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Application of interim PET-CT in first-line treatment

decision-making for lymphoma
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Abstract: Recent advances in lymphoma treatment have significantly improved the survival of patients; however, the current
approaches also have varying side effects. To overcome these, it is critical to implement individualized treatment according to
the patient’s condition. Therefore, the early identification of high-risk groups and targeted treatment are important strategies for
prolonging the survival time and improving the quality of life of patients. Interim positron emission tomography-computed
tomography (PET-CT) has a high prognostic value, which can reflect chemosensitivity and identify patients for whom treatment
may fail under this regimen. To date, many prospective clinical studies on interim PET (iPET)-adapted therapy have been
conducted. In this review, we focus on the treatment strategies entailed in these studies, as well as the means and timing of iPET
assessment, with the aim of exploring the efficacy and existing issues regarding iPET-adapted treatment. It is expected that the
improved use of PET-CT examination can facilitate treatment decision-making to identify precise treatment options.

Key words: Positron emission tomography-computed tomography (PET-CT); Lymphoma; Interim PET (iPET)-adapted therapy

1 Introduction

Lymphoma is a malignant tumor originating from
the lymphohaemopoietic system, which can be divided
into two types based on the tumor cells involved:
non-Hodgkin’s lymphoma (NHL) and Hodgkin’s
lymphoma (HL) (Matasar and Zelenetz, 2008). Imag-
ing examinations are commonly used for disease evalu-
ation and may provide valuable information for for-
mulating subsequent treatment strategies. Computed
tomography (CT), as a traditional imaging method, is
particularly valuable for providing a clear anatomical
delineation of pathological lymph nodes and extrano-
dal lesions. Positron emission tomography-computed
tomography (PET-CT), which combines functional im-
aging by PET with morphological assessment by CT,
is a standard technique for the diagnosis and treatment
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of many types of tumors, especially '*F-fluoro-2-
deoxy-D-glucose (FDG) uptake lymphomas. As a non-
invasive, molecular-level functional imaging method,
PET-CT plays an important role in the clinical stag-
ing and treatment response evaluation of lymphoma
(Cheson, 2018; Barrington and Trotman, 2021; Zanoni
et al., 2021). Several studies have also confirmed the
high prognostic value of PET-CT examination after
two to four cycles of chemotherapy (interim PET
(iPET)), which can reflect chemosensitivity and iden-
tify patients for whom treatment may fail under this
regimen (Gallamini et al., 2007; Fuertes et al., 2013;
Mamot et al., 2015; Rigacci et al., 2015). Thus far,
many prospective clinical studies on iPET-adapted
therapy have been conducted. Based on their results, a
relatively systematic first-line treatment strategy based
on iPET has been established for patients with HL
and also implemented into guidelines. However, in
NHL, the role of iPET in guiding first-line treatment
decision-making remains controversial. Therefore, in
this review, we summarize previous iPET-adapted
treatment regimens for lymphoma and provide a foun-
dation for the clinical implementation of iPET-adapted
first-line treatment strategies.
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2 Hodgkin’s lymphoma
2.1 Early-stage Hodgkin’s lymphoma
2.1.1 iPET-adapted omission of radiotherapy

For early-stage (Ann Arbor stage /1) HL, the
combination of chemotherapy and radiotherapy as a
standard treatment has proved to achieve excellent re-
sults and a remission rate of more than 90% (Engert
et al.,, 2010). However, radiation therapy may cause
side effects such as secondary tumors, infertility, and
cardiopulmonary damage (Matasar et al., 2015; Rigacci
et al., 2015). Therefore, many prospective clinical
studies have been conducted to determine whether radio-
therapy can be omitted in patients with early-stage
HL without affecting treatment efficacy. The details
of these studies are summarized in Fig. 1 and Table 1.
In the RAPID trial (Radford et al., 2015), iPET was
performed after three cycles of chemotherapy with

