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20.1 Introduction

Imaging has played a critical role in the management of patients with lymphoma for
decades. Although not used to screen asymptomatic individuals, imaging has proven
useful at virtually all other stages of the disease including for diagnosis in suspected
cases, initial staging, treatment response assessment and recurrence detection and
surveillance in high-risk individuals [1]. Imaging provides guidance for biopsies [2]
and is used to determine the extent of disease based on identification of lymph node
enlargement and extranodal disease [3].

PET/CT imaging with 18F-fluorodeoxyglucose (FDG) offered a significant
advancement in the ways in which imaging could be used to manage patients with
lymphoma. The metabolic signature generated by FDG not only increases sensitiv-
ity for lesion detection compared to CT [4] but carries significant prognostic value
and has been proven to monitor treatment response and detect recurrent disease with
higher performance compared to conventional imaging [1]. For these reasons, FDG
PET/CT is a clinical standard for evaluation of patients with most types of
lymphoma.

PET/MRI is an exciting new technology that has the potential to improve the
value of imaging in patients with lymphoma even more. Advantages include lower
radiation exposure (particularly beneficial for children and young adults) and
potentially improved image quality with the use of MR-based motion correction
[5]. Simultaneous scanners offer improved registration of PET data and anatomical
datasets [6], thus facilitating lesion characterisation and potentially helping direct
tissue biopsies. Finally, the biological information derived from advanced MR
techniques including dynamic contrast-enhanced MRI (DCE-MRI), diffusion-
weighted imaging (DWI) [7] and MR spectroscopy (MRS) [8] is an active area of
study that holds promise to potentially improve the ability of imaging to detect
viable tumour, better assess treatment response and perhaps one day guide selec-
tion of specific treatment regimens. PET/MRI scanners offer the two most advanced
imaging technologies combined in one scanner which makes it an excellent
research tool.

This chapter will provide the reader with an overview of lymphoma biology,
management and treatment, review conventional imaging and then provide a
detailed discussion of how PET, PET/CT and MR alone have been used in the man-
agement of patients with lymphoma. Following this background, the existing litera-
ture studying the use of combined PET and MR data (typically acquired on PET/
MRI scanners although studies combining separately acquired PET and MR datas-
ets (‘PET + MR’) will be covered as well) will be comprehensively reviewed. Case
examples highlighting the concepts discussed in the emerging PET/MRI literature
will be presented. The reader will learn about new PET radiopharmaceuticals that
may be relevant to future PET/MRI research, and pitfalls in the PET/MR imaging
of patients with lymphoma will be discussed.
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20.2 Overview of Lymphoma Biology, Staging and Existing
and Emerging Treatments

Lymphomas are the commonest lymphoproliferative disorder worldwide. They are
divided into Hodgkin and non-Hodgkin lymphomas.

20.3 Biology

Hodgkin lymphoma (HL) has an annual incidence of 8500 cases in the USA (https://
seer.cancer.gov/statfacts/html/hodg.html) and 2100 cases in the UK (http://www.can-
cerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/hodg-
kin-lymphoma). HL is the commonest cancer in the adolescent age group, with a further
peak in people aged over 45. It originates from mature B cells with the hallmark of
classical HL being the Reed-Sternberg cell, which expresses CD30, but which accounts
for less than 1% of nodal masses [9]. Tumour cells are surrounded by many benign
inflammatory cells including T cells, macrophages, B cells and eosinophils that produce
cytokines which promote tumour growth and help the lymphoma to avoid host mecha-
nisms. The abundance of inflammatory cells has been suggested as a reason why HL is
so well imaged with FDG and why FDG changes rapidly in response to treatment [10].

Classical HL (cHL) is divided into nodular sclerosing (around 80% of cHL),
mixed cellularity, lymphocyte depleted and lymphocyte rich. Nodular lymphocyte
predominant HL (NLPHL) is rare, usually negative for CD30 with lymphocyte pre-
dominant cells that are similar to germinal centre B cells [9].

The non-Hodgkin lymphomas have an annual incidence of 72,600 cases in the
USA (https://seer.cancer.gov/statfacts/html/nhl.html) and 13,600 cases in the
UK. Half of the patients are over 70 years (http://www.cancerresearchuk.org/health-
professional/cancer-statistics/statistics-by-cancer-type/non-hodgkin-lymphoma).
NHLs can be divided into B- and T-cell malignancies.

The aggressive B-cell NHLs are a heterogeneous group that arise at different
stages of B-cell differentiation. They more often involve extranodal sites than
HL. The commonest subtype is diffuse large B-cell lymphoma (DLBCL) which
nowadays accounts for nearly 50% of NHL in western countries (http://www.cancer-
researchuk.org/health-professional/cancer-statistics). The International Prognostic
Index (IPI) is used to predict pretreatment prognosis, and more recently the National
Comprehensive Cancer Network-IPI has been shown to have better prognostic value
[11]. Gene expression profiling has identified genetic alterations which mean DLBCL
can be separated by cell of origin into the germinal centre B-cell (GCB) subtype and
non-GCB, usually activated B-cell (ABC) subtype, with worse prognosis for the
ABC subtype [12]. Subtypes that include translocation of the MYC gene (MYC+)
and/or the BCL2 or BCL6 are especially resistant to treatment. Where both MYC
and BCL translocations occur, this is referred to as ‘double-hit’ lymphoma.


https://seer.cancer.gov/statfacts/html/hodg.html
https://seer.cancer.gov/statfacts/html/hodg.html
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The most common type of indolent NHL is follicular lymphoma which accounts
for about 20% of NHL (http://www.cancerresearchuk.org/health-professional/can-
cer-statistics) and is derived from germinal B cells [13]. Taken together HL, DLBCL
and FL account for 70% of cases of lymphoma, and most data about PET imaging
relates to these subtypes [14].

