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Abstract

The majority of aggressive lymphomas is characterized by an up regulated glycolytic activity, 

which enables the visualization by F-18 FDG-PET/CT. One-stop hybrid FDG-PET/CT combines 

the functional and morphologic information, outperforming both, CT and FDG-PET as separate 

imaging modalities. This has resulted in several recommendations using FDG-PET/CT for staging, 

restaging, monitoring during therapy, and assessment of treatment response as well as 

identification of malignant transformation. FDG-PET/CT may obviate the need for a bone marrow 

biopsy in patients with Hodgkin's lymphoma and diffuse large B-cell lymphoma. FDG-PET/CT 

response assessment is recommended for FDG-avid lymphomas, whereas CT-based response 

evaluation remains important in lymphomas with low or variable FDG avidity. The treatment 

induced change in metabolic activity allows for assessment of response after completion of 

therapy as well as prediction of outcome early during therapy. The five point scale Deauville 

Criteria allows the assessment of treatment response based on visual FDG-PET analysis. Although 

the use of FDG-PET/CT for prediction of therapeutic response is promising it should only be 

conducted in the context of clinical trials. Surveillance FDG-PET/CT after complete remission is 

discouraged due to the relative high number of false-positive findings, which in turn may result in 

further unnecessary investigations. Future directions include the use of new PET tracers such as 

F-18 fluorothymidine (FLT), a surrogate biomarker of cellular proliferation and Ga-68 CXCR4, a 

chemokine receptor imaging biomarker as well as innovative digital PET/CT and PET/MRI 

techniques.
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Introduction

Positron emission tomography (PET) is a functional imaging technique developed in the late 

1950s. A number of biological molecules have been labelled with positron emitting 

radionuclides offering a variety of specific tissue information including receptor expression, 

cell proliferation, and cellular viability. The radiolabeled glucose analogue Fluorine-18 

fluorodeoxyglucose (F-18 FDG) is the most frequently used PET tracer. It allows 

visualization of the cellular uptake of glucose, which is often up regulated in malignant 

neoplasms including lymphoma. FDG-PET has completely replaced Gallium-67 

scintigraphy, which was previously used to assess the extent and viability of lymphoma1, 2. 

An important advantage of FDG-PET is the ability to quantify the level of FDG uptake 

based on normalizing the measured tissue activity from PET images to the injected dose and 

patients' body weight resulting in a standardized uptake value (SUV). In clinical practice the 

maximum activity within a lymphoma lesion is generally being reported.

The development of combined PET/CT was a major breakthrough in the clinical acceptance 

of FDG-PET. The CT component of PET/CT provides co-registered anatomical information 

for optimal localization and characterization of tissue metabolic activity. The combination of 

CT and PET results in a decrease in the number of false-positive and false-negative PET 

findings. In addition, PET/CT allows for shorter PET scanning time since the information 

about tissue densities derived from CT is used for the attenuation correction of PET photons.

There are some variations in the PET imaging protocols pertaining to injected activity of 

F-18 FDG (ranging from 150-700 MBq), the uptake time (ranging from 40 to >120 min), 

duration of PET acquisition per “bed position” (ranging from 1-3 minutes), addition of 

intravenous and oral CT contrast agents as well as the use of respiratory and cardiac gating. 

The American Society of Clinical Oncology (ASCO) has published guidelines for diagnosis, 

staging, response evaluation at interim and at the end of treatment3, 4. Likewise, the 

European Society for Medical Oncology (ESMO)5 together with the National 

Comprehensive Cancer Network (NCCN)6 and the International Working Group (IWG)7 

have published recommendations regarding assessment of relapse and follow-up using FDG-

PET/CT in lymphoma patients, as well as in patients with other hematologic malignancies.

Lymphoma

Until the early 2000s, the staging of lymphoma patients was essentially based on CT as the 

main imaging modality along with results from clinical examination and bone marrow 

biopsy8. CT offered structural anatomical information, which was limited in detecting 

disease in normal-sized lymph nodes and in identifying diffuse splenic, hepatic or bone 

marrow involvement9, 10. A number of studies since have shown that combined FDG-

PET/CT is superior to FDG-PET or contrast-enhanced CT as separate imaging procedures in 

the staging of lymphoma 1, 9, 11-14. The use of FDG-PET/CT can change the stage of disease 

in 10-30% of patients, frequently resulting in an upstaging, although FDG-PET/CT 

infrequently has significant impact on management or overall outcome15. According to two 

recent meta-analyses, FDG-PET/CT is also superior to magnetic resonance imaging (MRI) 
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as a single procedure in the staging of lymphoma, little data exist so far on the use of 

combined FDG-PET/MRI16, 17.

Most lymphoma types are characterized by an increase in metabolic activity with resultant 

increased FDG uptake on PET. Hodgkin's lymphoma (HL) and diffuse large B cell 

lymphoma (DLBCL) are “aggressive” and the most common lymphomas. In a review of 766 

patients with newly diagnosed lymphoma, 100% of HL and 97% of DLBCL were 

hypermetabolic on FDG-PET/CT18.

HL usually spreads contiguously from an involved lymph node station to the nearest one, 

whereas non-Hodgkin lymphoma (NHL) disseminates haphazardly through different lymph 

node groups and commonly involves multiple organs and the bone marrow. In HL, the 

neoplastic Hodgkin and Reed-Sternberg cells represent only a minority of the cellular 

infiltrate, with a frequency ranging from 0.1-10%19. The majority of a HL lesion is 

comprised of a reactive infiltrate containing non-neoplastic small lymphocytes, eosinophilic 

and neutrophilic granulocytes, histiocytes, plasma cells and fibroblasts in varying 

proportions. One exception is the rare subtype of ‘lymphocyte-depleted classical Hodgkin 

lymphoma’ comprising less than 1% of all HL cases, which is characterized by a 

predominance of neoplastic cells in relation to the lymphocytic infiltrate19. The 

accumulation of FDG in activated lymphocytes, eosinophilic and neutrophilic granulocytes, 

histiocytes, and plasma cell is similar to what is seen in inflammatory lesions. FDG-PET in 

HL demonstrates increased glucose metabolism in entire tumor, which in turn implies that 

activated non-neoplastic cells contribute to a significant portion of the metabolic activity.

