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2-Deoxy-2-['®FIfluoro-p-glucose PET/computed
tomography (['®FIFDG PET/CT) has proven to be a
sensitive method for the detection and evaluation of
hematologic malignancies, especially lymphoma. The
increasing incidence and mortality rates of leukemia
have raised significant concerns. Through the utilization
of whole-body imaging, ['®FIFDG PET/CT provides

a thorough assessment of the entire bone marrow,
complementing the limited insights provided by biopsy
samples. In this regard, ['®FIFDG PET/CT has the ability
to assess diverse types of leukemia The utilization of ['®F]
FDG PET/CT has been found to be effective in evaluating
leukemia spread beyond the bone marrow, tracking
disease relapse, identifying Richter’s transformation, and
assessing the inflammatory activity associated with acute
graft versus host disease. However, its role in various
clinical scenarios in leukemia remains unacknowledged.
Despite their less common use, some novel PET/CT
radiotracers are being researched for potential use

in specific scenarios in leukemia patients. Therefore,

the objectives of this review are to provide a thorough
assessment of the current applications of ['*FIFDG PET/CT

Introduction

Leukemia is a prevalent hematologic malignancy, compris-
ing approximately 2.5% of newly diagnosed cancer cases
and contributing to 3.1% of cancer-related mortality [1].
In leukemia, white blood cells proliferate uncontrollably,
infiltrating the bone marrow with atypical cells that would
render it dysfunctional [2]. As the disease progresses, infil-
tration of other sites and tissues is probable and would give
rise to a wide spectrum of potential signs and symptoms that
leukemia patients present with, also leading to significant
morbidity and mortality, depending on the maturity and
differentiation of the proliferating cells [3]. Leukemia can
be classified into four major types as follows: acute lymph-
oblastic leukemia (ALL), acute myeloblastic leukemia
(AML), chronic lymphocytic leukemia (CLLL.), and chronic
myeloid leukemia (CML) [4]. Other subtypes include
hairy cell leukemia (HCL), acute promyelocytic leukemia
(APL), and the extremely aggressive therapy-refractory
T-cell prolymphocytic leukemia ('T-PLL) [5]. Diagnosing
leukemia and assessing its potential spread to sites outside
the bone marrow at early stages is essential for an adequate
management and mitigation of the complications [6].
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The utilization of 2-deoxy-2-['*F]fluoro-p-glucose or
2-[""F]fluoro-2-deoxy-p-glucose PET/computed tomog-
raphy (["*FIFDG PET/CT) in hematologic malignancies
has been recently on the rise in the era of immunother-
apy and novel agents [7]. In particular, the application of
["®FIFDG PET/CT has become very popular as a novel,
noninvasive molecular imaging modality for the identifi-
cation, staging, restaging, and evaluation of therapeutic
response in hematologic malignancies, including lym-
phoma, myeloid sarcoma, and multiple myeloma [8-11].
In leukemia, [®*F]JFDG PET/CT is of use in diagnosing,
staging, restaging, assessing extramedullary involvement,
follow up, and detecting Richter transformation [12].
However, its limitations mainly stems from the fact that
[""FIFDG uptake could be due to both malignant and
benign conditions, along with the presence of areas that
have high baseline metabolic activity, such as the brain,
rendering ["®F]FDG of minimal usage in such areas [13].

Herein, we aim to review the current utility of PET/CT
in the field of leukemia. Our focus will be on [*FIFDG
PET/CT, as it is the most commonly used radiotracer [5].
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A subsequent summary section will be dedicated to dis-
cussing other radiotracers utilized in this malignancy.

Leukemia: Patterns of FDG expression
["F]FDG-avid lesions on PET/CT are represented by
their maximum standardized uptake value (SUVmax).
As each leukemia subtype has variable metabolic
activity, SUVmax values vary in acute and chronic
leukemia. Indolent leukemias such as CLL exhibit
SUVmax values between 1 and 4 [14-16]. However,
if Richter transformation develops, SUVmax values
become higher. In a retrospective series by Mauro ez
al., the median SUVmax values were reported as 3.5 for
CLL/small lymphocytic lymphoma (SLL), 14.6 for
diffuse large B cell lymphoma (DLBCL), and 7.0
for Hodgkin lymphoma [17]. Falchi ez a/. reported a
median SUVmax value of 3.7 for CLL, 6.8 for accel-
erated CLL, and 17.6 for Richter transformation [18].
Papajik ¢z a/. reported a median SUVmax value of 3.4
and 3.1 in new and relapsed CLL, respectively, vs. 16.5
in Richter transformation [19]. Regarding CML, two
reported cases by Nakajo ez a/. showed diffuse bone
marrow uptake [20]. Another CML case reported by
Du er al. showed hepatic superscan in the liver with
SUVmax of 24.3 and bone marrow SUVmax of 3.4 [21].
Arimoto ez al. reported a bone marrow SUVmax of 4.3
in a CML patient [22].

In acute leukemia, some studies reported diffuse bone
marrow uptake [21], while others reported multifocal
uptake [23]. In a study by Zhou ez a/., [’ FIFDG uptake
was observed in 36 ALL lesions and 27 AML lesions,
and the SUVmax was similar (7.0 = 2.82 vs. 6.1 + 2.29)
for ALLL and AML, respectively [24]. Kaya ez al.
reported the avidity of 38 extramedullary ALL lesions
and found moderate avidity, with median SUVmax
value of 5 (values ranged from 1.5 to 24.1) [25]. In a
case series by Arimoto e/ /. that included six ALL
patients, SUVmax ranged between 4.5 and 14 [22]. In
two other ALL patients, one reported by Ciarallo ez a/.
and the other by Arslan ez @/. SUVmax values were 7.5
and 8, respectively [26,27]. Su ez al. reported a patient
with four ALL lesions with SUVmax values ranging
between 4.4 and 16 [28]. Several case series studies
have reported AML lesions with SUVmax values rang-
ing from 2.1 to 9.7 [29-31]. Kaya ¢z a/. reported 10 AML
lesions with SUVmax values ranging between 1.5 and
7.5 [25].