20.4 Staging

The same staging applies to HL. and NHL with a recent modification of the Ann
Arbor staging suggested in the Lugano classification (Cheson 2014) as follows:

Stage I—a single lymph node region (I) or a single extralymphatic site (IE)

Stage II—two or more lymph node regions on the same side of diaphragm (II) or
stage I or II with contiguous involvement of an extralymphatic site (IIE)

Stage III—nodes on both sides of diaphragm (III) which may include the spleen
(sometimes referred to as IIIS)

Stage [V—disseminated extranodal involvement

In Hodgkin lymphoma, the suffix ‘A’ or ‘B’ refers to the absence or presence of
systemic symptoms, respectively. Where bulky disease is present, the Lugano clas-
sification suggests to record the largest tumour diameter.

20.5 Treatment

Early stage good-risk HL is treated with two to four cycles of adriamycin, bleomy-
cin, vinblastine and dacarbazine (ABVD) chemotherapy and radiotherapy, the
length of which is determined by clinical factors and prognostic scores such as the
German Hodgkin Study Group and European Organisation for Research and
Treatment of Cancer criteria (Europe) and the Eastern Cooperative Oncology Group
(USA) [15].

Advanced-stage disease or early stage with poor risk is treated with longer
courses of ABVD or bleomycin, etoposide, adriamycin, cyclophosphamide, vin-
cristine, procarbazine and prednisolone (BEACOPP) chemotherapy. Radiotherapy
is sometimes used to treat patients with initial bulky or residual disease. Progression-
free survival (PFS) with ABVD is around 65-75% [16]. PFS with BEACOPP
(bleomycin, etoposide, adriamycin, cyclophosphamide, vincristine, procarbazine,
prednisolone) is around 85-90% [17] but is associated with more treatment-related
side-effects including haematological toxicity, increased risk of infertility and sec-
ond malignancies. Which chemotherapy to use in advanced-stage disease is
debated. Some argue the more effective BEACOPP chemotherapy regimens should
be used, whilst others argue that many patients are cured with ABVD which is less
toxic than BEACOPP, which should be reserved for a subset of patients [16, 18].
Recent clinical trials have focused on how to assess which patients would benefit
most from ABVD and/or BEACOPP, some of which include a PET response-
adapted design.


http://www.cancerresearchuk.org/health-professional/cancer-statistics
http://www.cancerresearchuk.org/health-professional/cancer-statistics
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Patients with refractory or relapsed disease are treated with salvage chemother-
apy followed by high-dose chemotherapy and autologous stem cell transplant
(ASCT), if fit, and this approach cures approximately 50% of patients [19]. Patients
unable to have ASCT may be offered consolidation with radiotherapy and/or pallia-
tive chemotherapy.

Recently new agents have been developed with good responses in relapsed and
refractory HL. Brentuximab vedotin (BV) is an antibody-drug conjugate targeted
against CD30 which was reported to have an overall response rate of 75% and a
complete response rate of 34% in patients who progressed after ASCT [20]. Overall
PFS was short, but 16/34 patients with complete response remained in remission at
a median follow-up of 53 months. BV with AVD has recently been evaluated in a
clinical trial ‘ECHELON” in first-line treatment (https://clinicaltrials.gov/ct2/show/
NCTO01712490), and results are awaited.

Another promising development in treatment is the immune checkpoint inhibi-
tors. The programmed cell death 1 (PD1) receptor protein and its ligands (PDL1 and
PDL?2) interfere with T-cell function and enable tumours to evade T-cell attack.
Checkpoint inhibitors such as nivolumab and pembrolizumab have demonstrated
good responses in patients with Hodgkin lymphoma, most of whom had relapsed
after ASCT [21, 22]. Other targeted agents including histone deacetylase (HDAC)
inhibitors, e.g. panobinostat; mTOR inhibitors, e.g. everolimus; and phosphatidyl-
3-kinase inhibitors, e.g. idelalisib; have shown promising results [23].

DLBCL is most commonly treated with 6-8 cycles of rituximab and cyclo-
phosphamide, doxorubicin, vincristine and prednisone (R-CHOP) with or without
consolidation RT which cures about 60-70% of patients [12]. Early stage non-
bulky disease may be treated with 3—4 cycles of R-CHOP and involved field
radiotherapy (IFRT). The use of rituximab has been associated with significant
improvements in outcome for first-line treatment, but patients treated with
R-CHOP chemotherapy who relapse have very poor outcomes. The hope is that
newer targeted agents will enable therapy aimed at specific molecular subtypes
with better patient outcomes.

Recent studies adding the proteasome inhibitor bortezomib in the treatment of
non-ABC subtypes to R-CHOP have so far not been shown to improve PFS [24].
Other trials investigating combinations of R-CHOP with the immunomodulatory
agents lenalidomide and idelalisib are underway [12].

Second-line treatment options in DLBCL are salvage chemotherapy followed by
high-dose chemotherapy and ASCT, but response rates are low. For patients who are
not suitable for ASCT, various palliative treatments are available, some of which
induce durable remissions [12].

Follicular lymphoma is not curable unless localised and usually follows a relaps-
ing and remitting course over several years. The disease may transform into an
aggressive lymphoma. Treatment is aimed at prolonging and maximising the quality
of life. Treatment consists of radiotherapy if localised, immunochemotherapy or
observation in selected cases until treatment is required. Maintenance treatment is
often given for 2 years after immunochemotherapy with the monoclonal antibody,
rituximab, which improves disease-free survival but not overall survival [25].


https://clinicaltrials.gov/ct2/show/NCT01712490
https://clinicaltrials.gov/ct2/show/NCT01712490
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20.6 Overview of Conventional Imaging in Lymphoma

Prior to the advent of FDG PET, PET/CT and advanced MR techniques, x-ray com-
puted tomography (CT) was the standard imaging test for evaluation of patients
with lymphoma. To this day, anatomical assessment of disease burden within the
lymph nodes, spleen and visceral organs remains critically important and is a key
indicator of disease stage and marker of treatment response [26]. Definition of the
extent of disease anatomically remains important, given that not all lymphomas are
highly FDG-avid, and thus PET imaging with FDG is predominantly used in classi-
cal Hodgkin lymphoma and diffuse large B-cell lymphomas. Other histological sub-
types including marginal zone lymphoma, small lymphocytic lymphoma and
primary cutaneous T-cell lymphomas are less FDG-avid and may be routinely
staged by CT alone [14]. The most recent lymphoma staging criteria (Lugano clas-
sification) incorporate information from PET but still heavily rely on anatomical
disease assessment by CT with short- and long-axis measurements being used to
calculate a ‘sum of the product diameters’ as a means of treatment response, for less
FDG-avid histologies [26].

