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      PET/CT for HL Staging                     

     Martin     Hutchings     ,     Annika     Loft     , 
and     Tarec     Christoffer     El-Galaly    

1.1          Historical Background 

 Accurate baseline staging of Hodgkin lymphoma 
(HL) is crucial for prognostication and guides 
important treatment decisions. This remains true 
in the era of highly effective combined modality 
treatments and intensive multi-agent chemother-
apy regimens that lead to cure in the vast majority 
of HL patients irrespective of disease stage [ 1 ,  2 ]. 
In the early 1970s the Committee on Hodgkin’s 
Disease Staging Classifi cation convened in Ann 
Arbor, Michigan, and this resulted in the fi rst 
staging classifi cation for HL which was named 
after the city [ 3 ]. The Ann Arbor staging classifi -
cation became the widely accepted classifi cation 

for disease staging in HL and enabled comparison 
of studies by different investigators. The main 
clinical purpose of the Ann Arbor Classifi cation 
was to accurately identify patients with limited-
stage HL who could be treated with a curative 
intent with radiotherapy alone. Accurate staging 
was pursued through rigorous procedures, which 
included both a clinical and a pathological staging 
workup. Clinical stage was determined from 
physical examination, symptom assessment, lym-
phangiograms, and radiograms, some of which 
are still elements in modern HL staging. 
Pathological stage was derived from the results of 
invasive staging procedures including diagnostic 
laparotomy and iliac crest bone marrow biopsy 
(BMB). The risk of serious complications and 
discomfort related to invasive procedures were 
tolerated at that time as no good alternatives for 
evaluation of deep lymph node regions and organs 
were available. The introduction of computed 
tomography (CT) enabled noninvasive assess-
ment of deep lymph node regions/organs and 
changed the staging of HL fundamentally. The 
committee convened to discuss the evaluation and 
staging of patients with Hodgkin’s disease met in 
the Cotswolds (UK) and the report generated by 
the committee recommended CT of the thorax 
and abdomen in the routine staging workup of 
HL. Invasive staging procedures with the excep-
tion of iliac crest bone marrow biopsy were no 
longer considered necessary (Cotswold modifi ca-
tions of the Ann Arbor Classifi cation) [ 4 ].  
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1.2     The Introduction 
of Functional Imaging 

 The introduction of functional imaging was 
another shift in paradigm and defi ned the current 
era of modern HL staging. From a CT-based dis-
ease staging relying on the size of lymph nodes 
and morphological abnormalities in organs, 
functional imaging now provides information on 
local metabolic activity. This is a major advan-
tage, since knowledge of local metabolism can 
facilitate discrimination between active HL and 
nonmalignant morphological abnormalities as 
well as visualize HL lesions in areas without 
clear morphological abnormalities. The fi rst 
functional imaging method to enhance the accu-
racy of HL staging was the whole-body  67 gal-
lium scintigraphy, but this procedure is laborious 
and the image quality often rather poor. After the 
introduction of positron emission tomography 
(PET), gallium scans quickly disappeared from 

the management of HL. The most common PET 
tracer is the radioactive glucose analogue 
 18 F-fl urodeoxyglucose (FDG). This tracer is 
widely studied in HL and FDG-PET is the only 
type of functional imaging that has been imple-
mented in the routine management of the dis-
ease. FDG-PET (in the following referred to as 
PET) provides a whole-body map of glucose 
metabolism and HL lesions were found to be 
universally PET positive (except for very small 
lesions below the spatial resolution of PET) [ 5 ]. 
An important limitation of stand-alone PET is 
the inability to locate the exact anatomical area 
of increased glucose metabolism. This was over-
come with the introduction of integrated PET/
CT scanner, which made it possible to perform 
both PET and CT in a single procedure, using 
CT for attenuation correction of PET data, and to 
demonstrate the anatomical localization of areas 
with increased glucose metabolism seen on 
PET. In this way, modern imaging enables clini-
cally relevant functional and anatomical infor-
mation to be obtained together. CT and PET can 
be viewed separately, side-by-side and “fused” 
with the PET scan overlaid on the CT in color. 
Today, PET studies are almost exclusively per-
formed with integrated PET/CT machines 
(Fig.  1.1 ).

1.3        Early Studies of Staging PET 

 PET is more sensitive and specifi c than CT 
because abnormal FDG uptake may be observed 
in normal-sized nodes and also seen without 
changes in organ architecture, e.g., in the liver, 
spleen, and bones. Over the past 20 years, a num-
ber of studies have demonstrated the increased 
sensitivity of PET relative to conventional 
imaging. 

 In their study published in 1998, Bangerter 
et al. scanned 44 HL patients as a part of their 
initial staging workup. PET and conventional 
staging were concordant in 128 (96 %) of 133 
diseased lymph node regions. Six patients 
changed stage as a result of PET, fi ve being 
upstaged and one downstaged, leading to a 
change of treatment strategy in all six patients. 

  Fig. 1.1    Fusion PET/CT image of a patient with stage IV 
HL, showing disease in lymph nodes above and below the 
diaphragm, as well as in the spleen and liver       
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This study was the fi rst to demonstrate on a 
reasonably high number of patients that PET is 
largely concordant with CT for staging of HL 
and that the additional value of the method 
has an impact on the management of the 
patients [ 6 ]. 

 Partridge et al. retrospectively investigated 
the impact of 44 pretreatment scans on the man-
agement of HL patients. PET found almost 
twice as many positive sites than CT (159 vs. 
84) and 21 patients would have had their staging 
changed as a result of PET (18 upstaging and 
three downstaging. According to PET, treatment 
strategy should have been changed in 11 
patients, in 10 cases to a more intensive therapy. 
12 patients had a total of 19 extranodal disease 
sites. PEt alone detected 15 of these sites, four 
sites were seen on both CT and PET, and PET 
missed no sites seen on CT. This study sug-
gested a very high sensitivity for detection of 
organ involvement [ 7 ]. 

 Jerusalem et al. undertook the fi rst thorough 
study of region-by-region accuracy in HL. They 
scanned 33 patients before initial treatment or 
before treatment of relapse and evaluated the 
impact on nodal staging. Overall concordant 
results were seen in 22 patients, but in two 
patients both methods indicated lesions that were 
not shown by the other method. In six patients, 
PET showed involvement of more regions than 
conventional methods. The sensitivities of PET 
for detecting involved lymph node regions were 
95 % in peripheral regions, 96 % in thoracic 
regions, and 78 % in abdominal/pelvic regions. 
The corresponding sensitivities for conventional 
staging procedures were 80 %, 81 %, and 86 %. 
Although the impact on staging was clear, PET 
staging would only have had impact on treatment 
strategy in one patient [ 8 ]. Weihrauch et al. 
applied a quite similar approach. In 22 patients 
they identifi ed 72 involved lymph node regions. 
In 48 lesions in 22 patients, both CT and PET 
were positive. 20 lesions in 11 patients were posi-
tive on PET but not detected by CT or other con-
ventional staging methods. Sensitivity of PET 
and CT was 88 % and 74 %, respectively, and out 
of 22 patients, four were upstaged due to PET 
fi ndings [ 9 ]. 

 The general impression from these early stud-
ies was that:

    1.    PET seemed to have a relatively high sensitiv-
ity for nodal staging.   

   2.    PET was clearly more sensitive than CT in 
detecting extranodal disease, both in the bone 
marrow and in other organs (Fig.  1.2 ).

       3.    PET had a consistent, large infl uence on the 
staging, with a potential impact on treatment 
strategy in a substantial number of patients.     

 More recent studies have confi rmed these 
fi ndings: Cerci and colleagues enrolled 210 
newly diagnosed HL patients in a prospective 
study aiming to evaluate the cost-effectiveness of 
PET in HL staging. They found sensitivity for 
initial staging of PET was higher than that of CT 
in initial staging (97.9 % vs. 87.3 %). The incor-
poration of PET in the staging procedure upstaged 
disease in 50 (24 %) patients and downstaged dis-
ease in 17 (8 %) patients, with a resultant changes 
in treatment in 32 (15 %) patients [ 10 ]. 

  Fig. 1.2    An example of extranodal manifestation of HL 
in the liver, only vaguely visible on CT but with clearly 
pathological FDG uptake in the liver       
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 But the high sensitivity of stand-alone PET 
came at the expensive of a relatively large num-
ber of false positive results, in part due to well- 
known pitfalls including FDG uptake in reactive 
lymph nodes due to infl ammation/infection 
(Figs.  1.3  and  1.4 ), brown fat uptake (Fig.  1.5 ), 
physiological bowel uptake, uptake due to thy-
mic rebound, etc. After the introduction of PET/
CT, such false positive fi ndings became much 
less common, resulting in a high specifi city 
despite the high sensitivity.

1.4          PET/CT Staging 

 The fi rst study of PET/CT was a prospective 
comparison of PET, CT, and PET/CT in 99 newly 
diagnosed HL patients. The results of PET and 

PET/CT were not disclosed to the treating physi-
cians, and furthermore, the reviewers of PET, CT, 
and PET/CT were blinded to the results the other 
imaging modalities. In nodal regions, the sensi-
tivity of PET and PET/CT was higher than that of 
CT (92 % and 92 % vs. 83 %). PET had more 
false positive nodal sites than CT and PET/CT 
(1.6 % vs 0.7 % and 0.5 %). For evaluation of 
organs, PET and PET/CT had high sensitivities 
(86 % and 73 %) while CT detected only 37 % of 
involved organs. PET would have upstaged 19 % 
of patients and downstaged 5 % of patients, lead-
ing to a different treatment strategy in 9 % of 
patients [ 11 ]. An analysis of the same group of 
patients revealed that FDG avidity varied between 
different subtypes of classical HL and that the 
FDG uptake in nodular lymphocyte-predominant 
(NLP) HL was signifi cantly lower than in classi-
cal HL [ 12 ]. 

 Bednaruk-Młyński and colleagues compared 
the results of staging CT and PET/CT in 96 HL 
patients. Also in this study, the radiologists and 
nuclear medicine physicians were blinded to 
results of the other modality and to the clinical 
course of the patients. The number of patients 
with stage I, II, III, and IV disease based on CT 
versus PET/CT was 5 vs. 7, 49 vs. 37, 28 vs. 22, 
and 14 vs. 30, respectively. PET/CT changed the 
stage in 33 (34 %) patients; 28 % were upstaged 
and 6 % downstaged. Upstaging was mainly 
caused by detection of new extranodal involve-
ments (47 sites in 26 patients): the bone marrow 
(10 patients), spleen (5 patients), and lung (2 
patients). Downstaging resulted from the absence 
of FDG uptake in enlarged nodes (<15 mm) in 
the abdomen and pelvis. PET/CT led to a treat-
ment modifi cation in 20 (21 %) of the patients, 
with 16 patients allocated to more intensive treat-
ment and 4 to less intensive treatment [ 13 ]. 

 A different approach was taken by El-Galaly 
et al. who performed a historical comparison of 
staging patterns in Danish HL patients before and 
after the introduction of staging PET/CT. Their 
analysis covered two large cohorts of patients 
with classical HL staged without PET/CT 
( n =  324) and with PET/CT ( n =  406). In PET/
CT-staged patients, stage I disease was less fre-
quent (16 % vs. 27 %) while stage IV disease was 

  Fig. 1.3    Infl ammatory FDG uptake in mediastinal lymph 
nodes. The pattern mimics lymphoma but was a result of 
a chronic lung infections       
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more frequent (17 % vs. 10 %). Imaging-detected 
skeletal involvement was recognized more often 
in PET/CT-staged patients (17 % vs. 2 %), and the 
presence of focal skeletal PET/CT lesions was 
associated with higher risk of progression [ 14 ]. 

 NLP HL has more characteristics in common 
with indolent lymphomas, and as mentioned 
above this subtype has lower FDG avidity than 
classical Hodgkin lymphoma [ 12 ], but still the 
sensitivity of PET/CT staging seems to be high. 
In a study of 35 patients with this rare histologi-
cal subtype, Grellier et al. found that PET/CT 
resulted in stage migration in 34 % of the patients, 
with detection of disease in the bone or bone 
marrow in 20 % of the patients. The identifi cation 
of advanced disease in NLP HL is particularly 
important for management, since localized NLP 

HL is often treated with local radiotherapy alone 
and thus without systemic therapy [ 15 ]. 

 Figures  1.6  and  1.7  show PET/CT images of HL 
patients with stage II and stage III, respectively.

1.5         Stage Migration 
and Overtreatment 

 Hodgkin lymphoma can be cured in the vast 
majority of cases but cure comes the price of seri-
ous treatment-related late effects, including sec-
ond cancers and cardiopulmonary disease [ 16 ]. 
While optimizing cure is always a goal of clinical 
cancer research, in fi rst-line Hodgkin lymphoma 
treatment, there is a stronger call for reduction of 
the treatment intensity in order to avoid unneces-

  Fig. 1.4    An example of false positive PET results. 
Hodgkin lymphoma patient scanned 2 months after com-
pletion of treatment. PET/CT early during chemotherapy 
had shown a complete metabolic response. A biopsy was 

taken from the PET-positive mediastinal lymph nodes, 
and the histology showed a sarcomatoid reaction, with no 
signs of malignant disease       
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sary overtreatment in some patients without 
 losing effi cacy for others [ 17 ]. As discussed, PET/
CT results in considerable upward stage migra-
tion and allocation of 10–20 % of patients to a 
more advanced treatment group. If PET/CT is 
incorporated into routine and the existing treat-
ment paradigms are kept unchanged, this will 
result in even more overtreatment (Fig.  1.8 ). The 
introduction of more sensitive staging methods 
also calls for relevant therapeutic modifi cations, 
so the more refi ned imaging is used to individual-
ize therapy rather than to aggravate the overtreat-
ment problem. Such treatment modifi cations as a 
consequence of PET/CT have indeed already 
taken place: The shift from involved-fi eld radio-
therapy to involved-node radiotherapy resulted in 

a dramatic reduction of radiation fi elds to HL 
patients, and this change was a direct result of the 
more accuracy baseline imaging by PET/CT [ 18 ].

1.6        Is Contrast-Enhanced CT 
Necessary in the PET/CT Era? 

 The CT part of a PET/CT scan may be performed 
with contrast enhancement (ceCT) at full radia-
tion dose to obtain a high-quality CT  examination 

  Fig. 1.5    FDG uptake in brown fat. This pitfall repre-
sented a serious challenge but after the introduction of 
PET/CT no longer a major cause of false positive 
interpretations       

  Fig. 1.6    Hodgkin lymphoma, stage II disease, with a 
classical distribution of involved lymph nodes in the upper 
mediastinum and lower neck       
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or without contrast using a lower radiation dose. 
Low-dose CT is used to correct for the attenua-
tion of radioactivity within the patient and to 
localize abnormalities seen on PET, with less 
radiation than a full diagnostic examination. 
Whichever protocol is used, CT must be acquired 
during shallow breathing or end of expiration to 
avoid misregistration and artifacts [ 19 ]. A num-
ber of studies have compared PET/CT with and 
without ceCT, and although ceCT may identify 
additional fi ndings and improve detection of 
abdominal and pelvic disease, this rarely has an 
impact on management [ 20 – 22 ]. The use of con-
trast may result in small errors in the measure-
ment of FDG uptake due to an effect on 
attenuation correction; this may cause errors in 
comparison of uptake between tumor and refer-

ence sites by causing FDG uptake to be overesti-
mated in the mediastinum and liver by 10–15 %. 
Although these errors are unlikely to be clinically 
important for staging purposes, they may be 
important for response assessment during and 
after treatment [ 23 ,  24 ]. In practice, many patients 
have already undergone a ceCT as part of the 
diagnostic workup and before referral to PET/
CT. If performed, it is recommended that ceCT 
be performed during a single visit in combination 
with PET/CT.  

1.7     The Need for Bone Marrow 
Biopsy 

 The Cotswold modifi cations to the Ann Arbor 
classifi cation discouraged all invasive staging 
procedures with exception of bone marrow 
biopsy in selected patients [ 4 ]. While stand-
alone CT is insuffi cient for evaluation of HL 
infi ltration in the bone marrow, PET/CT detects 
areas of pathological skeletal FDG uptake sug-
gestive of bone marrow involvement (BMI) in 
10–20 % of the patients. PET-detected BMI is 
usually seen as areas of focally increased FDG 
uptake and often without accompanying mor-
phological changes on CT [ 25 – 28 ] (Fig.  1.9 ). 
The fact that these lesions are seen in up to one-
fi fth of the patients has changed the old percep-
tion of bone marrow involvement being rare in 
HL. Most studies relying on bone marrow biopsy 
for detection of BMI only report frequencies of 
around 5–8 % for BMI in HL [ 29 ,  30 ]. The use of 
iliac crest bone marrow biopsy as a surrogate for 
the whole bone marrow compartment has been 
challenged by frequent fi nding of focal FDG 
lesions in the bone marrow in patients undergo-
ing PET/CT staging. In addition, one-sided bone 
marrow involvement has been reported in nearly 
half of the HL patients undergoing bilateral bone 
marrow biopsies [ 31 ]. Directed biopsies and/or 
additional imaging with scintigraphy and MRI 
has supported the presence of HL in areas of oth-
erwise unexplained focal FDG uptake in the 
bone marrow [ 21 ,  27 ]. Furthermore, there seems 
to be complete agreement between FDG uptake 
in the site of the bone marrow biopsy and results 

  Fig. 1.7    Hodgkin lymphoma, stage III disease. 
Involvement of almost all lymph node regions and the 
spleen       
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of bone marrow biopsy [ 32 ]. In conclusion, PET/
CT has much higher sensitivity for bone marrow 
involvement than conventional bone marrow 
biopsy [ 33 ]. The few patients with BMI initially 
not detected by PET/CT but only by routine 
bone marrow biopsy almost exclusively present 
with advanced-stage disease based on the PET/
CT fi ndings, and therefore the added diagnostic 
information from bone marrow biopsies very 
rarely leads to changes in clinical management 
[ 25 ,  26 ]. The presence of diffuse FDG uptake 
throughout the whole axial skeleton without 

simultaneous focal lesions is a common fi nding 
in patients with newly diagnosed HL (Fig.  1.10 ). 
Despite FDG uptake at the sites of bone marrow 
biopsies, patients with this kind of diffuse FDG 
uptake in the bone marrow usually (but not 
always) present with negative bone marrow 
biopsies [ 25 ,  28 ,  34 ,  35 ]. Other fi ndings suggest 
that infl ammatory response may explain the dif-
fuse FDG uptake in the bone marrow of HL 
patients since anemia and increased leukocyte 
count are associated with the presence of a dif-
fuse FDG uptake [ 5 ,  17 ,  25 ,  36 ] Finally, a study 

  Fig. 1.8    Upward stage migration as a consequence of 
PET/CT. This young lady was diagnosed with classical 
Hodgkin lymphoma and stage IIA disease according to 
CT performed before referral. Staging PET/CT showed a 
clearly PET-positive lesion in the spleen. There was no 
corresponding abnormality on CT and biopsy was not fea-
sible. The original treatment plan was changed from a 
brief course of chemotherapy followed by local irradia-

tion to the neck and upper mediastinum to 6 cycles of 
combination chemotherapy. During her treatment, she 
developed pneumonitis as a result of bleomycin treatment, 
and she needed high-dose prednisone treatment for sev-
eral months. With the patient well and in continued remis-
sion more than 5 years after treatment, it is still not clear 
if PET/CT saved her from undertreatment or resulted in 
overtreatment       
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has shown that there is a high degree of concor-
dance in the reporting of PET/CT-ascertained 
bone marrow involvement [ 36 ]. The Lugano 
classifi cation acknowledges the insignifi cant 
contribution of routine bone marrow biopsy to 
the baseline staging of HL by recommending 
against its use in PET/CT-staged HL patients 
[ 19 ,  37 ]. Thus, the last reminiscence of the path-
ological staging included in the original Ann 
Arbor classifi cation has fi nally been eliminated.

1.8         Newer PET Tracers 

 Like other cancers, HL is characterized by deregu-
lated cell cycle progression and most anticancer 
drugs are designed to inhibit cell proliferation. So 
a tracer enabling imaging of cell proliferation 
could be useful for both initial characterization 
and treatment monitoring of the disease. FDG 
uptake is somewhat correlated with cell prolifera-
tion, but this correlation is weakened by a number 
of factors, including FDG uptake in nonmalignant 
lesions [ 38 ,  39 ]. The nucleoside [ 11 C]thymidine 
was the fi rst PET tracer to specifi cally address cell 
proliferation. Early studies showed that [ 11 C]thy-
midine could determine both disease extent and 
early response to chemotherapy in aggressive non-
Hodgkin lymphoma (NHL) patients [ 40 ,  41 ]. 

  Fig. 1.9    Focally increased FDG uptake in the bone mar-
row of lumbar vertebrae, without accompanying morpho-
logical changes on CT       

  Fig. 1.10    Stage II disease with heavy disease burden and 
diffusely increased uptake in the bone marrow       
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However, the short 20 min half-life of  11 C along 
with rapid in vivo metabolism has limited the clin-
ical application of [ 11 C]thymidine. The thymidine 
analogue 3′-deoxy-3′-[ 18 F]fl uorothymidine (FLT) 
offers a more suitable half-life of 110 min (same as 
FDG) and is stable in vivo [ 42 ]. More recent stud-
ies have shown that FLT-PET can sensitively iden-
tify lymphoma sites [ 43 ]. FLT uptake is highly 
correlated with proliferation rate and may thus be 
able to distinguish between high- and low-grade 
lymphomas [ 44 ,  45 ]. And furthermore, recent 
studies have showed a potential of FLT for imag-
ing early response to treatment in lymphoma [ 46 –
 49 ]. Amino acid metabolism of cancer cells is 
infl uenced by catabolic processes favoring tumor 
growth [ 50 ]. It has been shown that increased 
uptake of amino acids refl ects the increased trans-
port and protein synthesis of malignant tissue [ 51 , 
 52 ]. This is the background for PET imaging of 
amino acid metabolism with the labeled amino 
acids  l -[methyl- 11 C]methionine (MET) and  O -2-
[ 18 F]fl uoroethyl)- l -tyrosine (FET) [ 53 ]. Nuutinen 
et al. studied 32 lymphoma patients and found 
MET-PET highly sensitive for the detection of dis-
ease sites although there was no correlation 
between MET uptake and patient outcome [ 54 ]. 
While these results are encouraging, it should be 
noted that no studies have shown the usefulness or 
cost-effectiveness of amino acid or nucleoside 
tracers in large patient cohorts. Furthermore, high 
physiological tracer uptake in the abdomen limits 
the usefulness of these tracers for imaging of 
abdominal and pelvic lymphomas.  