For other subtypes of leukemia, Notarfranchi er al.
reported a case of HCL with several sites of involve-
ment that showed [®F]FDG avidity with SUVmax
of 4.9-10.9 [32]. Robak er al. performed [®FIFDG
PET/CT scan for HCL patient at the time of diagnosis
and showed an SUVmax of 12.3 [33]. In the uncommon
and aggressive T-PL.L, Cheung e a/. reported a case
with hypermetabolic generalized lymphadenopathy and
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hepatosplenomegaly on ["*FIFDG PET/CT [34]. Based
on previous studies, the obtained SUVmax values for dif-
ferent subtypes of leukemia exhibit diverse ranges with
considerable overlaps, leading to difficulties in differenti-
ating them (Table 1).

Utility of ['®FIFDG PET/CT in leukemia

The utility of [®F]FDG PET/CT in leukemia diagnosis
and management has been demonstrated in several stud-
ies. This section aims to provide a review of the existing
literature on both acute and chronic leukemia.

Acute leukemia

These types progresses rapidly and aggressively and con-
sist of AML,, which is the predominant subtype among
adult patients, and ALL, which is primarily prevalent
among pediatrics [5].

Role in diagnosis

As the leukemic infiltration progresses through the bone
marrow and other extramedullary tissues, signs and
symptoms of leukemia start to become evident. In cases
of acute leukemia patients might present with signs of
bone marrow failure like anemia, infection, and bleeding
[35]. However, in most instances patients would present
with nonspecific symptoms that are usually attributed to
more common ctiologies [30].

Diagnosing leukemia can be difficult due to the vari-
ous ways it can present and the locations of leukemic
lesions, which may not be accessible through traditional
physical examination methods [36]. A study involving
58 patients with ALL found that a lack of hematologi-
cal symptoms can result in delays in diagnosis and sug-
gested that PET/C'T scans could be useful in such cases
[37]. In some patients, leukemia can affect only a spe-
cific area of the bone marrow, leading to false-negative
results in bone marrow biopsies. Arimoto ¢/ @/. demon-
strated that leukemia patients exhibit increased uptake
of ['*FIFDG in their bone marrow, which could aid in
diagnosis and help determine the most appropriate site
for biopsy retrieval [22]. Alam ez a/. conducted a study
which demonstrated that the infiltration of bone marrow
by leukemia accounted for 35.5% of cases with elevated
uptake, ranking second only to lymphoma at 45.2%
[38]. Two separate case reports described patients who

Table 1 Degree of ['®FIFDG uptake in subtypes of leukemia

Leukemia subtype Degree of ['®FIFDG uptake Reported SUVmax range

CLL None to mild 1-4
ALL Mild to moderate 4-10
CML Variable 3-25
AML Mild to moderate 4-8

ALL, acute lymphoblastic leukemia; AML, acute myeloblastic leukemia; CLL,
chronic lymphocytic leukemia; CML, chronic myeloid leukemia; FDG, fluorodeox-
yglucose; SUVmax, maximum standardized uptake value.
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initially presented with fever of unknown origin, but
were later diagnosed with ALL through the use of ['*F]
FDG PET/CT [27,28].

In AML, the role of ['®*F]JFDG PET/CT has been on
the rise, especially after it has demonstrated its ability
to detect extramedullary involvement. Myeloid sarcoma,
which we will refer to as extramedullary acute myeloid
leukemia (¢AML), has been classically described in
patients with AML. However, it was also seen in CML,
myelodysplastic syndrome, and ALL and as an isolated
tumor in the absence of intramedullary involvement [39].
Many sites of eAML involvement have been reported in
the literature (Fig. 1) [40].

A clinical review has shown that eAML is often misdiag-
nosed as non-Hodgkin lymphoma (NHL) in up to 46%
of cases [41]. Stolzel ez al. demonstrated that ['*F]FDG
had a sensitivity of 77% and a specificity of 97% with
a positive predictive value of 83.3% in the detection
of eAML [42]. A small case series has shown that ['°F]
FDG PET/CT when paired with biopsies has a speci-
ficity of 80-90% with SUVmax values ranging from 2.1
t0 9.7 [29,30,42].

A 27-year-old female patient was diagnosed with acute myeloid leu-
kemia (AML). ['®FIFDG PET/CT was performed for staging. (a—c)
Fused axial PET/CT images of the chest, abdomen, and lower extrem-
ities demonstrate three extramedullary hypermetabolic lesions involv-
ing the left breast, descending colon, and left tibialis posterior muscle,
respectively (arrows). (d) The MIP PET/CT image revealed multiple
hypermetabolic medullary lesions coexisting with several extramedul-
lary lesions. ['®FIFDG PET/CT, 2-deoxy-2-['®FlIfluoro-p-glucose PET/
computed tomography; MIP, maximum intensity projection.

Role in staging and restaging

Staging of leukemia at diagnosis and restaging after treat-
ment or progression or recurrence is essential to treat-
ing patients adequately. In a study by Zhou ez al., it was
observed that the positive detection rate of [IXF]FDG
PET/CT for extramedullary ALL was 88.9%, which
helps in correctly staging ALL patients [24]. The same
study also reported the sensitivity, specificity, and accu-
racy of ["®FIFDG PET/CT in diagnosing extramedullary
involvement of ALL as 93.3%, 71.4%, and 79.7%, respec-
tively [24]. In a case by Zhang ez a/., a newly diagnosed
18-year-old patient with ALL underwent [""F]FDG-
PET/CT that revealed four extramedullary lesions previ-
ously undiscovered or suspected on clinical presentation
or laboratory results [43]. In a study by Cunningham and
Kohno, which included 16 patients with ALL, only 2
were found to have an isolated extramedullary lesion and
14 had multiple extramedullary lesions, emphasizing the
importance of PET/CT’s ability to scan the whole body
to fully detect the true involvement of the malignancy
[44].

In a study by Cribe ¢z a/. that included 26 AML patients,
["FIFDG PET/CT revealed twice as many patients
with extramedullary leukemia as found by clinical exam-
ination alone (65% vs. 31%) [29]. Fifty-five extramed-
ullary lesions were found by PET/CT vs. 15 diagnosed
by clinical examination, demonstrating that [*FIFDG
PET/CT is a useful tool for detecting and correctly stag-
ing leukemia [29]. The National Comprehensive Cancer
Network recommends using ["F]IFDG PET/CT as the
preferred imaging modality in suspected cases of eAML
[45]. Bakst ez al. concluded that [*FIFDG PET/CT
improves eAML detection, particularly in occult lesions
[46]. In a 10-patient biopsy-proven eAML case series
conducted by Stélzel ez al., PET/C'T was able to detect
e¢AML in 90% of patients and identify new extramedul-
lary lesions in 60% of patients [42]. Moreover, 25 of the 27
extramedullary AMLs reported by Zhou ez a/. were avid
on [BFIFDG-PET/CT [24]. Cunningham and Kohno
reviewed 101 PET/CT scans in patients with acute leu-
kemia, and they concluded that the extent of leukemic
involvement is significantly underestimated when a clin-
ically apparent tumor is considered isolated and total
body involvement is not sought by body scanning [44].