Schema

doxorubicin, bleomycin, vinblastine, and dacarbazine
(ABVD) in patients with early-stage HL, and iPET-
negative patients (Deauville score<2) were randomly
assigned to radiotherapy and no-further-treatment
groups. After a median follow-up of 60 months, the
3-year progression-free survival (PFS) rates for the two
groups were 94.6% and 90.8%, respectively (P=0.16).
Although no statistical significance was observed, the
3-year PFS difference was —3.8% (95% confidence inter-
val (CI): -8.8%—1.3%), and the lower limit of the
95% CI (-8.8%) exceeded the original noninferiority
margin of —7.0%. The omission of radiotherapy in
iPET-negative patients is thought to result in the short-
ening of PFS in some patients. Villa et al. (2018) dem-
onstrated that the omission of radiotherapy resulted in
a 5%—8% increase in the risk of recurrence. According
to the European Organization for Research and Treat-
ment of Cancer (Fermé et al., 2007), patients in the
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Fig. 1 Therapies based on iPET in early-stage Hodgkin’s lymphoma. PET-CT: positron emission tomography-computed
tomography; iPET: interim PET; ABVD: doxorubicin, bleomycin, vinblastine, and dacarbazine; NFT: no further treatment;
RT: radiotherapy; IFRT: involved field radiation therapy; U: unfavorable cohort; F: favorable cohort; INRT: involved node
radiation therapy; BEACOPP: bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and
prednisone; e BEACOPP: escalated BEACOPP; PR: partial response; SD: stable disease; PD: progression disease.
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H10 study (André et al., 2017) were divided into an
unfavorable cohort (U cohort) and a favorable cohort
(F cohort). Then, the aforementioned cohorts were
randomly divided into standard treatment group and
iPET-adapted treatment group. In the latter, the iPET-
negative patients received two cycles (F cohort) or
four cycles (U cohort) of ABVD. The results indicated
that the omission of radiotherapy increased the risk of
recurrence in iPET-negative patients, especially those
in the F cohort (5-year PFS: 87.1% vs. 99.0%). Similar
results were obtained in the HD16 trial (Fuchs et al.,
2019). The 5-year PFSs of iPET-negative patients with
radiotherapy and those without radiotherapy were
93.4% and 86.1%, respectively (P=0.04).

The aforementioned four prospective clinical tri-
als and a recent meta-analysis (Shaikh et al., 2020) sug-
gested that in patients with early-stage HL, combined
therapy is a standard regimen that improves PFS.
Many hemato-oncologists considered that the majority
of iPET-negative patients can achieve a favorable PFS
without radiotherapy, and the failure rate may only be
0%—10% (Villa et al., 2018; Borchmann et al., 2021)
while overall survival (OS) is not affected (Radford
et al., 2015; Fiad et al., 2022). Several recent prospec-
tive randomized studies, including the HD17 (Borch-
mann et al., 2021), CALGB 50604 (Straus et al.,
2018), and LH-05 trial (Pavlovsky et al., 2019, 2022),
have confirmed that good outcomes can still be
achieved when radiotherapy is omitted in iPET-nega-
tive patients. In fact, there are numerous ongoing pro-
spective studies based on the results of iPET and
aimed at exploring a new de-escalation therapy for
patients with early-stage HL.

2.1.2 iPET-adapted intensive chemotherapy

Whether iPET-positive patients could benefit from
more intensive chemotherapy remains unclear. In the
H10 trial (André et al., 2017), iPET-positive patients
were switched from ABVD to escalated BEACOPP
(bleomycin, etoposide, doxorubicin, cyclophospha-
mide, vincristine, procarbazine, and prednisone)
(eBEACOPP) combined with involved node radio-
therapy (INRT). The results indicated that the iPET-
adapted treatment caused an increase in 5-year PFS
from 77.4% to 90.6% (P=0.002) and also a significant
increase in the 5-year OS (89.3% vs. 96.0%, P=0.062).
This suggested that iPET-adapted intensive chemother-
apy improves the prognosis of iPET-positive patients.

However, the results of the subsequent CALGB 50801
study (LaCasce et al., 2021) indicated no benefit from
iPET-adapted intensification therapy.

Based on the above results, the guidelines recom-
mend adopting different treatment plans based on
prognostic grouping under the guidance of iPET.

2.2 Advanced-stage Hodgkin’s lymphoma
2.2.1 iPET-adapted chemotherapy

The treatment of advanced-stage (Ann Arbor
stage [II/IV) HL by chemotherapy has resulted in
high survival rates. About 60%—70% of patients can be
cured by six to eight courses of ABVD (Viviani et al.,
2011; Mounier et al., 2014). The e BEACOPP regimen
has been shown to achieve higher PFS than ABVD
(LaCasce et al., 2021). However, this escalated regi-
men may contribute to more toxicities, such as acute
toxicity, secondary tumors, and infertility (Josting et al.,
2003; Sieniawski et al., 2008; Borchmann et al., 2011;
Behringer et al., 2013), particularly in younger pa-
tients. A number of prospective clinical studies have
been conducted to explore the options for iPET-adapted
chemotherapy for advanced-stage HL.
2.2.1.1 iPET-adapted escalated therapy

