBCL patients was conducted . Metabolic PET parameters were used

including SUVmax, SUVmean, MTV and TLG . The study suggests that these parameters may have a

prognostic value at baseline and interim intervals . In another study, tumor MTV values were found to be the

most reliable parameters among all to determine survival outcome . This was recently shown by another study

that confirmed the predictive value of baseline and interim MTV on survival outcome . It appears obvious by

now that metabolic PET parameters can establish solid background for future response-adapted management

approaches in NHL patients.

5.1.2. Immune Checkpoint Inhibitors (ICI)

Unlike HL, the results achieved in the previous literature using ICI in NHL are less encouraging. Despite having

high safety profile, ICI failed to achieve optimal efficacy in NHL. The safety and efficacy of nivolumab in DLBCL

were assessed in the previous single-arm phase II study by Ansell et al. . The study acknowledged suboptimal

ORR despite the highly observed safety profile . On the other hand, Results from clinical trials of ICI combined

with other immunochemotherapies appears more promising. Pembrolizumab was explored as a treatment for

DLBCL in a study of 30 patients . This study found that the combination of pembrolizumab and R-CHOP

resulted in an ORR of 90%, a CR of 77%, and a 2-year PFS of 83% . The findings of this trial indicate that

combining the PD-L1 inhibitor atezolizumab with chemotherapy may be a promising treatment option for DLBCL.

The combination of atezolizumab and R-CHOP (a type of chemotherapy) resulted in a high efficacy, with an ORR

of 87.5% and durable responses in 80% of patients at 24 months . Based on previous research, it appears that

combining immunotherapy with chemotherapy is more likely to result in favorable outcomes in terms of response

and clinical outcome.

5.1.3. Chimeric Antigen Receptor Therapy (CAR-T)

A few studies have examined the value of FDG PET/CT in CAR-T, with mixed results. Shah et al. were among the

first to examine MTV in a small group of NHL patients and found that nearly half the patients had non-measurable

MTV values at M1 (Table S3) . These patients showed long-term remission over the following 2 years . The
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other half presented with measurable MTV and witnessed an early relapse . Cohen et al. have approached the

issue differently and include both DS and ∆SUVmax for evaluation . It was concluded that SUVmax prior to

therapy may help determine treatment eligibility and that DS and ∆SUVmax can help identify treatment failure .

Recently, Galtier et al. conducted a multicentric cohort study which highlighted the high predictive values of both

the 5 PS and MTV . This was also previously explored by Kuhnl et al., who found that Deauville criteria may

predict the risk for CAR-T failure and help direct post-CAR-T management . Breen et al. have conducted more

detailed analysis of SUVmax values at M1 and found that higher SUVmax values indicate higher risk for disease

progression . SUVmax above 10 at M1 is regarded as a significant prognostic and predictive indicator in

patients with stable disease or partial response . This was later confirmed by Al Zaki et al. .In NHL, tumor

burden was validated through the use of FDG PET/CT in a retrospective study by Wang et al. .In fact, having

high tumor burden at baseline was linked to more aggressive cytokine release syndrome . Bailly et al. enrolled

a group of R/R NHL patients in order to demonstrate the added value of adequate disease control prior to therapy

. Among all 40 patients, 33 cases were adequately managed prior to CAR-T . During TT PET/CT,

adequately treated patients showed more favorable outcomes in terms of event free survival when compared to

others . Moreover, 5 of the remainder 7 patients have witnessed early disease relapse . Therefore,

adequate control prior to CAR-T was linked to more favorable response in such cases. Despite the encouraging

outcomes of previous studies, more research is needed with larger cohorts to get a complete picture.

5.2. FDG PET/CT in Follicular Lymphoma (FL)

Follicular lymphoma (FL) is one of the most common types of lymphoma, representing 22% of adult non-Hodgkin’s

lymphomas (NHL) worldwide . The disease can present with a variable clinical course, usually indolent and

slow growing, while in other cases the disease may become aggressive, often characterized by histological

transformation into a high-grade lymphoma (25–60%) and early death . FL belongs to a group of neoplasms

usually presenting with a variable FDG avidity. Therefore, permitting an overall good diagnostic accuracy using

FDG PET/CT, up to 98% . Although the outlook for patients with FL has improved in recent years, with a

median survival that can exceed 20 years, FL is still considered incurable . The main goal of treatment is

usually disease control and extending patients' life expectancy .

5.2.1. Rituximab

In FL, the combination of rituximab and chemotherapy has been shown to improve outcomes for patients with FL.

However, 20% of patients treated with this immunochemotherapy still experience disease progression within a

short time frame, and 50% of them will witness death within 5 years . FDG PET/CT have quickly replaced CI

through the use of metabolic PET parameters. Providing more reliable indices for therapy response and outcome.