Role in follow-up, recurrence, and treatment response
assessment

In a case by Cistaro ¢z al., a 9-year-old patient with ALL
was evaluated for an isolated submandibular lymphade-
nopathy that was presumed to be an infection after no
response to antibiotics. ["*FIFDG-PET/CT was per-
formed, and the uptake pattern showed ALL recurrence
in multiple lymph nodes, while the ultrasonography per-
formed initially showed no suspicion for malignancy or
recurrence of the primary disease [47]. Upon receiving
treatment, follow-up PE'T/CT showed a reduction in



the [®*FIFDG uptake in the mentioned lesions [47]. In
another case of ALL reported by Houghtelin ez a/., an
18-year-old patient with ALL, who underwent peripheral
blood hematopoietic cell transplantation, presented with
breast pain and, upon performing [""FIFDG PET/CT,
abnormal uptake in bilateral breasts and multiple lymph
nodes confirmed relapse [48]. Upon receiving appropri-
ate chemotherapy follow up, ["*F]FDG PET/CT showed
no evidence of increased uptake in the [®F]FDG-avid
areas in her initial scan [48]. Another case by Sonoki e a/.
reported a 35-year-old woman with ALL who presented
with lower abdominal pain. [®F]FDG-avid areas in both
ovaries were present and were later found to represent
ovarian relapse of ALL [49]. This case shows that PE'T
scanning is a useful way to detect focal areas of leukemic
relapse.

A case by Carli ¢ a/. demonstrated bilateral renal and
myocardial involvement of ALLL that was diagnosed and
followed-up for complete resolution with the help of [*F]
FDG PET [50]. In a review by Cunningham and Kohno,
which included 124 leukemic patients, PE'T/C'T scans
were conducted to evaluate treatment response follow-
ing therapy [44]. A negative PE'T/C'T scan was associated
with favorable survival. However, ongoing monitoring
was considered necessary as subsequent relapses occur
in nearly 50% of the cases [44]. Kaya ¢z a/. suggested that
combining [®*FIFDG PET/CT with bone marrow stud-
ies could enhance the detection of leukemic infiltration
when recurrence or progression is suspected after treat-
ment [25].

[""FIFDG PET/CT has been gaining popularity in fol-
low up and response assessment after patients receive
treatment, as the definition of complete response
includes the resolution of both bone marrow and, if pres-
ent, extramedullary involvement (Fig. 2). Cunningham
and Kohno [44], have reviewed 70 PET/CT scans after
eAML patients had received various therapies (Table 2).

It is worth mentioning that there is limited evidence
from large-scale studies supporting the role of tumor
burden and PE'T parameter incorporation that is manda-
tory for response criteria adoption and accurate follow-
up response assessment. In isolated eAML without
intramedullary infiltration, 75-90% of patients would
develop metachronous intramedullary AML within 4-12
months [40].

Chronic leukemia

These types progress slowly over time and consist of
CLL, which is the predominant subtype, followed by the
other subtype, which is CML.

Role in diagnosis

T'here has been some evidence in the literature that sug-
gests the usefulness of ['*FIFDG-PET/CT in detecting
CML; in two cases of CML reported by Nakajo ez a/.,
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patients had diffuse bone marrow uptake on ["*FIFDG
PET/CT before treatment, and when followed up with
a second PET/CT posttherapy initiation, reductions
in ["®FIFDG uptake were noticed [20]. A case report
by Varoglu ez al. reported findings of [*FIFDG-PET/
CT scan performed in a renal cell carcinoma patient
who revealed increased ["*F]FDG bone marrow uptake
that helped in diagnosing CML [51]. Arimoto ¢z al/. also
reported increased bone marrow [*FIFDG uptake in a
CML patient [22]. They observed a widespread and uni-
form distribution of ["*F]FDG uptake in the axial and
upper peripheral skeleton, whereas the lower extremities
exhibited localized areas of increased metabolic activity

[22].

Currently, PET/CT scans are not regularly used for the
diagnosis of suspected CLL due to its low metabolic
activity (SUVmax of 1-4) and slow progression [52].
However, PE'T/CT scans can be effective in detecting
accelerated CLL or more commonly Richter transforma-
tion due to their higher ["*FIFDG uptake [14-16,53].

Role in Richter’s transformation

CLL is the most common leukemia among the elderly
population, with a median age of onset of 70 years [54].
PET/CT is not routinely employed for the diagno-
sis of suspected CLL due to its low metabolic activity
(SUVmax of 1-4) and indolent course [52]. As a result,
PET/CT is of low avidity in cases of suspected CLL
[14-16]. However, it is utilized in clinical practice to
help detect a rare progression of CLLL. known as Richter
transformation [55-58], a phenomenon first described
by American hemopathologist Maurice Richter in 1928
[59]. Richter transformation is defined as the develop-
ment of CLL into an aggressive lymphoma [60]. The
incidence of Richter transformation ranges between 2%
and 10% [61-64]. The two most common variants are
DLBCL, accounting for 90% of cases, and Hodgkin lym-
phoma, accounting for approximately 10% of cases [65].
Transformation to histiocytic sarcoma, lymphoblastic leu-
kemia, and interdigitating dendritic cell sarcoma has also
been reported [66-69].