Standard x-rays and ultrasound (US) play a much more limited role in the evalu-
ation of patients with lymphoma. US-guided biopsy techniques may be useful for
needle biopsies of enlarged lymph nodes or when lymphoma involvement of the
liver is suspected. Typically, fine needle aspiration (FNA) can be used as a screening
test, but surgical lymph node excision is required to obtain enough tissue to allow
full histological, immunologic and molecular biological characterisations of lym-
phoma [27]. MR-guided or CT-guided biopsies may be reserved for lesions present-
ing in challenging anatomical locations [28]. Bone marrow staging is typically done
by blind biopsy; however, focal lesions identified on CT can prompt more advanced
biopsy techniques for characterisation of focal destructive lesions [29].

20.7 PETinLymphoma
20.7.1 Adult

PET/CT has become the main imaging modality for assessment of aggressive lym-
phomas. PET/CT, using 18F-fluorodeoxyglucose (FDG), is recommended for stag-
ing and response assessment of FDG-avid lymphomas, replacing CT for these
lymphoma subtypes in the most recent international guidelines [14, 26]. Most sub-
types of lymphoma are FDG-avid, but exceptions that do not consistently take up
FDG include marginal zone lymphomas, small lymphocytic lymphoma and some
cutaneous lymphomas [30]. Most published data about PET, however, relate to the
most common disease subtypes of Hodgkin lymphoma (HL), diffuse large B-cell
lymphoma and follicular lymphoma.

Prognostic indices are used to risk stratify patients at diagnosis, but as most
include stage, imaging stage is important. PET/CT using FDG is the most accu-
rate staging technique in HL and non-Hodgkin lymphoma (NHL) with increased
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sensitivity over CT alone, particularly for extranodal disease. A number of publica-
tions report changes in stage, using PET/CT with upstaging occurring more often
than downstaging and management alterations in a proportion of patients [14]. Most
often PET/CT is performed as a low-/intermediate-dose examination without con-
trast for the purposes of localisation and attenuation correction rather than as a
full-dose contrast-enhanced scan. In many subtypes this suffices with evidence sug-
gesting using low-dose PET/CT has little, if any, impact on management [31-35].
There are however situations where contrast-enhanced CT offers superior assess-
ment of disease, such as the assessment of bowel involvement in mantle cell lym-
phomas [36]. Baseline PET/CT also improves the accuracy of subsequent response
assessment [37, 38].

PET/CT is sensitive for bone marrow involvement in lymphomas that have pre-
dominantly focal involvement of the marrow, including Hodgkin lymphoma [35,
39] and DLBCL [40-42]. In these subtypes, PET/CT is more sensitive than bone
marrow biopsy for detecting bone marrow disease. This means that the bone mar-
row biopsy is no longer considered to be a routine requirement for staging in HL
[43]. In DLBCL, reports also suggest that routine bone marrow biopsy does not add
value in the majority of patients [44]. PET may however miss small cells in the mar-
row [45, 46]. When patients have a mix of more indolent disease in the marrow and
aggressive large cells in the lymph nodes, this is referred to as ‘discordant disease’.
For this reason, omitting biopsy in patients with DLBCL is more controversial [47]
even though discordant disease does not confer a worse prognosis and there is no
evidence that patients with discordant disease have better outcomes if treatment or
follow-up is altered [44]. Similarly, PET may not be sufficiently sensitive to detect
low-volume disease comprising 10-20% of the marrow, although again this does
not affect prognosis [48]. PET/CT is less sensitive in subtypes with diffuse often
low-volume marrow disease, and in follicular and other indolent lymphomas, PET
is unable to reliably exclude bone marrow involvement [49].

FDG uptake is higher in aggressive than indolent lymphomas, and PET/CT may
be used to target sites for biopsy where there is clinical concern regarding suspected
transformation [36, 50, 51].

PET/CT is a reliable tool for assessing remission from disease in aggressive
lymphomas [14]. Patients with lymphomas often have residual nodal masses at
the end of treatment. A ‘negative’ PET/CT scan excludes the presence of viable
tumour cells within masses with a high degree of certainty and has led to the
abandonment of the previous response category of complete response uncon-
firmed which was used to refer to masses on CT thought likely to contain fibrous
tissue [52]. The positive predictive value (PPV) is lower than the negative pre-
dictive value of course, because FDG is not specific for lymphoma and is taken
up in processes with enhanced glycolysis such as infection and inflammation,
often treatment related. The PPV is dependent on the subtype and disease prog-
nosis [14]. Residual FDG uptake at the end of treatment may require biopsy in
the case of poor prognosis disease when salvage therapy is being contemplated
or at the least an interval scan in the case of good prognosis disease where time
allows.
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Scans performed during treatment are commonly referred to as ‘interim’ scans. In
HL the ability of PET to discriminate chemosensitive from chemoresistant disease
after 2-3 courses of ABVD treatment [53, 54] led to testing of response-adapted
approaches in international trials. These trials are beginning to report results.