In the SWOG S0816 trial (Press et al., 2016), pa-
tients with advanced-stage HL underwent iPET exam-
ination after two courses of ABVD. The iPET-negative
(Deauville score<3) and iPET-positive patients received
four courses of ABVD and six courses of e BEACOPP,
respectively. The 5-year PFSs of the negative and posi-
tive patients were 76% and 66%, respectively. For all
patients, the 5-year OS was 94%, which was a result
beyond expectation (Press et al., 2016; Stephens et al.,
2019). However, 25% of the iPET-negative patients re-
lapsed, demonstrating the limitations of the ABVD
regimen in advanced-stage HL. On the other hand,
iPET-positive patients who received the eBEACOPP
regimen had a significantly higher incidence of sec-
ondary tumors (14% vs. 2%, P=0.001). In the RATHL
study (Johnson et al., 2016), the positive group re-
ceived four courses of BEACOPP-14 or three courses
of eBEACOPP after receiving two courses of ABVD.
The overall 3-year PFS was 67.5%, which was signifi-
cantly higher than that of patients with continued
ABVD treatment. However, higher rates of thrombo-
cytopenia and febrile neutropenia were observed for
the e BEACOPP regimen. For advanced-stage patients
initially treated with ABVD, the current results are



controversial as to whether the original regimen
should be maintained or the treatment should be up-
graded based on the iPET results.
2.2.1.2 iPET-adapted de-escalation therapy

The iPET-adapted de-escalation therapy was in-
vestigated in the AHL2011 study (Casasnovas et al.,
2019). Therein, a total of 823 patients with advanced-
stage HL were divided into a standard treatment group
(six courses of eBEACOPP) and an iPET-adapted
treatment group. All patients underwent iPET examin-
ation after two cycles of e BEACOPP, and a Deauville
score of <3 was judged as negative. The negative
patients in the iPET-adapted treatment group were
switched to the ABVD regimen, whereas the positive
patients received two courses of the original regimen.
The 5-year PFSs of the standard treatment and iPET-
adapted groups were 86.2% and 85.7%, respectively
(P=0.65). A subgroup analysis (Demeestere et al.,
2021) revealed that in patients younger than 45 years
of age, the de-escalation therapy reduced damage to
fertility and improved treatment compliance. Accord-
ing to the HD18 trial (Borchmann et al., 2017), the
eBEACOPP regimen can be reduced from six to eight
courses to four courses for iPET-negative patients.
This study found that the two cohorts (six to eight
course or four courses) had similar 5-year PFS of
90.8% and 92.2%, respectively, and that four courses
of eBEACOPP were associated with a lower inci-
dence of severe infections and organ toxicities. Long-
term follow-up also reconfirmed the efficacy and safety
of iPET-adapted treatment in the HD18 trial (Kreissl
et al., 2021). In addition, in the RATHL study (Johnson
et al., 2016), the iPET-negative group was randomized
to receive four courses of ABVD or AVD (bleomy-
cin omitted), and the 3-year PFS was 85.7% or 84.4%,
respectively, with an absolute difference of 1.6%
(95% CI, -3.2%—5.3%). Furthermore, a significantly
lower incidence of pulmonary toxic effect was ob-
served in the AVD group (0.032% vs. 0.007%, P<0.05).

Recently, a cost-effective analysis of five previ-
ous regimens was conducted (Vijenthira et al., 2020).
According to the Markov decision analysis model, for
patients with advanced-stage HL, the AHL2011 regi-
men (after two cycles of e BEACOPP treatment, iPET-
negative patients would be switched to two cycles of
ABVD) was confirmed as the best strategy (Casasno-
vas et al., 2019). The most recent guidelines offered a
comprehensive interpretation of treatment options
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for patients with advanced-stage HL and highlighted
the significance of performing iPET after complet-
ing two courses of either e BEACOPP or ABVD (Fol-
lows et al., 2022). The selection between ABVD and
eBEACOPP depends on a series of factors, particu-
larly the individual risk status of the patient and their
perception of the toxicity—efficacy balance between
the regimens.