A recent study investigated the expression of glucose transporter 1 (GLUT1), a receptor 

involved in the regulation of glucose metabolism, in different subtypes of HL19. Membrane 

bound expression of GLUT1 was detected in 49% of neoplastic Hodgkin- and Reed-

Sternberg cells with a broad variation between different subtypes. However, there was no 

correlation between GLUT1 expression in neoplastic cells and the level of tumor FDG-

uptake19. Of note, a strong expression of GLUT1 was observed in reactive B cells within 

progressively transformed germinal centers and hyperplastic follicles, confirming that 

reactive inflammatory cells contribute significantly to the FDG uptake in Hodgkin lesions 19. 

Another study compared the expression of the GLUT1 and GLUT3 transport protein with 

the level of FDG uptake in 31 patients with HL and NHL. Although GLUT1 and GLUT3 

expression was observed in all cases, only GLUT1 expression correlated with the level of 

FDG-uptake within entire tumor lesions 20. In 52% of tumors, only the non-lymphomatous 

cells expressed GLUT1 or GLUT3, again confirming the important role of the reactive 

infiltrate for metabolic visualization of lymphomas.

DLBCL constitutes 25-30% of adult NHL in western countries with a higher incidence in 

developing countries, occurring at a median age in the 7th decade 20. DLBCL, follicular 

lymphoma (FL), mantle cell lymphoma (MCL), marginal zone lymphoma and small 

lymphocytic lymphoma (SLL) are generally characterized by a majority of neoplastic 

lymphoid cells and a minority of reactive inflammatory cells. In contrast to HL, the 

neoplastic lymphoid cells of DLBCL NOS (not otherwise specified) constitute the majority 

of the cellular infiltrate, with variable amounts of admixed T-cells and histiocytes19 (Fig. 1).
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Other FDG-avid aggressive lymphoma subtypes include Burkitt lymphoma, MCL and 

lymphomas of T-cell origin such as natural killer/T-cell lymphoma and anaplastic large cell 

lymphoma 18. FL are generally indolent and incurable and up to 95% present with increased 

FDG uptake18. More variable levels of metabolic activity have been found in SLL (50-83%), 

extranodal marginal zone lymphoma (54-67%) and cutaneous lymphomas 3, 18, 21, 22. The 

rare variant of T-cell/histiocyte-rich large B-cell lymphoma accounts for less than 10% of 

DLBCL, and is an exception as it presents with few scattered large neoplastic B-cells 

embedded in a background of abundant T-cells and histiocytes23 In marginal zone 

lymphoma, there is a neoplastic small B-cell infiltrate around reactive follicles, which 

expands into interfollicular areas. Although neoplastic cells dominate the cellular infiltrate, 

residual reactive follicles and interfollicular are as contribute to a variable amount of non-

neoplastic lymphoid cells (Fig. 2).

Imaging recommendations for staging of lymphoma

The initial staging of primary nodal lymphomas is performed according to the revised Ann 

Arbor classification, which broadly classifies patients in limited stage (I or II, nonbulky) or 

advanced stage (III or IV) disease 4. The staging considers the sites of involvement, type of 

involvement, particularly if nodal or extranodal, and the distribution of disease (Table 

1)11, 24. Stage II bulky disease is considered limited or advanced as determined by histology 

and a number of different prognostic factors. Definition of tumor bulk is disease, stage, and 

treatment specific. Tumor bulk is a negative prognostic factor in early-stage HL and in 

DLBCL25. The designation “E” for extranodal disease is relevant only for limited extranodal 

disease in the absence of nodal involvement (IE) or in patients with stage II disease and 

direct extension to a non-nodal site. Extranodal disease is not relevant for patients with 

advanced-stage disease. The sub classification A and B is based respectively on the absence 

or the presence of disease-related symptoms: fevers to greater than 38.3°C and/or weight 

loss within the last 6 months, and is only applied to HL. Currently, the Ann Arbor staging 

system is included in most prognostic indices26-29. Imaging procedures for staging of 

lymphoma remain relevant for risk stratification of patients and play an important role in 

determining the best treatment regimen as well as to assess therapeutic outcome.

In 2007, the IWG updated the International Harmonization Project (IHP) to integrate FDG-

PET/CT as standard of care imaging for staging and assessment of treatment response 

criteria for lymphoma7, 30. In June 2011, a workshop held at the 11th International 

Conference on malignant lymphoma in Lugano, Switzerland, provided recommendations for 

staging of lymphomas with primarily nodal involvement and primary extranodal 

DLBCL 3, 4. Separate criteria have been proposed for primary extranodal31, 32 and cut 

aneous 33 lymphomas.

Accordingly, the IHP recommends the use of FDG-PET before start of treatment in FDG-

avid, potentially curable lymphomas (e.g., DLBCL, HL) to better delineate the extent of 

disease. Staging of FDG-avid lymphomas is recommended using visual assessment of PET 

and PET/CT images ideally scaled to a fixed parametric SUV display. Focally increased 

metabolic activity in nodal or extranodal sites is typical for aggressive lymphoma in addition 

to diffusely increased FDG uptake within the spleen, liver, or bone marrow4 (Fig. 3). The CT 
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portion of PET/CT provides important information about the size of disease involvement and 

is helpful in equivocal findings and for the definition of treatment response. In individual 

patients, FDG-PET may be useful to select the best site for tissue biopsy3, 34, 35.

FDG-PET is of limited utility within the brain due to the high physiologic FDG uptake 

within the gray matter and MRI remains the modality of choice for suspected CNS 

involvement of lymphomas3 (Fig. 4). Currently, the IHP has no recommendation for FDG-

PET/CT imaging in MCL, indolent lymphomas including FL and those with variable FDG 

avidity such as marginal zone lymphoma, chronic lymphocytic leukemia/SLL, 

lymphoplasmacytic lymphoma/Waldenstrom's macroglobulinemia and mycosis 

fungoides3, 4. Although use of FDG-PET/CT is encouraged even in these subtypes for 

staging in clinical trials4, lack of clear recommendations, high cost and limited availability 

prevent it from being widely implemented in clinical practice across the world 3, 4

Assessment of Bone Marrow Involvement

FDG-PET is superior to bone scintigraphy in identifying lymphomatous bone marrow 

involvement 36. Combined FDG-PET/CT has the advantage of detecting bone marrow 

involvement without cortical destruction, the later necessary for a CT diagnosis. The PET 

component can assess metabolic activity of the entire bone marrow and in combination with 

CT can also identify false-negative uptake related to an iliac crest marrow biopsy. In a recent 

meta-analysis including 955 patients with newly diagnosed HL, FDG-PET/CT provided a 

pooled sensitivity of 96.9% and specificity of 99.7% in detecting bone marrow 

involvement 37. The same group also published a meta-analysis including 654 newly 

diagnosed DLBCL patients resulting in a pooled sensitivity and specificity of 88.7% and 

99.8%, respectively 38. Similarly, in a recent meta-analysis conducted by Wu et al. in a 

mixed population of HL and NHL patients, FDG-PET/CT yielded a pooled sensitivity and 

specificity of 91.6% and 90.3% in identifying bone marrow involvement at initial staging16. 