In early stage HL, two European studies examined whether radiotherapy could
be omitted in patients with complete metabolic response (CMR) on interim PET
[55, 56]. PFS was superior with combined modality treatment compared to ABVD
alone by approximately 6% at 3 years; however, patients treated with chemotherapy,
but without radiotherapy, still had good prognosis with 3y-PFS of around 90%.
Longer follow-up will determine if omitting radiotherapy may improve overall sur-
vival for some patient subgroups despite inferior PFS, by ameliorating late effects,
e.g. cardiopulmonary disease and second malignancies. Omission of radiotherapy is
now considered to be an option for some patients with early stage disease treated
with ABVD and CMR on interim PET [57].

In advanced HL, an international study reported that bleomycin could be safely
omitted from further treatment in cycles 3—6 after an interim scan showing CMR
with ABVD treatment with fewer side-effects [58]. 3y-PFS rates were however 85%
even in PET-negative patients, which is lower than reported for BEACOPP chemo-
therapy [17]. Trials are also in progress investigating response-adapted approaches
according to interim PET after BEACOPP chemotherapy for advanced-stage dis-
ease (https://clinicaltrials.gov/ct2/show/NCT00515554) and using BEACOPP and
ABVD sequentially in intermediate-stage disease (https://clinicaltrials.gov/ct2/
show/NCT01356680).

For patients who do not achieve CMR or PET ‘negative’ status on interim scans,
escalation from ABVD to BEACOPP in early and advanced-stage disease appears
to be beneficial, improving PES [58]. A recent Italian study also reported good out-
comes for patients with advanced HL escalated to high-dose chemotherapy and
transplant on the basis of a ‘positive” interim PET scan [59].

At the end of treatment with 6-8 cycles of BEACOPP chemotherapy, a large
German Hodgkin Study Group trial reported that consolidation radiotherapy was
not required for patients with advanced disease achieving CMR at the end of che-
motherapy [17].

In DLBCL, recent reports suggest that CMR on interim PET confers a very good
prognosis [60—62]. Failure to achieve CMR at interim is associated with a worse
prognosis, but even so most patients have PFS rates of around 50%, and unlike HL,
in DLBCL treatment options are more limited. So far, most response-adapted treat-
ments based on an interim PET scan showing inadequate response have failed to
improve patient outcomes [63—-65].

The place of interim PET scans in HL is generally accepted. In DLBCL the role
of interim PET is more controversial [47], but if interim scanning is performed, then
PET/CT is more reliable than CT [66].

In follicular lymphoma, PET/CT performed at the end of chemotherapy and
rituximab treatment is predictive of relapse [67], but so far, response-adapted treat-
ments have not been tested.

PET/CT is used in the pre-transplant setting to predict prognosis in both HL [68]
and DLBCL [69]. Patients who achieve a complete metabolic response on PET have


https://clinicaltrials.gov/ct2/show/NCT00515554
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longer disease-free survival than patients with persistent FDG uptake after high-
dose chemotherapy. Patients with a PET-positive scan have been the focus of trials
testing alternative regimens or consolidation [70].

The recommended method of assessing response in lymphoma is a five-point
scale that compares uptake, if present, with sites of initial disease on a baseline scan
using the normal mediastinum and liver as reference regions. The scale is com-
monly referred to as the ‘Deauville criteria’ after the place where the first interna-
tional workshop on PET in lymphoma was held, where the method was adopted and
later validated in HL, DLCBL and FL [14, 67, 71]. Scores 1, 2 and 3 on the scale are
regarded as showing complete metabolic response with standard treatment, although
in some clinical trials, scores 1 and 2 have been used to define CMR to avoid the risk
of under-treatment when de-escalating therapy [14].

Deauville criteria score the most intense uptake in a site of initial disease, if
present, as:

1. No uptake

2. Uptake < mediastinum

3. Uptake > mediastinum but < liver

4. Uptake moderately higher than liver

5. Uptake markedly higher than liver and/or new lesions

X new areas of uptake unlikely to be related to lymphoma

20.8 Paediatric

PET has high sensitivity and specificity for staging in paediatric patients [72] and
for the detection of bone marrow involvement. Similar to adult practice, high nega-
tive predictive values are reported in children for interim and end of treatment PET
and PET/CT, although the positive predictive value is more variable [73-75]. A
low positive predictive value is observed in HL at the end of treatment [73], likely
related to the good prognosis of the disease. Radiotherapy is used in intermediate-
and advanced-stage HL., and PET/CT is advocated for planning purposes [76]. In
the first international study for classical HL in children, patients with early stage
disease did not receive radiotherapy after treatment with OEPA, if the early
response assessment PET scan was regarded as showing adequate response [77]. In
the second international study, this approach has been extended to the intermedi-
ate- and advanced-stage groups (https://clinicaltrials.gov/ct2/show/NCT02684708).
In this study a less stringent definition of adequate response is being used similar
to adults with Deauville scores of 1, 2 and 3 being regarded as CMR. The trial
employs a quantitative modification of the Deauville criteria with standardised
regions of interest for the residual most intense uptake and the liver [78] referred
to as ‘qPET".

Pitfalls that may make interpretation of scans more challenging in children
include the occurrence of thymic hyperplasia/rebound with treatment and the more
frequent physiological uptake of FDG in brown fat.


https://clinicaltrials.gov/ct2/show/NCT02684708
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20.9 MRinLymphoma

MR imaging offers the potential of a radiation-free method to obtain high-quality
anatomical images in patients with lymphoma. The high tissue contrast associated
with this modality makes it an ideal tool for imaging of the brain and spinal regions.
Outside of the central nervous system, the performance of anatomical MR has been
more limited. Studies of lymphoma focusing on the bone marrow demonstrate high
sensitivity [79] but low specificity resulting from false positives related to regener-
ating marrow or bone marrow inflammation [80]. MR imaging of the lungs has not
yet reached the performance of CT [81], and no anatomical MR technique has
offered performance that would replace the information obtained from FDG PET. In
contrast to limited results in anatomical MR, developments in the arena of func-
tional MR imaging with whole-body diffusion-weighted imaging (DWI) have
yielded interesting results.