2.2.2 Effect of radiotherapy on improving the outcome
in bulky advanced HL

Certain studies have explored the role of iPET-
adapted radiotherapy in patients with advanced-stage
HL (mass of =5 c¢m in diameter). In the GITIL/FIL
HDO0607 trial (Gallamini et al., 2019, 2020), 296 pa-
tients with advanced-stage HL. who were PET-2 (PET-CT
after two cycles of ABVD) and PET-6 (PET-CT after
six cycles of ABVD)-negative and had large nodules
were randomized to receive consolidation radiother-
apy or no further treatment. The results indicated that
there was no statistically significant difference in the
6-year PFS or OS between the groups. Similarly, the
results of the FIL HD0801 study (Ricardi et al., 2021)
indicated that in iPET-negative patients, consolidation
radiotherapy had no significant effect on the outcome,
even in patients with bulk lesions.

2.2.3 iPET-adapted autologous stem cell transplantation

It is not clear whether it is effective for patients
with advanced-stage HL. who responded poorly to
first-line therapy to be switched to autologous stem
cell transplantation (ASCT) as soon as possible. A
prospective study (HDO0801) (Zinzani et al., 2016;
Ricardi et al., 2021) included 512 patients newly diag-
nosed with advanced-stage HL who received iPET
after two cycles of ABVD. Juweid’s criteria (Juweid
et al., 2007) were used to judge the iPET results. The
iPET-positive patients received ASCT, whereas the
iPET-negative patients continued with four courses of
ABVD. The results indicated that early ASCT can
achieve a similar 2-year PFS in positive patients as
that in negative patients. In the GOELAMS LH 2007
study (Carras et al., 2018), salvage therapy was admin-
istered to positive patients after two cycles of VABEM
(vindesine, doxorubicin, carmustine, etoposide, and
methylprednisolone) treatment. Compared with neg-
ative patients who only received an additional cycle of
VABEM, positive patients exhibited similar event-free
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survival and OS (85.1% vs. 77.8%, 91.7% vs. 88.2%),
indicating that the iPET-adapted early ASCT is safe
and feasible.

2.2.4 Others

Pembrolizumab is an immune checkpoint inhibi-
tor generally used for the treatment of patients with re-
lapsed or refractory HL. In recent years, pembrolizumab
combined with an AVD regimen has been proven to
be safe and effective for newly diagnosed HL (Allen
et al., 2021). In an ongoing clinical trial (KEYNOTE-
C11 (NCT05008224)), the efficacy of iPET-adapted
treatment during first-line therapy is being investi-
gated, and the results may provide new treatment op-
tions. This also suggests that with the application of
new drugs, it is critical to further evaluate the iPET-
adapted therapy to continue optimizing the treatment

plan. The existing studies on iPET in advanced-stage
HL are summarized in Fig. 2 and Table 2.

3 Non-Hodgkin’s lymphoma
3.1 Diffuse large B-cell lymphoma

Diffuse large B-cell lymphoma (DLBCL) is the
most common subtype of NHL. R-CHOP (rituximab,
cyclophosphamide, doxorubicin, vincristine, and pred-
nisone) is a classic treatment regimen (Coiffier et al.,
2002) that can clinically cure about 60% of patients;
however, relapse is expected to occur in at least 30%
of patients with DLBCL and primary drug resistance
in 10% (Friedberg, 2011). Therefore, the early identi-
fication of these patients is important. Previous studies
have focused on the prognostic role of iPET in DLBCL
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Fig. 2 Therapies based on iPET in advanced-stage Hodgkin’s lymphoma. PET-CT: positron emission tomography-
computed tomography; iPET: interim PET; ABVD: doxorubicin, bleomycin, vinblastine, and dacarbazine; BEACOPP:
bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednisone; eBEACOPP: escalated
BEACOPP; BEACOPP-14: an accelerated version of BEACOPP that involves growth-factor support; R-eBEACOPP:
eBEACOPP combined with rituximab; AVD: doxorubicin, vinblastine, and dacarbazine; RT: radiotherapy; NFT: no
further treatment; VABEM: vindesine, doxorubicin, carmustine, etoposide, and methylprednisolone.
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(Safar et al., 2012; Fuertes et al., 2013; Mamot et al.,
2015). On the other hand, iPET-adapted therapy still
needs further investigation.