1.9     International Guidelines 
and the Lugano 
Classifi cation 

 In recent years, several national and regional 
guidelines have included PET/CT in the recom-
mended HL staging workup [ 55 ]. Recently, a 
revision of the international recommendations 
for staging and response assessment of lym-
phoma was published (the Lugano classifi cation) 
[ 37 ]. These recommendations are accompanied 
by internationally accepted guidelines for the use 
of imaging in lymphoma [ 19 ]. Both the imaging 

recommendations and the staging guidelines rec-
ommend PET/CT for routine staging and 
response assessment of HL, and in patients with 
PET/CT staging, routine BMB is discouraged, 
based on the data presented above. The Lugano 
classifi cation has abandoned the use of B symp-
toms (fever, night sweats, weight loss) as signs of 
disseminated disease in NHL, since these consti-
tutional symptoms do not confer an unfavorable 
outcome according to the different NHL prog-
nostic indices [ 56 – 58 ]. However, since the pres-
ence of one or more B symptoms is a prognostic 
factor in HL which still plays a role in treatment 
allocation, HL patients continue to be catego-
rized into stages I–IV (primarily according to 
PET/CT) and with the suffi x A or B (with or 
without B symptoms). In the imaging recommen-
dations it is acknowledged that a 4-point staging 
classifi cation is a rather crude representation of 
the modern, advanced imaging methods. Modern 
CT and PET methodology allows for advanced 
quantifi cation of both anatomical and metabolic 
image information, and it is encouraged to 
explore the value of such quantitative measures 
in the near future. In a few years, the disease 
stage may very well be expressed as a precise 
volume and a metabolic intensity rather than as a 
number on a four-step scale.     
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2.1          Introduction 

 Hodgkin lymphoma is relatively rare disease, 
with an annual incidence of 3 per 100,000. The 
peak incidence is in the early adulthood and in 
the elderly. Patients most commonly present with 
lymphadenopathy in the cervical region and the 
mediastinum. The mediastinal region often shows 
bulky disease. When more regions are involved, 
the areas are usually contiguous, consistent with 
the view that spread is predominantly through the 
lymphatic channels [ 1 ]. Accurate staging and 
restaging provide important prognostic informa-
tion and dictate the appropriate treatment strat-
egy. With the introduction of FDG-PET and later 
on of FDG-PET/CT during the last decennia, the 
accuracy of staging and restaging has improved 
enormously [ 2 ,  3 ]. 

 The widely used International Working Group 
criteria for response assessment of lymphoma, 
published in 1999, were based predominantly on 
CT and did not include PET as part of response 
assessment [ 4 ]. The term “complete remission 
unconfi rmed” (CRu) was originally coined to 

describe persistence of a residual mass post- 
therapy, with resolution of all clinical symptoms. 
Patients with Hodgkin lymphoma often present 
with a bulky mediastinal mass, while after treat-
ment fi brotic residual tissue can be observed. An 
optimal treatment strategy for patients with HL 
combines high cure rates with minimal toxicity. 
The correct identifi cation of patients with a com-
plete remission, with or without large residual 
masses, reduces the number of patients exposed 
to unnecessary toxicity. With the introduction of 
FDG, the ability to distinguish between viable 
tumor and necrosis or fi brosis became available 
[ 5 ]. In one study, it was observed that that the 
majority of the CRu patients had negative FDG- 
PET fi ndings with progression-free survival rates 
equivalent with CR patients [ 6 ]. Hence, FDG- 
PET may be useful in fi nding the balance between 
a highly effective treatment and minimal toxicity. 
Considering the more widespread use of FDG- 
PET in response assessment of lymphoma, it 
became clear that the International Working 
Group criteria warranted revision. For this pur-
pose, in 2007 the Competence Network Malignant 
Lymphoma convened an International 
Harmonization Project with fi ve subcommittees 
among which the imaging subcommittee. The 
aim was to develop guidelines for performing 
and interpreting FDG-PET for treatment 
 assessment in lymphoma, to ensure the reliability 
of the method, both in the context of clinical tri-
als and in clinical practice. Since the publication 
of the revised Cheson criteria for staging and 
restaging in malignant lymphoma [ 7 ,  8 ], PET has 

        J.  M.   Zijlstra ,  MD, PhD      (*) 
  Department of Hematology ,  VU University Medical 
Center ,   De Boelelaan 1117 ,  1081HV   Amsterdam , 
 The Netherlands   
 e-mail: j.zijlstra@vumc.nl   

    P.  G.   Raijmakers ,  MD, PhD      
  Department of Radiology and Nuclear Medicine ,  VU 
University Medical Center ,   De Boelelaan 1117 , 
 1081HV   Amsterdam ,  The Netherlands   
 e-mail: p.raijmakers@vumc.nl  

  2

mailto:j.zijlstra@vumc.nl
mailto:p.raijmakers@vumc.nl


16

become a mandatory and essential diagnostic 
technique in evaluation treatment response. Since 
that time, many reports have shown the value of 
PET imaging of Hodgkin lymphoma for evalua-
tion response assessment after chemotherapy or 
radiotherapy [ 9 – 15 ]. However, with increasingly 
sensitive and specifi c technologies for disease 
assessment by the introduction of new PET/CT 
imaging, a modernization of the response criteria 
became necessary. In 2014, the Lugano classifi -
cation has been published, aiming to improve the 
evaluation of patients with lymphoma and 
enhance the ability to compare outcomes of clini-
cal trials [ 16 ,  17 ]. This chapter will summarize 
the use of FDG-PET/CT for response evaluation 
after therapy and discuss the some technical con-
siderations and pitfalls that may infl uence correct 
assessment of PET/CT. Also standardization of 
the interpretation of criteria and semiquantitative 
evaluation are being described.  

2.2     Relevance of Response 
Monitoring 

 As Hodgkin lymphoma is generally a curable dis-
ease, the goal of treatment is to achieve a complete 
remission (CR), which is a prerequisite for cure. 
Accurate remission assessment after the comple-
tion of therapy is therefore essential to detect 
patients with incomplete response, to improve the 
prognosis of those patients by timely introduction 
of more effective treatment options. However, also 
overtreatment must be prevented to avoid treat-
ment-related toxicity. As Hodgkin lymphoma 
patients often present with bulky lymphadenopa-
thy, it is well know that many patients have (minor) 
lymphadenopathy after therapy. Particularly for 
response assessment at therapy conclusion, FDG-
PET has been shown to be considerably more 
accurate than CT because of its ability to distin-
guish between viable tumor and necrosis or fi bro-
sis in post-therapy residual masses that are 
frequently present in patients with Hodgkin lym-
phoma without any other clinical or biochemical 
evidence of disease [ 3 ]. Its routine use has been 
recommended to assess the post-therapy response 
of HL, especially if CT reveals a residual mass.  

2.3     Evaluation After First-Line 
Therapy 

 During the last 20 years, many retrospective and 
prospective studies have been published on the 
value of FDG-PET and PET/CT response assess-
ment at conclusion of therapy [ 9 – 15 ]. 

 Two systematic reviews have analyzed the 
diagnostic accuracy of FDG-PET for posttreat-
ment evaluation of Hodgkin lymphoma patients 
after fi rst-line chemotherapy [ 18 ,  19 ]. Although 
there is a major methodological variability between 
the studies included in both reviews, these studies 
consistently show that FDG-PET has a high speci-
fi city in this setting for a pooled sensitivity (vs. the 
gold standard of tumor- positive biopsy/clinical 
follow-up of at least 1 year) of 84 % for Hodgkin 
lymphoma (see Table  2.1 ). The negative predictive 
value (NPV) for FDG-PET in post-therapy evalua-
tion of HL appeared to be very high, ranging from 
71 to 100 %. However, the positive predictive 
value (PPV) exhibits a wider range (13–100 %) 
with a weighted average of 62 %. Possible expla-
nations for this relatively low PPV are the substan-
tial fraction of HL patients that received radiation 
therapy prior to undergoing FDG-PET, resulting in 
frequent occurrence of false-positive post- radiation 
infl ammatory changes and the more frequent 

   Table 2.1    Several studies have investigated the Positive 
Predictive value (PPV) and Negative Predictive value 
(NPV), illustrating the high NPV and variable PPV   

 Study and year 
 % PET 
positive 

 % PET 
negative 

 PPV 
(%) 

 NPV 
(%) 

 Filmont, 2004  44  56  78  100 

 Friedberg, 2004  25  75  50  96 

 Guay, 2003  25  75  92  92 

 Jerusalem, 1999, 
2003 

 13  87  100  92 

 Kobe, 2008  26  74  – a   94 

 Mikosch, 2003  61  39  89  100 

 Mocikova, 2004  32  68  13  100 

 Rigacci, 2005  29  71  50  100 

 Schaefer, 2004  22  78  100  71 

 Spaepen, 2001  8  92  100  91 

 Wickmann, 2003  52  48  60  91 

  Modifi ed from Juweid,  JNM , [ 40 ] 

  a PET-positive patients received radiotherapy  
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occurrence of thymic hyperplasia in the generally 
younger HL patients, which can also lead to a 
false-positive interpretation of posttreatment PET 
scans. Hence, radiotherapy may hamper the inter-
pretation of posttreatment PET scans. Recently, 
Morbelli et al [ 20 ] demonstrated that previous 
radiotherapy was the most important predictor of 
false-positive FDG-PET performed in asymptom-
atic lymphoma patients in remission. With a posi-
tive PET scan rate of about 30 % and a PPV of 
62 %, misclassifi cation of disease status due to a 
positive post-therapy PET affects approximately 
11 % of all patients. If further treatment based on 
residual metabolically active disease on PET/CT is 
being considered, either biopsy or follow-up scan 
is advised. On the other hand, a 70 % frequency of 
negative PET combined with a NPV of 94 % trans-
lates into a misclassifi cation of only 4 % of all 
patients. Even in case of a large residual mass, a 
biopsy is not advised [ 21 ].

   Alternatively, a CT scan may offer additional 
information in the posttreatment evaluation of 
HL. Assessment of tumor size reduction on CT 
has been studied by Kobe et al. in their HD15 
trial in advanced HL. In the subgroup of the 54 
PET-positive patients with a relative reduction of 
less than 40 % on CT, the risk of progression or 
relapse within the fi rst year was 23.1 %, com-
pared with 5.3 % for patients with a larger reduc-
tion. So patients with HL who have PET-positive 
residual disease after chemotherapy and poor 
tumor shrinkage are at higher risk of progression 
or relapse [ 22 ]. Hence, a diagnostic CT scan, per-
formed with intravenous and oral contrast agents, 
should also be performed.  

2.4     Evaluation After Second- 
Line Therapy, 
Before Autologous Stem Cell 
Transplantation 

 For relapsed HL, reinduction chemotherapy and 
autologous stem cell transplantation can yield a 
5-year event-free survival up to 50 % [ 23 ,  24 ]. 
However, the success of this highly toxic treatment 
relies on tumor chemosensitivity. Various studies 
[ 25 – 27 ] have reported that PET/CT using FDG is 

prognostic in patients with relapsed or refractory 
HL after salvage chemotherapy before high-dose 
chemotherapy and autologous stem cell transplan-
tation (ASCT) and is superior to CT alone. Three-
year progression-free survival (PFS) and event-free 
survival (EFS) rates of 31–41 % have been reported 
for patients with PET-positive scans, compared 
with 75–82 % for patients with PET-negative 
scans. A meta- analysis also demonstrated a strong 
correlation between pre-ASCT FDG-PET results 
and the outcome after ASCT. A negative pre-
ASCT PET not only indicated a longer PFS but 
also a signifi cant gain in overall survival [ 28 ].  

2.5     Visual Versus Semi- 
quantitative Assessment 
of PET/CT 

 Visual assessment alone appears to be adequate 
for determining whether PET is positive or nega-
tive at the conclusion of therapy, and quantitative 
or semi-quantitative approaches (e.g., using the 
standardized uptake value [SUV]) do not seem 
necessary for daily practice use. In the Lugano 
classifi cation, the 5-point scale (5-PS) or 
Deauville score is recommended (see Table  2.2 ) 
[ 17 ]. The 5-PS was intended as a simple, repro-
ducible scoring method, with the fl exibility to 
change the threshold between good or poor 
response according to the clinical context and/or 
treatment strategy. The 5-PS has been validated 
for use at interim response assessment and was 
adopted as the preferred reporting method at the 
First International Workshop on PET in 

   Table 2.2    Deauville score or 5-point score for grading 
FDG-uptake   

 The  5-point score  scores the most intense uptake in a 
site of initial disease, if present, as follows: 

   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 
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Lymphoma in Deauville, France (i.e., Deauville 
criteria), and in several international trials. At the 
end of treatment, residual metabolic disease with 
a score of 4 or 5 represents treatment failure even 
if uptake has reduced from baseline [ 16 ]. A score 
of 4 or 5 with intensity that does not change or 
even increases from baseline and/or new foci 
compatible with lymphoma represents treatment 
failure at the end-of-treatment assessment. 
However, validation of DS for end-of-treatment 
assessment has only been published for primary 
mediastinal B-cell lymphoma (PMBCL) which 
has similarities with mediastinal bulky HL [ 29 ].

   Metabolic changes measured by standard 
uptake values are continuous, refl ecting an 
in vivo therapy response scale. However, SUV 
measurements heavily depend on several factors 
related to PET protocols, e.g., interval between 
injection and scanning, blood glucose concentra-
tions, body weight, and individual scanner- 
dependent features [ 30 ]. The variability of SUV 
values decreases the potential accuracy of abso-
lute cutoff values. Hence, in daily practice, visual 
assessment of posttreatment PET in HL is pre-
ferred above a semiquantitative approach. 

 However, not only the correct scoring of the 
FDG avidity compared to the mediastinum and 
liver is important, the most relevant issue is the 
interpretation of these images in the clinical con-
text. For experienced nuclear medicine physi-
cians, the recognition of specifi c patterns in FDG 
uptake is essential [ 31 ,  32 ]. 

 Most common causes of false-positive FDG- 
PET results in treatment evaluation are pneumo-
nia and other infections (induced by neutropenic 
periods after chemotherapy), sarcoidosis and 
sarcoid-like reactions, infl ammatory lung pro-
cesses, brown fat uptake, second primary malig-
nancies, radiotherapy-induced pneumonitis, and 
thymus hyperplasia (especially in children and 
young adults) [ 33 – 36 ]. Thymic hyperplasia is a 

common phenomenon that occurs after comple-
tion of treatment. It has been proposed that this 
fi nding is due to an immunologic rebound char-
acterized by thymic aplasia followed by hyper-
plasia [ 37 ]. For illustrations see Figs.  2.1 ,  2.2 , 
 2.3 ,  2.4 ,  2.5 ,  2.6 , and  2.7 .

         In some cases, uncertainty will exist, and dis-
cussion concerning true positive PET lesions (i.e., 
persisting Hodgkin activity) or false- positive PET 
lesions (i.e., infl ammation following treatment) 
cannot be resolved. In such clinical situations, an 
often invasive biopsy procedure is the only solution 
to bring clarity. If such a surgical intervention is not 
feasible, the alternative option can be to perform a 
PET/CT scan after 2–3 months. Recently we have 
treated a young man with relapsed Hodgkin lym-
phoma, with nodal involvement in the axillary 
lymph nodes, just outside the radiation fi eld. His 
original disease was located in the cervical and 
mediastinal region. During second-line treatment 
with DHAP and brentuximab vedotin (clinical trial 
Phase II), his axillary lymph nodes disappeared, 
but a new lesion came up in the mediastinal area. 
Discussion about the origin of this new lesion could 
not be settled. We have asked the thoracic surgeon 
to perform a mediastinotomy and remove the PET- 
positive lesion. It appeared to be fi brotic tissue with 
sheets of active macrophage involvement and 
debris. He remained in complete remission after 
autologous stem cell transplantation.  

2.6     Technical Considerations 

 Although never studied in detail, it might be 
expected that assessment of PET/CT for post-
treatment evaluation in HL is more accurate than 
assessment of PET “stand-alone” imaging results. 
Especially for the proper evaluation of FDG 
uptake in the mediastinal region, a secure corre-
lation with anatomical structures is essential. 

  Fig. 2.1    ( a ) A 35-year-old female with biopsy-proven 
Hodgkin’s disease; the fi gure represents the initial FDG- 
PET/CT scan, which was used for staging. The fi ndings 
are consistent with bulky mediastinal nodal Hodgkin’s 
lymphoma. ( b ) FDG-PET/CT restaging after chemother-

apy (BEACOPP escalated). The post-therapy scan shows 
a residual mediastinal mass on the CT images ( red arrow ). 
The FDG uptake was low refl ecting an uptake intensity of 
2 of the 5-point scale (5-PS), consistent with a complete 
metabolic response with a residual mass       
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a

b

  Fig. 2.2    ( a ) Follow-up FDG-PET scan in 22-year-old 
patient with HL, located in mediastinum and cervical 
lymph nodes. The posttreatment PET scan shows increased 
uptake in the mediastinal area (tracer uptake intensity 4 of 
the 5-PS); however, pattern and intensity of the FDG uptake 
are consistent with thymic FDG uptake in a young adoles-

cent. ( b ) A PET scan performed 4 months later during fol-
low-up demonstrated a spontaneous regression of rebound 
uptake in thymus. This observation was consistent with the 
clinical course showing no relapse of HL in this patient. 
 Red arrow  pointing to the mediastinal FDG uptake       
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  Fig. 2.3    ( a ) A 23-year-old patient with initial bulky medi-
astinal HL (stage IV); patient was treated with BEACOPP 
chemotherapy and mediastinal radiotherapy. After this ini-
tial treatment schedule, a FDG-PET scan showed a relapsed 
HL with nodal infraclavicular disease and extra-nodal 
localization in the spine. ( b ) After treatment with DHAP 
chemotherapy, the PET/CT scan demonstrated a good treat-
ment response with no FDG uptake in the infraclavicular 
nodal region and in the extra-nodal vertebral localizations 

(see coronal and sagittal views). However, this PET scan 
showed intense uptake in the mediastinal region (transaxial 
PET image  b ). This nodal uptake was not visible on the 
pretreatment scan at relapse (see axial image  a ). Therefore, 
a biopsy was performed. The biopsy of the mediastinal 
node with increased FDG uptake revealed the presence of 
macrophages and lymphocytes in a lymph node. Hence, 
this mediastinal FDG uptake refl ected a false-positive 
lesion with a local infl ammatory response       
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  Fig. 2.4    ( a ) Baseline FDG-PET/CT in staging HL with 
intense FDG uptake in nodular disease in the cervical 
regions, mediastinum, and right axilla. ( b ) FDG-PET/CT 
after chemotherapy. The PET scan showed disappearance 
of the FDG uptake in the initial nodal localizations refl ect-
ing a complete metabolic response; however, two sites 
with FDG uptake were seen in the right lung (axial image). 

The lung uptake was new compared to the baseline PET 
scan (compare axial images  a  and  b ); therefore, the pul-
monary lesions were classifi ed as a category X of the 5-PS 
(“new areas of uptake unlikely to be related to lym-
phoma”) representing infl ammatory parenchymal lung 
uptake (infection)       
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b

  Fig. 2.5    ( a ) FDG-PET/CT staging of HL patient with 
nodal mediastinal disease (see coronal and sagittal images). 
( b ) The posttreatment PET/CT after ABVD showed a com-
plete metabolic response (compare coronal and sagittal 
images of  a  and  b ); however, symmetric cervical FDG 
uptake was seen ( arrow , axial images  b ). These cervical 

localizations were new compared to the baseline PET scan 
(axial image  a ). Correlation with the CT images demon-
strated no nodal FDG uptake, but FDG uptake in fat, con-
sistent with symmetric brown fat uptake. Altogether, the 
cervical uptake was classifi ed as an X classifi cation of the 
5-PS.  Red arrow  pointing to the cervical FDG uptake       
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  Fig. 2.6    ( a ) FDG-PET/CT scan of patient with a relapsed 
HL; images show intense uptake in the mediastinal and 
axillary lymph nodes. The FDG uptake in the bowel has a 
diffuse pattern and does not refl ect HL. ( b ) A posttreat-
ment FDG-PET scan showed a good treatment response. 
However, the PET images revealed a new focus with 
intense FDG uptake in the left lung (PET classifi cation: 

left lung focus, category X, infl ammatory FDG uptake 
due to pulmonal infection). ( c ) During follow-up, the pul-
monary infection was treated with antibiotics, and the 
FDG-PET scan showed a regression of the pulmonary 
infection. However, this end-of-treatment PET scan 
showed increased uptake in the left axillary region (inten-
sity 4 on the 5-PS), refl ecting a partial remission of HL         

a

Using PET/CT instead of PET and separate CT 
facilitates a more accurate assessment. 

 In the current Lugano criteria, a staging PET/
CT is not only advised but mandatory for a good 
posttreatment evaluation [ 17 ].  

2.7     Practical Considerations 

 For ordering physicians, it is important that they 
understand the clinical information needed by 
imaging physicians to optimize the interpretation 
of such studies. The request for the PET/CT exam-
ination should include suffi cient medical informa-
tion to demonstrate medical necessity and should 
at least include the diagnosis and questions to be 

answered. For posttreatment evaluation, it is 
essential that recent infections, comorbidity, and 
diabetes mellitus are mentioned. The results of 
prior imaging studies should be available to 
review, including planar radiography, CT, and 
staging FDG-PET/CT. An overview of used medi-
cation, especially antidiabetic medication, cortico-
steroids, and growth factors and in the case of 
therapy evaluation type and date of last chemo-
therapy or radiotherapy must be mentioned [ 30 ]. 

 The timing for end-of-treatment evaluation 
PET should be at least 3 weeks after chemother-
apy [ 8 ] and preferably 8–12 weeks after comple-
tion of radiotherapy. This approach should be 
adopted to improve diagnostic accuracy by avoid-
ing post-therapy infl ammatory changes.  
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Fig. 2.6 (continued)
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2.8     PET-Guided Radiotherapy 
as Consolidation Treatment 
Following Chemotherapy 

 By using PET/CT for response assessment after 
chemotherapy, the use of radiotherapy as consoli-
dation has greatly diminished. In former days, 
most patients with residual tissue on CT after 
chemotherapy received adjuvant radiotherapy. 
However, with the introduction of PET/CT, it is 
known that even for patients with large residual 
masses, but without FDG avidity, there is no need 
for radiotherapy. The negative predictive value 
(NPV) of FDG-PET has been investigated by the 
German Hodgkin Study Group in the HD15 trial. 