Richter transformation carries a poor prognosis, with
median overall survival (OS) ranging from 2.5 to 10
months [70-76]. The median time to transformation in
DLBCL is 1.8-1.9 years, while in Hodgkin lymphoma
it is 4.6-7.5 years [77,78]. Given the catastrophic nature
of this phenomenon, early diagnosis is crucial. In a ret-
rospective series by Mauro e7 4/., the median SUVmax
values were reported as 3.5 for CLL/SLL, 14.6 for
DLBCL, 7.0 for Hodgkin lymphoma, and 6.3 for a sec-
ondary malignancy [17]. The CHOP-OR trial reported
an SUVmax value of 18 in Richter transformation [79].
A median SUVmax value of 3.7 for CLL, 6.8 for accel-
erated CLL, and 17.6 for Richter transformation has
been reported [18,19]. Whereas, a median SUVmax
value of 3.4 and 3.1 in new and relapsed CLL with 16.5
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Fig. 2

Before Therapy

After Therapy

A 46-year-old female patient known to have myeloid sarcoma had ['®FIFDG PET/CT performed before and after intrathecal chemotherapy. (a—c)
Pretherapeutic MIP, axial PET/CT, and axial PET images revealed evidence of a few hypermetabolic lesions occupying the left auditory canal and
parotid gland (arrows). (d—f) Post-therapeutic MIP, axial PET/CT, and axial PET revealed evidence of a complete metabolic response. It is noteworthy
that the diffuse bone marrow FDG uPtake in this patient was due to a reactive process since multiple bone marrow biopsy samples were unremark-

able. ['®FIFDG PET/CT, 2-deoxy-2-['®

Flfluoro-p-glucose PET/computed tomography; MIP, maximum intensity projection.

Table 2 Response assessment of multiple leukemic
malignancies using ['®FIFDG PET/CT

Leukemia subtype Number of cases CR PR TR
AML 57 38 6 13
ALL 9 8 0 1

ALL, acute lymphoblastic leukemia; AML, acute myeloblastic leukemia; CR, com-
plete response; PR, partial response; TR, treatment resistance.
Table was adapted from [44].

in Richter transformation has been reported [18,19]. A
cut-off threshold of 25 SUVmax is the most commonly
used value to suspect Richter transformation (Fig. 3)
[80]. The initial investigation into the use of PET/CT
for Richter transformation detection was conducted by
Bruzzi er al. 'This study reported 91% sensitivity, 80%
specificity, 54% positive predictive value, and 97% neg-
ative predictive value (NPV) while using the previously
mentioned =5 SUVmax threshold [15]. In a recent sys-
tematic review conducted by Albano eza/., which enrolled
13 studies using PE'T/CT to detect Richter transforma-
tion, an average overall sensitivity of 87%, specificity
of 49%, positive predictive value of 41%, and NPV of
84% was reported [81]. The main source of false posi-
tives was non-transformed CLL [81]. Due to the high
NPV provided by ['"*FIFDG PET/CT, one can exclude

Richter transformation if SUVmax is below 5. However,
one cannot solely depend on [¥FIFDG PET/CT
to detect its presence; in such cases, PET/CT can still
help identify the index lesion, as the optimal biopsy site
(Fig. 4) [82].

Falchi ¢z a/. demonstrated the potential prognostic value
of PE'T/C'T in Richter transformation, where the OS in
patients with an SUVmax <10 was 56.7 months compared
to an OS of 6.9 months for 210 [18]. It is important to note
that some studies indicated that agents like BCL-2 inhib-
itors, BTKis, and anti-PD1 may influence the results
(Table 3) [14].

Rare subtypes

Forrareleukemicsubtypes,therole of[*FIFDGPET/CT
is not quite documented or established with only a few
reported cases to date. For PLL, Merdin ¢ a/. reported
an acute case with visualized hypermetabolic supradia-
phragmatic lymph nodes prior to therapy initiation [83].
Senthil ez a/. conducted a study on large granular lympho-
cytic (LGL) leukemia using ["*F]IFDG PET/CT, which
demonstrated the potential usefulness of this imaging
technique in evaluating the disease extent and treatment

response of aggressive forms of LGL leukemia [84].
Additionally, the effectiveness of [""FIFDG PET/CT
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Richter’s Transformation

PETI/CT Guided Definitive

Biopsy

(prominent lesion)

Diagnosis

Richter’'s
Transformation
is excluded

REGULAR
FOLLOWUP

Simple diagram illustrating the proposed diagnostic scheme when assessing suspected cases for Richter's transformation.

Fig. 4

A 53-year-old male patient known to have had chronic lymphocytic leukemia (CLL) for the past 10 years. A recent suspicion of Richter's transforma-
tion necessitated further evaluation by ['®F] fluorodeoxyglucose PET/computed tomography (['"®FIFDG PET/CT). (a) Maximum intensity projection
(MIP) image revealed evidence of a few hypermetabolic supradiaphragmatic lymph nodes having a maximum standardized uptake value exceeding 5
(SUVmax ranges from 5.9 to 11.1, arrows). (b—d) Axial PET/CT images of the chest, lower neck, and upper neck revealed evidence of a few hyper-
metabolic left axillary, left upper, and lower cervical lymph nodes, compatible with biopsy proven Richter’s transformation.

was further confirmed in patients with extramedullary
involvement in mast cell leukemia and chronic mye-
lomonocytic leukemia [85,86]. In HCL, some studies
suggest that ["*F]IFDG PET/CT can serve as a useful
imaging method for staging and evaluating treatment
response [87-89]. Robak ez a/. reported that PET/CT is
more sensitive and specific than a bone scan for assess-
ing the response to chemotherapy [33]. In three stud-
ies on HCL, normalization of [®*F]FDG uptake was
observed in all previously affected sites after treatment
[32,90,91].

Other utilities

Role in detecting the extent of gastrointestinal graft
versus host disease

Hematopoietic stem cell transplant (HSC'T) is a signifi-
cant therapeutic approach used to treat various types of
blood cancers [92]. One of the most prevalent compli-
cations experienced by patients undergoing allo-HSC'T
is graft versus host discase (GVHD). GVHD occurs in
approximately 30-50% of patients who undergo HSC'T
[93,94]. Gastrointestinal GVHD (GI-GVHD) is particu-

larly common, affecting over 50-70% of individuals with
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acute GVHD [95]. The identification of GI-GVHD can
be challenging due to its nonspecific symptoms. Since
GI-GVHD molecular imaging presentations can over-
lap with many other different etiologies, clinical and
histopathological correlation have been used to attrib-
ute GI-GVHD hypermetabolic foci to GI-GVHD [96].
Bodet-Milin ez a/. found that ['**FIFDG PET/CT had a
sensitivity of 81%, specificity of 90%, positive predictive
value of 60%, and NPV of 96%, with an overall accu-
racy of 83% in detecting the extent of acute GI-GVHD
(Fig. 5) [96]. A case reported by Dejanovic ¢z a/. demon-
strated that ["*FIFDG PET/CT could be a valuable tool
in detecting GVHD extent [97]; Stelljes ¢z al. reported
that PET/C'T was able to detect GI-GVHD in 14 of 17
patients with biopsy-derived histological diagnoses [98].
Recently, Roll ez a/. retrospectively analyzed 101 patients
with suspected GI-GVHD, and ["*F]FDG PET was able
to detect its occurrence with a sensitivity of 93% and a
specificity of 73% [99].