3.1.1 iPET-adapted therapy in early DLBCL

For patients with early-stage (Ann Arbor stage I/
1) DLBCL, three cycles of R-CHOP plus radiotherapy
is a category 1 recommendation from the National
Comprehensive Cancer Network (NCCN). Neverthe-
less, a retrospective study found that only 8% of the
iPET-negative patients experienced relapse after re-
ceiving an additional cycle of R-CHOP without radio-
therapy, suggesting that four courses of R-CHOP are
sufficient for early-stage iPET-negative patients (Sehn
et al., 2019). Similarly, to minimize the unneces-
sary toxicities associated with radiotherapy for most
patients, Persky et al. (2020) conducted the S1001
study in patients with early-stage DLBCL. After three
courses of R-CHOP, iPET examination was performed.
Involved field radiation therapy (IFRT) and another
cycle of R-CHOP were administered to positive and
negative patients (Deauville score<2), respectively.
The final results indicated that the 5-year PFS and OS
of negative patients were 89% and 91%, which were
86% and 85% for positive patients, respectively. This
trial established that four courses of R-CHOP alone
could be used as a new standard approach for patients
with limited-stage disease. Furthermore, in a prospec-
tive study, Bologna et al. (2021) investigated the dif-
ference between six and four courses of R-CHOP for
iPET-positive and iPET-negative patients, respectively.
The main endpoint was PFS, and after a median follow-
up time of 5.1 years, the 3-year PFSs for the standard
treatment and experimental groups were 89.2% and
92.0%, respectively. However, the authors pointed out
the need for long-term follow-up to assess the risk of
late recurrence.

3.1.2 iPET-adapted therapy in advanced DLBCL

For advanced-stage (Ann Arbor stage I1I/IV) and
high-risk (age-adjusted international prognostic index
(aalPI) score of =2 points) patients, iPET-adapted
therapy has also been investigated, while the results
remain controversial.

As early as in 2002, Moskowitz et al. (2010)
enrolled 97 patients to evaluate the prognostic value
and treatment guidance of iPET in patients with
advanced-stage DLBCL. iPET was performed after

four courses of R-CHOP, and iPET-positive patients
underwent biopsy. Those with a negative biopsy result
received the same treatment as the iPET-negative pa-
tients: three courses of ICE (ifosfamide, carboplatin,
and etoposide). For positive patients confirmed by bi-
opsy, additional ASCT was performed. A total of
38 patients were iPET-positive, 5 of whom were con-
firmed positive after biopsy. After a median follow-
up of 44 months, no statistically significant difference
was observed in the PFS between iPET-negative and
iPET-positive but biopsy-negative patients (P=0.27).
This result suggested the presence of false-positive
iPET associated with rituximab treatment where bi-
opsy is necessary, which is the very concern that war-
rants attention in the current era of rituximab. In the
E3404 study (Swinnen et al., 2015), four cycles of R-
CHOP were initially administered for advanced-stage
DLBCL, with an iPET scan scheduled after three
cycles of R-CHOP. The iPET-positive patients re-
ceived four cycles of R-ICE (rituximab, ICE), where-
as the iPET-negative patients continued with two
cycles of R-CHOP. The results indicated that the
2-year PFS of positive patients was only 42%, which
was lower than the target value (45%). The authors be-
lieved that iPET-adapted treatment continues to face
several unresolved issues, particularly in determin-
ing the management strategy for iPET-positive pa-
tients. However, there were only 13 iPET-positive
patients in their study, which limits its reliability due
to the small sample size.

In the GELA study (Casasnovas et al., 2017),
160 high-risk DLBCL patients (aalPI score=2 points)
were randomly appointed to two groups to receive R-
CHOP-14 or R-ACVBP (rituximab, doxorubicin, cyclo-
phosphamide, vindesine, bleomycin, and prednisone).
PET-CT examination was performed before chemo-
therapy and after two cycles (PET2) and four cycles
(PET4) of chemotherapy, and the results were judged
based on the International Harmonization Project (IHP)
standard (Juweid et al., 2007). PET2/PET4 patients
received ASCT, PET2/PET4" patients continued with
consolidation chemotherapy, and for PET4" patients,
salvage therapy depended on the local investigators’
decision. The results indicated no statistical signifi-
cance in the 4-year PFS between double-negative
patients and PET2'/PET4" patients (75% vs. 85%, P=
0.28). The authors believed that a high-risk popula-
tion cannot be recognized by interpreting the PET2
results based on the IHP standard. In the GAINED



experiment (le Gouill et al., 2021), PET-CT was also
performed before the chemotherapy (PETO), after
two (PET2) and four (PET4) cycles of chemotherapy.
Different from GELA, a negative PET-CT result
was defined as a decline in the maximum standard-
ized uptake value (ASUV,.) of >66% with PET2,
and ASUV,__ of >70% was considered negative with
PET4 (Lin et al., 2007). Therein, patients were ran-
domized to receive rituximab or obinutuzumab, where-
as the choice between ACVBP and CHOP depended
on each center. Similar to the GELA study, after four
courses of induction therapy, the consolidation ther-
apy was tailored to the results of PET2 and PETA4.
They found that a positive PET2 result was not corre-
lated with an inferior outcome when PET4 was nega-
tive, whereas a positive PET4 result was associated
with an elevated risk of relapse, progression, or death.
In addition, the 2-year PFS and 4-year PFS of all pa-
tients were 83.1% and 78.1%, respectively, which is a
more satisfying result than those in the previously pub-
lished ones for young patients with aalPI>1 point.
The authors also asserted that iPET-adapted therapy
could be considered for use in routine practice for pa-
tients with advanced-stage DLBCL.