In this trial, patients with advanced stage HL 
were treated with 6 or 8 cycles of BEACOPP. The 
NPV appeared to be 94 % after a follow-up of 12 
months. Thus, following BEACOPP consolida-
tion radiotherapy can be omitted in PET(−) 
patients with residual disease without increasing 
the risk for progression or early relapse compared 
with patients in complete remission [ 38 ,  39 ]. In 
this trial, only 11 % of patients appeared to be 
PET(+) and received additional radiotherapy. For 
advanced stage HL patients treated with ABVD, 
PET-guided radiotherapy has not been validated. 
However, there are no arguments to doubt on the 
relevance of PET-guided radiotherapy in this 
setting.     

a

  Fig. 2.7    ( a ) Patient with known sarcoidosis in the medi-
astinum and hilar lymph nodes, presented with a localiza-
tion of Hodgkin lymphoma in left orbital region (rare 
localization, biopsy proven); see axial image. FDG-PET 
demonstrating intense FDG uptake in orbital region, 
mediastinal and hilar FDG uptake, and ossal foci. ( b ) 
Posttreatment FDG-PET showing regression of the orbital 
lesion and the bone marrow localizations (see axial and 
sagittal images). However, mediastinal and hilar FDG 

uptake remains abnormal with multiple focal areas with 
increased FDG uptake. This uptake may refl ect sarcoid-
osis or a partial response. ( c ) During follow-up an addi-
tional FDG-PET scan was performed. During follow-up 
the biopsy-proven HL site in the orbita remained without 
any sign of relapse. The mediastinal and hilar FDG uptake 
showed some decline of FDG uptake, consistent with a 
decline of sarcoidosis activity. During 2 years of follow-
 up, no relapse of HL was observed         
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Fig. 2.7 (continued)
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3.1          Introduction 

 Since chemotherapy inception in the early 1950s, 
the prediction of the ultimate treatment response 
has been the object of intensive clinical research 
in oncology for more than half a century. In the 
millennium turnaround, this interest has been 
further fuelled by the technological progress of 
medical imaging for cancer treatment monitor-
ing and by the discovery of a vast array of new 
prognostic and predictive markers for a modern, 
personalized treatment strategy. The concept 
of prognostication does not necessarily overlap 
with treatment response prediction. In general, 
prognostic markers are readily available before 
treatment onset, are informative of the risk of 
recurrence, and on the ultimate treatment out-
come of a given malignancy. They are useful 

to minimize confounding factors when com-
paring the results of similar cohorts of patients 
in clinical trials, or when stratifying patients 
according to their risk of treatment failure. On 
the other hand, predictive markers are treatment-
dependent and available only during therapy. 
Tumour response prediction, based on the early 
appraisal of a number of tumour biomarkers, 
which proved informative of the fi nal treatment 
outcome, is increasingly used in Oncology [ 1 ]. 
Tumour chemosensitivity was originally stud-
ied from in vitro cultures of cancer cells from 
patient, and has been considered for long the 
ideal predictive tool of fi nal treatment outcome 
[ 2 ]. Standard parameters such as colony-form-
ing ability, growth inhibition, or cell viability 
were used as measurable indexes of sensitivity 
to cytostatic drugs. Later on, the development 
of high- throughput technologies, e.g. cDNA 
microarrays, enabled a more detailed analy-
sis of drug responses. However, these methods 
proved unsuitable in the clinical practice and 
they are currently limited to new drug discov-
ery and preclinical drug testing platforms [ 3 ]. 
Tumour shrinkage has been also considered in 
the past a surrogate marker for chemosensitivity, 
and classical radiological imaging by contrast- 
enhanced computed tomography (CeCT) scan 
has been proposed during treatment to assess an 
early tumour response [ 4 ]. However, it became 
clear that traditional radiological assessment 
of tumour bulk shrinkage is not an accurate 
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 predictor of outcome, as any reduction in tumour 
volume takes time and can lag behind metabolic 
slowdown of the neoplastic tissue, which occurs 
immediately after chemotherapy delivery. This is 
particularly evident in HL, where a residual mass 
is observed in up to two-thirds of the patients at 
the end of treatment [ 5 ,  6 ]. Furthermore, treat-
ment response assessment by radiological imag-
ing modalities may be inaccurate because of 
errors in tumour measurements, errors in selec-
tion of measurable targets, and inter-observer 
variability of tumor size assessment [ 7 ]. More 
recently, a new class of prgnostic markes able to 
predict treatment outcome in a single patients-
basis have beeen proposed. Among them, func-
tional imaging by  67 Ga-citrate scintigraphy or 
 18 F-fl uorodeoxyglucose (FDG) positron emis-
sion tomography (FDG PET) proved able to 
predict treatment outcome, as surrogate mark-
ers of chemosensitivity with superior overall 
accuracy in lymphoma [ 8 ,  9 ] and other solid 
neoplasms [ 10 – 12 ]. Similarly, minimal residual 
disease (MRD) detection by fl ow cytometry or 
molecular biology in acute and chronic leukae-
mia proved essential to predict long-term disease 
control [ 13 – 16 ]. The predicted benefi t (overall 
survival) and/or its surrogate (progression-free 
survival) must be appropriate to the treatment 
context. In this aspect a “predictive” marker is 
different from a “prognostic” marker since only 
the former is strictly related to a given treatment. 
In HL, this concept applies both to end of ther-
apy and interim PET scan, whose predictive role 
on treatment outcome, whatever the time point 
during chemotherapy or chemoradiation the scan 
is performed, depends on the intensity of deliv-
ered therapy [ 17 ].  

3.2     Interim PET to Predict 
Treatment Outcome 

3.2.1     Prognostication in HL 

 HL has been for long considered the archetype in 
oncology for tumour staging, restaging, and 
prognostication. The Ann Arbor staging system 
[ 18 ], and later the Cotswolds revised classifi ca-
tion [ 19 ], fi rst introduced the concept that disease 

manifestations and tumour bulk identify distinct 
categories of patients who have a different prog-
nosis and perhaps need specifi c therapeutic 
approaches. Surgical procedures (the so-called 
staging laparotomy with splenectomy and multi-
ple nodal and organ biopsies) were fi rst proposed 
in the early 1970s for tumour staging [ 20 ]. These 
procedures had the merit of having fuelled the 
knowledge on the physiopathology of disease 
spread, but proved cumbersome and even bur-
dened by some morbidity. For these reasons at 
the beginning of the 1980s, radiological imaging 
with lymphography and CeCT surmounted stag-
ing laparotomy. CeCT, in particular, proved a 
readily accessible, non-invasive diagnostic tool, 
with a high sensitivity and overall accuracy for 
tumour spread detection and it became rapidly 
the standard for tumour staging [ 21 ]. 

 In the meanwhile, the growing evidence that 
the tumour per se and the host reaction against 
the tumour were the main prognostic parameters 
correlated to tumour survival provided the frame 
for a new classifi cation of prognostic factors in 
HL as (1) tumour-related, (2) host-related, and 
(3) environment-related [ 22 ]. Tumour-related 
factors include those depending on tumour biol-
ogy, pathology, and burden. Host-related factors 
include a number of causes, which may signifi -
cantly infl uence outcome such as age, co- 
morbidity, viral infections, and naïve immunity 
against the tumour. Environment-related factors 
include mainly situations outside the patients 
such as socio-economic status and access to god- 
quality health care. Assumedly, “true” prognostic 
factors have a known value at disease onset, 
before treatment starts, the so-called fi xed- 
covariates, while others may only be known later 
during treatment, the so-called predictive factors 
or time-dependent covariates, such as time to 
response or early chemosensitivity assessment. 
The latter may be important for answering bio-
logical and clinical questions, but its prognostic 
relevance can be assessed only in prospective 
randomized studies comparing the 
chemosensitivity- adapted treatment (experimen-
tal arm) to the traditional non-adapted chemo-
therapy (standard arm) [ 23 ]. In Hl, tumour bulk, 
computed with a software by measuring the area 
of every neoplastic lesion, manually contoured in 
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transaxial slices of CT scan by an expert 
 radiologist, proved indeed to be one of the most 
powerful predictor of treatment outcome and, 
though related to many clinical staging parame-
ters, was not predicted by them [ 24 ]. As a matter 
of fact, both in early-stage [ 25 ,  26 ] and in 
advanced- stage [ 27 ] HL, the number of involved 
lymph node regions as well as the volume of the 
disease on individual regions proved to predict 
progression- free survival (PFS) and overall sur-
vival (OS). These observations prompted clini-
cians to refi ne the classical four-stage Ann Arbor 
classifi cation. As a consequence, a further prog-
nostic breakdown of early-stage disease in two 
distinct subsets was proposed, based on a mixture 
of prognostic factors related to tumour bulk and 
host characteristics (see Table  3.1 ), and the inten-
sity and duration of treatment modulated accord-
ingly [ 28 ]. At the end of millennium, prognostic 
information of several biomarkers related to 
tumour burden and host reaction in advanced-
stage disease was retrospectively extracted by a 

large data set collected from 5141 advanced-
stage patients treated with doxorubicin-contain-
ing regimens in 25 international institutions [ 29 ]. 
Seven parameters were found to be associated in 
multivariate analysis, with an inferior treatment 
outcome: low albumin levels, anaemia, male sex, 
age ≥ 45 year, stage IV, leucocytosis, and lym-
phopenia. A prognostic model, the International 
Prognostic Score (IPS), was then constructed, 
and six risk classes, depending on the number of 
adverse prognostic factors, were identifi ed, show-
ing a 5-year freedom from progression (FFP) 
ranging from 84 % for score 0 (no risk factor) to 
42 % for score 5 (≥5 risk factors) (Fig.  3.1 ).

    However, the discriminative power and the 
prognostic relevance of the model were limited 
as only 7 % of the patients showed a 6-y FFS 
less than 50 %, and therefore its use in clinical 
practice has been questioned [ 30 ]. Interestingly, 
nearly 20 years after, the prognostic value of 
IPS has been again retrospectively assessed in a 
comparable cohort of 686 advanced-stage HL 

   Table 3.1    Preliminary results of the multicentre international PET response-adapted prospective trials of the GITIL/
FIL (HD0607), of the NCRI (RAPID), and of the SWOG-CALG-B (S0816)   

 Trial  Stage   N  a   PET-2 key  PET-2+ (%)  PET-2− (%) 
 3-y PFS all 
pts. 

 3-y PFS 
PET-2− pts. 

 3-y PFS 
PET-2+ pts. 

 GITIL/FIL HD 
0607 

 IIB-IVB  656  DS  17  82  83 %  89 % b   66 % b  

 NCRI RATHL  IIB-IVB*  1136  DS  16  84  82 %  84–85 % a   68 % 

 SWOG S0816  III-IV  371  DS  18  82 

   a PET-2-negative patients were randomized to ABVD vs. AVD 
  b The results in the PET-2+ and PET-2− arms are reported as 2-y PFS 
  * Stage II unfavourable, stage III and IV  

FACTOR

Serum albumin, <4 g/dl

Hemoglobin, <10.5 g/dl

Male sex

Stage IV disease

Age, ≥45 yr

White-cell count, ≥15,000/mm3

Lymphocyte count, <600/mm3

or <8% of white-cell count

0.40 ± 0.10

0.30 ± 0.11

0.30 ± 0.09

0.23 ± 0.09

0.33 ± 0.10

0.34 ± 0.11

0.31 ± 0.10
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  Fig. 3.1    The International Prognostic Score (IPS) for advanced-stage Hodgkin lymphoma (From Hasenclever 
et al. [ 29 ])       
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patients aged 15–65 years and staged without 
the contribute of FDG PET, on behalf of the 
British Columbia Cancer Agency (BCCA) [ 31 ]. 
Although confi rming the prognostic role of IPS, 
the study showed a substantial narrowing of the 
distance among the 5-y FFP Kaplan-Meyer 
curves of the different score levels ranging 
between 88 % for score 0 and 70 % for score 6, 
that was attributed by the authors to a lower per-
centage of stage IV (24 % in the BCCA series 
vs. 42 % in the original IPS study). This phe-
nomenon, in turn, depended on a more restric-
tive defi nition of stage IV according to BCCA 
guidelines. It should be stressed, however, that 
in the original IPS study stage IV had an adverse 
prognostic meaning only in the presence of 2 or 
more ENS attained by disease, which occurred 
only in 12 % of the patients. This scenario has 
been profoundly modifi ed in the PET era, due to 
its higher sensitivity and overall accuracy com-
paring to CeCT in detecting ENS spread, with a 
resulting upward-stage migration in 20–25 % of 
the patients, mainly for a shift from stage III to 
stage IV [ 32 ]. 

 Besides staging, HL prognostication has 
been also revolutionized, in the mid 1990s, by 

the advent of functional imaging with  18 F-FDG 
PET. In all the key aspects of HL management 
such as staging and restaging, early and fi nal 
treatment response monitoring, radiotherapy 
planning, and guiding FDG PET/CT has gained 
an irreplaceable role, thus becoming an indis-
soluble and essential tool in the HL therapeutic 
strategy [ 33 ] (Fig.  3.2 ).

   Probably the most relevant contribution of 
PET in the overall HL management has been the 
early chemosensitivity assessment both in early- 
and advanced-stage HL. This success was due to 
a number of tumour-related and tumour- 
unrelated reasons, but probably more impor-
tantly, to the peculiar pathobiology and tissue 
architecture of HL. The latter is characterized by 
the presence of few, scattered neoplastic cells, 
the Hodgkin and Reed-Sternberg cells (HRSC), 
accounting for less than 5 % of the total cell bur-
den, embedded in a meshwork of non-neoplas-
tic, reactive cells, which are attracted in the 
neoplastic milieu by a cytokine gradient and in 
turn responsible for the growth and immortaliza-
tion of HRSCs [ 34 ]. These “infl ammatory” cells, 
lymphocytes, macrophages, granulocytes, and 
eosinophils,  identifi ed as micro-environment 

1-st line Tx Follow-up

Clinical use Protocols only Unproven utility

2-nd line Tx Follow-upASCT

RxT

PET-guided treatment for HL

PET-guided Tx.

  Fig. 3.2    FDG PET/CT for Hodgkin lymphoma management (Adapted from Gallamini et al. [ 33 ])       
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(ME) cells, show a considerably high glycolytic 
activity [ 35 ] and are largely responsible for the 
high FDG uptake within the tumour tissue [ 36 ]. 
Both chemokine production and metabolic 
activity of the ME cells are apparently shut 
down early during treatment in chemo-sensitive 
disease, in nearly in 80 % of HL patients [ 37 –
 40 ]. In this “on-off” phenomenon, ME cells 
work as a signal amplifi er as they are switched 
off in case of HRSC kill in chemo- sensitive HL 
and vice versa in chemo-resistant disease. This 
mechanism, in turn, increases dramatically the 
detection power of FDG PET/CT, which is nor-
mally able to detect only nodal lesion of a diam-
eter of 4–5 mm or more [ 41 ]. As a matter of fact, 
interim PET scan performed after few chemo-
therapy courses (PET- 2) with doxorubicin, bleo-
mycin, vinblastine and dacarbazine (ABVD) is 
able to predict the long- term disease control 
with an overall high accuracy in HL, while spec-
ifi city and positive predictive value (PPV) 
resulted higher in advanced- compared to early-
stage disease [ 42 ,  43 ]. On the other hand, the 
negative predictive value (NPV) of PET-2 was 
reportedly very high, ranging from 100 % to 
86 %, depending on the effectiveness of chemo-
therapy regimen [ 37 ,  44 ]. As mentioned above, 
the PPV resulted disappointingly low in early 
stage disease, ranging from 20 % to 45 %, prob-
ably due to (1) the high rescue rate of radiother-
apy in PET-2- positive patients, (2) to the low a 
priori risk of treatment relapse in early-stage 
disease, (3) to a non-negligible rate of false-pos-
itive results due to unspecifi c FDG uptake in 
post-chemotherapy infl ammatory tissue and (4) 
to the lack of accurate rules for interim PET 
reporting [ 42 ]. 

 The situation is completely different in 
advanced-stage disease. In a large meta-analysis 
review, interim PET performed after 2 cycles of 
ABVD (PET-2) had an overall sensitivity of 0.81 
(95 % CI, 0.72–0.89) and a specifi city of 0.97 
(95 % CI, 0.94–0.99) in predicting PFS [ 45 ]. In 
the retrospective Italian Danish study in a large 
( N  = 260) cohort of advanced-stage ( N  = 193) or 
unfavourable early stage ( N  = 67), treated with 6 
courses of ABVD ± consolidation RT, undergo-
ing interim PET scan after 2 ABVD courses for 

prognostic aim only, the 3-y PFS of PET-2-
negative and PET-2-positive patients was 95 % 
and 12.8 % ( p  < .0001). Importantly, compared to 
a classical prognostic model such IPS, the predic-
tive value of PET-2 on treatment outcome was 
maintained both in low- (0–2) or high-score (≥3) 
IPS patients, thus superseding the prognostic role 
of the latter [ 8 ] (Fig.  3.3 ).

   These data have been subsequently confi rmed 
in larger cohorts of patients [ 46 – 48 ]. Other 
groups have explored the predictive value of 
interim PET as early as after 1 single course of 
chemotherapy (PET-1). After the preliminary 
report in small and mixed cohort of HL and 
aggressive B-cell lymphoma patients, which 
stressed the very high negative predictive value 
of PET-1 [ 49 ,  50 ], the results of a large interna-
tional prospective cooperative study have been 
reported in a series of 126 HL patients with early 
( N  = 68: 54 %) and advanced ( N  = 58) stage [ 51 ]. 
This study confi rmed the very high NPV of 
PET-1 of 96.8 %, while the PPV was only 44.4 %. 
The authors commented that if in a PET-adapted 
strategy the intention is treatment de-escala-
tion – which can be an attractive option for early-
stage patients – PET-1 is better than PET-2. 
However, because of the higher rate of false-pos-
itive results associated with PET-1, PET-2 should 
remain the preferred choice for selecting non 
responding patients to switch to a more aggres-
sive treatment.   

Interim PET results according to IPS (0-2 vs. ≥ 3)
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3.3     PET Response-Adapted 
Therapy 

 HL is a high curable disease, as most patients 
become long-term survivors, with a 10-year cure 
and survival rates after fi rst-line treatment 
exceeding 80 % and 90 %, respectively [ 52 ]. 
However, 10–15 % of early-stage and 20–30 % of 
advanced-stage patients are chemo-refractory to 
fi rst-line treatment, either for primary resistant or 
relapsing disease, and nearly half of them ulti-
mately succumb to their disease [ 53 ]. Hence, a 
still unmet need exists for a valid tool to predict 
the completeness of therapy response and the 
fi nal patient outcome. However, the most com-
pelling argument for a personalized treatment 
approach based on the actual risk of chemo-resis-
tance remains the unwarranted treatment-related 
morbidity. In early-stage HL, for instance, during 
the late follow-up, fi ve years or more beyond 
diagnosis, the disease itself no longer represents 
the main cause of death, but secondary neoplasms 
and cardiovascular events do [ 54 ]. By contrast, in 
advanced-stage HL, the most frequent cause of 
death is HL (see Fig.  3.4 ).

   However, in female aged less or more than 30 
years and treated with the very active escalated 
BEACOPP (EB: dose-intense combination of 
bleomycin, etoposide, doxorubicin, cyclophos-
phamide, vincristine, procarbazine, and prednis-
olone), amenorrhoea was observed in 51 % and 
95 % of the cases, respectively [ 55 ], while the 
cumulative risk of secondary acute myeloid leu-

kaemia in the entire cohort of advanced-stage 
disease was 3 % at 10 years [ 56 ]. For these rea-
sons the search of reliable markers for tumour 
response prediction in an individual basis is very 
attractive in the context of a highly curable neo-
plasm, especially in early-stage disease, in whom 
the rate and magnitude of treatment-related mor-
bidity or mortality could even supersede the rate 
of disease-related death. 

 As previously mentioned, a novel class of 
prognostic factor in lymphoma has been pro-
posed, based on the early individual risk assess-
ment of chemo-resistance during treatment, 
either by the evaluation of MRD [ 57 ,  58 ] or by 
assessing the chemosensitivity to treatment with 
PET scanning. However, the clinical relevance of 
a prognostic factor should be weighted against its 
usefulness in therapy planning and effectiveness 
in improving overall patient treatment outcome 
or reducing therapy- related toxic effects without 
compromising treatment effi cacy. Till now, 
nobody knows, in the absence of published 
results of multicentre randomized prospective tri-
als, whether a PET- adapted strategy could ulti-
mately improve the fi nal outcome of high-risk 
HL patients or reduce toxicity in low-risk patients 
while maintaining the same treatment effi cacy 
[ 59 ,  60 ]. Several ongoing, or already concluded 
prospective trials have been launched in low-risk, 
early- and advanced-stage HL to explore the 
 feasibility of treatment de-escalation strategies 
in patients with a negative interim PET, while 
others have been proposed based on therapy 
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escalation in high-risk interim PET-positive, HL 
patients. In this review we will fi rst review the 
phase II, already concluded studies and we will 
decribe then the outline and the preliminary 
results of the ongoing phase III trial based on a 
PET response-adapted strategy. 

3.3.1     Phase II Concluded Studies 
in Early-Stage Disease 

 As soon as the prognostic role of interim PET 
scan to predict the fi nal treatment outcome in 
early-stage HL became manifest [ 43 ], this strong 
therapy predictor was harnessed to answer the 
historical question revolving around the dilemma 
whether combined modality treatment with 
chemoradiation (CMT) should be preferred to 
chemotherapy alone for a deeper and immediate 
disease control in early-stage HL. The higher 
acute disease control, with a 3–7 % superior PFS, 
as shown in four published randomized clinical 
comparing CMT vs. chemotherapy alone in 
early-stage HL [ 61 – 64 ], did not translate to an 
improvement in OS of CMT. On the contrary, the 
fi nal analysis of the National Cancer Institute of 
Canada Clinical Trials Group (NCIC-CTG) and 
Eastern Cooperative Oncology Group (ECOG) 
HD.6 study showed superior OS for chemother-
apy alone at 12 years, due to increased late events/
toxicity in the CMT arm [ 65 ]. Similarly, the 
GHSG in the HD10/11 trials while showing an 
improved long-term disease control (8-y time to 
treatment failure) was unable to show an advan-
tage in OS for patients treated with CMT as com-
pared to chemotherapy alone [ 66 ]. On the other 
hand, clinicians should be cognizant of the fact 
that the scope of these trials was not merely to 
compare the treatment effi cacy between the ther-
apy arms but also to assess the benefi ts of omit-
ting RT as a well-known risk factor for late 
toxicity. With the understanding that second-line 
treatments at the time of relapse can be quite 
effective in overcoming the transient survival dis-
advantage, RT can be probably safely avoided, at 
least in the patient subset with early favourable 
disease [ 17 ]. 

 Due to very high NPV of interim PET in 
early- stage HL [ 8 ,  37 ,  38 ,  51 ,  67 ], its most 
attractive use in a PET response-adapted strat-
egy in early-stage HL is likely the de- escalation 
of therapy either with chemotherapy abbrevia-
tion or even omitting radiotherapy. However 
compared to advanced-stage, data are less 
mature and results are controversial in early 
stage disease. The interest for the predictive 
value on interim PET scan was ignited in 2005 
by Hutchings et al. in a pioneer retrospective 
study conducted in a cohort of 85 early and 
advanced HL patients undergoing interim PET 
after 2–3 cycles of ABVD; however, the positive 
predictive value of interim PET was much less 
evident in limited stage [ 43 ]. This lower predic-
tive value could be largely explained by the con-
cept that chemo-resistance does not imply a 
priori a refractoriness to radiation therapy, 
which is an essential part of the combined-
modality treatment (CMT) in early-stage HL 
[ 28 ]. This concept has been elegantly proved by 
Sher et al. [ 67 ], who reported a 2-year failure-
free survival of 92 % vs. 69 % for patients under-
going consolidation radiotherapy vs. no further 
treatment for patients with a mid-treatment pos-
itive PET scan after completion of the chemo-
therapy program. 

 In a prospective study aimed at assessing the 
effectiveness of the less toxic regimen with 
doxorubicin, vinblastine, and gemcitabine 
(AVG) compared to ABVD, early-stage HL 
patient underwent restaging with PET/CT after 2 
and 6 cycles of chemotherapy [ 44 ]. After a mean 
follow-up of 3.3 years (0.4–5.0), the 2-year PFS 
for cycle 2 PET- negative and PET-positive 
patients were 88 % and 54 %, respectively, com-
pared with 89 % and 27 % for cycle 6 PET-
negative and PET-positive patients. The NPV 
and PPV for interim PET were 84.4 % and 
45.8 %,  respectively. This  relatively low NPV 
could be explained by the lower effectiveness of 
AVG chemotherapy regimen compared to ABVD 
(CR rate 94 % vs. 81 %). The reasons for the dis-
appointingly low PPV have been already 
reported, including the high patient rescue rate 
with radiation therapy. 
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 Le Roux et al. reported the results of a PET- 
adapted strategy in a cohort of 90 HL patients 
in a perfect balance between early stage (45 
patients) and advanced stage (45 patients), pro-
spectively enrolled in a single institution [ 68 ]. 
After four cycles of ABVD, patients underwent 
a mid-treatment evaluation including CT and 
FDG PET/CT scan. Patients with negative FDG 
PET/CT or positive interim FDG PET/CT but 
in CR according to CT completed the pre-
planned treatment for low-risk patients: IFRT 
for early favourable HL and additional or four 
more cycles of ABVD for early unfavourable 
and advanced stages (III and IV). Patients with 
positive interim FDG PET/CT but not in CR 
were addressed to autologous stem cell trans-
plantation (ASCT). The criterion for a positive 
interim PET was a FDG uptake higher than 
background. In a following separate analysis, 
three different criteria for interim PET interpre-
tation were than retrospectively used. After a 
median follow-up of 49 (13–81) months, 6 of 
31 patients with a positive and 7 of 59 patients 
with a negative interim PET scan presented 
treatment failure. Again, the NPV was very 
high (95 %) and the PPV very low (16 %). 
Another prospective study was launched in 
Italy to assess the role of PET scan in guiding 
radiotherapy in both early- and advanced-stage 
patients in complete remission at the end of 
chemotherapy. One hundred-sixty HL patients 
with bulky disease at baseline defi ned as a node 
with a diameter >5 cm, showing a negative end-
of-therapy PET scan after 6 courses of vinblas-
tine, etoposide, bleomycin, epirubicin, and 
prednisone (VEBEP), were randomized to 
receive to radiotherapy or observation [ 69 ]. 
Two thirds of the patients in both arms had 
limited- stage disease (stage I-IIA). At 40-month 
median follow-up, PFS was 86 % in the chemo-
therapy arm compared to 96 % in the CMT arm, 
the difference being statistically signifi cant 
( p  = .03). The overall diagnostic accuracy of 
FDG PET to exclude impending relapses in the 
patients non- protected by radiotherapy was 

86 % with a false- negative rate of 14 %. All the 
relapses in the chemotherapy only arm occurred 
in the bulky site and contiguous nodal regions. 
The largest concluded phase II study is the 
RAPID trial, on behalf of the UK National 
Cancer Research Institute (NCRI) [ 70 ]. The 
study enrolled 602 patients with non-bulky, 
early-stage (IA–IIA) disease with a median age 
of 34 years. Sixty-two percent of enrolled 
patients had a favourable prognosis according 
to EORTC criteria. Following three cycles of 
ABVD, an interim PET scan was performed 
(PET-3). 420 patients with a negative PET-3 
were randomized to either no further therapy 
(NFT) or involved-fi eld radiotherapy (IFRT): 
209 to IFRT and 211 to NFT. Patients with a 
positive PET-3 were treated with a fourth 
ABVD cycle, followed by IFRT (Fig.  3.5 ).