Role in assessing in-vivo drug pharmacokinetics
Cytokine-induced killer (CIK) is a type of immunother-
apy used for various malignancies. Wang ez /. enrolled
nine patients with refractory APL, where pretreatment
PET/CT revealed the tumor burden and increased
uptake in a variety of sites [100]. They then radiolabe-
led CIK with ["®F]FDG and tracked its localization over
regular intervals to assess its in-vivo kinetics, demon-
strating that CIK is a tissue-targeted immunotherapy
[100].

In another study, Kil ¢7 a/. investigated the potential
of [N-""C-methyl]imatinib in evaluating the regional
distribution and kinetics of imatinib within the human
body [101]. The aim was to determine whether the
drug effectively targets tumors and identify other
organs where the drug or its labeled metabolites are
distributed [101]. When used in conjunction with
tracers like [®*F]JFDG and [lgF]ﬂuorothymidine (["*F]
FLT), [N-“C-methyl]imatinib has the potential to
serve as a valuable radiotracer for chemotherapy plan-
ning, monitoring treatment response, and assessing the
impact of drug pharmacokinetics on drug resistance in
CML [101].

Additionally, ['"®F] can also be labeled with isocitrate
dehydrogenase 1 (IDH1) [102]. Mutations in IDH1 have
been observed in various malignancies, including AML
[102]. Wang ez a/. [102] conducted a study where they suc-
cessfully synthesized and evaluated two "*F-labeled trac-
ers, namely ["*F]JAG120 and ["*F]AG135, for the purpose
of visualizing the expression of mutated IDH1 in PET.
Both tracers demonstrated favorable stability in labora-
tory settings, exhibited specific uptake in cells expressing
mutated IDHI, and displayed promising pharmacoki-
netic characteristics with minimal uptake in most organs
and tissues [102].

Role in disease prognostication

Some studies have focused on the prognostic value of the
["®FIFDG PET/CT findings in patients with leukemia;
the prognostic significance of extramedullary involve-
ment in leukemia is still being investigated [42]. A total
of 12 patients with myeloid sarcoma who received radio-
therapy were assessed by ["*F]FDG PET/CT before and
after treatment [103]. In those patients, high pretreat-
ment SUVmax was related to treatment failure. However,
the sample size was small, and further studies in this
field are, therefore warranted [103]. Zhao ez 4/. analyzed
a total of 79 scans from 72 patients with acute leukemia
and found that the presence of extranodal, extramed-
ullary, and extra-splenic sites was identified as an inde-
pendent prognostic indicator [104]. Patients with this
disease extent pattern were shown to have a lower OS
rate in both univariate and multivariate survival analyses
[104]. Therefore, incorporating [®FIFDG PET/CT scans
may be beneficial in identifying acute leukemia patients
at higher risk for unfavorable clinical outcomes [104].
Porrazzo et al. conducted a study to assess the prognostic
value of ['®*F]JFDG PET/CT in 40 CLL patients who had
undergone chemotherapy [57]. Their findings indicated
that patients with SUVmax greater than 5 had lower OS
rates and were more prone to developing Richter’s syn-
drome [57].

Additionally, studies have investigated the predictive
value of ['""FIFDG PET/CT in aggressive CLL. Falchi ez
al. analyzed 764 CLL patients who underwent PE'T/CT
scans for various reasons such as radiotherapy planning,
initial staging, and treatment evaluation. They found that
patients with lesions showing a SUVmax of >10 had a
poorer OS. Similarly, Michallet ez a/. reported that CLL
patients with hypermetabolic lesions with a SUVmax
over 10 had higher mortality rates compared to those
with a SUVmax below 10 [55]. Mato ¢/ «/. conducted a
retrospective analysis on pretreatment PET/CT scans
of 167 CLL patients receiving venetoclax monotherapy
[72]. They observed a longer progression-free survival
in patients with a SUVmax below 10 compared to those
with a SUVmax of 10 or higher [72]. In a more recent
study, Albano e a/. explored various parameters and cut-
off thresholds to assess survival outcomes in patients
with CLL [80]. After a median follow-up period of 32
months, 24 out of 80 patients died, with a mean time of
21.4 months (range, 1-130 months) [80]. Different cut-
off thresholds for SUVmax adjusted for body weight and
lean body mass (9 and 5.3, respectively), metabolic tumor
volume (14.6), and total lesion glycolysis (40) were uti-
lized in the survival analysis [80]. Patients with lesions
exhibiting PET parameters above the specified cutoff
thresholds were associated with poorer OS [80]. It is
important to note that not all studies used the same cut-
off thresholds; for instance, Mauro ¢7 /. observed inferior
progression-free survival and OS in CLL patients with
SUVmax >5 [17].



Table 3 Diagnostic accuracy of ['®FIFDG PET/CT in detecting
Richter’s transformation

Bruzzi et al., 2006 [15]

CLL cases 37

RT cases 11

SUVmax cutoff 5

Results Sensitivity: 91%; specificity: 80%; PPV: 53%; NPV: 97%

Conclusion Adopted cutoff is reliable for detecting Richter’s transfor-
mation

Falchi et al., 2014 [18]

CLL cases 332

RT cases 95

SUVmax cutoff 5

Results Sensitivity: 88%; specificity: 47%; PPV: 38%; NPV: 92%

Conclusion PET/CT can be implemented to rule out Richter's transfor-
mation

Mauro et al., 2015 [17]

CLL cases 90

RT cases 17

SUVmax cutoff 5

Results Sensitivity: 87%; specificity: 71%; PPV: 51%; NPV: 94%

Conclusion The adopted cutoff has both prognostic and predictive
significance

Michallet et al., 2016 [55]

CLL cases 240

RT cases 24

SUVmax cutoff 10

Results Sensitivity: 91%; specificity: 95%; PPV: 29%; NPV: 99%

Conclusion PET/CT can detect Richter's transformation and guide
biopsies

Mato et al., 2019 [58]