Furthermore, the study demonstrated the superiority of FDG-PET/CT compared to MRI and 

FDG-PET alone.

Bone marrow involvement is one of the most important prognostic factors in patients with 

lymphoma, and is more common in indolent NHL subtypes and MCL (20-30%), compared 

to HL (<10%) or DLBCL (11-17%)38-40. Early-stage HL and DLBCL patients with a 

negative FDG-PET/CT rarely have bone marrow involvement41, 42. Thus, FDG-PET/CT has 

replaced bone marrow biopsy in early-stage HL and DLBCL. While PET/CT can also be 

used instead of bone marrow biopsy in clinically advanced stage HL4, 43-47, it can miss low-

volume diffuse marrow involvement in 10-20% of DLBCLpatients39, 43, 48. Therefore, a 

negative FDG-PET/CT cannot rule out the presence of bone marrow involvement in 

clinically advanced DLBCL, although this infrequently affects patient management 39, 43, 49. 

Consequently, bone marrow biopsy should be restricted to advanced stage DLBCL patients 

with a negative FDG-PET/CT, in order to confirm a discordant bone marrow involvement, if 

relevant for a clinical trial or patient management (Fig. 5)50.

In indolent NHL, FDG-PET/CT offers a low sensitivity of approximately 50% for 

identifying diffuse bone marrow involvement 51, 52. As a result, bone marrow biopsy with 
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immunohistochemistry and flow cytometry remains the gold standard in indolent NHL 

subtypes and MCL11, 49, 53.

In the post-therapy setting, diffuse hypermetabolic bone marrow activity often represents 

reactive hyperplasia from previous chemotherapy and should not be mistaken as 

lymphomatous involvement44. As administration of granulocyte colony stimulating factor 

(G-CSF) enhances the metabolic activity of the bone marrow, FDG-PET/CT should be 

performed at least 4-6 weeks after patients have received G-CSF to minimize the risk of 

false-positive findings (Fig. 6). The interpreting radiologist must make every attempt to 

review the clinical and treatment history to avoid false positive findings secondary to therapy 

effects.

Assessment of Treatment Response

End-of-treatment FDG-PET/CT

After completion of therapy over 60% of patients with HL and 40% with aggressive NHL 

have residual masses containing necrotic and/or fibrotic tissue and residual neoplastic 

cells1, 30. FDG-PET has been shown to be useful in identifying residual lymphoma in 

30-64% of residual masses, by demonstration of persistent metabolic activity on FDG-

PET 7, 51, 52, 54, 55. Between 62-100% of patients with residual FDG-positive masses have 

been shown to relapse after first-line chemotherapy2, 56, 57. Consequently, establishment of 

complete metabolic remission after treatment results in a higher rate of progression-free 

survival (PFS) and overall survival (OS). Furthermore, identification of patients with partial 

response supports the administration of further treatment cycles. However, in patients where 

salvage treatment is being considered a biopsy is recommended to confirm FDG-PET 

findings 2, 4, 56-58.

The IWG recommendations have improved the response assessment regarding the 

interpretation of persistent residual masses by eliminating unconfirmed complete remission 

(CRu) assessed by CT in the previous Cotswold classification and accounting for assessment 

of extranodal disease 59.

A meta-analysis revealed a sensitivity and specificity of 84% and 90%, respectively for 

FDG-PET/CT in detecting residual disease in HL60. In this study, the pooled sensitivity and 

specificity for NHL were 72% and 100%, respectively60. These results show that a negative 

post-treatment FDG-PET/CT does not exclude the presence of minimal residual disease. On 

long-term follow-up disease relapse occurred in 16-25% of patients with complete metabolic 

response on PET/CT61, 62. In addition, in up to 80% of patients the relapse occurred at a 

newsite, highlighting the importance of whole-body assessment offered by FDG-PET/

CT 61, 62

As FDG-PET avidity reflects tissue glucose consumption, increased metabolic activity is 

also seen in inflammatory lesions, reactive thymic hyperplasia, histiocytic infiltration, local 

and systemic infections or following G-CSF therapy, radiation therapy, or surgical 

interventions, all of which could result in false-positive findings. The timing of FDG-

PET/CT following completion of therapy is of critical importance; the study should be 
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performed at least 4-6 weeks post therapy to avoid unnecessary false-positive and false-

negative findings 63. Use of FDG-PET/CT in routine surveillance is discouraged due to the 

high likelihood of false positive findings (> 20%) that may result in unnecessary follow-up 

examinations, additional radiation exposure and invasive procedures including biopsies all 

resulting in high cost of care and patient anxiety 64, 65. In theory, routine surveillance could 

result in early diagnosis of potential relapse in a small fraction of patients, however the 

impact of practice on patient outcome has not been established so far 66.

Based on the latest ESMO guidelines for the assessment of end of treatment response, the 

use of CT and CT-based criteria is preferred in lymphomas with low or variable FDG avidity 

or when FDG-PET/CT is unavailable 25, 31, 67-69. For patients staged with CT, revised 

recommendations should be considered4 (see Table 2).

The current recommendation for reviewing FDG-PET in patients with HL and DLBCL is to 

use the Deauville Criteria, a 5-point scale to visually analyze FDG-PET 35 (Table 3). The 

FDG uptake in lymphoma tissue is compared to the mediastinal blood pool activity and the 

liver as the reference background 35, 70. The Deauville Criteria should be used in clinical 

trials for prediction of treatment response during therapy (interim analysis to assess early 

treatment response) and for assessment of treatment response at the end of treatment (Fig. 7 

and Fig. 8). FDG-PET defines 4 categories for response assessment in lymphoma patients 4 

(see Table 4).