   Interim PET scan was interpreted according 
to the Deauville fi ve-point scale [ 71 ], but the 
threshold for a positive scan was set between 
scores 2 and 3 (“sensitive” threshold), in order 
to avoid false-negative results. Seventy-fi ve per-
cent had a negative (scores 1–2) and 25 % a 
positive (scores 3–5) PET-3 scan. After a median 
follow-up of 60 months from randomization, in 
an intent-to-treat (ITT) analysis, PFS and OS 
were not statistically different between the 
arms. The 3-year progression- free survival rate 
was 94.6 % (95 % confi dence interval [CI], 
91.5–97.7) in the radiotherapy group and 90.8 % 
(95 % CI, 86.9–94.8) in the NFT group, with an 
absolute risk difference of −3.8 percentage 
points (95 % CI, −8.8 to 1.3). The trial was a 
non- inferiority, randomized study powered to 
exclude a ≥7 % difference in PFS of the experi-
mental arm vs. the standard arm, and therefore 
the endpoint was met. However, in a per-proto-
col (PP) analysis, upon exclusion of 26 patients 
allocated to IFRT and not irradiated, 3-year PFS 
was 97.1 % for the IFRT arm and 90.8 % for the 
NFT arm. Moreover, as further confounding 
factor, all the 5 deaths recorded in the study 
occurred in patients allocated to IFRT arm, 
before starting radiation therapy.  
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  Fig. 3.5    Final results of the 
UK NCRI RAPID trial: 
progression-free survival of 
irradiated vs. no further 
treatment patients. ( a ) 
progression-free survival 
for irradiated versus no 
further treatment patients: 
Intention to treat analysis. 
( b ) progression-free 
survival for irradiated 
versus no further treatment 
patients: per-protocol 
analysis. (From Radford 
et al. [ 70 ])       
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3.3.2     Phase II Ongoing Trials 
in Early-Stage Disease 

 Three European groups, EORTC (European 
Organization for Radiotherapy and Treatment of 
Cancer), LYSA (Lymphoma Study Association) 
and FIL (Italian Foundation on Lymphoma), 
jointly launched a prospective phase III PET 
response-adapted randomized study both in early 
favourable (H10F arm) and early unfavourable 
(H10U arm) HL. In this trial the interim PET was 
performed after 2 ABVD cycles (PET-2) and the 
scans were centrally reviewed. The endpoint was 
a non-inferiority of the experimental arm (PET-2-
adapted strategy) compared to standard arm in 
both strata (3 ABVD + IFRT in H10F or 4 
ABVD + IFRT in H10U, respectively, whatever 
the result of PET- 2). Both in H10F and H10U, the 
experimental arm was split in an escalation arm 
and a de- escalation arm, according to PET-2 
result: in the former, PET-2-positive patients are 
treated with 2 BEACOPP esc., followed by IFRT 
20 Gy., irrespective of the risk stratum (both 
H10F and H10U). In the latter, PET-2-negative 

patients are treated with 2 further ABVD (H10F) 
or 4 further ABVD (H10U) (see Fig.  3.6 ).

   An interim futility analysis of the primary end 
point was scheduled after documentation of 12 
and 22 events (progression, relapse, or death) for 
the H10 F and H10 U subgroups, respectively. 
The Deauville fi ve-point scale was adopted as 
interpretation key for PET-2: the rate of PET-2 
negative in the H10F and H10U studies was 86 % 
and 75 %, respectively. The recently published 
results of the pre-planned interim analysis led to 
opposite conclusions compared to RAPID study 
[ 72 ]. In the H10F stratum approximately 190 
patients have been randomized to each study 
arm: 1 single event was recorded in the standard 
arm compared to 9 in the non-irradiated PET-2- 
negative arm. In the H10U study nearly 260 
patients were randomized: 7 and 16 events 
occurred in the standard arm and in non- irradiated 
PET-2-negative arm, respectively. Based on the 
statistical analysis, despite the very low number 
of events, futility was declared ( p  = .017 and .026, 
respectively). The data safety and Monitoring 
Board amended the study by closing the experi-

EORTC H10 (#20051) in early-stage HL: study design
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  Fig. 3.6    The EORTC, LYSA, FIL H10 trial in early favourable and unfavourable Hodgkin lymphoma (From 
Raemaekers et al. [ 72 ])       
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mental, de-intensifi cation arm. The results of the 
intensifi cation arm have been recently presented 
during the 13th ICML in Lugano [ 73 ]. Briefl y, 
361/1950 (18 %) patients had a positive interim 
PET scan: 159 continued with one (H10F) or two 
(H10U) ABVD courses plus INRT, while 169 
switched in both strata groups to BEACOPP 
escalated for two courses, followed by 
INRT. After a minimum follow-up of 4.5 years, 
the 5-y PFS was 77 % for ABVD vs. 91 % for the 
BEACOPP esc. arm ( p  = .002). However the 5-y 
OS showed only a non-signifi cant superiority for 
the intensifi cation arm: 89 % vs. 96 % ( p  = .06). 

 The German Hodgkin Study Group (GHSG) 
launched two prospective, non-inferiority clinical 
trials in favourable (HD 16) and unfavourable 
(HD 17) early-stage HL [ 74 ,  75 ]. The trials are 
similar in endpoint (non-inferiority study) and 
experimental design to the EORTC/LYSA/FIL 
H10 trial. In both trials a chemoradiation pro-
gram non-PET-based with ABVD (HD 16) or 
BEACOPP (HD 17) and IFRT in the standard 
arm is compared to a chemotherapy-alone pro-
gram in PET-2-negative patients and a CMT pro-
gram with the corresponding chemotherapy 
regimen in PET-2-positive patients. Both studies 
were powered to a ≤5 % non-inferiority statisti-
cal design. 

 Two American collaborative groups, Cancer 
and Leukemia Group B and Eastern Cooperative 
Oncology Group, are conducting two very inter-
esting trials in early-stage bulky HL, in which 
interim PET-positive patients after 2 ABVD 
courses are treated with 4 BEACOPP escalated 
cycles, followed by IFRT. The former trial is 
designed to omit INRT to the PET-2-negative 
subset [ 76 ] and the latter to deliver the conven-
tional combination of ABVD + INRT to PET- 
negative patients [ 77 ].  

3.3.3     Phase II Concluded Studies 
in Advanced-Stage Disease 

 In advanced-stage disease, a heated historical 
dilemma spanned over two decades to answer the 
following question: should a more effective treat-
ment like escalated BEACOPP (EB) be indis-

criminately given to all patients at disease onset 
or could it be delivered only to those with relaps-
ing or refractory disease after standard ABVD, 
with the intent of sparing undue toxicity to all the 
patient cohort [ 78 ]? Despite the proven superior-
ity of EB over standard ABVD, in terms of 
10-year PFS, which has been reported in four 
randomized clinical trials [ 56 ,  79 – 82 ], a large 
meta-analysis conducted on 2868 patients with 
advanced-stage HL concluded that there was no 
signifi cant difference in OS between respective 
groups receiving either treatment [ 83 ]. Here 
again, as for limited disease, PET scan could ide-
ally play the role of “arbiter” in this debate. As 
previously mentioned, early interim PET scan 
proved the most accurate predictor of treatment 
outcome in advanced-stage, ABVD-treated, HL 
patients [ 45 ]. 

 Moving from these observations since 2006 
onward, several Italian haematology institutions 
convened to adopt an interim PET response 
driven strategy in advance-stage HL patients, to 
prospectively validate the following working 
hypothesis: (1) if very high-risk PET-2-positive 
patients could be rescued with EB in at least half 
of cases and (2) if the overall outcome of the 
entire cohort of patients could be improved com-
pared to standard historical results of ABVD 
treatment. The results of this study showed that 
after a median follow-up of 34 months (12–52), 
the 2-year failure-free survival (FFS) for the 
entire patient cohort was 91 %: 62 % for PET-2- 
positive and 95 % for PET-2-negative patients 
[ 84 ]. The working hypothesis was thus con-
fi rmed, and this therapeutic strategy proved 
feasible. 

 Similar to limited-stage HL, the therapy goal 
for advanced disease includes both maximizing 
treatment effi cacy and avoiding undue toxicity 
for low-risk patients who do not require intensi-
fi ed therapies. Nevertheless, the primary treat-
ment objective differs signifi cantly from that of 
limited-stage HL, in that treatment intensifi cation 
in high-risk disease takes precedence over mini-
mizing therapy-related side effects. Both hypoth-
eses, however, have been addressed in small 
phase II, single-centre or large cooperative 
 multicentre clinical trials which have been 
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recently concluded and published, adopting a 
escalation or a de-escalation strategy based on 
PET-2 result after ABVD or BEACOPP, respec-
tively [ 85 ,  86 ]. While data from Ganesan [ 85 ] 
seem very similar to that reported in the interim 
analysis of other large multicentre trials with the 
same endpoint, Deau et al. reported the results of 
a retrospective analysis on a small cohort of 64 
advanced-stage HL who were consecutively 
enrolled in a single institution in a time lag span-
ning over 6 years. Treatment started with 2 EB 
courses and patients had their treatment adapted 
in the basis of interim PET results [ 86 ]. Fifty-fi ve 
patients (86 %) achieved a negative PET-2. Six 
relapses (11 %) occurred within the PET-2- 
negative group, mostly during the fi rst year of 
follow-up (range: 4–14 months). In the PET-2- 
positive group, fi ve patients showed disease pro-
gression with a positive PET after two more EB 
cycles (PET-4) and were allocated to salvage 
therapy. Moreover, four (44 %) PET-2-positive 
patients relapsed. After a median follow-up of 30 
months, the 2-year PFS was 87 % in the PET-2- 
negative group but was only 47 % in the PET-2- 
positive arm ( p  = .0059).  

3.3.4     Phase II Ongoing Trials 
in Advanced-Stage Disease 

 Three large, international prospective multicentre 
trials sharing (a) the inclusion criteria, (b) the 
main study endpoint, (3) the interpretation key for 
interim PET (the Deauville fi ve-point scale) and 
(4) the overall treatment strategy were launched in 
2007 from US intergroup (S0816 trial), from UK 
National Cancer Research Institute (RATHL 
study) and from Italian Gruppo Italiano Terapie 
Innovative nei Linfomi (GITIL) and the Italian 
Foundation on Lymphoma (FIL), the HD0607 
study [ 87 – 89 ]. The common trial backbone is the 
following: advanced-stage HL patients (IIB-IVB) 
are treated with two ABVD courses, and an 
interim PET is performed afterwards (PET-2). 
Patients showing a positive PET-2 switch to EB 
(minimum 4 courses) patients with a negative 
PET-2 continue with ABVD for a total of 6 cycles. 
Secondary intra-arm randomizations are planned 

in the RATHL study (ABVD vs. AVD in PET-2-
negative patients) and in the HD 0607 study (con-
solidation radiotherapy vs. no further treatment in 
PET-2-negative arm). Preliminary results from 
the interim analysis of these trials have been pre-
sented in abstract form. The preliminary results of 
the US intergroup trial S0816 on behalf of four 
cooperative groups have been presented at the 
twelfth ICML meeting of Lugano [ 90 ]. An overall 
population of 357 pts was available in whom 
interim PET-2 scan was centrally reviewed, and 
Deauville fi ve-point scale was used to report the 
scans. Two-hundred-ninety-two patients (82 %) 
were PET-negative (score 1–3) and 65 (18 %) 
were PET-positive (scores 4–5). Out of 349 
patients registered to continue therapy, based on 
the interim PET result, 291 continued with ABVD 
and 58 with EB. The Kaplan–Meier estimate for 
1-year overall survival was 98 % (95 % CI: 95 %, 
99 %) and for 1-year PFS was 84 % (95 % CI: 
79 %, 89 %). The 1-year PFS of PET-2 negative 
and positive was 85 % (95 % CI: 79 %, 90 %) and 
72 %, respectively. The preliminary results of the 
RATHL study have been also presented during 
the 13th ICML in Lugano [ 91 ]. PET-2 results 
were available from 1137 patients with the fol-
lowing breakdown: 954 (84 %) were negative and 
183 (16 %) positive. Among PET-2-negative pts, 
65 % of patients treated with ABVD and 69 % of 
patients treated with AVD achieved CR or Cru. 
The CR/CRu rate was dependent on PET-2 
Deauville fi ve-point score: score 1, 82 %; score 2, 
72 %; and score 3, 58 % ( p  < 0.01). Those with 
positive PET-2 who received intensifi ed therapy 
with EB reached a negative PET-3 in 74 % of 
cases. The 3-year PFS for PET-2 patients treated 
with eBEACOPP or BEACOPP-14 and for PET-2 
negative treated with ABVD or AVD was 66 %, 
82.5 %, 85.4 % and 84.4 %, respectively. The 3-y 
PFS for the entire cohort of patient was 82.5 % 
(80.1–84.7). 

 The results of the second interim analysis 
from the GITIL/FIL HD 0607 trial have also 
been presented in the same meeting [ 92 ]. The 
trial has been closed in June 2014: 753 patients 
have been enrolled and 656 (84 %) completed the 
treatment. 114 (17.3 %) had a positive, and 542 
(82.6 %) a negative PET-2 upon blinded indepen-
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dent central review (BICR). Treatment effi cacy 
could be assessed in a cohort of 500 patients with 
a  minimum follow-up of 2 years after the end of 
treatment of 1065.5 days (749.5–1299.5). A con-
tinuous complete remission (CCR) was recorded 
in 68 out of 97 PET-2-positive patients who 
switched to EB (70 %) and in 351 out of 400 
PET-2- negative patients (88 %) who continued 
with ABVD. The probability of 2-y PFS and 5-y 
PFS were 66 % and 62 %, 89 % and 85 % and 
84 % and 81 % for PET-2-positive, PET-2-
negative and the overall cohort of patients, 
respectively ( p  < .001). In conclusion, more than 
2000 patients have been enrolled in those three 
trials: therefore, critical information and new 
treatment options of these patients will be soon 
available. Importantly, the results of interim PET 
using the Deauville 5-point scale confi rmed the 
reproducibility of this interpretation key across 
these studies: the percentages of PET-2-positive 
patients in this very large pool of patients from 
the UK, USA and Italian trials were 16 %, 18 % 
and 17 %, respectively (see Table  3.3 ). 

 Although based on preliminary data, the fol-
lowing observations could be done: (1) nearly 
10 % of the PET-2-negative patients experience a 
treatment failure; this percentage seems twice 
that reported in previous non-adapted observa-
tional studies [ 8 ,  32 ,  37 ,  38 ,  43 ,  44 ,  46 ,  47 ]; (2) 
nearly two-thirds (60–70 %) of the PET-2- 
positive patients could be rescued with EB and 
achieve a long-term remission. (3) The 2-year 
PFS of the overall cohort of patients seems 
slightly better than that obtained with standard 
ABVD treatment, with a gain in PFS of 5–10 % 
compared to historical controls [ 53 ]. 

 Another critical point is the procedure to adju-
dicate the fi nal result or the PET scan review pro-
cess. While no data are from the U.S. intergroup 
S0813 or from the RATHL studies, the Italian 
GITIL/FIL study adopted Blinded Independent 
Central Review procedure (BICR). Besides the 
decision that the local PET site must cede the 
fi nal determination of a patient’s status to the 
central review, which should bilaterally agreed 
between the sponsor and the local PET site, this 
choice depended on the need to check the repro-
ducibility of the 5-point Deauville scale (5-PS) 

and the agreement coeffi cient among reviewers 
[ 93 ]. The 5-PS for interim PET interpretation 
was just proposed at that time [ 71 ] and no valida-
tion studies were available on the reproducibility 
of those interpretation rules. Moreover, the U.S. 
Food and Drug Administration (FDA) recom-
mends BICR for trials where reviewer’s blinding 
is not achievable, and reviewers are informed that 
their decision would  be determinant to decide a 
switch to a more aggressive treatment [ 94 ]. 

 Finally, technological progress on the web- 
based imaging exchange and the availability of 
the web platform WIDEN® to upload and down-
load images [ 95 ] have rendered BICR and the 
consequent treatment decision by the local clini-
cal investigator possible and timely. In the 
HD0607 trial the median scan uploading and 
downloading times were 1 min, 25 s, and 1 min 
55 s, respectively; the average and median times 
for central review were 47 h, 53 m, and 37 h, 
43 m, respectively. The binary concordance 
between pairs of reviewers (Cohen’s k) ranged 
from 0.72 to 0.85. The 5-point scale concordance 
among all reviewers was (Krippendorf alpha) 
was 0.77 [ 95 ]. 

 At this writing no conclusive or preliminary 
data are available of clinical trials adopting a de- 
escalation strategy after EB, with the exception 
of the results of an interim analysis of the Israeli 
H2 trial [ 96 ], which has been presented during 
the 9th International Symposium on Hodgkin 
Lymphoma in Cologne [ 97 ]. Patients with 
advanced-stage HL are fi rst assigned to therapy 
based on IPS score: IPS 0–2 receive 2 ABVD 
courses and IPS ≥ 3 two EB courses. An interim 
PET is performed afterwards in both strata: if 
PET-2 is negative, 4 more cycles of ABVD are 
given, followed by IFRT to bulky mediastinal 
masses. In PET-2-positive arm with no evidence 
of HL progression, 4 EB cycles are given, fol-
lowed by IFRT on mediastinal bulky masses. 
Treatment de-escalation was possible in 80 % of 
advanced-stage patients. No data are available on 
treatment escalation. At a median follow-up of 
24 months (4–74), PFS was 82 % for the entire 
cohort of advanced-stage patients. An overview 
of interim PET adapted clinical trials is provided 
in Fig.  3.7 .
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3.4         PET to Guide Consolidation 
Radiotherapy 

 One of the most compelling applications of PET 
imaging in HL has been guiding consolidation 
radiotherapy for residual mass persisting after 
chemotherapy. 

 Tumour bulk decreases over time during 
cytostatic treatment, and the rationale for using 
FDG PET for chemotherapy response assess-
ment is based on the strong relationship between 
FDG uptake entity and cancer cell number, 
which has been reported in a substantial number 
of studies [ 98 ,  99 ]. Therefore, a decline in FDG 
uptake during tumour shrinkage results from 
reduction of the number of viable neoplastic 
cells, while a sustained increase of SUV values 
is seen upon tumour regrowth. On the other 
hand, the relationship between a CT-detected 
tumour mass and clinical response could be lost 
in chemo-sensitive neoplastic disorders, as the 
metabolic slowdown of the neoplastic tissue 
could precede by months the reduction of 

tumour volume. As a consequence, 60–80 % of 
HL patients show a residual mass during end-
of-treatment restaging mostly in sites of bulky 
disease recorded at baseline [ 5 ,  6 ], but only less 
than half of these masses still harbour residual 
disease [ 100 ]. This phenomenon was fi rst 
described in lymphoma entering a sustained 
clinical  remission at the end of therapy, but 
later it has also been reported in a number of 
solid tumours such as head and neck squamous 
cell carcinoma (HNSCC) and gastrointestinal 
stromal tumours (GIST), in whom a metabolic 
response of the tumour, documented by a nega-
tive FDG PET/CT scan, invariably preceded the 
anatomical response detected on CT [ 101 ,  102 ]. 

 In pre-PET era, Bonadonna et al. in Milan 
originally proposed a boost of consolidation RT 
for bulky nodal lesions or residual masses in 
advanced HL as an integral part of ABVD treat-
ment [ 53 ]. However, with the advent of PET, it 
became possible to discriminate residual active 
disease from fi brotic tissue at the end of chemo-
therapy in lymphoma, with a sensitivity of 

  Fig. 3.7    Overview of the PET-adapted clinical trials in 
advanced-stage HL.  EB  escalated BEACOPP,  R  ritux-
imab,  RT  consolidation radiotherapy,  LYSA  Lymphoma 
Study group de l’Adulte,  GHSG  German Hodgkin 
Lymphoma Study Group,  FIL  Italian Foundation on 

Lymphoma,  GITIL  Italian: Group For Innovative Therapy 
of Lymphoma,  NCRI  National Cancer Research Institute, 
 SWOG  South Western Oncology Group,  CALGB  Cancer 
and Acute Leukemia Group       
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43–100 % and a specifi city of 67–100 % [ 103 ]. 
Owing to its ability to detect persisting viable tis-
sue, functional imaging with PET/CT proved 
superior to conventional radiological in defi ning 
the prognosis of tumour masses detected at the 
end of chemotherapy and turned out an ideal tool 
for guiding consolidation radiotherapy. 
Predictably, the NPV of the end-treatment PET 
depends on the effi cacy of the administered che-
motherapy, being as high as 94 % with very effec-
tive chemotherapy regimens such as EB [ 104 ] or 
as low as 75 % after the low-intensity VEBEP 
regimen [ 69 ,  105 ]. 

 A very elegant and convincing demonstration 
of these concepts came from the results of the 
large HD15 trial of the GHSG, in whom consoli-
dation radiotherapy was administered only to 
advanced-stage HL patients, showing a PET- 
positive, CT-detected residual mass with a diam-
eter ≥ 2.5 cm at the end of three different EB 
regimens. The 4-year PFS of irradiated vs. non- 
irradiated patients was 86.2 % and 92.6 %, 
respectively ( P  = 0.022). The NPV of end-therapy 
PET was as high as 94 %. A residual mass was 
detected by CT scan in 739/2126 (34.7 %) and 
191 out of these 739 (26 %) had a positive PET 
scan at the end of treatment [ 104 ]. A very impor-
tant conclusion of the trial was that consolidation 
radiotherapy was needed only for 11 % of the 
enrolled patients compared to 71 % in the HD 9 
trial [ 56 ]. In a subsequent analysis, combining 
dimensional data of the residual mass (i.e. mea-
suring the largest diameter of the residual lesion 
in trans-axial CeCT slices) with PET/CT data, 
the same group was able to refi ne and improve 
the interpretation criteria of end-of-therapy scan 
to predict treatment outcome, by measuring the 
dimension of the residual mass: in the PET- 
positive patients a decrease in size of the residual 
mass ≥ 65 % from baseline values decreased the 
false-negative results [ 106 ]. 