Based on the above research data, there are still
many issues that need to be resolved regarding iPET-
adapted treatment in patients with advanced-stage
DLBCL, particularly with regard to the timing and
method of assessment. In the GELA and GAINED
studies, the therapeutic guidance significance of
PET-CT scans after two cycles was limited, regard-
less of whether they were evaluated using the IHP cri-
teria or ASUV_ . Furthermore, according to Casas-
novas et al. (2017), ASUV,_ for iPET assessment
proved to be more powerful than the Deauville score,
IHP criteria, and visual assessment. However, addition-
al studies are warranted to corroborate these matters.

3.1.3 iPET-adapted early ASCT

Early identification of high-risk patients who may
fail R-CHOP treatment and prompt the initiation of
salvage treatment is a crucial component of effective
treatment. Stewart et al. (2014) aimed to explore the
clinical significance of ASCT based on iPET results
in high-risk patients (international prognostic index
(IPT) 3—5, or with stage III/IV and elevated lactate de-
hydrogenase (LDH)). A total of 70 patients underwent
iPET examination after two cycles of R-CHOP. The
iPET scans were considered positive for showing an
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unfavorable response if the uptake was greater than
the background liver at more than one site. For iPET-
positive patients, ASCT was performed after one cycle
of R-DICEP (rituximab, dose-intensive cyclophospha-
mide, etoposide, cisplatin), whereas iPET-negative pa-
tients continued treatment with four cycles of R-
CHOP. After a median follow-up of 41 months, the
3-year PFSs of positive and negative patients were
65.2% and 52.7%, respectively. Furthermore, the
3-year PFS of the overall population was 59.3%, which
was not significantly different from non-iPET-adapted
treatment. In the GELTAMO trial (Pardal et al., 2014),
for newly diagnosed high-risk DLBCL patients, the
iPET results were evaluated according to the IHP cri-
teria (Juweid et al., 2007), and the initial treatment
consisted of three courses of R-megaCHOP (rituximab
375 mg/m’ on Day 1, cyclophosphamide 1500 mg/m’
on Day 1, doxorubicin 65 mg/m’ on Day 1, vincristine
1.4 mg/m* on Day 1, and prednisone 60 mg/m’ on
Days 1-5). Negative patients continued to receive
three courses of the original regimen, whereas posi-
tive patients were administered two cycles of R-IFE
(rituximab, ifosfamide, and etoposide) and then ASCT.
Nevertheless, the positive patients who received
early ASCT still experienced a significantly inferior
outcome than negative patients (3-year PFS: 57% vs.
81%, P=0.023). However, in another prospective study
(Hertzberg et al., 2017), 143 high-risk DLBCL pa-
tients (either IP1 2—5 or 0—1 with bulk size of >7.5 cm)
underwent iPET scans after four cycles of R-CHOP-14.
Positive patients (without progression) received three
cycles of R-ICE followed by ASCT, whereas negative
patients continued to receive two cycles of R-CHOP-14,
followed by two doses of rituximab once a week.
Positive patients exhibited favorable survival similar
to negative patients (2-year PFS: 67% vs. 74%, P=0.11).

In the three aforementioned studies, iPET scans
were performed after the 2nd, 3rd, and 4th treatment
courses, with positivity rates of 51%, 42%, and 29%,
respectively. The research by Stewart et al. (2014) used
visual evaluation, whereas the other two studies em-
ployed the IHP standard to evaluate iPET. Thus, differ-
ent iPET detection timing and interpretation methods
may yield different results.