Interim FDG-PET/CT

In lymphoma, the tumor metabolic activity changes rapidly after start of treatment, even 

before a change in tumor size is detected71. There is an increasing number of clinical trials 

which show that FDG-PET/CT allows for the prediction of treatment response early during 

chemotherapy. This may help in patient stratification to individually define therapeutic 

strategy in order to improve outcome72-75. In lymphoma patients interim FDG-PET/CT is 

performed after completion of one to four cycles of a six to eight cycle chemotherapy 

regimen, most commonly after two cycles of treatment. The aim is to differentiate between 

low risk lymphoma patients who may be sufficiently treated with reduced-intensity 

approaches and high-risk patients who require standard or even intensified treatment, with 

escalated therapy protocols (Fig. 9). Interim FDG-PET/CT is a promising surrogate for 

tumor chemo-sensitivity early during therapy, particularly in advanced-stage or unfavorable 

risk patients, who might benefit from additional radiotherapy40. Interim FDG-PET/CT can 

reduce unnecessary treatment-related toxicities and side effects by allowing selection of 

reduced intensity protocols in low risk patients. Within limited stage and intermediate stage 

o HL patients, interim FDG-PET/CT after the 1st or 2nd cycle of treatment can identify 

patients who are likely to achieve a complete metabolic response at completion of treatment 

and do not require consolidating radiation therapy72. In advanced stages of disease, ongoing 

clinical trials use FDG PET/CT with an aim to identify candidates requiring modification of 

the chemotherapy regimen. Interim FDG-PET/CT is recommended in ESMO guidelines for 

the evaluation of HL patients 5 as it outperforms the International Prognostic Score (IPS)76 

and the International Prognostic Index (IPI) 74 by successfully preventing responding 

patients from undergoing additional radiation therapy.
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Hodgkin's Lymphoma

Recently, Radford et al. 72 conducted a study including 602 ABVD-treated patients with 

early-stage HL, which demonstrated that in patients with negative PET after three cycles of 

therapy, further consolidation radiotherapy could be avoided while still preserving the PFS. 

A retrospective study of 260 ABVD-treated patients with HL confirmed the prognostic role 

of interim FDG-PET/CT using the Deauville Criteria for predicting treatment response 77. In 

another study, 260 patients with advanced-stage HL had a complete metabolic response after 

two cycles of ABVD. This finding had a negative-predictive value (NPV) of 94% and a 

positive-predictive value (PPV) of 73% in predicting a 3-year PFS78. Similarly, Markova et 

al. demonstrated that a complete PET response had a NPV of 98% and a PPV of 96% in 

predicting a 4-year PFS in advanced HL treated with 4 cycles of BEACOPP 

chemotherapy79. Interim FDG-PET/CT was a strong prognostic marker for PFS and 

accurately guided patients with FDG-avid residual disease to consolidation 

radiotherapy79, 80. A few studies also found that using information from FDG-PET and CT 

together was particularly helpful in HL patients with a positive interim FDG-PET/CT, as 

patients with poor tumor shrinkage were at a higher risk of disease progression or 

relapse 80, 81.

Non-Hodgkin's Lymphoma

The combination of chemotherapy with the anti-CD20 monoclonal antibody rituximab has 

significantly improved the clinical outcome of NHL patients 82. Both elderly and young 

patients with good-prognosis DLBCL (from no-risk to intermediate risk factors according to 

the age-adjusted International Prognostic Index) benefit form first-line rituximab containing-

chemotherapy (R-CHOP) thus improving the long-term outcome 83, 84. A recent meta-

analysis confirmed the independent prognostic value of FDG-PET in DLCBCL patients 

treated with R-CHOP85. Interim FDG-PET/CT could be crucial to early identify non-

responding patients to offer alternative treatment approaches, such as early intensive 

chemotherapy followed by stem cell transplantation or participation in clinical trials testing 

new molecular targeted agents 85 (Fig. 10).

In aggressive NHL, FDG-PET studies have reported a negative predictive value ranging 

from 80-100% with a positive predictive value ranging from 50-100% 62, 73, 86, 87. Although 

interim FDG-PET/CT predicts therapeutic response, there are no data currently available 

which demonstrate that a FDG-PET guided change in treatment improves patient outcome. 

In an advanced stage diffuse large B-cell lymphoma study, interim PET/CT did not predict 

outcome with a dose dense sequential immunotherapy regimen and the authors 

recommended biopsy confirmation of an abnormal PET/CT findings before change in 

therapy outside of a clinical trial88. Interim FDG-PET/CT is therefore recommended only in 

the context of clinical trials. There is an ongoing discussion about the use of quantitative 

SUV parameters instead of or in addition to visual PET image analysis to better define early 

treatment response63, 89. For this approach further standardization of PET methodology will 

be essential. In addition, there is a need to establish a cutoff value for decrease in tumor 

SUV that predicts therapy response. Such SUV threshold value will likely be dependent on 

disease type, time of imaging since therapy, and the treatment regimen administered.
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Transformation of lymphoma

Certain types of lymphomas such as FL, marginal zone and chronic lymphocytic 

leukemia/SLL may progress over time and transform to DLBCL with an accompanying 

increase in proliferation rate. It has been shown that aggressive lymphoma cells have a high 

rate of proliferation and glycolysis compared to indolent subtypes which results in a higher 

level of FDG uptake90, 91. In addition, the level of FDG uptake measured as standardized 

uptake value (SUV) is shown to have a positive correlation with the Ki-67 proliferative index 

in both nodal and extranodal at biopsy site in patients with NHL92. A transformation occurs 

typically in 5-10% of indolent lymphoma93 and the subsequent increase in metabolic 

activity can be identified by an increase in FDG-avidity on PET/CT. However, it is important 

to have a baseline PET/CT study available for comparison in order to identify this change in 

metabolic activity. Imaging with FDG-PET/CT is recommended if there is a clinical 

suspicion of aggressive transformation of known indolent lymphoma3, 4. Based on previous 

reports, a cutoff value of a SUV of 14.0 can identify presence of aggressive transformation 

and, can also serve as a tool for directing biopsies in all subtypes of FDG-avid lymphomas 

in primary or relapsed disease13, 21, 47, 90, 94.