 Similar conclusions have been reached in a 
cohort of ABVD-treated advanced-stage patients 
by Savage et al. on behalf of the British Columbia 
Cancer Agency (BCCA) and reported in abstract 
form [ 107 ]. All the advanced-stage HL patients 
enrolled in clinical trials on behalf of BCCA 
after 2005 showing a residual mass at CT scan 

with a diameter ≥ 2 cm. at the end of ABVD 
treatment and a negative PET scan, the consoli-
dation radiotherapy was omitted. In short, 151 
patients with advanced stage HL and a PET-
negative residual mass at the end of treatment 
had a 5-year progression-free survival of 92 %, 
and a subset of 71 patients with a PET-negative 
residual mass in a nodal region where a bulky 
lesion with a diameter ≥ 10 cm was recorded at 
baseline had a 5-y PFS of 90 %. The overall NPV 
and PPV of end- of- therapy PET scan were 92 % 
and 55 %, respectively. This study confi rmed the 
high NPV of end-of therapy PET scan in patients 
treated with adequate-intensity chemotherapy 
regimen. The low positive predictive value could 
be due to the rescue treatment with consolidation 
radiotherapy but also to false-positive PET scan 
results due to an unspecifi c tissue infl ammation 
secondary to chemotherapy-induced tumour 
lysis [ 108 ]. In conclusion, the decision to irradi-
ate a single PET- positive residual mass should 
be taken in the awareness of false-positive results 
especially in the case of residual masses showing 
a dramatic shrink compared to baseline 
dimensions.  

3.5     PET During Second-Line 
Treatment 

 The standard therapeutic option for second-line 
treatment of relapsed or refractory HL is high- 
dose chemotherapy (HDT), followed by autolo-
gous haematopoietic stem cell transplantation 
(ASCT), resulting in a rescue and long-term dis-
ease control in up of two-thirds of patients. 
Successful outcome depends on remission dura-
tion after fi rst-line chemotherapy and chemosen-
sitivity to second-line or salvage therapy prior to 
ASCT [ 109 ,  110 ]. Furthermore, recent meta- 
analysis data confi rmed the prognostic value of 
pre-ASCT FDG PET imaging in lymphoma, 
demonstrating a poor long-term disease control 
in PET-positive patients after induction chemo-
therapy (31–41 %) compared with a PFS of 
73–82 % in those who achieved a PET-negative 
remission before undergoing HDT/ASCT [ 111 –
 114 ]. Moving from these observations, a PET 
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response- adapted strategy was also proposed 
during second- line rescue treatment including 
HDT and ASCT for relapsing/refractory HL. In a 
non- randomised, open-label, single-centre, phase 
2 trial, 45 patients refractory to doxorubicin- 
containing fi rst-line treatment received weekly 
infusions of 1.2 mg/kg brentuximab vedotin 
(BV) on days 1, 8, and 15 for two 28-day cycles. 
After completion of two cycles, patients received 
a PET scan. Twelve patients (27 %, 95 % CI 
13–40) were PET-negative, with a Deauville 
score 1 or 2, and proceeded straight to HDT/
ASCT, while 33 (73 %, 95 % CI 60–86) were 
PET-positive (Deauville 3–5) after BV. One still 
PET-positive patient withdrew consent, and 
therefore 32 PET- positive patients received HDT 
with augmented ICE (ifosfamide 5000 mg/m 2  in 
combination with mesna 5000 mg/m 2 , continu-
ous infusion every 12 h, days 1 and 2; carbopla-
tin, single dose AUC 5, day 3; etoposide 200 mg/
m 2  every 8 h, day 1 for three doses), for two 
cycles. After HDT PET scan reverted to negativ-
ity in 22/32 (69 %, 95 % C.I. 53–85) cases. 
Overall, 34/45 patients (76 %, 95 % CI 62–89) 
achieved PET negativity [ 115 ]. However due to 
the very short number of enrolled patient and the 
very short follow-up (nearly 1 year after treat-
ment end), these observations should be taken 
with caution and considered preliminary, to be 
confi rmed in a larger phase III trial. Interestingly, 
a very conservative cut-off value for a negative 
scan (score ≤ 2) was adopted along the 5-PS. This 
choice, as in other clinical trials as the RAPID 
study [ 70 ] aimed at assessing the role of interim 
PET for treatment de-escalation, was adopted in 
order to maximize the sensitivity of the imaging 
technique, as recently proposed in the Lugano 
Workshop on PET scan for lymphoma staging 
and restaging [ 116 ]. Different from the abundant 
historical data present in the literature in front-
line treatment prediction, very few reports are 
available on the predictive value of interim PET 
scan during salvage therapy. In a small cohort of 
24 relapsing or refractory HL patients treated 
with rescue chemotherapy consisting of ifos-
famide, gemcitabine and vinorelbine (IGEV) fol-
lowed by ASCT, PET scan was predictive of fi nal 
treatment outcome when performed after the sec-

ond cycle. The 2-year PFS was 93 % vs. 10 % for 
patients with PET-negative and PET-positive 
results, respectively ( P  < 0.001) [ 117 ]. More 
recently, brentuximab vedotin (BV) turned out as 
the most active drug for relapsing refractory HL, 
proving able to induce an overall response rate 
(ORR) as high as 75 % in HL patients treated 
with up to 13 lines of chemotherapy [ 118 ,  119 ]. 
BV is an antibody- drug conjugate composed of 
the anti- CD30 chimeric immunoglobulin G1 
(IgG1) monoclonal antibody cAC10 conjugated 
with the potent anti-microtubule drug mono-
methyl auristatin E (MMAE) connected by a 
protease- cleavable linker; the drug is internalized 
in the HRS cells, which are selectively killed by 
the MMAE toxin. Several retrospective experi-
ences have been reported with the use of BV in 
the so- called national-named patient program 
(NNP) for the compassionate use of BV in refrac-
tory HL, and interim PET was usually performed 
after 2–4 doses of BV administration. In the 
GHSG experience, 12 consecutive, heavily pre-
treated patients with relapsed and refractory HL 
treated with BV at the dose 1.8 mg/kg every 21 
days were available for analysis. Interim PET 
was performed after a median of 3 cycles (range, 
2–5 cycles) and was analysed visually using a 
5-point scale (5PS). The 1-year PFS was 100 % 
and 38 % in patients with negative and positive 
interim PET, respectively ( p  = 0.033) [ 120 ]. 
Similar results were obtained in the Italian NNP 
in a retrospective study including 65 patients 
treated with a median number of 4 (2–13) prior 
cancer-related systemic regimens including HDT 
and ASCT or allogeneic stem cell transplant, 
receiving BV at the dose of 1.8 mg/kg every 21 
days. In the absence of specifi c indications, 
response was assessed by PET/CT scans after 
cycles 3 and 8 (PET-3, PET- 8) and at treatment 
discontinuation, according to the International 
Harmonization Program (IHP) criteria [ 121 ]. The 
best overall response rate (70.7 %), including 
21.5 % complete responses, was observed at the 
fi rst restaging after the third cycle of treatment 
(PET-3). Before the second interim evaluation, 
which was scheduled after eight cycles of BV 
(PET-8), 21 patients discontinued BV treatment: 
12 of them for progressive disease and 3 for tox-
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icity, while 6 underwent stem cell transplanta-
tion. The fi nal response of the whole sample was 
as follows: 14 complete responses (21.5 %), 5 
partial responses (7.7 %), 6 cases of stable dis-
ease and 40 cases of progressive disease. After a 
median follow-up of 13.2 months, the overall 
survival rate at 20 months was 73.8 %, while the 
progression-free survival was 24.2 % [ 122 ].  

3.6     PET Scan Interpretation 

3.6.1     Historical Proposal 

 In the pre-PET era, at the end of millennium, a 
fi rst proposal for treatment response assess-
ment in HL and non-Hodgkin lymphoma 
(NHL), based on traditional, radiological imag-
ing, was proposed, with the aim of harmonizing 
the CT interpretation rules, later called the IWC 
(International workshop criteria) rules [ 123 ]. 
The latter were mainly based on the reduction 
of the nodal and extra-nodal lesion size. Cheson 
et al. included anatomic defi nitions of complete 
response, defi ned by a “normal” lymph node 
size defi ned as equal or lower than 1.5 cm in the 
longest transverse diameter in trans-axial slices 
of CT. A designation of complete response/
unconfi rmed (RCu) was adopted to include 
patients with radiological evidence of a residual 
mass at the end of treatment, showing a reduc-
tion on the largest diameter ≥ 75 % of that mea-
sured at baseline in the same mass. Partial 
response (PR) was defi ned a reduction in sum 
of the largest diameter of all the measurable 
nodal masses and extra-nodal lesions ≥ 50 % 
and stable disease (SD) of all the measurable 
nodal masses and extra-nodal lesions ≤ 25 %. 
Progressive disease (PD) was defi ned as an 
increase in sum of the largest diameter of all the 
measurable nodal masses and extra-nodal 
lesions > 50 % or new lesion. 

 In 2007, the exponential increase of PET use 
in lymphoma staging and restaging led to a revi-
sion of the IWC criteria by including PET/CT in 
the recommended panoply of imaging tools for 
treatment response assessment. On the other 
hand, specifi c rules for PET scan were also 

required, as it became clear that a residual FDG 
uptake at the end of treatment does not necessary 
mean persisting active disease [ 43 ]. New estab-
lished criteria, the so-called International 
Harmonization Project criteria (IHP criteria), 
were therefore proposed for treatment response 
assessment in HL and NHL, based on literature 
data and consensus expert opinion [ 121 ]. The 
main points of the recommendations were the 
following:

•    Baseline FDG PET (before treatment) was not 
deemed mandatory for FDG-avid lymphoma 
subtype Hodgkin Lymphoma (HL), diffuse 
large B-cell lymphoma (DLBCL), follicular 
lymphoma (FL), mantle cell lymphoma 
(MCL), but nevertheless recommended, to 
ease the end-of-treatment scan interpretation. 
In case of variably FDG-avid lymphoma, 
baseline PET was also recommended (e.g. 
peripheral T-cell lymphoma, marginal zone 
lymphoma).  

•   Patients had to be scanned at least 3 weeks, 
but preferably 6–8 weeks, after chemotherapy 
or chemo-immunotherapy end, and 8–12 
weeks after radiation.  

•   Visual assessment alone was considered ade-
quate for PET interpretation.  

•   Mediastinal blood pool activity was recom-
mended as the reference background activity 
to compare the residual FDG uptake in case of 
a residual mass ≥2 cm in largest transverse 
diameter, regardless of its location.  

•   In case of a lesion with a lower-size residual 
mass (with the largest ξ ≤ 2 cm), the lesion 
could be considered positive if its residual 
FDG uptake showed an intensity above that of 
the surrounding background.    

 Specifi c criteria for defi ning PET positivity in 
the liver, spleen, lung, and bone marrow were 
also proposed. The above criteria were then inte-
grated in the revised response criteria of IWC 
[ 124 ], which included PET/CT and bone marrow 
biopsy data (Table  3.2 ).

   More recently new criteria for interim and 
end-of-treatment PET scan interpretation have 
been proposed by experts, moving from the 
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   Table 3.2    IHP criteria   

 Response  Defi nition  Nodal masses  Spleen, liver  Bone marrow 

 Complete 
remission (CR) 

 Disappearance of all 
evidence of disease 

 (a) FDG-avid or 
PET-positive prior to 
therapy; mass of any size 
permitted if PET-negative 
 (b) Variably FDG-avid or 
PET-negative; regression 
to normal size on CT 

 Not palpable, 
nodules 
disappeared 

 Infi ltrate cleared on 
repeat biopsy; if 
indeterminate by 
morphology, 
immunohistochemistry 
should be negative 

 Partial 
remission (PR) 

 Regression of 
measurable disease 
and no new sites 

 ≥50 % decrease in SPD 
of up to 6 largest 
dominant masses; no 
increase in size of other 
nodes 
 (a) FDG-avid or 
PET-positive prior to 
therapy; one or more 
PET-positive at 
previously involved site 
 (b) Variably FDG-avid or 
PET-negative; regression 
on CT 

 ≥50 % decrease in 
SPD of nodules 
(for single nodule 
in greatest 
transverse 
diameter); no 
increase in size of 
liver or spleen 

 Irrelevant if positive 
prior to therapy; cell 
type should be 
specifi ed 

 Stable disease 
(SD) 

 Failure to attain CR/
PR or PD 

 (a) FDG-avid or 
PET-positive prior to 
therapy; PET-positive at 
prior sites of disease and 
no new sites on CT or 
PET 
 (b) Variably FDG-avid or 
PET-negative; no change 
in size of previous 
lesions on CT 

 Relapsed 
disease or 
progressive 
disease (PD) 

 Any new lesion or 
increase by ≥50 % 
of previously 
involved sites from 
nadir 

 Appearance of a new 
lesion(s) >1.5 cm in any 
axis, ≥50 % increase in 
SPD of more than one 
node, or ≥50 % increase 
in longest diameter of a 
previously identifi ed 
node >1 cm in short axis 
 Lesions PET-positive if 
FDG-avid lymphoma or 
PET-positive prior to 
therapy 

 >50 % increase 
from nadir in the 
SPD of any 
previous lesions 

 New or recurrent 
involvement 

   SPD  sum of the product of the diameters  

following observations: (1) the low reproduc-
ibility of dimensional criteria in a lesion mea-
sured in trans-axial slices of CT scan, (2) the 
inconsistencies of FDG activity measure in 
small lesion due to the partial volume effect, 
and (3) the revised concept of minimal residual 
uptake (MRU), which was considerably wid-
ened to encompass a persisting FDG uptake 

with an intensity as high as that measured in 
the liver, far beyond that originally proposed 
by Hutchings et al. [ 43 ]. 

 During the 1st international workshop on PET 
scan in lymphoma, held in Deauville (France) 
and the ensuing meetings in Menton (France), a 
visual fi ve-point scale (so-called Deauville crite-
ria,  detailed in the next paragraph ) was proposed 
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and validation studies for these rules launched 
[ 125 ,  126 ]. 

 The main challenge of the interim PET inter-
pretation is based on the presence of a residual 
FDG uptake in interim and end-of-treatment PET 
scan which was deemed by nuclear medicine phy-
sicians non-disease-related: the so-called “mini-
mal residual uptake” (MRU). The latter, according 
to the original Hutchings defi nition, was defi ned as 
low- grade uptake of FDG (just above background) 
in a focus within an area of previously noted dis-
ease reported by the nuclear medicine physicians 
as not likely to represent malignancy” [ 43 ]. This 
was recorded in the 10.6 % of patients scanned 
after 2 or 3 courses of chemotherapy. However, the 
tumour shrinkage during chemotherapy is a con-
tinuous process, and PET scan is no longer able to 
detect tumour lesion with a diameter lower than 
4–5 mm, which correspond to a reduction in 
tumour cell number of only two logarithms, but is 
still compatible with the presence of residual via-
ble cells. It is therefore conceivable, at least in 
theory, that a residual FGD uptake could be a har-
binger of residual viable neoplastic tissue. Moving 
from this assumption, new criteria incroporating 
PET (PERCIST) have been proposed moving 
from the traditional radiological response criteria 
in solud tumours (RECIST) have been proposed 
[ 127 ]. A residual uptake may therefore correspond 
to a residual disease, which would be just above 
this detectability threshold (Fig.  3.8 ).

   However, due to the high chemosensitivity of 
lymphoma, the persistence of a single spot of 
residual FDG uptake in these neoplasms is nearly 
always due to a post-therapeutic infl ammatory 
change. The MRU concept then evolved over 
time, with the aim of increase the specifi city and 
the PPV of interim and fi nal PET scan, as synthe-
tized by Gallamini et al. [ 128 ] (Fig.  3.9 ).

   As earlier mentioned, in 2005, Hutchings 
et al. defi ned a minimal residual uptake as a low 
FDG uptake, slightly higher than surrounding 
background, in a localization initially involved 
by lymphoma; this residual uptake was consid-
ered as probably non-malignant [ 43 ]. The signif-
icance of this observation stayed undetermined; 
the hypothesis was that it was due to unspecifi c 
FDG uptake by infl ammatory cells infi ltrating 
the tumour in response to chemotherapy. In this 
pioneer study, only one patient relapsed among 
the 9 patients with MRU at interim PET. In 
2007, Juweid et al. defi ned MRU as a residual 
FDG uptake with intensity equal to mediastinal 
blood pool for lesion having a diameter equal or 
superior than 2 cm and with an intensity equal to 
background for lesions with a lower size (MBP) 
[ 121 ]. At the same time, Gallamini et al. defi ned 
MRU as low and persistent FDG uptake with 
intensity equal or slightly higher to MBP [ 8 ]. 
In 2008, Barrington et al. [ 129 ] defi ned MRU as 
residual uptake with intensity equal or lower than 
liver uptake. The concept of MRU has evolved 
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  Fig. 3.8    The relation between 
different kinetics of tumour cell 
kill and the detection power of 
PET. (Extract from: From RECIST 
to PERCIST: Evolving 
Considerations for PET response 
criteria in solid tumours [ 127 ])       
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over time to include all the situations in which 
FDG uptake could be predictably attributed to 
an unspecifi c tissue reaction. Accordingly, the 
proposed threshold for a positive scan has been 
substantially raised. Moreover, different thresh-
olds according to different clinical situations 
may be set. For example, for good prognosis 
patients, if the aim of a trial is a safe treatment 
de- escalation, a “sensitive” threshold with a 
high NPV is desirable. On the other hand, if the 
aim is intensifying treatment in interim-positive 
patients, a high PPV is requested for the interim 
scan, in order to spare patients with a predict-
ably favourable outcome the undue toxicity 
of an aggressive therapy. [ 129 ]. Furthermore, 
Barrington et al. were able to demonstrate a 
fairly high inter- observer concordance when 
a threshold higher than liver uptake was used. 
All the above recommendations have been pro-
posed during the fi rst international workshop 
on interim PET in lymphoma held in Deauville 
(France) in April 2009, which was attended by 
haematologists and nuclear medicine experts in 
lymphoma [ 71 ]. The purpose of this meeting 
was to reach a consensus on simple and repro-
ducible interpretation rules for interim PET 

in HL and DLBCL and to launch two or more 
international validation studies (IVS) to validate 
these criteria. 

 The main conclusions of this workshop were 
the following:

•    The threshold should be determined regarding 
clinical and therapeutic strategy, lymphoma 
subtypes and escalation or de-escalation ther-
apeutic changes.    

•   The residual FDG uptake should be scored as 
follows:  

•   A visual analysis using a fi ve-point scale 
(5-PS) is recommended, with MBP and the 
liver as reference points.    

negative

0 1 2 3 4
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  Fig. 3.9    The evolution of the MRU defi nition over time (From: Gallamini et al. [ 128 ]).  BKG  surrounding background, 
 MBPS  mediastinal blood pool structures,  MRU  minimal residual uptake       

    1.    No uptake   
   2.    Uptake ≤ the mediastinum   
   3.    Uptake > the mediastinum but ≤ the liver   
   4.    Moderately increase uptake > the liver   
   5.    Markedly increased uptake > the liver 

and/or new lesions related to lymphoma    
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  In April 2010, during the second international 
workshop PET in lymphoma “which was held in 
Menton (France), [ 130 ] the preliminary results of 
the application of the 5-point Deauville scale (5-PS) 
were presented and the problems in practical appli-
cation discussed. In September 2011, during the 
Third International Workshop on PET in 
Lymphoma” [ 125 ], the fi nal results of the interna-
tional validation study (IVS) in Hodgkin lymphoma 
and diffuse large B-cell (DLBCL) lymphoma have 
been presented [ 131 ]. The results confi rmed the 
prognostic value of interim PET in HL (PFS: 28 % 
in positive interim PET group vs. 95 % in negative 
interim PET group;  p  < 0.0001) and the reliability 
and reproducibility of Deauville fi ve-point scale. 
The threshold chosen for a positive scan was 
between scores 3 and 4, with scores 1–3 considered 
as negative. The inter-observer agreement was very 
high (97 %). Forty-fi ve patients out of 260 patients 
(17 %) showed a positive interim scan; however in 
12 of them a false-positive result was recorded, 
upon central review of the scans. Nonetheless, a 
preliminary consensus was reached on the use of 
5-PS for interim PET in HL, with a cutoff value for 
a positive scan between score 3 and 4. Finally, dur-
ing the two last workshops in Menton (4th and 5th 
international workshop on PET in lymphoma, 
October 2012 and September 2014), the 5-PS was 
proposed also for other NHL subsets for interim and 
end-of-treatment PET scan interpretation [ 126 , 
 132 ]. Some issues were still discussed, like: (a) the 
interest, the signifi cance and the reproducibility of 
differentiating Deauville scores 4 and 5, (b) the dif-
ferent patterns of FDG uptake in bone marrow 
across NHL subtype and its respective clinical sig-
nifi cance in relationship with the “gold standard” to 
assess  bone marrow involvement by lymphoma 
(trephine bone marrow biopsy), (c) the visual refer-
ence organ to be used in case of liver disease, and 
(d) the signifi cance of complete metabolic response 
with residual mass on CT. Preliminary reports of the 
use of quantitative PET scan (Q-PET) using stan-
dardized uptake value (SUV) and SUV-derived 
quantitative metrics, such as metabolic tumour vol-
ume (MTV) or total lesion glycolysis (TLG) have 
been also presented, but these results were consid-
ered as true preliminary and diffi cult to interpret 
owing to the complete absence of a program for 
Q-PET result  standardization.   

3.7     Current PET Interpretation 
Recommendations 
in Treatment Response 
Evaluation 

 The last updated recommendations including interim 
and end-of-treatment PET interpretation, and, more in 
general, for PET integration in the diagnostic workup 
for lymphoma staging and restaging, were agreed 
among nuclear medicine experts and clinicians con-
vening in a closed workshop on PET scan in lym-
phoma during the 12th International Congress on 
Malignant Lymphoma (ICML) held in 2013 in 
Lugano. They are better known as “Lugano criteria for 
interim and end-of-treatment PET scan interpretation 
in Lymphoma” [ 133 ] (Table  3.3 ). The recommenda-
tions from this session could be displayed as follows:

3.7.1       Staging Procedures 

•       “Excisional biopsy is preferred for diagnosis, 
although core-needle biopsy may suffi ce when 
biopsy is not feasible.  

•   Clinical evaluation includes careful history, 
relevant laboratory tests, and recording of dis-
ease-related symptoms.  

•   PET-CT is the standard for FDG-avid lym-
phomas, whereas CT is indicated for non- avid 
lymphoma subsets.  

•   A modifi ed Ann Arbor staging system is recom-
mended”, simply based on only two subsets 
with different tumour burden: early stage (Ann 
Arbor stages I or II, non-bulky) or advanced dis-
ease (Ann Arbor stages III or IV), with stage II 
bulky disease considered limited or advanced as 
determined by histology and a number of prog-
nostic factors. This two-classes classifi cation 
was not intended as guidance to treatment: 
patients should be treated according to prognos-
tic and risk factors in each lymphoma subset.  

•   Suffi xes A and B are only required for HL.  
•   The designation X for bulky disease is no lon-

ger necessary; instead, a recording of the larg-
est tumor diameter is required.  