20.10 Whole-Body Diffusion-Weighted Imaging

Historically, lymphoma has been staged and restaged using CT, and with the advent
of FDG PET and PET/CT, molecular imaging has become the standard of care to
detect, stage, restage and monitor treatment response in lymphoma. MRI has typically
been reserved for evaluation of more unusual scenarios including primary CNS lym-
phoma or lymphoma with suspected CNS involvement. Visceral organ infiltration
may be evaluated by MRI when conventional imaging is equivocal. More recently,
technical advances have yielded whole-body techniques that have been compared to
CT and PET/CT. The lack of radiation associated with MR has made this an attractive
modality for study, particularly for paediatric patients and young adults.

Whole-body diffusion imaging has been studied at numerous centres as a possible
replacement for FDG PET/CT. In a recent meta-analysis of six studies, Regacini et al.
reported that whole-body MRI with diffusion imaging agreed with findings on FDG
PET/CT (with respect to staging) in 91% of all cases. In some cases, MRI detected
additional lesions, but the authors could not fully address the potential for these lesions
to represent false positives, citing that imaging artefacts in the chest and normal lymph
nodes in the inguinal regions can be difficult to assess [82]. With respect to detection
of focal bone marrow involvement, preliminary data suggests good agreement
between FDG PET/CT and whole-body MRI with diffusion imaging [83].

With respect to treatment response assessment, preliminary data suggests poten-
tial utility of diffusion imaging. Lin et al. reported a mean increase of ADC values
from 0.658 to 1.501 in residual enlarged lymph nodes after four cycles of chemo-
therapy and similar changes in areas of organ involvement [84]. Other authors have
reported similar increases in ADC in the setting of treatment response, but just how
these findings compare to the performance of FDG PET/CT requires further studies
before definitive recommendations for or against DWI can be made in the setting of
response assessment. One author has demonstrated significant changes in nodal
ADC as early as 4.5 days after starting a first cycle of chemotherapy [85]. Response
assessment is more challenging in bone due to changes in red marrow and fatty
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marrow elements in response to chemotherapy and marrow stimulation, but it has
been suggested that an overall increase in ADC is usually associated with a good
treatment response [86].

20.11 CNS Lymphoma (Primary and Secondary)

MR imaging has played a more central role in the imaging of known or suspected
CNS lymphoma involving the brain parenchyma, meninges, eyes or spinal cord. Most
cases of CNS lymphoma present without evidence of disease outside of the CNS,
although FDG PET literature has suggested that up to 15% of patients may harbour
disease elsewhere [87]. MRI has higher sensitivity than CT and can identify enhanc-
ing tumour on the surface of the brain and spinal cord, within the ventricles or in the
region of the spinal nerve roots [88, 89]. It is not possible to differentiate between
primary and secondary lymphomas of the brain based on MR features alone [90], and
therefore body scanning is indicated in patients presenting with CNS lesions.

Primary CNS lymphoma (PCNSL) usually presents as a supratentorial intracra-
nial mass, frequently involving the periventricular white matter and may cross the
midline. Smaller deep brain structures can be involved, and a more rare subtype of
PCNSL is limited to the dura, usually presenting as a low-grade marginal zone lym-
phoma [91]. Primary leptomeningeal lymphoma can also occur. Ocular lymphoma
may represent direct extension from adjacent structures or in rare cases can origi-
nate within the eye [92]. Due to high cellularity, PCNSL typically presents with low
to intermediate signal on T2 imaging and relatively low ADC values on diffusion-
weighted sequences. Lesions usually enhance on DCE-MRI either homogeneously
or peripherally in necrotic lesions [93].

Advanced MR imaging techniques have been employed in the management of
PCNSL. Diffusion-weighted imaging research has demonstrated the ADC values
are typically lower in PCNSL compared to brain tumours, cellular metastases or
toxoplasmosis, but significant overlap remains [94]. ADC has been shown to have
prognostic value and can serve as a marker of treatment response [95].

Perfusion imaging based on arterial spin-labelling techniques has demonstrated
relatively higher blood flow in gliomas compared to lymphoma and relatively lower
values in toxoplasmosis [96, 97]. Vessel permeability measured by DCE-MRI is
higher in gliomas than lymphomas [98]. Also, MR spectroscopy has been studied in
PCNSL, but overlapping high levels of lipid and macromolecule resonance between
PCNSL and toxoplasmosis has limited applications [99]. Susceptibility-weighted
imaging is also under study [100]. Unfortunately, none of these techniques are spe-
cific enough to obviate tissue biopsy.

20.12 PET/MRI in Lymphoma

Several studies have reported results from hybrid PET/CT and PET/MRI scans per-
formed on the same day in lymphoma patients to assess whether the examinations
are equivalent (Table 20.1). It is inevitable with these types of studies that there will
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be limitations. All include a mix of lymphoma subtypes and patients scanned at dif-
ferent time points—staging, response assessment and sometimes surveillance.
Many patients had no disease at the time of the scan, and very few patients in the
studies had extranodal disease, certainly lower than what is usually encountered in
lymphoma patient populations. PET/MRI was mostly done following PET/CT to
avoid the chance that the patient might not complete the diagnostic or ‘standard’
examination.

The gold standard, as with all lymphoma studies, for the presence or absence of
lymphomatous lesions is imperfect, because it is not ethical to biopsy lesions for
these purposes. Some studies simply used PET/CT as the reference standard; others
used a combination of biopsy (where available because clinically indicated), clini-
cal and imaging follow-ups. Nonetheless, despite limitations, some important con-
clusions can be drawn.