Multiple Myeloma

The role of FDG-PET/CT in the diagnosis and management of patients with multiple 

myeloma (MM) has not yet been clearly established. However, according to the NCCN 

guidelines, FDG-PET/CT has been included as an option in the diagnosis and monitoring of 

MM patients. The osseous involvement with myeloma infiltrates can be focal or diffuse 

based of distribution of clonal proliferation of plasma cells95. Soft tissue and/or organ 

involvement can be observed, either originating as primary extraosseous lesions or 

secondary to infiltration from large osseous lesions with cortical disruption. The main role of 

imaging in MM is reliable detection of osseous and extraosseous lesions and enabling 

accurate staging and risk stratification of individual patients.

According to the consensus statement of the International Myeloma Working Group 

(IMWG), conventional radiographic skeletal survey remains the standard of reference for the 

imaging of MM95, due to its wide availability and low cost. The main disadvantage of 

conventional radiography is that it tends to underestimate bone marrow involvement. Bone 

destruction of greater than 30% of trabecular bone is required for the lesion to be detectable 

on plain films96. Various studies have shown that conventional radiography has poor 

sensitivity with false negative reads in 30-70% cases95, 97-99. Other limitations of 

conventional radiography are the inability to detect extraosseous involvement and diffuse 

bone marrow infiltration, to differentiate between benign and malignant lucencies and the 

insensitivity to treatment induced changes.

FDG-PET/CT allows for an excellent characterization of osseous lesions as well as for 

detection of extraosseous disease100. According to two studies, FDG-PET/CT was able to 

detect multiple myeloma osteolytic lesions with a sensitivity and specificity of 80-90% and 

80-100% respectively101, 102. Furthermore, it has been demonstrated that a higher metabolic 

activity in myeloma lesions correlates with faster disease progression and worse 
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prognosis 95, 103, 104. The level of metabolic activity also correlates well with plasma cell 

ratios and therefore has a potential to be an alternative to the current gold standard of bone 

marrow biopsies for assessment in the follow-up period105,106, 107.

In order to introduce more advanced imaging techniques such as MRI and FDG-PET108 in 

routine clinical practice, an updated morphologic and functional Durie and Salmon “plus” 

staging system has been proposed109 (Table 5). This classification allows for the 

differentiation of patients with early stage MM from those with monoclonal gammopathy of 

undetermined significance (MGUS) or smoldering multiple myeloma (SMM)110, 111. As 

expected, FDG-PET/CT does not reveal areas of increased metabolic activity in MGUS 

patients and nearly all patients with low-level SMM112.

FDG-PET/CT is preferred over radiography and MRI to detect active bone lesions and to 

assess the outcome during systemic treatment113. As metabolic response generally precedes 

morphological changes, FDG-PET/CT also provides a faster assessment in patients with 

positive response or otherwise persistence of active residual disease compared with 

MRI100, 107, 114-116. PET/CT is shown to be a good predictor of disease progression after 

therapy in symptomatic myeloma patients and offers improvement in detection of 

progression when used in combination of lab results117, especially in non-secretory 

MM112, 118.

Both FDG-PET/CT and whole body-MRI have utility in determination of remission status 

after stem cell transplantation (SCT), however, PET/CT imaging offers higher specificity 

and is therefore the preferred modality124. Detection of FDG avid lesions after stem cell 

transplantation may necessitate a reappraisal of the treatment plan104. In a recent study 

including 107 patients, a negative FDG-PET/CT study immediately 3 months after 

autologous SCT and every 6-12 months thereafter was indicative of remission106.

Solitary plasmocytoma

FDG-PET/CT showed a sensitivity of 93% in initial staging of solitary plasmocytomas. In 

about 40% of patients, additional lesions were detected by FDG-PET/CT resulting in 

upstaging and change of therapeutic plan95, 109, 119. In a meta-analysis of 14 studies 120, 

FDG-PET/CT was found to be an accurate imaging tool for detecting intra- and extra-

medullary lesions in patients with extra-medullary plasmocytoma (EMP) The highest 

metabolic activity of lesions was found to be an independent predictor of overall 

survival 103. A combination of regional MRI with FDG-PET/CT could provide a 

comprehensive assessment of medullary and extra-medullary sites for additional active 

disease in the setting of plasmocytoma115, 121, however, this procedure is currently not 

recommended in IMWG Panel guidelines122.

Leukemia

Leukemia is broadly classified as (1) acute myelogenous leukemia (AML), (2) acute 

lymphoblastic leukemia (ALL), (3) chronic myelocytic leukemia (CML), and (4) chronic 

lymphocytic leukemia (CLL). Diagnosis and follow-up is primarily based on peripheral 

blood and bone marrow evaluation. Occasionally, conventional imaging is required to assess 
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morphologic features and to evaluate for infection in patients planned for or undergoing 

intensive chemotherapy.

FDG-PET/CT is not regularly used in the assessment of leukemia1. However, several case 

reports have demonstrated the potential of FDG-PET/CT in diagnosis and follow-up of 

leukemic bone marrow infiltration123-125. In a preliminary study 126, utility of FDG-PET/CT 

to diagnose extramedullary disease in de novo or relapsed AML patients was described. 

FDG-PET/CT may also be useful in detection of Richter's syndrome127-130, which has a 

poor prognosis and requires aggressive therapy131, 132. Some groups have suggested a SUV 

cutoff value equal or greater than 5.0 to diagnose the transformation of CLL into Richter 

syndrome127, 129, 130. Besides, FDG-PET/CT can guide a diagnostic biopsy 128-131 and may 

also provide prognostic information in patients with CLL127 133.

Future directions

There are several new PET biomarkers that could be used for staging and treatment 

monitoring in lymphoma patients. F-18 Fluorothymidine (FLT) is a radiolabeled thymidine 

analogue that reflects tumor proliferative activity and the level of FLT uptake correlates well 

with the proliferation marker Ki-67 on the immunohistochemical analysis134, 135. Wang et 

al. demonstrated that FLT-PET/CT is superior to CT in diagnosis and staging of DLBCL 136. 

FLT-PET has a lower false-positive rate and can be used for early detection of 

transformation of low grade disease to an aggressive lymphoma and to differentiate between 

indolent and aggressive lymphoma142. Nevertheless, the strength of FLT-PET is in 

monitoring treatment response early during therapy, particularly when novel targeted 

treatments which are cytostatic rather than cytotoxic (e.g., rituximab) are being assessed. 