•   If a PET-CT is performed, a BMB is no longer 
indicated for HL; a BMB is only needed for 
DLBCL if the PET is negative and identifying 
a discordant histology is important for patient 
management”.    
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     Table 3.3    Lugano criteria for interim and end-of-treatment PET scan interpretation in Lymphoma [ 133 ]   

 Response and site  PET/CT-based response  CT-based response 

  Complete:    Complete metabolic response:    Complete radiologic response  (all of 
the following): 

 Lymph nodes and 
extra-lymphatic sites 

  Score 1, 2, or 3  a  with or without a residual 
mass on 5PS 

 Target nodes/nodal masses must regress 
to ≤1.5 cm in LDi 

 It is recognized that in Waldeyer’s ring or 
extranodal sites with high physiologic uptake 
or with activation within spleen or marrow 
(e.g. with chemotherapy or myeloid 
colony- stimulating factors), uptake may be 
greater than normal mediastinum and/or liver. 
In this circumstance, complete metabolic 
response may be inferred if uptake at sites of 
initial involvement is no greater than the 
surrounding normal tissue even if the tissue 
has high physiologic uptake 

 No extra-lymphatic sites of disease 

 Non-measured lesion  Not applicable  Absent 

 Organ enlargement  Not applicable  Regress to normal 

 New lesions  None  None 

 Bone marrow  No evidence of FDG-avid disease in marrow  Normal by morphology; if 
indeterminate, IHC negative 

  Partial:    Partial metabolic response:    Partial remission  (all of the following): 

 Lymph nodes and 
extra-lymphatic sites 

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

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

 At interim, these fi ndings suggest responding 
disease 

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

 At end of treatment, these fi ndings indicate 
residual disease 

 When no longer visible, 0 × 0 mm 

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

 Non-measured lesion  Not applicable  Absent/normal, regressed, but no 
increase 

 Organ enlargement  Not applicable  Spleen must have regressed by >50 % in 
length beyond normal 

 New lesions  None  None 

 Bone marrow  Residual uptake higher than uptake in normal 
marrow but reduced compared with baseline 
(diffuse uptake compatible with reactive 
changes from chemotherapy 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 

 Not applicable 

  No response or stable 
disease:  

  No metabolic response:    Stable disease:  

 Target nodes/nodal 
masses, extranodal 
lesions 

  Score 4 or 5 with no signifi cant change in 
FDG uptake  from baseline at interim or end 
of treatment 

 <50 % decrease from baseline in SPD of 
up to 6 dominant, measurable nodes and 
extranodal sites; no criteria for 
progressive disease are met 

 Non-measured lesion  Not applicable  No increase consistent with progression 

 Organ enlargement  Not applicable  No increase consistent with progression 
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 Response and site  PET/CT-based response  CT-based response 

 New lesions  None  None 

 Bone marrow  No change from baseline  Not applicable 

  Progressive disease:    Progressive metabolic disease:    Progressive disease  requires at least 1 
of the following PPD progression: 

 Individual target nodes/
nodal masses 

  Score 4 or 5 with an increase in intensity of 
uptake  from baseline and/or 

 An individual node/lesion must be 
abnormal with: 

 Extranodal lesions   New FDG-avid foci  consistent with 
lymphoma at interim or end-of- treatment 
assessment 

 LDi > 1.5 cm and 
 Increase by ≥50 % from PPD nadir and 
 An increase in LDi or SDi from nadir: 
 0.5 cm for lesions ≤2 cm 
 1.0 cm for lesions >2 cm 
 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 

 Non-measured lesion  Not applicable  New or clear progression of pre-existing 
non measured lesions 

 New lesions  New FDG-avid foci consistent with 
lymphoma rather than another aetiology (e.g. 
infection, infl ammation). If uncertain 
regarding aetiology of new lesions, biopsy or 
interval scan may be considered 

 Regrowth of previously resolved lesions 
 A new node >1.5 cm in any axis 
 A new extranodal site >1.0 cm in any 
axis; if <1.0 cm in any axis, its presence 
must be unequivocal and must be 
attributable to lymphoma 
 Assessable disease of any size 
unequivocally attributable to lymphoma 

 Bone marrow  New or recurrent FDG-avid foci  New or recurrent involvement 

   Abbreviations :  5PS  5-point scale,  CT  computed tomography,  FDG  fl uoro-deoxy-glucose,  IHC  immunohistochemistry, 
 LDi  longest transverse diameter of a lesion,  MRI  magnetic resonance imaging,  PET  positron emission tomography, 
 PPD  cross product of the LDi and perpendicular diameter,  SDi  shortest axis perpendicular to the LDi,  SPD  sum of the 
product of the perpendicular diameters for multiple lesions 
  a A score of 3 in many patients indicates a good prognosis with standard treatment, especially if at the time of an interim 
scan. However, in trials involving PET where de-escalation is investigated, it may be preferable to consider a score of 3 
as inadequate response (to avoid undertreatment). Measured dominant lesions: Up to six of the largest dominant nodes, 
nodal masses, and extranodal lesions selected to be clearly measurable in two diameters. Nodes should preferably be 
from disparate regions of the body and should include, where applicable, mediastinal and retroperitoneal areas. Non- 
nodal lesions include those in solid organs (e.g. the liver, spleen, kidneys, lungs), those with GI involvement, cutaneous 
lesions, or those noted on palpation. Non-measured 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 dif-
fi cult to follow quantitatively with measurement, including pleural effusions, ascites, bone lesions, leptomeningeal 
disease, abdominal masses, and other lesions that cannot be confi rmed and followed by imaging. In Waldeyer’s ring or 
in extranodal sites (e.g. GI tract, liver, bone marrow), FDG uptake may be greater than in the mediastinum with com-
plete metabolic response, but should be no higher than surrounding normal physiologic uptake (e.g. with marrow activa-
tion as a result of chemotherapy or myeloid growth factors)  

Table 3.3 (continued)
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3.7.2        Restaging Procedures 

 The 5-point scale (Deauville score) should be 
used for interim and end-of-treatment PET scan 
interpretation, both in clinical trials and in the 
daily clinical practice [ 116 ].

•    PET/CT is used to assess early treatment 
response and, at end of treatment, to establish 
remission status.  

•   A score of 1 or 2 is considered to represent 
complete metabolic response at interim and 
end of treatment.  

•   More recent data also suggest that most 
patients with uptake higher than mediastinum 
but less than or equivalent to liver (score of 3) 
have good prognosis at the end of treatment 
with standard therapy in HL [ 131 ].  

•   However, in response-adapted trials exploring 
treatment de-escalation, a more cautious 
approach may be preferred, judging a score of 
3 to be an inadequate response to avoid under-
treatment. Therefore, interpretation of a score 
of 3 depends on the timing of assessment, the 
clinical context, and the treatment.  

•   A score of 4 or 5 at interim suggests 
chemotherapy- sensitive disease, provided 
uptake has reduced from baseline, and is con-
sidered to represent partial metabolic response.  

•   A residual metabolic activity at the end of 
treatment with a score of 4 or 5 represents 
treatment failure even if uptake has reduced 
from baseline.  

•   A score of 4 or 5 with intensity that does not 
change or even increases from baseline and/or 
new foci compatible with lymphoma repre-
sents treatment failure, both at interim and at 
the end-of-treatment assessment.    

 All the above recommendations should be based 
on a PET scan interpretation by visual assessment. 
In the literature, some data suggest that a quantita-
tive cut-off based on SUV measurement may also 
be interesting. For example, a recent publication 
[ 134 ] showed that, in a cohort of 59 HL patients 
treated with 4–8 cycles of anthracycline-based che-
motherapy, the PET-2- positive predictive value 

was better using ΔSUVmax (with a cut-off of 
70 %) than the 5-point scale (46 %). However, at 
the moment, there is insuffi cient evidence to pre-
cisely settle the adequate reduction (“delta”) in 
FDG uptake that predicts treatment response; 
moreover, this quantitative phenomenon depends 
on the timing and intensity of the given treatment; 
fi nally, caution should be used in assessing data 
arising from quantitative PET scan interpretation, 
especially if retrospectively generated, in the 
absence of a defi ned program for PET scanner cali-
bration, image generation, acquisition and recon-
struction. Recent data also suggest that 
morphological information with CT evaluation 
may help in patients with a positive interim PET; a 
greater reduction in tumour size correlates with an 
improved outcome; for example, in 88 HL doxoru-
bicin, vinblastine and gemcitabine (AVG)-treated 
patients, interim PET predicted PFS better than 
percent decrease in the sum of the products of the 
perpendicular diameters (%SPPD), but in a com-
bined CT and PET/CT analysis, the predictive 
value on PFS was higher than with either test alone 
[ 135 ]. On the other hand, a classical anatomical 
CT-based response assessment is preferred for 
lymphoma subsets with a variable/low FDG avid-
ity. In summary, the following recommendations 
have been set for end-of-treatment response assess-
ment (Table  3.3 ):

      1.    “PET-CT should be used for response assess-
ment in FDG-avid lymphoma, using the 
5-point scale; CT is preferred for low or vari-
able FDG avidity.   

   2.    A complete metabolic response (CMR) even 
with a persistent mass is considered a com-
plete remission.   

   3.    A partial response by CT criteria only requires 
a decrease by more than 50 % in the sum of the 
product of the perpendicular diameters of up to 
six representative nodes or extranodal lesions.   

   4.    Progressive disease by CT criteria only 
requires an increase in the cross product of the 
longest transverse diameter of a lesion and per-
pendicular diameter of a single node by ≥50 %.   

   5.    Surveillance PET scans for patients in com-
plete remission are discouraged, especially 
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for DLBCL and HL, although a repeat study 
may be considered after an equivocal fi nding 
after treatment.   

   6.    Judicious use of follow-up scans may be con-
sidered in indolent lymphomas with residual 
intra-abdominal or retro-peritoneal disease.”     

3.8         Practical Examples 
on Interim and End-of 
Treatment PET Scan 
Interpretation 

  Case 1 
 G. L., female, 26 years. Since December 2008 
she complained 4-limb and trunk itching and 
night sweats; 2 months later a supraclavicular 
right enlarged lymph node was palpable. Upon 
surgical resection the pathology examination of 
an enlarged left lateral cervical node revealed 
classic Hodgkin lymphoma, nodular sclerosis 
subtype. Baseline biochemical test and haemo-
gram with complete blood count revealed a nor-
mal total and fractional leucocyte number, mild 
anaemia, ESR 66, and LDH 435 U/l. Viral serol-
ogy was negative. Bone marrow trephine biopsy 
excluded the presence of lymphoma. Pregnancy 
test was negative. 

  The Staging PET/CT, performed in May 
2009  ( Shown in  Fig.  3.9 ) 

 Left side cervical enlarged nodes were 
recorded, with SUVmax between 3.3 and 4.8 and 
in the left supraclavicular region with a SUVmax 
of 3.3. Another enlarged lymph node was noted 
in the infra-pectoral region with a SUVmax of 
2.7 and a focal FDG uptake was also recorded in 
the left upper lung lobe corresponding to a 
CT-recorded opacity of 1.5 cm, with a SUVmax 
of 11.4. Presence of pathologically enlarged 
lymph nodes and partially confl uent in right para- 
tracheal region and right pre-carinal and Barety 
lodge (SUVmax 9). There were no abnormal 
fi ndings in the anatomical regions below the dia-
phragm. A diffuse pattern of FDG uptake at the 
skeletal bone marrow was compatible with dif-
fuse marrow activation in the absence of focal 
elements. 

  Final Diagnosis: Classical Hodgkin 
Lymphoma, Nodular Sclerosis Subtype, Stage 
IV A (Lung)  

  IPS 1  
 The patient was enrolled in the HD0607 trial 

and treated with two ABVD courses from June to 
August 2009. 

  Interim PET/CT in August 2009  
 No evidence of pathological FDG uptake. An 

unspecifi c uptake was recorded in the tonsillar 
region. Upon blinded independent central review, 
the interim PET (PET-2) was reported as negative 
and the patient continued therapy with ABVD. A 
fi nal evaluation by PET/CT in December 2009 
(Fig.  3.10 ) showed complete disappearance of 
abnormal FDG uptake, compatible with com-
plete metabolic response.  

  Case 2 
 B. A., female, 59 years. Since May 2010 she noted 
the appearance of a persistent cough, fever 38.5 °C, 
weight loss of about 7 kg and generalized itching. 
An ultrasound examination of the neck showed 
evidence of enlarged lymph nodes of diameter of 7 
and 10 mm in the supra- clavicular and cervical 
right regions. In July 2010 a chest X-ray showed a 
mediastinal lymph node enlargement at the level 
of azygos vein confl uence. In mid-September, a 
clinical examination revealed voluminous enlarged 
nodes in the right axilla with the largest diameter 
of about 5 cm and in cervical right region of about 
3 cm. The baseline complete haemogram showed 
mild anaemia and leucocytosis. Routine biochemi-
cal blood tests were normal. A biopsy of the right 
cervical node showed a histological diagnosis of 
HL classic, nodular sclerosis subtype. 

  The Baseline PET, Performed in Late 
September 2010  ( Shown in  Fig.  3.11 ) 

 There was evidence of right cervical nodes 
with a diameter ranging from 2 to <1 cm with a 
SUVmax between 6.6 and 17.6. Confl uent left 
supraclavicular lymph nodes with a SUVmax of 
and right confl uent axillary nodal mass were 
recorded, with the largest diameter of 5 cm and 
SUVmax 12.8. A mediastinal bulky mass was 
also detected, with the contribution of anterior 
mediastinal, internal mammary and para-tracheal 
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lymph nodes, with a SUVmax of 15.7. A pericar-
dial effusion was present, with a SUVmax of 8.4. 
Several pathologically enlarged para-aortic 
lymph nodes, extending from D12 to L3, were 
also noted, showing a SUVmax of 13.6. There 
were no abnormal fi ndings in the liver. The spleen 
was massively and focally infi ltrated by lym-
phoma with a pathological area with the  largest 

diameter of 9 cm and SUVmax of 13.5. There 
were no skeletal abnormalities. 

  The Final Diagnosis: Hodgkin Lymphoma, 
Classical, Nodular Sclerosis Subtype, Stage 
IIIB. IPS 2  

 The patient was enrolled in the HD0607 clini-
cal trial. After 2 ABVD courses, an interim PET 
(PET-2) was performed, with the following local 

  Fig. 3.10    PET/CT for staging       
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report: probable persistence of disease in Barety 
lodge. There were no other sites of disease 
(Fig.  3.12 ). Upon central review PET-2 was con-
sidered positive, with a Deauville score 4 and, 
accordingly, the treatment was intensifi ed with 
BEACOPP escalated in December 2010: two 
cycles were administered at full dosage and the 
other two with an attenuated dose (BEACOPP 
baseline) for neurological toxicity (WHO grade 3 

peripheral neuropathy). Treatment response was 
assessed with PET/CT in June 2011, with evi-
dence of complete metabolic response (CMR). 
The patient skipped the subsequent treatment as 
planned in the HD 0607 trial, for grade 3 SAE 
(pneumonia, occurring after the 4th cycle). The 
complete restaging with FDG-CT/PET in 
November 2011 showed CMR, and since then the 
patient is in continuous complete remission. 

  Fig. 3.11    PET/CT for interim restaging       
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PET-Derived Metabolic Volume 
Metrics in the Hodgkin Lymphoma

Lale Kostakoglu and Stephane Chauvie

4.1  Methodological 
Considerations

4.1.1  PET-Derived Quantitative 
Metrics 

4.1.1.1  Standardized Uptake Value 
(SUV)

SUV is the most frequently used semiquantitative 
PET metric for measuring tumor glucose metabo-
lism. It is defined as the ratio of the decay cor-
rected FDG concentration in a volume of interest 
(VOI) to the injected dose normalized to the 
patient’s body weight. Besides body weight- based 
SUV, various other SUVs have been introduced to 
account for the different bio-distribution of FDG 
in different body compositions (Table 4.1). The 
most commonly used is SUL, which is SUV cor-
rected per the lean body mass (LBM) defined, 
respectively, for male and female as

LBM weight weight height

LBM weight wei

= ´ - ´( )
= ´ - ´

1 1 120

1 07 148

2
. /

. gght height/( )2  

This index takes into account the different bio- 
distribution of FDG in the fat tissue. Even if sev-
eral recommendations exist to use SUL, e.g., in 
the treatment response evaluation [4], actually it 
is not of widespread use because of the familiar-
ity established with SUVmax. The general 
advice, also furnished by the EANM-SNM 
guidelines on FDG-PET use [1, 3], is to collect 
SUL along with SUV data to further the under-
standing of its relevance to in both clinical prac-
tice and experimental settings. The SUV, being 
an index of PET tracer uptake in any tissue should 
be measured in a known volume of interest 
(VOI), because with different VOIs its measure 
considerably varies.

SUVmax The SUVmax is defined as the maximum 
value for SUV in a VOI. The rationale is choos-
ing the single point that represents the hottest 
uptake or highest metabolism in the tumor. This 
rationale is quite strong and moreover the SUVmax 
is simple to measure. However, being a single 
voxel measurement, SUVmax is intrinsically vul-
nerable to image noise (Fig. 4.1). Consequently, 
repeated tumor SUVmax measurements showed an 
intra-patient bias of 5–30 % [5].

SUVmean The SUVmean is the average value of 
different measurements of SUVs within the VOI 
drawn for the tumor. It is much less vulnerable to 
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image noise, but it heavily depends on the delin-
eation method used for drawing the VOI and the 
selected region within the tumor volume [6]. 
Defining a VOI in a tumor mass may have differ-
ent meanings depending on its coverage within 
the mass. Generally one would like to provide 
SUVmean of the entire lesion but this requires the 
knowledge of the exact dimension and borders 
with respect to the background, but this is often 
not the case in routine applications. An alterna-
tive approach includes delineation of a VOI 
inside the tumor far from its border to minimize 
the effect of the background uptake on the SUV 
measurement. Nonetheless, VOI delineation is 
subjective; tumors are usually heterogeneous 
and/or sometimes associated with necrotic cen-
ters; finally, the rationale for selecting only a part 
of the tumor without including the hottest part 
defeats the purpose of obtaining an accurate 
measurement.

SUVpeak The SUVpeak represents the maximum 
tumor activity within a 1 cm3 VOI in the hottest 
part of the tumor volume [3, 6]. The rationale is 
to have an index measurement associated with 
the hottest part of the tumor, i.e., SUVmax, but in a 
standard volume of 1 cm3. The SUVpeak character-
istically is less affected by the noise compared to 
SUVmax and does not require definition of tumor 
boundaries which is a necessary step for obtain-
ing an SUVmean. Repeat tumor SUVpeak measure-
ments yields a lower within-patient bias (1–11 %) 
compared to those of SUVmax [5]. The SUVpeak is 
the proposed measurement in the definition of 
therapy response for PET response criteria in 
solid tumors (PERCIST) developed by Wahl 

et al. [4]. Nonetheless, despite being relatively 
simple, this method requires the careful use of 
custom software on a dedicated workstation to be 
accurately calculated.

4.1.1.2  Sources of Errors in SUV 
Measurements

Common sources of errors involved in SUV mea-
surements from technical and host-related factors 
are summarized in Table 4.2. Extensive review in 
literature exists to discuss these factors [1, 2], and 
recommendations have also been released by the 
US and European nuclear medicine associations 
[1, 3]. The recommendations provided should be 
considered to be minimal standards to abide by 
and should be followed by all imaging centers. 
While several recommendations are easy to adopt 
in clinical practice, e.g., maintaining a rest state 
during uptake time, others are more difficult to 
achieve in a busy clinic, e.g., the consistent time 
interval for the uptake period. Importantly, the 
higher the level of standardization reached, the 
simpler it will be to compare PET metrics 
acquired at different time points (intra-patient) 
and between different patients (inter-patient) 
either at a single site or across multiple centers.

Technical (Site) Factors
Several factors are patient independent and/or 
dependent only on the equipment and the proce-
dure used by the site to perform PET/CT imaging 
studies. The requirements to limit the influence 
of these factors on SUV measurements should be 
fulfilled on one occasion and verified periodi-
cally (Table 4.2). The cross-calibration of PET 
scanners and activity calibrators are essential to 

Table 4.1 Pros and cons of different SUV measures

SUVmax SUVpeak SUVmean MTV TGV

Volume of interest 
(VOI)

Single point 1 cm3 Variable Variable Variable

Number of voxels 
in VOI

1 10–30 Hundreds–
thousands

Hundreds–
thousands

Hundreds–
thousands

Intra-patient 
repeatability

5–30 % [4] 1–11 % [4] Depends on 
segmentation 
method

Depends on 
segmentation 
method

Depends on 
segmentation 
method

Affected by image 
noise

Strongly Slightly Moderately Slightly Slightly
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Fig. 4.1 The detailed characteristics of the noise affect-
ing PET images are often not well known. Typically, it is 
assumed that overall the noise may be characterized as 
Gaussian. Noise levels observed in PET images compli-
cate their interpretation; since the measurement of unifor-
mity is strictly connected with the noise. In the figure the 
different metrics used for measuring activity concentra-
tion are “max,” the highest pixel value; “hot,“ the average 
pixel value in a 1 cm diameter region around the “max;” 
“peak,” the average pixel value in a 1 cm diameter ROI in 
the hottest region; and “average,” the average of all the 
pixel value encompassed in the region of interest. In this 
figure one can see how the metrics described in the text 
with the acquisition time changes inside a large uniform 
VOI placed in the center of a uniform phantom. “Max,” 
“hot,” and “peak” have a similar trend and are the most 

influenced by statistics. When increasing the acquisition 
duration, these values decrease and the measured activity 
concentration become closer to the estimated values. On 
the other hand “average” does not change with the scan 
duration, and the value of the ratio between the measured 
and the expected activity is always about one. Errors are 
larger for “max,” “hot,” and “peak” at lower statistics, 
while “average” is more or less constant because its value 
is averaged on a large number of pixels. SUVmean is a 
good description of the expected value while “peak” and 
“max” are always overestimating the real value. And this 
changes dramatically when the acquisition time is small. 
This is well explained in the following histogram describ-
ing the SUV distribution inside the same VOI. While 
mean value is constant independent of the acquisition 
time “peak” and “max” are much larger at small time
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Table 4.2 Common sources of error in SUV calculations

Source of errors
Typical errors 
(routine)a

Expected errors 
(controlled 
environment) Action to be carried outb Performed

Scanner and activity 
meter calibration

30 % 10 % Scanner calibration: mean activity 
concentration in a homogenous area 
of phantom should be within ±3 % 
of the expected value. Activity-
meter calibration: mean activity of 
a radioactive source should be 
within ±3 % of expected value

Per scanner, 
annually

Syringe residual 5 % 0.1 % Rinsing syringe with saline is 
strongly recommended. Injected 
activity can be corrected with 
measured residual activity in the 
syringe. Alternatively a fixed value 
of the residual activity should be 
used if an evaluation of the mean 
activity in the syringe is carried out 
in the site on a statistically 
sufficient number of patients

Per patient

Clock time 
differences

10 % 1 % Clock used to measure time of 
injected and residual activity 
measurements and injection and 
acquisition time should be 
synchronized (±30 s)

Per site, annually

Quality of 
administration

50 % 0 % (with 
patient 
exclusion)

An evaluation of extravasation 
should be carried out including the 
point of injection of the tracer in 
PET scan. For example, if 
intravenous injection is carried out 
in the harm, the patient could 
position the harms over the head, 
but the PET scan must include them 
in the longitudinal field of view

Per patient

Imaging parametersc 30 % 10 % Mean recovery coefficient in the 
hot sphere should fulfill EANM 
guidelines

Per scanner

Contrast media 15 % 0 % Avoid pre-PET administration of IV 
contrast media. If contrast-
enhanced CT is needed, IV contrast 
should be administered after 
low-dose CT for ACd

Per patient

Region of interest 
(ROI)

50 % 0 % Statistical bias due to different 
methods of defining ROI for SUVs 
should be reduced by using the 
same algorithm for PET 
segmentation. Systematic bias 
could persist since no method 
assures to measure the “true” SUV 
of a lesion