CLL cases 57

RT cases 8

SUVmax cutoff Multiple (5, 10, 11, 12)

Results Sensitivity: 57-71%; specificity: 4-68%; PPV: 16-31%);
NPV: 33-89%

Conclusion The proposed cutoffs failed to predict Richter’s transfor-
mation

Wang et al., 2020 [56]

CLL cases 92

RT cases 25

SUVmax cutoff Multiple (5-10)

Results Sensitivity: 56-96%; specificity: 21-76%; PPV: 561-69%);
NPV: 67-86%

Conclusion A biopsy should be performed in a patient with hypermet-

abolic lesions having SUVmax >5 to exclude Richter's
transformation
Porrazzo et al., 2020 [57]

CLL cases 40

RT cases 5

SUVmax cutoff 5

Results Sensitivity: 80%; Specificity: 74%; PPV: 31%; NPV: 96%

Conclusion Adopted cutoff demonstrated vital prognostic and predic-
tive values

Albano et al., 2021 [80]

CLL cases 80

RT cases 18

SUVmax cutoff 9

Results Sensitivity: 67%; Specificity: 90%; PPV: 67%; NPV: 90%

Conclusion SUV-related PET/CT predicted Richter’s transformation

['®FIFDG PET/CT, ['®F] fluorodeoxyglucose PET/computed tomography; CLL,
chronic lymphocytic leukemia; NPV, negative predictive value; PPV, positive
predictive value; RT, Richter's transformation; SUVmax, maximum standardized
uptake value.

Role in patients with multiple primary neoplasms

[""FIFDG PET/CT, due to its integration of both ana-
tomical and functional imaging as well as the ability to
scan the entire body, may offer certain benefits over tradi-
tional imaging techniques when evaluating patients with
multiple primary malignant neoplasms. Paolini ez /. have
documented the valuable utility of [®F]IFDG PET/CT
in individuals diagnosed with synchronous HCL and
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NHL [105]. The incidental identification of solid tum-
ors alongside leukemic malignancies has also been previ-
ously documented [106].

Drawbacks and limitations

It is critical to understand that ["*F]FDG is a nonspecific
tumor probe, and false positive findings are common in
various presentations due to infectious and inflamma-
tory conditions [107]. Furthermore, distinct nonspecific
reactive patterns in bone marrow have been observed
in a variety of clinical settings, including anemia and
hematopoietic stimulating factors [38]. The accurate
interpretation of these patterns in the clinical trajectory
of the disease requires the expertise of the treating team.
Despite the promising landscape in detecting Richter
transformation and offering prognostic insights, it is cru-
cial to acknowledge the limitations and drawbacks. The
current manuscript text and accompanying simplified
(Fig.3) aim to present a straightforward perspective.
Nevertheless, numerous authors have highlighted vary-
ing degrees of overlap and constraints when adopted cer-
tain SUVmax cutoff threshold [17,81].

Other radiotracers

Despite being less commonly used, some non-["*F]
FDG radiotracers are currently being investigated for
their potential adoption in certain scenarios in leukemia
patients. To date, there exist a limited literature render
and acknowledgment in this domain.

['®FIfluorothymidine

Buck er al. initially explored a thymidine analog with
resistance to degradation in the human body in the con-
text of leukemia [108]. Through a pilot study involving
10 patients, they observed a notably higher uptake of
[""F]FLT in the bone marrow of AML patients compared
to controls (with average ["F]FLT SUVmean of 11.5
vs. 6.6) [108]. Moreover, this analog had the potential to
address the limitations of [®*F]FDG in detecting central
nervous system involvement, which is hindered by the
brain’s high glucose hypermetabolism that can lead to
falsely elevated SUV [109]. The analog’s retention within
the cells, facilitated by thymidine 1 kinase, can contrib-
ute to its specificity towards actively proliferating cellular
populations [110].

Sanghera er al. discussed the use of [®FIFLT PET
before, during, and after treatment in patients with ALL
[111]. The study found statistically significant differ-
ences between patients with complete remission and
those with resistant disease, demonstrating the ability
of ["®F]FLT to detect these differences within 2 days
of initiating therapy [111]. Another study conducted by
Agool ez al. [112], reviewed 18 ['*F]FLT PET scans and
concluded that ["®*F]FLT offers both visual and quantita-
tive information on the entire bone marrow, allowing for
the differentiation of various bone marrow disorders and
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Fig. 5

A 35-year-old female patient known to have acute lymphoblastic leu-
kemia received many chemotherapy lines, followed by a recent allogenic
stem cell transplant. A recent gastrointestinal complaint necessitated
further evaluation by ['®FIFDG PET/CT to exclude graft versus host dis-
ease (GVHD). (a—c) MIP, axial PET/CT, and axial PET images revealed
evidence of segmental hypermetabolic lesions occupying the ascend-
ing colon and hepatic flexure (arrows), compatible with biopsy proven
gastrointestinal GVHD. ['®FIFDG PET/CT, ['F] fluorodeoxyglucose
PET/computed tomography.

potentially providing additional value in the posttreat-
ment monitoring period [112]. At present, several clini-
cal trials are underway employing ["*F]FLT PET/CT to
assess different hematologic neoplasms (NC'T00935090),
diverse forms of leukemia (NCT01338987), and AML
(NC'T03422731).

[*®GalGa-PentixaFor

The utilization of [*®Ga]Ga-PentixaFor has facilitated
the nonintrusive PE'T visualization of CXCR4 expres-
sion [113]. Previous research has examined the recruit-
ment and retention of leukemia-initiating cells, revealing
that CXCR4 expression exerts a substantial influence on
these processes [114]. Mayerhoefer ¢/ a/. conducted an
initial in-vivo application of a novel PET radiotracer that
exhibits specificity towards CXCR4 expression [115].
Their study revealed an increased uptake of [®*Ga]Ga-
PentixaFor in the bone marrow of patients diagnosed
with CLL when compared to patients with other
malignancies lacking bone marrow involvement [115].
The researchers deduced that [*®®Ga]Ga-PentixaFor
holds potential as a valuable tool for imaging CXCR4-
dependent CLL.