FLT-PET may also have potential application in evaluating the addition of novel therapies to 

current re-induction regimens137, as well as identifying future non-responders to R-CHOP 

treatment among aggressive B-cell NHL's by their high FLT uptake and proliferation rate, 

enabling a risk-adapted treatment approach in these patients 138. In two recent studies, 

higher reduction in FLT uptake on interim FLT-PET was a predictor of improved PFS and 

OS in patients with aggressive lymphomas139, 140. A recent pilot study has demonstrated 

that FLT uptake in bone marrow may be useful for assessment of treatment response as early 

as 2 days after chemotherapy initiation in AML patients141.

Activation of the chemokine receptor CXCR4 is frequently observed in various human 

disease processes including solid and hematologic malignancies and affects tumorigenesis, 

cancer cell proliferation and metastasis 142, 143. Lymphomas in particular demonstrate high 

expression of CXCR4 receptors. Therapeutic monoclonal antibodies targeting CXCR4 are 

being explored in Phase I trials for relapsed/ refractory acute myeloid leukemia, DLBCL, 

CLL, FL (NCT01120457), and for relapsed/ refractory MM (NCT01359657) 144-146.

A novel PET tracer, Ga-68 CXCR4 (Pentixafor) has been recently developed to target 

human CXCR4 receptor expression147, 148. CXCR4 (chemokine receptor type 4) is an alpha-

chemokine receptor specific for stromal-derived-factor-1, which is involved in the 

chemotactic activity in lymphocytes but also overexpressed in a number of different tumor 

types. Ga-68 CXCR4 binds with high affinity and selectivity to the human CXCR4 receptor, 
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both in mouse xenografts of human lymphoma cell lines and in lymphoma patients, 

providing PET images with excellent tumor specificity and high tumor-to-background 

contrast. The first human proof-of-concept study applying Ga-68 CXCR4 PET in four 

patients with lymphoproliferative malignancies has been recently published 149. All 4 

patients including a CD30-positive aggressive T-cell lymphoma, relapsed DLBCL, chronic 

lymphocytic leukemia with suspected transformation into DLBCL, and MM with extensive 

bone marrow involvement demonstrated high tracer binding in lymphoma lesions. Minor 

nonspecific Ga-68 CXCR4 uptake was noted in muscle, lung, and liver tissue with low blood 

pool activity, resulting in excellent lesion-to-background contrast. Some physiological Ga-68 

CXCR4 uptake was evident in the bone marrow as CXCR4 plays a crucial role in 

hematopoietic cell homing149. Voxel-by-voxel analysis in one patient revealed a remarkable 

inter- and intralesional heterogeneity in the uptake of Ga-68 CXCR4 and F-18 FDG, 

suggesting that the biological information provided by both tracers may be complementary 

even in lesions that show avidity for both PET tracers149. In the two patients with CLL with 

suspected transformation into DLBCL and with MM Ga-68 CXCR4 uptake was even higher 

compared to F-18-FDG and provided superior delineation of individual lesions from 

surrounding tissue especially in the bone marrow 149.

Recently another study of 14 patients with advanced MM demonstrated that Ga-68 CXCR4 

provides additional or complementary information to F-18-FDG PET/CT in 64 % cases150 

(Fig. 11). This makes Ga-68 CXCR4 PET imaging a promising molecular diagnostic tool for 

non-invasive visualization of CXCR4 expression in tumor lesions throughout the body. It 

may have a role in appropriate patient selection for various therapeutic trials targeting 

CXCR4 expression. The proof of CXCR4 target expression in subgroup of advanced MM 

patients opens up the opportunity for CXCR4-directed therapies. In addition, Ga-68 CXCR4 

exhibits an excellent pharmacokinetic profile and fast clearance kinetics. The initial 

dosimetry data show notably lower total effective doses in organs with high absorbance, 

such as urinary bladder wall, spleen, or kidneys151 as compared to commonly used 

somatostatin receptor-agonists such as Ga-68 DOTATOC and Ga-68 DOTATATE. A 

theranostic approach of CXCR4 targeted radiotherapy is currently under evaluation, 

exploring the concept of applying a therapeutic dose of CXCR4 labeled with β-- or α-

emitting radionuclides after pre-therapeutic quantification of CXCR4 expression using PET 

imaging149.

The advent of novel hybrid PET/MRI systems presents an opportunity to combine the 

strengths of PET and MRI imaging in a single diagnostic work-up. The high spatial 

resolution and soft tissue contrast provided by MRI when combined with the high specificity 

of metabolic information from FDG-PET promise an imaging advantage in both diagnosis 

and assessment of treatment response for patients with hematologic malignancies, 

particularly for evaluation of diffuse bone marrow infiltration. In in case of a complete 

remission after therapy, this combined technique will be able to localize residual sites of 

disease activity and therefore will help to guide treatment in the near future. Early results 

comparing FDG-PET/MRI with FDG-PET/CT in oncologic patients have shown that hybrid 

PET/MRI potentially contributes to clinical management more often than PET/CT 152. 

Image quality, alignment, and confidence in lesion localization appear to be comparable 

between the two modalities153, 154. Ongoing advances in technology including the 
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development of new MRI attenuation methodologies, scanner equipment, and the 

development of new PET radiotracers are further delineating the role of PET/MRI in 

research and clinical practice.
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F-18 FDG Fluorine-18 Fluorodeoxyglucose

F-18 FLT Fluorine-18 Fluorothymidine

FL Follicular Lymphoma

G-68 CXCR4 Gallium-68 CXCR4

GLUT Glucose Transporter

HL Hodgkin's Lymphoma

IHP International Harmonization Project

IMWG International Myeloma Working Group

IPI International Prognostic index
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IPS International Prognostic Score

IWG International Working Group

MCL Mantle Cell Lymphoma

MGUS Monoclonal Gammopathy of Unknown Significance

MM Multiple Myeloma

MRI Magnetic Resonance Imaging

NCCN National Comprehensive Cancer Network

NHL Non-Hodgkin's Lymphoma

NPV Negative Predictive value

OS Overall survival

PET Positron Emission Tomography

PET/CT Hybrid Positron Emission Tomography and Computed 

Tomography

PET/MRI Hybrid Positron Emission Tomography and Magnetic 

Resonance Imaging

PFS Progression free survival

PPV Positive predictive value

R-CHOP Rituximab, cyclophosphamide, doxorubicin, vincristine, 

and prednisone

SCT Stem Cell Transplant

SLL Small Lymphocytic Lymphoma

SMM Smoldering Multiple Myeloma

SUV Standardized Uptake Value
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Practice Points

FDG-PET/CT is an excellent imaging modality for staging and restaging of aggressive 

lymphomas

FDG-PET is increasingly used for early prediction of treatment response
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Research Agenda

Perform larger multi-center trial using FDG-PET in less common lymphomas

Assess the use of novel PET tracers, particularly [Ga-68]CXCR4

Explore the effectiveness of a theranostic approach using [lu-177]CXCR4
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Figure 1. 
69 year old male with new right tonsillar diffuse large B cell lymphoma. Baseline PET/CT 

study shows hypermetabolic right tonsillar mass. Mild activity in the left tonsillar fossa is 

reactive. No additional site of lymphoma was identified on remainder of images.
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Figure 2. 
55 year old female with gastric MALT lymphoma with accompanying splenic involvement. 