20.13 Diagnostic Performance of PET/MRI
Compared with PET/CT

The diagnostic performance of PET/MRI appears to be similar to PET/CT with
respect to the detection of nodal disease in common lymphoma subtypes (Figs. 20.1,
20.2, and 20.3). Fewer cases with extranodal disease have been assessed, but most
report that extranodal lesions were seen using both modalities. One study which

Fig.20.1 85-year-old male with newly diagnosed diffuse large B-cell lymphoma. FDG PET/MRI
demonstrates large mediastinal mass in the posterior mediastinum. Intense FDG uptake (upper
middle frame) is seen corresponding to hyperintense foci on diffusion-weighted images (lower left
frame) with corresponding relatively low ADC values (lower middle frame; see dark regions ante-
rior to spine and aorta)
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Fig. 20.2 77-year-old female with Hodgkin lymphoma. FDG PET/MRI demonstrates intense
uptake in left cervical lymphadenopathy. Lymph node margins are well defined on axial HASTE
MR (lower left frame), corresponding DW imaging demonstrates high signal (upper right frame) in
left cervical adenopathy with corresponding low signal (dark) on ADC images (lower right frame)

Fig. 20.3 51-year-old male with follicular lymphoma. FDG PET/MRI demonstrates mild FDG
uptake within mesenteric adenopathy (upper left frame), well delineated on axial HASTE MR
(lower left frame)
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evaluated PET/MRI but did not directly compare with PET/CT reported high sensi-
tivity, comparable to PET/CT using MR for AC only [101]. Studies using anatomi-
cal sequences reported equal sensitivity for PET/CT and PET/MRI.

Comparative studies also reported equivalent staging using PET/CT and PET/
MRI. Staging was identical in all cases performed at baseline in 18 patients with
mostly aggressive lymphomas [102]. Herrmann et al. [103] reported that all 188
lesions, which were considered to be ‘positive’ for lymphoma using their reference
standard, were detected on both PET/CT and PET/MRI (29 scans). Eighteen of 188
lesions were extranodal. Lesions assessed included patients with HL [28], DLBCL
[26] and intermediate- and low-grade lymphomas [28]. Fourteen out of eighty two
of these patient scans were performed for primary staging.

Some studies have reported additional lesions on PET/MRI carried out after
PET/CT, possibly related to delayed acquisition with increased uptake occurring in
lymphomatous lesions over time [102, 104, 105].

In the study by Afaq et al., nodal lesions in the mesentery and the retroperito-
neum in one patient and nodal lesions in the axilla in another patient were seen only
on PET/MRI, but PET/MRI scans were carried out on average more than 2 h later
than PET/CT [102]. For the first patient, this resulted in an assessment of residual
metabolic disease on PET/MRI but complete metabolic response on PET/CT. The
second patient had additional lesions such that the ‘missed’ axillary lesions did not
affect disease status which was the same on PET/MRI and PET/CT.

Regarding extranodal disease, Heacock et al. reported discrepancy in bone
marrow involvement in the right femoral neck in a patient with follicular lym-
phoma [105]. Bone marrow involvement was reported by readers on PET/MRI
and DWI but not when reading PET/CT. The lesion was more FDG-avid on the
PET component of the PET/MRI which was carried out after PET/CT, but there
was also a more conspicuous bone lesion seen on the MR sequences including
DWTI than on the CT component of the PET/CT [105]. Advantages in the assess-
ment of the bone marrow using PET/MRI have not been demonstrated on other
studies, but so far these have included only three patients with BMI [102, 103],
and more data are needed.

In one patient a probable adrenal lesion was reported as disease on PET/MRI but
not PET/CT. The adrenal lesion reduced in size and activity on follow-up imaging
and was deemed to be involved by lymphoma. The PET/MRI scans were carried out
on average more than 2 h later than PET/CT [102].

In the studies to date, few patients with lung involvement have been reported
[102]. This is an area where theoretically PET/CT might have an advantage, but the
sizes of lung lesions in lymphoma are often larger than with solid tumours and were
all resolved using PET/MRI. A recent study which included patients with solid
cancers and lymphoma reported that the vast majority (97%) of small lung nodules
that did not take up FDG and were missed on PET/MRI were likely to be benign, as
they resolved or remained stable on follow-up [106].

Interobserver agreement between readers for evaluation of the presence or absence
of disease was reported as perfect for nodal sites on PET/CT and almost perfect for
nodal sites on PET/MRI in an evaluation of 95 nodal sites by 2 observers [102].
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Both readers detected the same eight extranodal sites on PET/CT and nine extrano-
dal sites on PET/MRI. Interobserver agreement for assessment of disease status was
perfect.

20.14 Diffusion-Weighted Imaging Compared with PET/CT
and PET/MRI Diagnostic Sequences

Authors have concluded that DWI either has no additional value or is inferior to
PET/CT and PET/MRI.

Afaq et al. reported that no additional sites were found on DWI compared to
PET/CT and PET/MRI and that staging was identical, concluding that DWI had no
additional value in lymphoma [102]. Other studies reported that DWI was inferior
to PET/CT and PET/MRI. Herrmann et al. reported that DWI missed 33% of nodal
lesions and 44% of extranodal lesions in their study which included 82 patient scans
[103]. Lesions were defined as high signal on high b-value DWI using the optimal
cut-off derived from their data and low signal on the corresponding ADC map. No
threshold for lesion size was used. This resulted in a large number of false positive
lesions on DWI as well as poor sensitivity. The authors commented that the lack of
standardised criteria, especially with respect to extranodal involvement, contributed
to the high false positive rate. The spleen was a particularly difficult area to assess
on DWI. Three cases of splenic involvement were missed using DWI, and three
other cases showed restricted diffusion in spleens with normal activity on PET/CT
[103] (Fig. 20.4). PET/CT and DWI were concordant for imaging stage in only
18/82 scans. DWI upstaged 60 scans including 45 scans where there was no assess-
able disease according to Deauville criteria on PET/CT.