3.2 iPET-adapted therapy in other forms of non-
Hodgkin’s lymphoma

The currently available iPET-adapted treatments
are not limited to DLBCL. As such, the PETAL study
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(Diihrsen et al., 2018) on newly diagnosed aggressive
NHL was conducted to determine whether iPET can
guide therapy. In addition to DLBCL, T-cell lymph-
oma (n=76), primary mediastinal B-cell lymphoma
(n=42), and follicular lymphoma (FL) grade 3 (n=
42) were included. The initial treatment included
two courses of R-CHOP (rituximab was restricted to
CD20-positive lymphomas), followed by iPET exam-
ination, and the results were judged using ASUV_
(Lin et al., 2007). iPET-positive patients were random-
ized to receive six courses of R-CHOP or six courses
of Burkitt regimen, whereas iPET-negative patients
were administered four courses of R-CHOP or four
courses of R-CHOP plus two doses of rituximab.
The results indicated that an additional two courses
of rituximab in iPET-negative patients did not pro-
vide benefits and that the switch from R-CHOP to
Burkitt regimen in iPET-positive patients did not
improve the treatment efficacy but increased the
treatment-related toxicities. Furthermore, an ongo-
ing phase III prospective clinical trial (IELSG-37;
www.clinicaltrials.gov, #NCT01599559) investigated
whether radiotherapy can be omitted in primary medi-
astinal large B-cell lymphoma (PMBCL). In another
ongoing prospective clinical trial (www.clinicaltrials.
gov, #NCT04745949) on PMBCL, iPET was adminis-
tered after two courses of A-O (brentuximab vedotin
and nivolumab) and two cycles of A-O-R-CHP (bren-
tuximab vedotin, nivolumab, rituximab, cyclophos-
phamide, doxorubicin, and prednisone) as initial treat-
ment. Negative patients received two courses of A-
O-R-CHP and another two courses of A-O, whereas
positive patients received four courses of A-O-R-
CHP. The above prospective study results are expected
to provide more treatment options. In addition, the
prognostic value of iPET has been confirmed in pa-
tients with FL (Luminari et al., 2014) and peripheral
T-cell lymphoma (Mehta-Shah et al., 2019), while
treatment adjustment based on iPET still needs to be
validated by prospective studies. The details of studies
on NHL are presented in Fig. 3 and Table 3.

4 Existing challenges

Compared with HL, treatments for NHL are still
in the exploratory phase. The rationale of success is
highly intricate due to the involvement of several fac-
tors. First, the pathophysiology of NHL is different

from that of HL; for example, its subtype classifica-
tion is more complex, there is still significant hetero-
geneity within the same subtype of NHL, and tumor
cell proliferation is more rapid and often presents
with leapfrog metastasis. All of these factors consider-
ably weaken the clinical significance of iPET.

Second, because PET-CT reflects the level of
metabolism, the problem of false positives should also
be considered. In the study by Moskowitz et al.
(2010), some iPET-positive patients underwent bi-
opsy, indicating that there was only a certain degree
of inflammation and apoptosis in their lesions. This
phenomenon was partly due to the application of
rituximab and many other new targeted drugs. These
can kill tumor cells, activate the patient’s lymphocytes
and aggregates around the tumor, produce a large
number of cytokines that cause local inflammatory
reactions, induce hypermetabolism at the lesion site
(tumor flare reaction), and thus cause the unclear
demarcation of tumor tissue, resulting in a dimin-
ished positive predictive value. It was reported that
in patients with HL who were treated with brentux-
imab vedotin, pathological examination confirmed
the occurrence of flare at the tumor site (Zhu et al.,
2021). Many studies have also confirmed that the ap-
plication of rituximab weakened the positive predict-
ive value of iPET (Han et al., 2009; Cashen et al.,
2011; Pregno et al., 2012), but its negative predict-
ive value has been affirmed (Dupuis et al., 2009;
Cashen et al., 2011). In addition to the abovemen-
tioned use of rituximab, other immunotherapies and
chimeric antigen receptor T-cell (CAR-T) therapy ap-
plications may impact the interpretation of iPET re-
sults. CAR-T has exhibited excellent efficacy in pa-
tients who had relapse or refractory DLBCL. Further-
more, several studies have investigated the role of
PET-CT in CAR-T therapy (Shah et al., 2018; Imber
et al., 2020; Derlin et al., 2021; Cohen et al., 2022).
For instance, a case report described a flare phenom-
enon following CAR-T therapy and suggested that
early PET-CT scans may have affected the interpreta-
tion of the results (Boursier et al., 2022). Therefore,
with the development and application of new treatment
methods, caution should be exercised when consider-
ing the value of PET-CT for therapy.