Uptake time 15 % 8 % For clinical trials consistently use 
uptake time of 55’ to 75’ after 
injection

Per patient
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Table 4.2 (continued)

Source of errors
Typical errors 
(routine)a

Expected errors 
(controlled 
environment) Action to be carried outb Performed

Motion and 
respiration artifacts

30 % – Particular care should be devoted if 
quantitative measurements of 
lesions are carried out in the 
thoracic region. Use breathing 
control device if available

Per patient

Blood glucose level 15 % Unknown Blood glucose level should be 
measured and reported. Guidelines 
should be used for managing 
hyperglycemia. Linear SUV 
correction is applied retrospectively

Per patient

Patient’s weight 8 % 2 % Patient’s weight should be 
measured with 1 kg calibrated 
weight and reported

Per patient

Patient’s height – – Patient’s height should be measured 
and reported for SUL calculation

Per patient

aTypical errors, such those encountered in routine clinical practice
bIf proper actions are carried out, as listed in the last column, the errors could be reduced to the value indicated in 
column 3
cAcquisition and reconstruction parameters
dAttenuation correction

minimize SUV variability. The procedure for 
calibration of the PET scanner is depicted in 
Fig. 4.2. Although cumbersome, this approach 
proved effective in increasing the accuracy of 
tracer uptake measurements by 5–10 % [6]. This 
is well below the range of 10–25 % observed 
variations even in a controlled environment of a 
multicenter clinical trial [4]. Particular care 
should be taken to use the same activity calibra-
tor to measure the activity used for calibrating the 
scanner. If more than one calibrator is used, they 
should all be cross-calibrated with a traceable 
radioactive source. PET sites not equipped with 
dose calibrators cannot get reliable SUV mea-
sures. Indeed, the activity injected in the patient 
must be always measured with the calibrator that 
is cross-calibrated with the PET/CT scanner used 
for imaging. If the activity is measured else-
where, for example, at the radiopharmaceutical 
production site, this process is not necessary. 
Cross calibration in a multicenter framework 
generally permits to achieve a variability less 
than 10 %, while 5 % should be a requirement for 
using PET/CT in a quantitative way [7, 8]. An 
optimal inter-scanner variability of 3 % has been 

reached when comparing two [8] PET/CT scan-
ners requiring new cross-calibration strategies. 
Imaging parameters, such as scan duration per 
bed position, acquisition mode, 18F-FDG dose, 
and reconstruction methods directly affect the 
image quality and quantitative results [3]. These 
parameters should be preset to fulfill the guide-
lines [1] for the recovery coefficient curve. The 
recovery coefficients are calculated as the ratio of 
measured and expected activity concentration in 
hot spheres of different radius in a phantom 
(Fig. 4.3). In addition to the above parameters, 
the actual administered activity and the accuracy 
of patient’s weight and height influence the vari-
ability in SUV measurements. The injected activ-
ity is the difference between activity measured 
with the activity calibrator in the syringe and the 
syringe and administration lines residual. If the 
line is flushed with saline, the residual activity is 
usually lower than 1–3 MBq, and its measure-
ment could be definitively omitted. Clock syn-
chronization should be carried out on all the 
clocks of the department with respect to the scan-
ner and the dose calibrator clocks to avoid bias in 
time and, consequently, SUV assessments. 
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Fig. 4.2 PET scanner calibration. 
PET scanner electronics measure the 
count rate of annihilation events. 
PET scanner calibration is carried 
out to associate an activity to this 
count rate. This is done by injecting 
a known activity, measured in an 
activity calibrator, in a cylindrical 
uniform phantom and scanning it 
with PET
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Intravenously administered contrast media could 
alter SUV of a lesion if a diagnostic CT is per-
formed as part of the PET/CT [3]. While specific 
recommendations could be found elsewhere [3], 
a general recommendation is to perform low- 
dose scan CT for attenuation correction before 
the PET scan and the full dose diagnostic CT 
after the PET scan. For the calculation of SULs, 
the patient’s weight should be routinely entered 
in the PET dicom dataset with the calibration fac-
tors to avoid errors in SUV calculations (e.g., 
5 kg difference in an 80 kg patient lead to a 5 % 
error in SUV).

Host Factors
Several patient-dependent factors from patient 
preparation to scan acquisition affect SUVs and 
must be verified on the single patient (Table 4.2). 
The biological factors include uptake time, 
plasma glucose levels, and patient motion or 
breathing artifacts. For most of these factors, 
clear recommendations [3] have been provided, 
as they directly affect SUVs and also image inter-
pretation. In addition, SUV measurements are 
affected by tumor perfusion and hypoxia, inflam-
matory cell infiltrates in the tumor microenviron-
ment, which cannot be controlled by extrinsic 
manipulations. The SUVs decrease in normal tis-
sues with the increase of uptake time [9] with a 
linear decrease of SUV in all three compart-
ments. The FDG uptake from the same lesion in 
images acquired at different time intervals after 
the radiotracer injection is influenced by the 
recirculating FDG. It is, hence, fundamental to 
use the same uptake time for all time points when 
sequentially imaging the same patient to main-
tain intra-patient consistency and to reduce the 
uptake time changes in longitudinal scans. As a 
general recommendation, a patient requiring 
quantitative PET measurements should be sched-
uled as the first patient of the day to minimize 
delays in acquisition times, which occur fre-
quently later in the day. Moreover, in order to get 
comparable data in longitudinal studies, the PET 
scanner technicians should annotate the actual 
uptake time, to ensure reproducible results in the 
next scans. Elevated plasma glucose levels result 

in decreased FDG uptake by the tumor, leading to 
erroneously low SUV values [1, 8]. Consequently, 
variable plasma glucose levels in longitudinal 
studies of the same patient will likely cause arti-
ficial SUV changes. A constant plasma glucose 
level in the range of 4–7 mmol/L in an individual 
patient across all longitudinal studies and tracks 
of the measured values are an achievable goal 
with a concerted team effort. There are several 
strategies for dealing with plasma glucose levels 
in SUV calculations, but further research is 
needed to understand whether intra-subject or 
inter-subject standardization is required. Patient’s 
physical or breathing motion can also signifi-
cantly influence SUV measurements [3]. To min-
imize this negative effect, the PET and CT fusion 
images should be visually analyzed to identify 
possible patient motion nearby a lesion. Patient 
breathing particularly influences the lesions in 
the thoracic area. Correction techniques are being 
introduced in PET/CT scanners using dynamic 
acquisition and breathing control devices; how-
ever, until then the data associated with motion 
should not be used for SUV measurements.

4.1.1.3  Metabolic Tumor Volume 
Measurements

Other proposed PET-derived functional metrics 
include metabolically active tumor volume 
(MTV) and total lesion glycolysis (TLG). The 
tumor volume concept has been developed in the 
late 1990s [10] but not evolved until recently 
because of the lack of necessary software devel-
opments. These volume-based PET parameters 
measure metabolic activity in an entire tumor 
mass designed to reflect tumor biology.

MTV
The MTV measure the total volume of the meta-
bolically active tumor included within a VOI, 
both for a single lesion both for multiple lesions 
and expressed in cm3 or ml. The rationale is the 
assumption of a metabolic activity higher than 
the surrounding healthy tissue to be able to accu-
rately define the tumor volume. MTV is slightly 
affected by noise since it includes hundreds or 
thousands of voxels.
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TLG
The TLG is the product of SUVmean in the defined 
VOI and the MTV; the rationale is to combine 
tumor burden and its metabolic activity to obtain 
an index that is correlated to the tumor volume 
and the uptake within the entire volume. The rou-
tine application of these parameters is challeng-
ing because the quantification process requires 
complex calculations, is conducive to subjective 
definitions of VOIs, and is rather time consum-
ing. There are several segmentation algorithm 
definitions, relying on manual (by an expert) or 
semiautomatic methods for tumor delineation 
(Table 4.3). With the recent development of 
software- assisted automated VOI assessments, 
volume-based metabolic quantitative parameters 
have become increasingly available. Although 
these metrics are potentially useful clinical 

parameters for assessing treatment response and 
survival, they are not ready for clinical applica-
tions at the moment because they are yet to be 
standardized and validated [8–10]. The advan-
tages and disadvantages of these methods are 
provided in Table 4.3.

4.1.1.4  Variability of PET-Derived 
Quantitative Metrics

The first prerequisite to reliably measure a PET- 
derived tumor volume is to assure a robust and 
reproducible method to accurately determine 
SUV-based parameters, overcoming the above-
mentioned sources of error related to physical, 
technical, and biological factors [7]. In particular, 
all quantitative PET metrics are affected by user- 
defined factors including image acquisition set-
tings, i.e., duration of acquisition, thickness of 

Table 4.3 Pros and cons of the various categories of PET image segmentation techniques

Category Characteristics Limitations

Manual techniques Visual interpretation and manual 
delineation of contours

Time consuming. Susceptibility to 
window level settings

Very simple to use. Tools to transfer 
RT objects to treatment planning 
systems available from most vendors

Suffer from intra- and inter-observer 
variability. Consensus reading by 
nuclear medicine physician and 
radiation oncologist hardly practical 
in busy clinical departments

Thresholding techniques Most frequently used due to their 
simple implementation and high 
efficiency

Hard decision making. Too sensitive 
to PVE, tumour heterogeneity and 
motion artifacts. Some methods 
focus on volume, others focus on 
intensity differences. Combination 
of both seems to provide best results 
[92]

Variational approaches Subpixel accuracy, boundary 
continuity and relatively efficient. 
They are mathematically well 
developed and allow for incorporation 
of priors such as shape

Sensitive to image noise. As a PDE, 
stability and convergence could be 
subject to numerical fluctuations, 
especially if the parameters are not 
properly selected

Learning methods Utilize pattern recognition power. Two 
main types: supervised (classification) 
and unsupervised (clustering)

Computational complexity 
especially in supervised methods, 
which require time-consuming 
training. Feature selection besides 
commonly used intensity is a 
flexibility but cab also be a challenge

Stochastic models Exploit statistical differences between 
tumour uptake and surrounding 
tissues. Most natural to deal with the 
noisy nature of PET

Effect of initialization and 
convergence to local optimal 
solutions are concerns, especially 
when compromises are made to 
improve efficiency

Extracted by Eur J Nucl Med Mol Imaging (2010) 37:2165–2187, table 2, p. 2175 [32]
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the slice, acquisition mode (2D vs. 3D), recon-
struction algorithm, and the correction herein 
applied, i.e., attenuation, scattered and random 
coincidences, and dead time correction. To mini-
mize SUV variability, it is necessary to cross- 
calibrate the PET scanners and ancillary 
instruments. Though cumbersome, this approach 
proved effective in increasing the accuracy of 
tracer uptake measurements, reducing inter- 
scanner variability of the measured activity to 
5–10 % [7, 11–16], which is a major achieve-
ment, compared to 10–25 % variation observed 
even in a controlled environment of a multicenter 
clinical trial [17].

4.1.1.5  PET Test–Retest Reproducibility
Reported variability of SUV in patient test–retest 
studies differed from the desired range of ≤10 % 
[18–23]. The largest repeatability study of 62 
patients with gastrointestinal malignancies 
reported an intra-subject coefficient of variation 
decrease in SUV measurements from 16 % to 
11 % after applying a centralized quality control 
assessment and analysis [24, 25]. These studies 
showed that the variance of SUV is greater in 
clinical practice than in clinical trials even in a 
single site experience: the threshold criteria for a 
difference of a second scan in respect to baseline 
at 95 % confidence level were 49 % and 44 % for 
SUVmax and SUVmean, respectively. A recent 
meta-analysis by De Langen et al. showed that 
SUVmean had a slightly better repeatability than 
SUVmax, with a better reproducibility in larger 
lesions [26]. However, a recent study comparing 
SUVmax, SUVmean, SUVpeak, and TGV found that 
different SUV definitions yielded 20 % variation 
in tumor response values for an individual tumor 
and variation of up to 90 % for a single SUV mea-
surement [27]. Another study showed that mean 
percentage difference in SUVmax measurements 
in 100 patients with a known chest lesion obtained 
on subsequent scans was 0.9 ± 7.8 with a coeffi-
cient of variation of 4.3 % [28]. This variability 
was much lower than that reported in previous 
studies with a range of 2.5–8.2 % [7, 11, 29]. 
Besides SUV, Leijenaar et al. [30] demonstrated 
a high test–retest reproducibility of various 
radiomics features as well as a high (91 %) 

interobserver variability. Based on the results of 
these studies, minimal protocol variation should 
be ensured when performing repeated scans on 
the same patient required to improve the reliabil-
ity of SUV measurements.

4.1.2  Segmentation Methods 
for Volume Calculations

Different segmentation techniques for PET- 
derived volumes have been proposed with a vary-
ing complexity (Table 4.3). Hence, comparing 
the performance of different methods from pub-
lished data is almost impossible given the variety 
of algorithms used and degree of operator manip-
ulations [31, 32]. To date, there is no consensus 
on a reproducible, accurate, and practical method 
that should be preferred for tumor segmentation. 
The existing methodologies are described in the 
following paragraph.

Manual Technique The manual contouring by 
an experienced imaging expert is the first meth-
ods applied in this field and it is still widely used. 
However, this procedure is cumbersome, and 
time consuming, particularly in patients with dis-
seminated disease. This method is technically 
least sophisticated but economically less demand-
ing and expectedly leads to significant interob-
server variability in the range of 5–137 % [33].

Thresholding Method The most widely used 
method to define a tumor volume is the thresh-
olding method that requires identification of vox-
els exceeding a predefined threshold [34]. The 
thresholding can be performed using fixed or 
adaptive methodologies. In general, application 
of the proper threshold technique is a challenging 
task because of the limited resolution of PET 
images. Blurring due to partial volume effect [35] 
(Fig. 4.4) or motion artifacts and noise fluctua-
tions due to limited photon counts can degrade 
segmentation accuracy.

Percentage threshold The earliest thresholding 
method was based on a percentage SUV, mainly 
using a cutoff of 40–50 % of the SUVmax [36]. 
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This method was simply based on phantom 
studies of static spheres. Subsequently, a value 
of 40 % was adopted by several groups for 
tumor delineation in radiotherapy planning of 
non- small cell lung cancer (NSCLC) [37], cer-
vical cancer [38], and head and neck squamous 
cell carcinoma (HNSCC) [39]. The principal 

drawback of this method is that the optimal 
threshold is influenced by the size of the tumor 
volume; the surrounding background is not 
taken into account and is often “scanner spe-
cific” because of the strong dependence on the 
spatial resolution of the instrument. Based on 
the available data suggesting an insufficient 
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tumor coverage using fixed thresholding meth-
ods, this method was no longer recommended, 
particularly for RT planning purposes [40].

Fixed threshold As an alternative method, an 
absolute SUV threshold can be used for tumor 
segmentation. However, tumor inhomogeneity 
and motion artifacts may hinder the application 
of this approach by failing to provide adequate 
tumor delineation in nearly half of the cases, in 
particular for lesions showing a low tumor-to- 
background ratio [41]. Moreover, fixed thresh-
olding techniques take neither the background 
nor the tumor size into consideration [42] thus 
being inappropriate to define a tumor volume.

Adaptive threshold To address the background- 
dependent variability, some investigators suggested 
adapting the threshold to tumor-to-background 
(TBR) ratio [43, 44]. Subsequently, a more devel-
oped system based on an iterative technique was 
introduced to optimize the thresholding for the 
TBR approach [44–47]. The rationale is to change 
TBR threshold iteratively till when an optimal 
threshold is generated by the convergence algo-
rithm. This is a reasonable and logic approach. 
However, the coexistence of several operator-
dependent thresholding methods, based on differ-
ent morphologic aspects of radiotracer 
concentration in tumors, justifies the search for an 
automatic threshold computing software.

Gradient technique This technique measures 
gradient differences between the lesion and the 
surrounding background with a good spatial accu-
racy and efficiency [48, 49]. Gradient  methodology 
includes simple edge or ridge detectors [50] or 
watershed method [51]. More recently deform-
able active contour models have been applied to 
PET segmentation with the assumption that con-
tours are characterized by sharp variations in the 
image intensity [52, 53]. Despite being intuitive, 
the gradient technique suffers considerably from 
image noise and often requires filtering of the 
images with a blurring effect [54].

More sophisticated techniques To overcome all 
the difficulties originating from thresholding and 

gradient techniques, several authors have 
explored more sophisticated approaches used in 
other science domains such as active deformable 
models, learning methods, and stochastic 
approaches [55] and those using a pattern recog-
nition algorithm [56]. Learning methods based 
on classification require training of the method 
moving from data with known labels (known 
ground truth). However, this is a challenging task 
due to variability of PET tracer uptakes and bio- 
distribution in tissues, which in turn depends on 
the biomarker concentration in the blood (e.g., 
glucose concentration for FDG) and other techni-
cal factors. In addition, PET images need to be 
properly drawn to identify the ground truth for 
training purposes (e.g., the structures contoured 
by a panel of experienced radiologists). Therefore, 
behind the ground truth, the application of these 
methods requires a number of other information 
with a thoroughly checked source. Stochastic 
models offer the advantage of incorporating the 
variable of the voxel’s intensity directly into the 
model. However, these models are based on a 
proper predefined noise model, which has not 
been yet defined for PET and is strongly influ-
enced by the parameters and type of the recon-
struction algorithm. In general, the Gaussian 
assumption is used because it simplifies the com-
putational burden and speeds up convergence.

Comparison between methods Reproducibility is 
a key issue associated with segmentation meth-
ods. Different methods give rise to variations in 
the calculated PET volumes in the range of 
40–50 % [9, 31, 58, 59], and this variability can 
even reach 400 % [32]. The performance of tumor 
delineation methods, in turn, largely depends on 
variations in the TBR, image resolution, and 
image noise level. Evaluating the accuracy of the 
segmentation methods is rather difficult because it 
is virtually impossible to rely on a ground truth as 
comparator. Studies have been proposed using 
phantoms, morphological images (CT or MRI), 
and pathology specimens [57], but there is no 
consensus among scientists on the optimal 
method. Despite the heterogeneity of clinical 
behavior and aggressiveness of the malignant pro-
cesses, there is preliminary evidence to suggest 
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that MTV and TLG have independent prognostic 
value across different types of cancers, including 
lymphoma [60]. It is therefore important to pur-
sue validation studies to establish the real value of 
these methodologies and also prove their repro-
ducibility in large prospective data sets.

4.1.2.1  Applications in Radiation 
Oncology

Radiation therapy (RT) is one of the pillars of 
combined-modality treatment for the Hodgkin 
lymphoma. Successive technological progresses 
achieved over the past decade have revolution-
ized the definition of the target tumor volume and 
the boundaries of the radiation field. These new 
methods increased the effectiveness of this treat-
ment modality which delivered much smaller 
doses to critical organs such as the lung, heart, 
and breast [61]. RT treatments can be classified 
as total lymphoid/nodal irradiation (TLI/TNI), 
extended field RT (EFRT), involved-field RT 
(IFRT), and involved node RT (INRT) (see 
Chapter 5). In the modern era of conformal radio-
therapy, TNI and the EFRT are no longer in prac-
tice and supplanted by limited-field radiation 
therapy: IFRT, if the RT field encompasses all of 
the clinically involved nodal regions, and INRT, 
with an assumption to deliver the dose only to the 
initially involved nodes, rather than including the 
entire region of the involved nodal chain. 
Consequently, the current guidelines for com-
bined chemotherapy and RT indicate that the 
delineation of the target volume should always be 
carried out on the affected regions [62, 63].

Field delineation in RT planning is one the 
most important applications of PET/CT imaging 
(see Chapter V). In recent years, a large number 
of studies and methodological research projects 
were performed to develop and validate auto-
matic and semiautomatic algorithms for accurate 
and robust delineation of RT target volumes. So 
far only a few clinical trials have been conducted 
in which dose escalation was prescribed on an 
FDG avid area within the GTV [64–67].

Recent studies proved high observer variabil-
ity in clinical target volume (CTV) delineation 
for HL [68–70], thus, highlighting the need for a 
robust and operator-independent methodology 

for target definition. A considerable improve-
ment in treatment volume definition on simula-
tion CT has been obtained by integrating the 
information provided by the FDG-PET/CT, 
acquired before chemotherapy for diagnosis and 
staging purposes [67, 71–74]. In order to com-
bine the FDG-PET/CT outcome with the 
CT-based CTV delineation, the common practice 
is the visual assessment. Briefly, the physician 
compares the two imaging modalities displayed 
on two different screens and confirms the match-
ing on anatomical landmarks. However, this 
approach is time consuming and operator depen-
dent. Some authors proposed methods based on 
rigid image coregistration and overlay (image 
fusion) highlighting favorable results if the FDG- 
PET/CT is acquired in the treatment position 
[73–75].

Dedicated PET/CT planning is already avail-
able in some centers, but care must be taken when 
fusing diagnostic and planning scans because of 
the need for a deformable registration, which is 
yet to become a standardized procedure. 
Nonetheless, there are practical obstacles in rou-
tine practice such as the scanning position of the 
patient (position of the arms and/or neck) and the 
use of different scanners. In addition, weight loss 
and lymph node shrinkage occurring between the 
two imaging stages represent particularly chal-
lenging issues for PET/CT matching based on 
rigid registration.

Similar to other cancers, PET/CT manual con-
touring is the standard technique in lymphoma 
[76]. To increase reproducibility, the use of a flat 
table for PET/CT imaging is advisable. Due to 
the relatively simple geometry of the lymphoma 
lymph nodal masses in axial CT and PET/CT 
sections, a PET segmentation algorithm has been 
rarely used instead of manual contouring for RT 
planning.

4.1.3  Conclusions

There is a large variability in computational com-
plexity and level of user interaction required by 
the various image segmentation techniques. In 
the near future, the development of more sophis-
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ticated and robust tools for PET segmentation 
will probably help physicians to use these quanti-
tative methods with higher precision and accu-
racy. However, it is imperative to adopt 
standardized acquisition, reconstruction, and 
analysis protocols for the clinical use of PET 
quantitative metrics.

4.2  Clinical Applications 
in Lymphoma

4.2.1  Why Should Quantitative 
Methodology Be Preferred 
Over Qualitative?

The widely utilized anatomic imaging parame-
ters rely on tumor size change as a measure for 
treatment response. Nevertheless, functional 
imaging lends itself as a better surrogate metric 
for demonstrating a biological tumor response. 
Although visual assessment of FDG-PET/CT has 
been successfully integrated into clinical practice 
for therapy monitoring, high rate of false-positive 
results even in the hands of expert readers have 
raised concerns [77–81] for its usefulness, par-
ticularly, for interim PET-adapted therapeutic 
strategies. With the emphasis on the liver as a ref-
erence background adopted by D 5PS criteria 
[82], the inter-patient variability and intra-patient 
fluctuations of hepatic FDG uptake during 
 therapy [83–85] have become a focus of concern. 
More importantly, the depth of tumor response 
categorization by visual criteria may lead to sub-
optimal differentiation between response catego-
ries by oversimplification. Furthermore, visual 
assessment is proven to be a reproducible and 
efficacious method for treatment response assess-
ment in HL [159, 160] and FL [179] but its role is 
less substantiated with the currently available 
data in other lymphoma subsets [153]. 
Quantitative analysis allows for an objective 
assessment of treatment response, thereby mini-
mizing interobserver variations and more suit-
able for a continuous measure of response which 
is also one of the most effective ways to reduce 
sample size [86]. In order to minimize potential 
treatment-associated morbidity, and unnecessary 

interventions, the tumor metabolic response can 
be used as a practical early clinical end point to 
substitute survival end points, which may coun-
teract the high cost and lengthy process attendant 
with the regulatory approval of the novel drugs. 
Functional imaging provides an earlier and faster 
readout for treatment response compared to mor-
phologic imaging; consequently, it is preferable 
for early and accurate evaluation of the efficacy 
of novel treatments. With the recent insurgence 
of sophisticated software programs, tumor vol-
umes can be determined with much less effort 
than otherwise. Thus, MTV as a measure of the 
viable tumor fraction or TLG, as a product of 
MTV and mean SUV within the volume, may 
better predict ultimate patient outcome than ana-
tomical imaging either at baseline or early during 
therapy. MTV is and may better estimate tumor 
burden. Hence, there is a strong interest in the 
development of various quantitative metabolic 
PET metrics in an effort to decrease the rate of 
false-positive results, increase reproducibility, 
and maximize statistical power.