Heacock et al. reported 19/51 (37%) of nodal lesions were missed on DWI with
5 false positive lesions [105]. There was disagreement in stage in 10/28 patients

d

Fig. 20.4 Demonstrates a patient scanned with PET/MRI (a) and PET/CT (b) after a single
administration of FDG on the same day. Note that the spleen has normal activity on FDG PET/
MRI (c) but restricted diffusion on DWI (d) (courtesy of Dr. Andrew Mallia, PET Imaging Centre
at St Thomas’, King’s College London)
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compared to PET/CT, one of which was bone marrow involvement correctly
assigned by DWI but also on PET/MRI (as above). Atkinson et al. reported 17% of
lesions were missed on DWI in a smaller series of 10 patients with increased FDG
uptake on PET/CT and PET/MRI [107]. Four out of eleven of the missed lesions on
DWI were in the chest which they attributed to signal loss due to respiratory motion
artefact.

The difference between the number of positive lymphoma lesions on DWI com-
pared to PET/CT and PET/MRI did not reach statistical significance, when response
and surveillance scans were considered in the study by Herrmann et al. [103]. There
were however fewer lesions during and after treatment, and DWI still missed >50%
of positive lymphoma lesions according to the follow-up criteria.

Fewer lesions were also missed in patients with low-grade disease compared to
patients with aggressive lymphoma using DWI, but DWI was statistically inferior
for the detection of lymphoma even in this group (p = 0.03). It seems reasonable to
conclude that tumour cellularity is inferior to glucose metabolism in assessing lym-
phomatous disease.

It has been suggested there may be a role for DWI in subtypes that are not rou-
tinely FDG-avid such as MALT lymphoma. Giraudo et al. reported higher sensitiv-
ity in non-FDG-avid lymphomas when DWI was added to PET/MRI because of low
FDG-avidity in six cases of mucosa-associated lymphoid tissue (MALT) lymphoma,
one case of mantle cell lymphoma and one case of marginal zone lymphoma [108].
Size criteria were used for non-FDG-avid lesions on CT and MR and for DWI
lesions with restricted diffusion. In these less common subtypes, however, interna-
tional guidelines already recommend that if not FDG-avid, contrast-enhanced CT
and/or MR is a better investigation. DWI may possibly have added value. In another
small study by the same group looking at response assessment in 15 patients with
MALT lymphoma, the change in SUV on interim PET at 3 cycles of treatment was
better at predicting CT response at the end of treatment than change in ADC. Changes
in ADC in patients with end of treatment complete response on CT showed much
larger standard deviations than changes in SUV which the authors attributed to
inhomogeneities in the magnetic field and artefacts [109].

20.15 Quantitation

High correlation has been observed for measurement of the maximum standardised
uptake value (SUVmax) on PET/CT and PET/MRI in studies involving 158 patients
[102, 104, 105, 107]. Grueneisen et al. however found that SUVmax was significantly
higher for PET/MRI with a mean difference in SUVmax between PET/CT and PET/
MRI of —2.5 (95% CI 3.1 to —7.9) which they attributed to the delay in acquisition of
PET/MRI with increasing uptake in lymphoma lesions over time [104].

Conversely other studies have reported that SUVmax was higher with PET/CT
even when PET/MRI was performed later, suggesting that PET/MRI may underes-
timate uptake. In the study by Afaq et al. [102], the mean difference in SUVmax was
only 0.32 (95% CI —0.12 to 0.75) when PET/MR imaging was performed over 2 h
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later than PET/CT (68 patient scans). Heacock et al. [105] reported the mean differ-
ence was 1.7 (95% CI —5.8 to 9.2) when PET/MR imaging was performed an aver-
age of 1 h after PET/CT.

The mean SUV (SUVmean) was also reported to be significantly higher for PET/
CT compared to PET/MRI with SUVmean measured at 20.1 + 2.1 (PET/CT) and
13.7 + 1.4 (PET/MRI) [107] where the mean delay between PET/CT and PET/MRI
was 151 min. This also suggests that PET/MRI may underestimate intensity of
uptake compared to PET/CT. Underestimation or overestimation of SUV measure-
ments with PET/MRI could potentially have implications when measuring response
using Deauville criteria.

Afaq et al. reported a moderate inverse correlation between SUVmax and ADC
mean in 27 scans where the most FDG-avid lesion corresponded to a measurable
lesion on the ADC map [102]. Others have not demonstrated any relationship
between SUVmax and SUVmean with ADC values [105, 107].

20.16 Radiation Dose

Radiation dose is reduced in hybrid PET scanning if MR is used instead of CT for
anatomical localisation and attenuation correction. The reduction is marked if full-
dose ‘diagnostic’ CT is used but more modest if low-dose CT is used which is usu-
ally sufficient for staging and response assessment in aggressive lymphomas [31-33,
35]. Dose reduction with full-dose CT has been reported to be around 60—-77% and
with low-dose CT around 20-27% [104, 107]. Dose savings may therefore be con-
siderable but may become less with further advances in CT iterative reconstruction.

20.17 Other Factors

Set-up costs are higher for PET/MRI and duration of scans is generally longer than
PET/CT. This translates into higher scan costs, and PET/MRI remains a limited
resource in most countries [102]. The scan duration depends of course on the
sequences chosen for MR imaging. Using a ‘fast’” protocol that included a coronal
3D volume interpolated breath-hold examination (VIBE) for attenuation correction,
DWI, an echo-planar imaging (EPI) sequence, a transverse 2D half Fourier acquisi-
tion single-shot turbo spin echo (HASTE) sequence and transverse post-contrast 3D
fat-saturated VIBE sequence, Gruniesen reported imaging times of 27.8 + 3.7 m for
PET/MRI versus 17.3 + 1.9 m for PET/CT using a 4 min per bed acquisition for
PET and 4-5 bed positions [104]. Other studies reported imaging times of up to
120 min for anatomical sequences and DWI [108] which is unlikely to be tolerated
by elderly or very unwell patients with lymphoma.