Herhaus ez a/. [114] demonstrated that in-vivo imaging
of myeloid malignancies, particularly AML,, is achievable
with [®®*Ga]Ga-PentixaFor. In three patients, the corre-
lation of CXCR4 imaging was assessed in comparison

with its expression using immunohistochemistry, yield-
ing promising findings [114]. However, due to the small
sample size, a statistically significant correlation could
not be established [114]. Buck ez a/. enrolled a larger
cohort, comprising 690 participants with different can-
cer subtypes [116]. All patients underwent the [°®Ga]
Ga-PentixaFor study for evaluation [116]. The findings of
this study demonstrated that [°®Ga]Ga-PentixaFor exhib-
ited the most pronounced uptake in hematologic malig-
nancies, including ALL patients [116]. Habringer ez al.
demonstrated that the utilization of [**Ga]Ga-PentixaFor
facilitated the visualization of CXCR4 leukemic bur-
den, thereby enabling the development of a theranostic
approach for CXCR4 directed endoradiotherapy [117].
An ongoing clinical trial has been structured to investi-
gate the potential of [®Ga]Ga-PentixaFor in the treat-
ment of lymphoma, leukemia, and multiple myeloma

(NCT04504526).

Choline PET tracers

The process by which choline PE'T tracers are absorbed
involves the targeting of choline transporters, which
are increased in cancerous cells [118]. The choline
transporter-like proteins CTLs/SILC44 family are abun-
dantly present in different types of cancers, and their
presence is linked to the survival of the cells [118].
Given the encouraging research on the efficacy of [''C]
Choline in prostate cancer and other malignant condi-
tions, the limited absorption of [""C]Choline in the brain
could potentially aid in the detection of extramedullary
leukemia in the central nervous system [119,120]. A case
study conducted by Qin ¢z /. illustrated the diagnosis of
extramedullary brain AML using [''C]Choline PET/C'T,
whereas ["*FIFDG PET/CT showed uptake levels com-
parable to those observed in surrounding healthy brain
tissue [121]. Cegla er a/. examined 1345 prostate cancer
patients with multiple primary neoplasms using [*F]
Fluorocholine (["®F]FCH) to assess the presence of co-
existing CLL [122]. The researchers observed CLL lesions
in two patients, both of whom displayed mild uptake with
SUVmax of around 4 [122]. One year later, Kudura ez a/.
documented the incidental identification of CLLL in a left
cervical lymph node showing mild ["**F]FCH uptake in a
patient suspected to have a parathyroid adenoma [123].
T'he researchers advocated for additional research into the
use of ["*F]FCH imaging in CLL patients to fully under-
stand its diagnostic capabilities [123].

[*®GalGa-DOTATATE

The utilization of [*®*Ga]Ga-DOTA-conjugated pep-
tides for somatostatin receptor (SSTR) imaging is well
established in the field of diagnosing and evaluating the
treatment response of neuroendocrine tumors [124]. This
imaging technique also serves theranostic purposes [124].
SSTR expression has been observed in various benign
and malignant pathologies, including lymphomas [125].



A recent case report denoted the incidental discovery of
an intense [**Ga]Ga-DOTATATE-avid vertebral lesion
confirmed later by biopsy to be involved in CLL [126].
However, such an observation was singular, requiring fur-
ther research to establish its significance.

[*®GalGa-fibroblast activation protein
inhibitor

The fibroblast activation protein inhibitor (FAPI) is clas-
sified as a type II integral membrane glycoprotein and
has been recognized as a significant biomarker in cancer-
associated fibroblasts [127]. Its level of expression is sig-
nificantly increased in areas where tissue remodeling and
tumor stroma occur [127]. FAPI has demonstrated poten-
tial in imaging different forms of cancer. Nonetheless,
there is a scarcity of information regarding the use of
[®®*Ga]Ga-FAPI PET/CT, specifically for leukemia. The
majority of existing studies concentrate on solid tumors,
including lung cancer, colorectal cancer, and gynecologi-
cal malignancies [128]. Consequently, the effectiveness
of this innovative theranostic approach for leukemia
remains uncertain. A recent case report conducted by
Wu ¢r al. validated the diagnostic usefulness of [*®Ga]
Ga-FAPI PET/CT in a patient with myeloid sarcoma
[129]. An intense [*°Ga]Ga-FAPI-avid left breast lesion
was visualized before therapy, and posttreatment imag-
ing using [**Ga]Ga-FAPI PET/CT demonstrated disease
regression affirming its applicability in similar cases [129].
In this specific case, the myeloid sarcoma lesions demon-
strated a significantly higher degree of [**Ga]Ga-FAPI
uptake when compared to ["FIFDG [129]. Morcover,
[**Ga]Ga-FAPI exhibited a superior tumor to background
ratio in surrounding tissue, making it a valuable tool for
visualizing myeloid sarcoma [129]. Cui ¢ /. conducted a
review in which they observed a patient diagnosed with
eosinophilic leukemia who presented with eosinophilic
myocarditis, a prevalent complication affecting approxi-
mately half of eosinophilic leukemia patients [130]. The
patient underwent a [®Ga]Ga-FAPI PET scan, revealing
significant cardiac uptake initially, which subsequently
resolved following treatment [130]. This finding high-
lights the potential value of [**Ga]Ga-FAPI PET imag-
ing in evaluating treatment response in such cases [130].
In general, additional research regarding [**Ga]Ga-FAPI
landscape in leukemia is imperative to substantiate these
observations and explore the broader applications of this
promising therapeutic and diagnostic agent.

Future Trends

In the field of leukemia, the near future looks promising
given the recent shift in direction towards adopting artifi-
cial intelligence and immunoPE'T.

The value of artificial intelligence
Despite limited efforts focusing on this scope for the time
being, it is expected that the field of artificial intelligence
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will dominate many aspects of molecular imaging imple-
mentation, especially in areas of uncertainty [131].
Notably, the value of machine learning and radiomics has
been established in other forms of hematologic malig-
nancies [132,133]. In an attempt to improve the diagnos-
tic performance of ['""F]JFDG PET/CT in detecting bone
marrow lesions in leukemic patients, Lii ¢7 a/. conducted
a retrospective study of 41 patients with acute leukemia
[134]. All patients underwent both bone marrow biopsy
and ["*FIFDG PET/CT within 1 week [134]. The bone
marrow biopsy results were used as the gold standard for
reference [134]. The skeletal volumes of interest were
manually drawn on PET/CT images, and a total of 781
PET and 1045 CT radiomic features were automatically
extracted to provide a more comprehensive understand-
ing of the embedded pattern [134]. Through machine
learning, they succeeded in achieving optimal sensitivity,
specificity, and accuracy exceeding 85% for each [134].
"This was significantly higher than relying solely on visual
analysis (P < 0.05) [134]. Therefore, ["*FIFDG PET/CT
radiomic analysis with a machine learning model can pro-
vide a quantitative, objective, and efficient mechanism
for identifying bone marrow lesions in patients with sus-
pected relapsed AL.