Previous prospective studies of treatment adjust-
ment based on iPET have also exhibited great heteroge-
neity. In many of these studies, the timing of iPET
was different, particularly in the application of immune
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Fig. 3 Therapies based on iPET in non-Hodgkin’s lymphoma (NHL). PET-CT: positron emission tomography-computed
tomography; iPET: interim PET; CHOP: cyclophosphamide, doxorubicin, vincristine, and prednisone; R: rituximab;
O: opdivo; IFRT: involved field radiation therapy; ICE: ifosfamide, carboplatin, and etoposide; HDT: high-dose therapy;
ASCT: autologous stem cell transplantation; CD20": cluster of differentiation 20-positive; IPI: international prognostic
index; aalPI: age-adjusted IPI; ACVBP: doxorubicin, cyclophosphamide, vindesine, bleomycin, and prednisone; MTX:
methotrexate; BEAM: carmustine, etoposide, cytarabine, and melphalan; VP: etoposide; IFO: ifosfamide; Arac: cytarabine;
LDH: lactate dehydrogenase; p2-MG: pB2-microglobulin; IFE: ifosfamide and etoposide; R-megaCHOP: rituximab
375 mg/m’ on Day 1, cyclophosphamide 1500 mg/m’ on Day 1, doxorubicin 65 mg/m’ on Day 1, vincristine 1.4 mg/m’ on
Day 1, and prednisone 60 mg/m’ on Days 1-5; RT: radiotherapy; Burkitt: the Burkitt protocol consisting of high-dose
methotrexate, cytarabine, hyperfractionated cyclophosphamide and ifosfamide, split-dose doxorubicin and etoposide,
vincristine, vindesine, and dexamethasone.

and targeted biological agents; thus, the selection of (2021) found that in patients with DLBCL, PET-CT
iPET inspection nodes is important. Eertink et al.  examination after two cycles of chemotherapy could
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predict better curative effect response, whereas after
four cycles, it could better screen out people who were
not sensitive to treatment. This allowed for potential
treatment de-escalation after two cycles or treatment
escalation after four cycles. However, further research
is warranted to confirm this conclusion.

Moreover, the evaluation method for PET-CT will
also have a great impact on the results. Standardized
and consistent criteria for the interpretation of iPET
results are helpful for the development of clinical re-
search and application of iPET. In previous studies,
the evaluation methods mainly used the IHP criteria,
Deauville score, ASUV,_, and total metabolic tumor
volume (MTYV), and the cut-off criteria were different.
In the E3404 trial (Swinnen et al., 2015), the investi-
gators reassessed the iPET-positive patients’ images
and the positive rates were increased from 16% to
34%. The iPET results of the GELA study (Casasno-
vas et al., 2017) were reviewed by the later research
team using ASUV,_, and the double-negative rate in-
creased from 24% to 79%, suggesting that ASUV,
was more helpful in guiding treatment for DLBCL.
Similarly, in the GELTAMO experiment (Pardal et al.,
2014), a retrospective evaluation revealed that 17 pa-
tients judged to be positive were identified as PET-
negative in the semiquantitative assessment (ASUV, )
method. Other iPET assessment modalities, such as
MTYV and total glycolytic index, have also been shown
to be independent prognostic factors, and more pre-
cise PET-CT assessment modalities are expected to
provide more robust evidence for iPET-based treat-
ment guidance (Zasadny et al., 1998; Larson et al.,
1999; Cottereau et al., 2018; Toledano et al., 2018).

5 Conclusions and prospects

The application and development of iPET will
likely yield more ideas for clinical decision-making.
Advances in artificial intelligence, deep learning, and
neural networks have also provided us with a new
strategy to standardize the evaluation of patient imag-
ing data and reduce heterogeneity (Berthon et al.,
2016; Barrington and Meignan, 2019). Furthermore, a
prognostic model based on PET-CT combined with other
indicators, such as circulating tumor DNA (ctDNA),
is an additional strategy to identify high-risk patients
with aggressive lymphoma and potentially facilitate
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the development of treatment strategies (Kurtz et al.,
2018). In recent years, the development of immuno-
PET has also increased options for clinical decision-
making. As a novel molecular imaging technology,
it can specifically bind to tumor cells and achieve ac-
curate lesion assessment using monoclonal antibody-
labeled radionuclides (Knowles and Wu, 2012; Bailly
et al., 2017). This approach may, to a certain extent,
overcome the problem of false positive iPET in the
era of immune-targeted therapy (Ferrari et al., 2021).
Although iPET-adapted treatment is still burdened
with many controversies, by optimizing the treatment
process, standardizing the evaluation method, and
combining other prognostic indicators and even the
application and development of immuno-PET, this
imaging examination method that reflects the level of
cell metabolism will have a broad space for develop-
ment in the evaluation and treatment of diseases.
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