Using MR for attenuation correction only, the scan duration for PET/MRI was
reported as 23-25 min in another study of which the PET duration was 20-22 min [101].
Using MR just for attenuation correction is however suboptimal as discussed above and
results in inferior sensitivity to PET/CT or PET/MRI with anatomical sequences.
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20.18 Paediatric PET/MRI Experience

Ponisio et al. performed 9 patient scans in children aged 12—17 years at the time of
response assessment. Assessment of response category was the same using PET/CT
and PET/MRI, but there were some discordant findings [110]. PET/MRI missed one
focus of uptake in a mediastinal mass compared to two foci seen on PET/
CT. Conversely PET/CT missed a focus of uptake in the neck compared to two foci
on PET/MRI. In one case a renal lesion was not reported on PET/CT because it was
obscured by physiological urinary activity but was reported on DWI as it had
restricted diffusion. Artefacts were reported on the MR attenuation correction map
from dental braces [2], a port catheter [1] and the lungs due to motion artefact [1];
however, there was high correlation in measurements of SUVmax; the average dif-
ference was only 1.6% between PET/CT and PET/MRI.

Sher etal. performed 40 patient scans in children with amean age of 14.6 3.9 years
[111]. Sensitivity was similar: 95% with PET/CT and 92% with PET/MRI. Specificity
was also similar: 56% with PET/CT and 61% with PET/MRI for individual lesions.
Staging was correct in 35 of 40 patients with both modalities, but of these, 29 chil-
dren had no evidence of lymphoma at the time of scanning. Six lesions were misclas-
sified compared to the reference standard. Two were due to interobserver variation
rather than the imaging modality. Three were misclassified on PET/MRI. One
reported as mesenteric nodal disease on PET/MRI was reported as physiological
uptake in bowel on PET/CT. One dismissed as muscle uptake on PET/MRI was
reported as axillary nodal disease on PET/CT. One patient had a left hilar node with
lower uptake on PET/MRI (SUVmax 1.6) compared to PET/CT (SUVmax 3.3)
which was overlooked on PET/MRI. Dedicated anatomical MR sequences were
omitted in this study to reduce scan duration, and this likely accounted for the dis-
crepancies, but scan duration is an issue when imaging children. One lesion was
misclassified on PET/CT. A prevascular node was reported correctly on PET/MRI
but as physiological right atrial uptake on PET/CT. In one patient a lytic bone lesion
that was not FDG-avid was overlooked on both modalities.

This was the only study in those undertaken to date, to perform any PET/MRI
scans prior to PET/CT [111]. The authors observed no difference in SUV values when
PET/CT was done first but a significant difference when PET/MRI was done first in
SUVmax and SUVmean for both benign and malignant lesions identified. This again
supports the premise that PET/MRI may underestimate SUV values, as reported in
adult studies [102, 105, 107]. In malignant lesions the SUVmax was 6.3 = 2.8 on PET/
MRI and 10.1 = 4.9 on PET/CT when the PET/MRI was performed first (p < 0.001)
but 6.2 = 3.1 on PET/MRI and 5.9 + 3.2 on PET/CT when the PET/CT was done first
(p <0.001) [111]. This suggests that differences may be due to attenuation correction
being less reliable in PET/MRI. At these levels, the differences could conceivably
have an impact on response assessment, although as with other studies, there was no
significant difference in accuracy between the techniques compared to the reference
standard. Compared with low-dose PET/CT, there was a 45 + 10% reduction in effec-
tive dose with PET/MRI in the children in this study [111].
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20.19 Novel Tracers for PET/MRI in Lymphoma

FDG PET has been a mainstay of lymphoma lesion detection, tumour grading,
treatment response monitoring and recurrence detection. This agent is not without
flaws, as false positives occur due to inflammation and tumour grading by SUVmax
is limited by significant quantitative overlap between low- and high-grade histolo-
gies. There is a need to develop better tracers to address these limitations.

18F-Fluorodeoxythymidine (FLT) is a synthetic amino acid tracer that has been
developed to indirectly measure cellular proliferation in vivo and is of interest
for use in patients with lymphoma. Preliminary studies suggest sensitivity that is
very similar to FDG, with some suggestion of potentially improved tumour grad-
ing compared to FDG [112]. More recent work has demonstrated potential utility
in assessing treatment response and determining prognosis during mid-treatment
imaging [113]. A question for PET/MRI researchers is to determine if the per-
formance of FLT can be synergistic with MR parameters in a manner that offers
advantages over FDG.

Fludarabine is a drug used in the treatment of low-grade lymphomas, often as a
part of combination regimens with other drugs. Given the presence of a fluorine
atom on this compound, investigators have substituted the fluorine with 18F-fluorine
and thus produced a PET-tracer version of this drug. Preliminary murine studies
demonstrated rapid uptake in lymphoma cells that was more intense than FDG and
minimal background organ activity [114]. Subsequent mouse studies have demon-
strated persistent uptake in viable tumour cells following immunotherapy with
rituximab [115] and good specificity with lower uptake in inflammatory lesions
compared to FDG [116]. Further studies with PET/MRI to correlate the intratu-
moural distribution of this new agent and relate it to findings on diffusion or
DCE-MR imaging sequences may be of interest to further improve lesion detection
and monitoring of treatment responses.

Conclusions

1. PET/MRI is likely equivalent to PET/CT in staging for nodal disease and
extranodal disease (but there are limited data regarding extranodal disease to
date).

2. PET/MRI may underestimate FDG uptake compared to PET/CT, which could
have implications for response assessment, and more data are needed. This
may improve as attenuation correction algorithms are optimised.

3. DWI will not replace PET/CT or PET/MRI for evaluation of FDG-avid lym-
phomas and can probably be omitted in PET/MR imaging for lymphoma.

4. PET/MRI reduces radiation dose, although dose savings may be less as CT
dose reduces with iterative reconstruction techniques and needs to be weighed
against longer scan duration.
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