ImmunoPET

ImmunoPET is a molecular imaging technique that com-
bines the high sensitivity and resolution of PE'T with the
specificity of antibody-based targeting elements of the
immune system and/or immune checkpoints [135]. While
most of the research and applications of immunoPET
have focused on solid tumors, there is also potential for
its use in leukemia imaging. Some studies have explored
its potential in this context. For example, a study eval-
uated immunoPET using [*Cu]Cu-DOTA-Anti-CD33
PET-C'T imaging in an AML xenograft model, demon-
strating its potential for AML. imaging [136]. ['"®F] can
also be linked to monoclonal antibodies (mAb) in order to
assess their behavior within the body. In a recent inves-
tigation, researchers devised a partially automated tech-
nique to produce ["®F]-labeled anti-CD66, allowing for
PET study to be conducted for the purpose of evaluating
radiation dosage and examining the bone marrow [137].
The labeled antibody exhibited a tendency to accu-
mulate primarily in the bone marrow, rendering it well
suited for immunoPET investigations [137]. Glekas ¢z a/.
sought to create an ['®F]-labeled analog of imatinib, not
for imaging purposes, but as a tracer to track in-vivo drug
distribution and concentration [138]. The synthesized
2-fluoroethyl analog, known as SKI696, demonstrated
similar selectivity and binding affinity to imatinib in
binding assays [138].

Alternatively, Madabushi ez @/. conducted a study using
[**Cu]Cu-DOTA-anti-CD33 murine mAb for immu-
noPET" imaging of AML in a preclinical model [139].
The results showed high sensitivity and specificity,
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highlighting spatial heterogeneity in the disease based
on disease burden [139]. This suggests caution in inter-
preting results from single bone marrow biopsies [139].
The findings support the potential use of this imaging
modality for noninvasive detection of AML in humans
and monitoring treatment response [139]. Subsequent
research by Allen ez al. focused on [3°Zr)Zr-labeled lin-
tuzumab molecule, showing promising results in PET
imaging of CD33 positive human AML tumors [140].
These results align with ex-vivo biodistribution stud-
ies, indicating the potential of PET imaging with [*Zr]
Zr-lintuzumab as a tool for evaluating anti-CD33 mAb
binding properties in preclinical cancer models [140].

Chimeric antigen receptor (CAR-T) cells are a crucial
component of leukemia immunotherapy [7]. Wang e7
al. conducted a study demonstrating the feasibility of
labeling CAR-T cells with [®*Ga]Ga-oxine for in-vivo
tracking through PE'T imaging [141]. Additionally,
CAR-T cells labeled with [PZr]Zr-oxine were utilized
for long-term monitoring [141]. This methodology was
employed in mice to track CAR-T cell distribution via
PET imaging and confirmed through ex-vivo analysis
[141]. Programmed cell death-ligand 1 (PD-L1) is com-
monly found in various types of cancer, including leu-
kemia [142]. Sun ¢z al. developed a new peptide imaging
agent called Al["*F]-NOTA-IPB-PDL1P, which targets
PD-L1 in tumors specifically [142]. Their findings sug-
gest that this agent has the potential to be used for PET
imaging of tumors with high levels of PD-1.1 expression
[142]. In contrast, Jung e al. created an immune PET
imaging agent labeled with [*Zr]Zr that targets PD-L1
and can monitor changes in PD-1.1 expression in tumors
following chemotherapy treatment [143]. The synthesis
of [*Zr]Zr-anti-PD-L1 was efficient and the imaging
properties were favorable [143]. Treatment with gem-
citabine resulted in an increase in PD-L1 expression in
cancer cells and tumors, leading to enhanced uptake of
[*Zt]Zr-anti-PD-L1 [143]. This PET imaging agent has
the potential to be a valuable tool for tracking changes
in tumor PD-L1 expression in response to chemo-
therapy in living subjects [143]. In order to measure
PD-L1 levels without invasive methods, Mishra ez a/.
developed a new peptide-based binder called [**Gal]
Ga-DK223 [144]. They investigated the distribution,
pharmacokinetics, and specificity of [**Ga]Ga-DK223
in vivo in diverse neoplasms, which exhibit varying
levels of PD-LI.1 expression [144]. [®*Ga]Ga-DK223
produced clear PET images within an hour of admin-
istration and demonstrated the ability to detect PD-L1
in xenograft models in a manner that is dependent on
its expression levels [144]. The researchers concluded
that [*®®*Ga]Ga-DK223-PET could be a valuable tool for
accurately measuring both baseline PD-1.1 levels and
accessible PD-L.1 levels during therapy, allowing for
a better understanding of drug exposure at the tumor
site [144]. This supports the potential use of [Ga]

Ga-DK223-PET for guiding and optimizing immune
checkpoint therapy [144].

Conclusion

In conclusion, PET/CT is a noninvasive and accessible
imaging technique that holds great potential in the field
of leukemia. Its utilization has resulted in the early identi-
fication of Richter transformation, a particularly unfavora-
ble outcome in patients with CLLL. Furthermore, PET/
CT has been successful in uncovering hidden extramed-
ullary leukemic involvement that may have been over-
looked during clinical examinations or conventional C'T/
MRI scans. This capability has the potential to enhance
the development of personalized treatment plans for
patients, particularly those with atypical presentations.
The advantages of PE'T/CT in detecting disease recur-
rence, assessing treatment response, and monitoring for
GVHD could greatly advance its utilization in clinical
practice.

The development of novel radiotracers could address
some of the limitations of [""FIFDG PET/CT by
improving the ability to differentiate between benign
and malignant conditions and enhancing extramed-
ullary detection within the brain. Furthermore, the
adoption of artificial intelligence and immunoPET
can enhance the reliability of this imaging technique.
However, prospective and large studies of PET/CT
applications in leukemia are still lacking, which could
be hindering the exploration of their full potential in
leukemic patients.
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