Baseline PET/CT images (a-d) show diffuse gastric wall thickening and hypermetabolic 

acitivity and hypermetabolic splenomegaly.
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Figure 3. 
26 year old female with nodular sclerosis type HL. Baseline PET/CT images (a, b) show 

large hypermetabolic anterior mediastinal masses, hypermetabolic splenic foci, and 

periportal adenopathy. Mild marrow hyperplasia was also noted at baseline, bone marrow 

biopsy was negative. Interim PET/CT (c, d) images show resolution of hypermetabolic 

activity in the mediastinal mass, spleen and abdominal adenopathy indicating treatment 

response (Deauville scale 2)
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Figure 4. 
54 year old male with acute onset headache and confusion. Axial and sagittal PET images of 

brain fused with contrast enhanced T1 weighted MRI images show an intensely 

hypermetabolic mass in the suprasellar region. Additional hypermetabolic enhancing nodule 

is identified in the left frontal horn of lateral ventricle. Histopathology analysis confirmed 

the diagnosis of large B cell lymphoma.
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Figure 5. 
71 year old with B cell lymphoma with bone marrow and splenic involvement at 

presentation PET (a) and PET/CT fused (b) images show heterogeneously hypermetabolic 

splenomegaly, the whole body MIP (c) shows diffuse marrow involvement. No other site of 

disease was identified.
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Figure 6. 
47 year old female with stage IV-B diffuse large B cell lymphoma B cell lymphoma diffuse 

nodal involvement. PET and fused PET/CT images show hypermetabolic left iliac 

adenopathy. The MIP PET image (c) shows additional retroperitoneal, inguinal, mediastinal 

and left supraclavicular nodal involvement. Interim PET/CT study after 2 cycles of 

chemotherapy (d-f) shows near complete resolution of adenopathy (Deauville scale 2) with 

post chemotherapy marrow hyperplasia
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Figure 7. 
65 year old woman with past history of thyroiditis with a rapidly growing cervical mass. 

Baseline PET/CT (a) PET, (b) CT and (c) fused PET/CT images show diffusely 

hypermetabolic thyroid mass, biopsy revealed diffuse large B cell lymphoma. Post 

chemotherapy PET/CT (d-f) after R-CHOP regimen shows complete response (Deauville 

scale 1).
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Figure 8. 
76 year old female with diffuse large B cell lymphoma of right leg. Baseline PET/CT (a-c) 

shows hypermetabolic soft tissue mass along the lateral aspect of right knee joint. Post 

treatment PET/CT study (d-f) after chemotherapy and local radiation revealed near complete 

resolution of the mass indicating therapeutic response (Deauville scale 1)
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Figure 9. 
40 year old with Burkitt's lymphoma. Baseline PET/CT (a-c) images show diffuse 

hypermetabolic abdominal adenopathy with a large perinephric and pelvic hypermetabolic 

soft tissue mass. Interim PET/CT imaging after 1 cycle of R-CHOP shows significant 

improvement in metabolic activity of the mass with considerable amount of mildly 

metabolic residual soft tissue. (Deauville scale 4)
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Figure 10. 
67 year old female with diffuse large B cell lymphoma of germinal center origin. Baseline 

PET/CT (a-c) shows diffuse omental involvement and abdominal adenopathy. Interim 

PET/CT study (d-f) after 2 cycles of chemotherapy revealed significant increase in 

hypermetabolic disease burden indicating treatment failure (Deauville scale 5)
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Figure 11. 
Maximum intensity projections from 18F-FDG (a) and Ga-68 CXCR4 (Pentixafor) PET/CT 

(b) of a patient with multiple myeloma. Corresponding transversal PET and fused PET/CT 

images are shown for FDG (c, e) and Ga-68 CXCR4 (d, f) indicating a FDG- and CXCR4 

avid lesion in the right humerus (black arrows) and FDG negative but CXCR4 positive 

lesion left paravertrebral (white arrows)
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Table 1
Modified Ann-Arbor criteria for Primary Nodal Lymphomas

Stage Nodal Involvement Extranodal involvement (E)

Limited

I One node or a group of adjacent nodes Only single extranodal lesions

II Two or more nodal groups on the same side of the diaphragm Stage I or II by nodal extent with limited 
contiguous extranodal involvement

II bulky* II as above with “bulky” disease

Not applicable
Advanced

III Nodes on both sides of the diaphragm; nodes above the diaphragm 
with spleen involvement

IV Additional noncontiguous extralymphatic involvement

Note: extent of the disease is determined by PET/CT for FDG-avid lymphomas and CT for nonavid histologies
Tonsils, Waldeyer's ring, and spleen are considered nodal tissue
(E) Extranodal inolvement refers to extralymphtaic tissue, excluding liver and bone marrow

*
II bulky may be treated as limited or advanced desease based on histology and a number of prognostic factors
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Table 2
Revised Criteria for Response Assessment in Lymphoma based on CT imaging

Response category CT-Based Response Criteria

Complete Remission (CR)

Target nodes/nodal masses must regress to ≤ 1.5 cm in LDi. It includes the presence of residual symptoms but 
no detectable disease by imaging
No extralymphatic sites of disease
No nonmeasured lesions
No new lesions
In the setting of previous organ enlargement, regress to normal
Bone marrow normal by morphology; if indeterminate, IHC negative

Partial Remission (PR)

≥ 50% decrease in SPD of up to 6 measurable target measurable nodes and extranodal sites

• When a lesion is too small to measure on CT, assign 5 × 5 mm as the default value

• When no longer visible, 0 × 0 mm

• When a node is > 5 × 5 mm, but smaller than normal, use actual measurement for calculation