In result, staging, therapy response and surveillance became more accurate. In 2011, a study by Trotman et al.

was the first to provide large-scale evidence that EoT PET/CT after Immunochemotherapy treatment is a strong

and independent predictor of PFS in FL . This study included 160 patients from the prospective Primary

Rituximab and Maintenance (PRIMA) study group . Disease progression and death was significantly higher in

PET-positive patients (70.7% at 42 months) compared to PET-negative patients . The study also showed that
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the predictive value of the FDG PET/CT is independent of the state of the response by CI . In result, FDG

PET/CT can function as metabolic biomarker to viable disease process. Dupuis et al. have also examined

prognostic role of FDG PET/CT at both interim and EoT periods . This study included a total of 121 FL patients

with median follow-up of 23 months. Among all patients, 116 cases have received at least 4 cycles of R-CHOP and

had FDG PET/CT for response assessment . iPET negative patients were found to have more favorable PFS,

both at interim and EoT periods . The 2-year PFS rates were 87% for EoT PET-negative patients compared to

51% for EoT PET positive patients (P .001). At interim period, 2-year PFS was 86% for iPET-negative patients

compared to 61% for iPET-positive patients, respectively (P =.0046). Final PET results revealed a significant

difference in two-year overall survival as well: 100% versus 88% (P =.0128) [136]. The results of the previous two

studies were explore that vital aspect utilizing FDG PET/CT for response. A retrospective analysis of FOLL05 trial

group was carried out by Luminari et al. . The study found that patients who had negative PET scans at EoT

had significantly 3-year PFS rates . This suggests that PET scans can be useful in assessing response to

treatment in patients with FL .

To more accurately understand the relationship between FDG PET/CT and survival analysis, Trotman et al. have

carried out recent multicentric study . The study was a product of a joint analysis from three prospective studies

(PRIMA, PET-FOLLICULAIRE, and FOLL05) . All patient presented with a high tumor burden and were treated

with first-line immunochemotherapy . The study found that the EoT PET predicted both PFS and OS . A

negative EoT PET was associated with a significantly higher PFS and OS at four years than a positive one .

This suggests that the FDG PET/CT at the EoT predicts survival, so a negative study may be a good prognostic

indicator for FL patients with high tumor burden. In 2018, a study assessed the prognostic value of EoT PET on a

much larger scale, using data from the prospective GALLIUM study . The study compared FDG PET/CT with

contrast enhanced CT (CeCT) to determine which one is better for assessing therapy response . Out of all

1202 patients who were enrolled in the study previously, only 595 patients had performed both modalities . All

patients were given immunochemotherapy as their first line of treatment and were assessed after finishing therapy

. It was found that PET was superior to contrast-enhanced CT for response assessment in FL patients at EoT

. More recently, FOLL12 prospective, randomized, open-label multicenter phase III trial was conducted .

The aim of this study was to compare a 2-year Rituximab maintenance therapy against a response-adapted

therapy approach in FL patients . Response adapted therapy protocol was found to be associated with lower

PFS at 2-year interval. It is clear from previous evidence that EoT PET scans can provide accurate predictions of

both PFS and OS .

5.2.2. Chimeric Antigen Receptor Therapy (CAR-T)

The recent approval of axicabtagene ciloleucel for r/r FL was granted after observed results from ZUMA-5 study,

which demonstrated an 80% CRR and a 12-month durable response rate of 72% . This offers an effective

treatment option for patients who develop refractory disease . A few studies have examined the role of FDG

PET/CT in CAR-T for FL patients . These were already mentioned in DLBCL section (CAR-T

subheading) as previous studies have pooled aggressive NHL patients together regardless of subtype.

[135]

[136]

[136]

[136]

[137]

[137]

[137]

[138]

[138]

[138] [138]

[138]

[139]

[139]

[139]

[139]

[139] [140]

[140]

[140]

[141]

[142]

[136][137][138][139]



FDG-PET/CT in the Monitoring of Lymphoma Immunotherapy Response | Encyclopedia.pub

https://encyclopedia.pub/entry/41561 18/18

5.2.3. Bispecific Antibodies

More recently, the drug Mosunetuzumab has been approved for the treatment of r/r FL. A recent multicentric phase

2 study has confirmed the efficacy and safety profile of Mosunetuzumab . This is the first in-class approval of a

bispecific antibody targeting CD20 and CD3. The activity in FL patients is excellent, with an ORR of approximately

80% and a CR of approximately 60% . However, more studies and research are needed to determine the

predictive and prognostic role of FDG PET/CT. Additionally, trials are still ongoing to examine other drugs of the

same class.
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