No new lesions
In the setting of previous nonmeasured lesions, regress to normal, no increase
Spleen must have regressed by > 50% in length beyond normal

Stable Disease (SD)
< 50% decrease from baseline in SPD of up to 6 dominant, measurable nodes and extranodal sites
No increase in nonmeasurable lesions or organ enlargement consistent with progression
No new lesions

Progressive Disease (PD)

An individual node/lesion must be abnormal with LDi > 1.5 cm, and increase by ≥50% from PPD nadir, and an 
increase in LDi or SDi from nadir of 0.5 cm for lesions ≤ 2 cm or 1 cm for lesions > 2 cm
New or clear progression of preexisting nonmeasured lesions
Presence of new lesions

• Regrowth of previously resolved lesions

• A new node > 1.5 cm in any axis

• A new extranodal site > 1 cm in any axis; if < 1 cm, its presence must be unequivocal and must be 
attributable to lymphoma

• Assessable disease of any size unequivocal to lymphoma

In the setting of splenomegaly, the splenic length must increase by > 50% of the extent of its prior increase 
beyond baseline (e.g., a 15 cm spleen must increase to > 16 cm). If no prior splenomegaly, must increase by at 
least 2 cm from baseline
New or recurrent splenomegaly
New or recurrent bone marrow involvement

Abreviations: LDi, longest diameter of the lesion; SDi, shortest axis perpendicular to the LDi; SPD, sum of the product of the perpendicular 
diameters for multiple lesions; PPD, cross product of the LDi and perpendicular diameter; IHC, immunohistochemistry
Measured dominant lesions: Up to six of the largest dominant nodes, nodal masses, and extranodal lesions selected to be clearly measurable in 
two diameters, the longest diameter (LDi) and the shortest perpendicular to the LDi diameter (SDi). Nodes should preferably be from disparate 
regions of the body and should include, where applicable, mediastinal and retroperitoneal areas
- Measurable node: LDi > 1.5 cm
- Measurable extranodal disease: LDi > 1 cm
Non-nodal lesions: include those in solid organs (eg, liver, spleen, kidneys, lungs), GI involvement, cutaneous lesions, or those noted on palpation
Nonmeasured lesions: any disease not selected as measured, dominant disease and truly assessable disease should be considered not measured. 
These sites include any nodes, nodal masses, and extranodal sites not selected as dominant or measurable or that do not meet the requirements for 
measurability but are still considered abnormal, as well as truly assessable disease, which is any site of suspected disease that would be difficult to 
follow quantitatively with measurement, including pleural effusions, ascites, bone lesions, leptomeningeal disease, abdominal masses, and other 
lesions that can not be confirmed and followed by imaging
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Table 3
Five-point Deauville criteria

Score Deauville criteria

1 No increased FDG uptake above background

2 FDG uptake ≤ mediastinum

3 FDG uptake > mediastinum but ≤ liver

4 FDG uptake moderately higher than liver

5 FDG uptake markedly higher than liver and/or new lesions

X New areas of FDG uptake unlikely to be related to lymphoma
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Table 4
Revised Criteria for Response Assessment in Lymphoma based on FDG PET/CT imaging

Response category FDG-PET/CT-Based Response Criteria

Complete metabolic 
response (CMR)

Nodes and extralymphatic sites: Score 1, 2, or 3* with or without a residual mass on 5PS
No new lesions
In the setting of previous organ enlargement, regress to normal
No FDG-uptake in bone marrow

Partial metabolic response 
(PMR)

Nodes and extralymphatic sites: Score 4 or 5 with reduced uptake compared with baseline and residual 
mass(es) of any size

• At interim, these findings suggest responding disease

• At end of treatment, these findings indicate residual disease

No new lesions
Residual uptake higher than uptake in normal bone marrow but reduced compared with baseline (diffuse 
uptake compatible with reactive changes from chemotherapy or G-CGF allowed). If there are persistent focal 
changes in the marrow in the context of a nodal response, consideration should be given to further evaluation 
with MRI or biopsy or an interval scan

Stable Disease (SD) or No 
metabolic response

Nodes and extralymphatic sites: Score 4 or 5 with no significant change in FDG uptake from baseline at 
interim or end of treatment
No new lesions
No changes in bone marrow from baseline

Progressive Disease (PD)

Nodes and extralymphatic sites: Score 4 or 5 with an increase in intensity of uptake from baseline and/or
New FDG-avid extranodal foci consistent with lymphoma at interim or end-of-treatment assessment
New FDG-avidlesions consistent with lymphoma, not attributed to other condictions (eg, infection, 
inflammation). If uncertain regarding etiology of new lesions, biopsy or interval scan may be considered
New or recurrent FDG-avid foci in bone marrow

Abreviations: 5PS, point scale from DeauvilleCretaria: 1, No increased FDG ptake above background; 2, FDG uptake ≤ mediastinum; 3, FDG 
uptake > mediastinum but ≤ liver; 4, FDG uptake moderately higher than liver; 5, FDG uptake markedly higher than liver and/or new lesions; X, 
New areas of FDG uptake unlikely to be related to lymphoma

*
The addition of score 3 for interim analysis during therapy accounts for sites with activation during chemotherapy such as Waldeyer's ring, spleen 

or bone marrow. In those cases, a score of 3 indicates a good prognosis with standard treatment, especially if at the time of an interim scan. 
However, in trials exploring treatment de-escalation, a score 3 should be considered as an inadequate response to avoid under treatment

It is known that in Waldeyer's ring or extranodal sites with high physiologic FDG-uptake (eg, GI tract, liver, bone marrow) or with reactive 
activation within the spleen or bone marrow (eg, with chemotherapy or G-CSF), uptake may be greater than the mediastinum. In this circumstance, 
CMR may be inferred if uptake at sites of initial involvement is no greater than surrounding normal tissue, even if the tissue has high physiologic 
uptake
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Table 5
Multiple myeloma imaging staging system

Stage Durie-Salmon Plus staging system: MRI/PET

I A: normal skeletal survey or single lesion (plasmocytoma)
B*: 0-4 focal lesions or mild diffuse disease

II A/B*: 5-20 focal lesions or moderate diffuse disease

III A/B*: > 20 focal lesions or severe diffuse disease

B* is defined by a creatinine level > 2.0 mg/dL and/or extramedullary disease in PET/CT or MRI
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