4.2.2  PET-Derived Quantitative 
Metrics in Clinical Practice

4.2.2.1  Standardized Uptake Values 
(SUV)

As alluded in the previous section, SUVmax has 
been investigated as a quantitative PET parame-
ter to provide an objective measure for assessing 
tumor metabolic activity in tissues.

Baseline Tumor Characterization
The advent of genomic and proteomic technolo-
gies have been shifting traditional cancer man-
agement toward an individualized treatment 
strategy. However, these methods are impractical 
in a routine setting and do not allow for a com-
plete characterization of the tumor because tumor 
tissues are spatially and temporally heteroge-
neous. Noninvasive assessment of tumor behav-
ior with the use of imaging may provide a more 
comprehensive guidance for improving therapy 
decisions in cancer patients. Among all indica-
tions, differentiation between a malignant and 
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benign etiology or a low-grade phenotype from 
that of a high grade using an objective imaging 
tool would be clinically desirable. In this regard, 
although limited and not validated, the existing 
published data showing correlation between the 
SUVmax and tumor histologic characteristics, sur-
gical stage, and prognosis are summarized in the 
following section.

Diagnosis of different tumor pheno-
types Considering the need for a more aggressive 
treatment for transformed low-grade lymphomas 
(LGL) compared to LGLs [87], early identifica-
tion of transformation to an aggressive phenotype 
would be clinically consequential. There is suffi-
cient evidence that FDG-PET/CT can detect 
transformation of chronic lymphocytic leukemia 
(CLL) to diffuse large B-cell lymphoma 
(DLBCL), the so-called Richter’s transformation 
[88–91]. In a retrospective study by Bruzzi et al. 
(n = 37), SUVmax of >5.0 was considered highly 
suggestive of Richter’s transformation with an 
overall sensitivity and negative predictive value 
(NPV) of 91 % and 97 %, respectively [88]. 
Recently, Falchi et al. evaluated and reported that 
SUVmax ≥10, international prognostic score 
(IPS) ≥2, bulky disease, and age ≥65 were inde-
pendently associated with shorter OS in CLL 
patients (n = 332) [89]. SUVmax ≥10 strongly cor-
related with overall survival (OS) (OS: 57 vs. 7 
months). Corroborating these results, Michallet 
et al. identified a threshold of tumor SUVmax >10 
as the most effective discriminating cutoff value 
which yielded a sensitivity and specificity of 91 % 
and 95 %, respectively, for identifying transfor-
mation by PET in CLL patients (n = 250) [90].

The transformation to large B-cell aggressive 
lymphoma is also a critical event for patients with 
follicular lymphoma (FL), which warrants a 
more aggressive therapy approach than de novo 
FL. The value of FDG-PET/CT diagnosing trans-
formation has been well established for guiding 
lymph node biopsy when transformation is sus-
pected. Although there is lack of consistency for 
defining an exact SUVmax cutoff, a transformation 
is suggested at a SUVmax of 10–15 [91–96]. But it 

should be emphasized that thresholds indicating 
transformation should be investigated in homo-
geneous patient cohorts because the cutoff value 
will be different for different subtypes of indolent 
lymphomas [94]. Because proliferation is a hall-
mark of transformation, 3′-deoxy-3′-[18F]fluoro-
thymidine (FLT), as a specific surrogate for 
proliferation [97], is hypothesized to be superior 
to FDG for early detection of progression to a 
more aggressive histology (see Chapter 1: the 
newer tracers). Nonetheless, there are conflicting 
reports and this premise has not yet been proven 
[95, 98]. In a comparative study (n = 26) by 
Wondergem et al., the ability of FDG to discrimi-
nate between FL and transformed FL was supe-
rior to that of FLT with a SUVmax of 14.5 aiming 
at 100 % sensitivity with a maximum specificity 
(82 %) [95]. At the optimal sensitivity, the speci-
ficity of FLT was only 36 % that would imply an 
unacceptably high proportion of patients requir-
ing a biopsy to exclude transformation. The poor 
performance of FLT begs the question of its spec-
ificity for cell proliferation or Ki-67 expression. 
Therefore, the clinical impact of FLT remains to 
be determined in ongoing research studies.

The nodular lymphocyte predominant HL 
(NLPHL) is an uncommon subtype that invari-
ably expresses CD20 with excellent OS, but 
unlike classical HL (cHL), late relapses may 
occur. In addition to staging and response assess-
ment, determination of a disparate phenotype 
may be clinically relevant to because NLPHL has 
a propensity to be associated with concurrent or 
transformation to an aggressive B-cell non- 
Hodgkin lymphoma that would require long-term 
follow-up and image-guided rebiopsy. Hence, 
recognizing the imaging features of this entity is 
important. NLPHL is FDG avid, although SUVs 
are generally lower than those observed in cHL 
[99, 100]. A study by Hutchings et al. (n = 60) 
found that the mean SUVmax was 8.0 vs. 11–15 
for cHL, p = 0.002 [99]. In a retrospective design 
(n = 12), NLPHL patients were also found to have 
lower FDG SUVmax compared to those with 
T-cell/histiocyte-rich large B-cell lymphoma 
(THR-LBCL) (mean SUVmax, 6.9 vs. 16.6, 
p = 0.055) [101].
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Tumor heterogeneity The spatial and temporal 
tumor heterogeneity limits the accuracy of tissue- 
based molecular assays. However, algorithms of 
image characterizations may capture intratumor 
heterogeneity as a signature of gene expression 
patterns, particularly, with the use of quantitative 
methods [102, 103]. The heterogeneity of tumor 
morphology largely accounts for an idiosyncratic 
treatment response within a single or across dif-
ferent neoplastic disorders. Genetic and epigene-
tic differences between cancer cells within a 
tumor might explain why some tumor cells are 
resistant to therapy, while others are sensitive and 
can be eradicated after an effective treatment.

Radiomics is an emerging field and refers to the 
comprehensive evaluation of the entire tumor vol-
ume using quantitative image evaluation of tumor 
phenotypes [102, 104, 105]. Recently, the data 
published by Aerts et al. suggested that radiomics 
decoded a general prognostic phenotype existing 
in multiple cancer types by revealing associations 
with the underlying gene expression patterns 
[106]. In one series of mixed cancers including 
DLBCL, integrating image textural features with 
SUV measurements significantly improved the pre-
diction accuracy of morphological changes 
(Spearman correlation coefficient = 0.87, p < 0.0002) 
[107]. Some of the textural image features (such as 
entropy and maximum probability) were superior in 
predicting morphological changes of radiotracer 
uptake regions longitudinally, compared to 
SUVmax. In another pilot study, voxel distribution 
of FDG uptake demonstrated no significant differ-
ences in the heterogeneity indices between respond-
ers and nonresponders, while the heterogeneity of 
the intratumoral distribution of 111In-ibritumomab 
tiuxetan was correlated with the tumor response in 
this cohort of 16 NHL patients [108]. In this study, 
pre-therapeutic FDG SUVmax was predictive of 
the tumor response to 90Y-ibritumomab tiuxetan 
therapy on a lesion-by-lesion basis. This result is 
consistent with a previous report [109], while in 
another prior report, pre-therapeutic FDG SUVmax 
was not predictive of the tumor response to 
90Y-ibritumomab tiuxetan therapy [110]. This may 
be because of the small number of patients and dif-

ferent analysis methods. Nonetheless, in radionu-
clide therapy, the nonuniformity of the absorbed 
dose by the tumor may be a key issue for treatment 
success or failure. Pre-therapeutic FDG SUVmax 
in combination with heterogeneity of 
111In-ibritumomab tiuxetan might enhance the pre-
dictive values for tumor response and long-term 
outcome, which will be clarified in further studies. 
Radiomics may have a large clinical impact pro-
viding a wealth of extractable additional informa-
tion that can be quantified for monitoring 
phenotypic changes during treatment. However, it 
is still in an early phase of development, and there 
are multiple technical issues that still need to be 
streamlined and validated to prove its clinical 
relevance.

Assessment of Bone Marrow Involvement 
(BMI)
Although it is widely recognized that a unilateral 
iliac crest BMB could underestimate lymphoma 
infiltration, bone marrow biopsy (BMB) has been 
the standard conventional method to evaluate 
bone marrow (BM) involvement in lymphomas 
(see Chapter 1: the need for bone marrow biopsy). 
However, BMB is associated with complications 
such as bleeding, anxiety, and pain [111, 112]. To 
overcome these disadvantages, the high sensitiv-
ity provided by whole body PET/CT imaging is 
exploited for effectively diagnosing BMI. 
According to the new Lugano guidelines, if a 
PET/CT is performed, a BMB is no longer 
required for the routine evaluation of patients 
with HL because of the low incidence of BMI 
[113, 114]. In DLBCL, if the scan is negative, a 
BMB is indicated to identify involvement by dis-
cordant histology if relevant for a clinical trial or 
patient management [113, 115, 116]. Several 
studies investigated whether visual and quantita-
tive PET-based BM assessment can replace blind 
BMBs in various lymphoma subtypes.

Non-Hodgkin Lymphoma Adams et al. reported 
the inability of FDG-PET/CT to replace BMB in 
newly diagnosed DLBCL because PET-based BM 
assessments, including SUVs, were prognostically 
inferior to BMB (n = 78). Multivariate analysis 
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showed that only BMB status was an independent 
predictive factor of PFS (P = 0.016 and OS 
P = 0.004) [117]. The design of this study, however, 
was not optimal because of retrospective analysis 
and the use of BMB as the only reference standard 
for the diagnosis of BMI, which only allowed for 
the calculation of patient-based sensitivity of FDG-
PET/CT. The same group of investigators subse-
quently reported that head-to- head comparison 
with BMB, the diagnostic value of both visual and 
quantitative PET/CT for the detection of BMI, is 
low in a cohort of 40 DLBCL patients [118]. The 
SUVmean, SUVmax, and SUVpeak of BMB-negative 
patients (1.4 ± 0.49, 2.2 ± 0.69, and 1.7 ± 0.59, 
respectively) considerably overlapped with those 
of BMB-positive patients (1.8 ± 0.53, 2.7 ± 0.71, 
and 2.2 ± 0.61, respectively).

Contrary to these results, in patients with FL, 
quantitative PET analysis was more beneficial in 
diagnosing BMI than visual assessment in a pre-
liminary study of 22 patients. Optimal SUVmax 
cutoff of 2.1 yielded sensitivity and specificity 
combinations of approximately 87 % [119]. In 
another study, of 41 patients with grade 1-3a FL 
and diffuse BM uptake, using a SUVmean cutoff of 
≥2 resulted in approximately 30 % improved sen-
sitivity at no cost to specificity. Moreover, using 
the ratio SUVmean/MBP ≥1, the sensitivity of PET/
CT to detect BM involvement improved to 83 % 
[120]. As a limitation, this study was retrospective 
and included both staging and restaging patient 
groups which added heterogeneity to the data.

Hodgkin lymphoma Although the value of quali-
tative analysis and the rareness of BMI in HL 
have been addressed previously, several studies 
investigated the added value of a quantitative 
PET approach in the detection of BMI by 
HL. SUVmax evaluation did not have an incremen-
tal value to the visual evaluation in a retrospec-
tive study included 26 HL patients [121]. In 
another retrospective study of 106 HL patients, 
Salaun et al. reported that multivariate analysis 
revealed an independent correlation between 
sacral SUVmax and Ann Arbor stage (p = 0.005). 
No BMI was found in patients who presented 
with SUVmax below 3.4 [122].

In summary, because the qualitative interpre-
tation of PET may be marred by the physiologic 
accumulation of FDG within the BM, there is a 
need for an objective whole body technique to 
yield quantifiable results that may simulate 
BMB. At first glance, the distinction between 
these potentially overlapping conditions may be 
easy, considering that only focal FDG uptake is 
considered to represent BMI in HL [113, 114]. 
However, this distinction is challenging in NHL 
where BMI can present with both focal and dif-
fuse patterns of FDG uptake [116, 117]. In this 
regard, development of a quantitative PET 
approach may be particularly relevant in patients 
with newly diagnosed NHL. However, a number 
of unsettled issues still exists, i.e., what extent of 
increase in BM uptake should be considered 
suggestive of BMI, if this increase could be 
quantifiable how should it be corrected by the 
actual BM volume that individually varies from 
one patient to another, how to factor in the differ-
ences in the BM volume in different parts of the 
body, and, finally, what would be the methods to 
minimize an overlap between reactive BM 
hyperplasia and diffuse BMI. With the wealth of 
available software programs, further work is 
underway to address these viable concerns to 
determine the actual role of a quantitative PET 
approach.

4.2.2.2  Quantitative PET-Derived 
Metrics Beyond SUVs

As discussed at length in the previous section, 
SUV can be biased by the count variability and 
tumor heterogeneity in a volume of interest 
because of the reliance on a single voxel mea-
surement. Furthermore, besides the anatomic 
finding of high tumor burden in a disseminated 
disease, which is frequently recorded at base-
line in lymphoma, a methodology able to assess 
and quantify the metabolic activity of a given 
tumor burden would be more clinically rele-
vant. In an effort to reduce bias, increase repro-
ducibility, and improve the predictive value of 
PET results, functional volume parameters, i.e., 
metabolic tumor volume (MTV) and tumor 
lesion glycolysis (TLG) have been under inves-
tigation [1, 8–10].
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Prognostic Value of PET-Derived 
Quantitative Metrics at Baseline
If the baseline whole body disease volume is 
proven to be an independent prognostic factor, 
high-risk patients may be objectively identified 
for treatment intensification. However, there is 
paucity of clinical data for the establishment of a 
prognostic system that is based on pre-therapy 
quantitative PET metrics affecting clinical out-
comes of lymphoma patients. The available lit-
erature in both HL and NHL is discussed in the 
following section and summarized in Table 4.4.

Hodgkin lymphoma Tumor bulk is a significant 
negative prognostic factor in early-stage HL 
[113, 123–125]. However, not only the exact 
definition of tumor bulk remains a controversial 
topic but also an objective method to measure 
whole body tumor burden is yet to be estab-
lished for a patient-tailored management. Thus 
far, the practice has relied on the indirect mea-
sures of tumor burden, i.e., the extent of involved 
sites used by the Ann Arbor staging system, and 
integrated factors including number of disease 
sites, stage, and LDH used by the prognostic 
systems including the international prognostic 
score (IPS) to stratify risk categories [126–129]. 
In a prior study of HL patients treated on stan-
dard protocols, the mean tumor burden normal-
ized to body surface area based on CT 
measurements was found to be largely superior 
to all prognostic models as a predictor of com-
plete remission and survival [124, 125]. Given 
the coverage of the entire body, metabolic vol-
ume determination may be a better surrogate for 
response and survival by representing overall 
tumor functionality.

Several retrospective studies using various 
methodologies calculating the tumor volume 
showed that there may be a benefit to use PET 
quantitative metrics to predict survival [130–
132]. In a study by Song et al. in 127 early-stage 
HL patients (20 % bulky) treated with six cycles 
of ABVD, with or without involved-field radio-
therapy (IFRT), the multivariate analysis showed 
that only older age, B symptoms, and high MTV 
status were independently associated with PFS 

and OS (PFS, p = 0.008; OS, p = 0.007) [130]. In 
this study, a fixed threshold method of ≥SUVmax 
2.5 was used to determine the disease volume. In 
another single-center study, Kanoun et al. showed 
that pre-therapy MTV was predictive of patient 
outcomes in a cohort of 59 HL patients (92 % 
stage II–IV, 60 % IPS > 2), who were treated with 
an anthracycline-based therapy with or without 
IFRT [131]. The patients with a low MTV had a 
significantly better 4-year PFS than those with a 
high MTV (85 % vs. 42 %, p = 0.001, 88 % vs. 
45 %, p = 0.0015, respectively). MTVs were mea-
sured with a semiautomatic method using a 41 % 
SUVmax threshold. In multivariate analysis only 
baseline MTV (p < 0.006, RR 4.4) and ΔSUVmax 
at PET2 (71 %, p = 0.0005, RR 6.3) remained 
independent predictors of PFS when tumor bulk 
(≥10 cm) did not reach statistical significance. In 
contrast to these findings, Tseng D. et al. reported 
that at a median follow-up of 50 months, baseline 
absolute PET metrics including SUVmax, SUVmean, 
and MTV did not predict survival in 30 HL 
patients (stage IIB-IV 63 %, 30 % IPS > 2) treated 
with varying chemotherapy regimens with or 
without IFRT when IPS was associated with PFS 
(p < 0.05) and OS (p < 0.01) [132]. On the con-
trary, the ΔMTV (p < 0.01), ΔSUVmax (p = 0.01), 
and ΔSUVmean (p < 0.05) at interim PET were 
associated with PFS and OS. This divergent 
result compared to others may be on the basis of 
a small patient cohort and the differences in 
methodologies, patient population, (stage, risk 
factors) and therapy protocol. However, all of the 
above reviewed studies had suboptimal designs 
marred by the retrospective design, which was 
inherently prone to biases because of non- 
standardized protocols and patient preparation 
(see previous section). Also the use of various 
segmentation methods and resultant MTV cut-
offs that varied between 200 and 500 ml led to 
non-comparable and non-generalizable results. 
Moreover, a fixed threshold that was used by all 
of these studies is not considered optimal for vol-
umetric assessment as discussed in the previous 
technical section.

In a retrospective analysis of prospectively 
acquired data in 89 cHL patients whose findings 
were reported previously by Hutchings et al. 
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[133], during a median follow-up was 52 months, 
no baseline clinical parameters correlated with 
PFS but both baseline and interim quantitative 
PET parameters correlated with PFS [134]. The 
MTV was the strongest predictor of PFS at base-
line (p = 0.002) and D-5PS at PET1 (p < 0.0001) 
(unpublished data). However, these data were 
obtained in a mixture of early- and advanced-
stage patients, with as much as 54 % of the origi-
nal series of 126 patients having a limited-stage 
disease (IA-IIB (Fig. 4.5)). Further investigations 
should include a more homogeneous data for 
definitive conclusions on the role of quantitative 
PET in the determination of HL outcomes. In 
view of the existing promising data, there is a 
need for more prospective large datasets to defin-
itively determine the complementary or indepen-
dent role of quantitative FDG-PET metrics at 
baseline for predicting prognosis and guiding 
treatment decisions in cHL.

Diffuse large B-cell lymphoma For NHL, there 
are no universally accepted or validated criteria 
for defining “bulky” disease, although 6 cm was 
suggested as the best cutoff for FL [135] and 
6–10 cm for DLBCL [136]. A more streamlined 
and objective tumor burden measure would be 
preferred to better guide management. The pre-
treatment FDG-PET metrics have been investi-
gated as a potential predictor of survival in 
patients with DLBCL treated with rituximab, 
cyclophosphamide, doxorubicin, vincristine, and 
prednisolone (R-CHOP) [137–146]. In a retro-
spective study of 169 patients with stage II–III 
(74 % IPI ≤2) de novo DLBCL, prior to R-CHOP 
therapy (6–8 cycles), Song et al. found in a mul-
tivariate analysis that the whole body tumor bur-
den was a more important prognostic parameter 
for PFS than Ann Arbor staging (HR = 5.3; OS, 
HR = 7.0, both p < 0.001) [138]. MTV was defined 
with a thresholding intensity based on SUVmax 
≥2.5. With a median follow-up of 36 months, the 
3-year estimates of PFS and OS were signifi-
cantly higher in the low MTV than in the high 
group (PFS, 90 % vs. 56 %; OS, 93 % vs. 58.0 %, 
both p < 0.001). The same group of investigators 
found similar results in 165 early-stage (71 % IPI 
≤2) primary gastrointestinal DLBCL patients 

[147]. During a median follow-up of 37 months, 
MTV was a better predictor of survival than 
SUVmax as determined by the receiver operator 
curve (ROC) analysis (0.92 vs. 0.70). Multivariate 
analysis revealed that a high IPI score (p = 0.001) 
and high MTV (p < 0.001) were independent 
prognostic factors for both PFS and OS, while 
other known prognostic factors were not signifi-
cant. In another study of 140 DLBCL patients 
who received R-CHOP therapy followed by RT 
to bulky disease, after a median follow-up of 
28.5 months, the TLG at the threshold of 50 % 
ΔSUVmax was significantly associated with PFS 
and OS (HR = 4.4; p = 0.008 for PFS and HR = 3.1; 
95 % CI = 1.0–9.6; p = 0.049 for OS) [141]. High 
IPI score and Ann Arbor stage of III/V did not 
significantly shorten PFS. Similarly, in a retro-
spective study of 114 DLBCL patients [140] 
enrolled in previously reported International 
Validation Study [148], Sasanelli et al., using a 
41 % SUVmax threshold, found that MTV was the 
only independent predictor of OS (p = 0.002) and 
PFS (p = 0,03) compared with other pre-therapy 
indices including tumor bulk (≥10 cm), LDH, 
stage, and age-adjusted IPI. The 3-year estimates 
of PFS were 77 % in the low metabolic burden 
group and 60 % in the high metabolic tumor bur-
den group (p = 0.04), and prediction of OS was 
even better (87 % vs. 60 %, p = 0.0003). TLG 
failed to predict PFS and was less predictive of 
OS than MTV, in contrast to prior results. This 
multicenter study, however, was flawed by the 
absence of a protocol harmonization and cross- 
calibration of scanners across participating can-
ters, variability of therapy protocols, and also the 
lack of comparative analysis between volumetric 
results and SUVs. More lately, Kim et al. reported 
that the higher MTV inferred a significantly infe-
rior EFS compared with the lower MTV group 
during a median follow-up of 28 months in 96 
DLBCL patients who were treated with R-CHOP 
[142]. In this study, MTV was defined with a 
fixed threshold of 2.5. There was no difference in 
EFS between patients with stage II and III 
patients (n = 53), but the higher MTV group 
showed significantly inferior EFS in this group of 
patients compared with the lower MTV group. 
Likewise, Xie et al. demonstrated that according 
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Fig. 4.5 Patient examples
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to the cutoff determined from ROC analysis, 
lower MTV and TLG values prior to therapy 
were highly predictive of favorable PFS in 
DLBCL (n = 60) [144]. The multivariate analysis 
determined that the MTV and TLG values and 
number of enlarged lymph nodes predicted PFS 
independent of the National Comprehensive 
Cancer Network International Prognostic Index 
(NCCN-IPI) score and lactate dehydrogenase 
(LDH) level.

There are several studies whose results contra-
dict with the previously reported studies [145, 
146]. Gallicchio et al. suggested that the baseline 
SUVmax was a better predictor of EFS (P = 0.0002, 
HR 0.13) during a median 18-month follow-up 
than MTV and TLG in a study of 52 DLBCL 
patients with intermediate IPI scores, who were 
treated with R-CHOP [145]. Only the IPI score 3 
was slightly but significantly associated with 
poor outcome. The metabolic volume was deter-
mined with a 42 % threshold. It is conceivable 
that patients with intermediate IPI score present-
ing high SUVmax would respond better since the 
magnitude of glycolytic activity rather than the 
amount of metabolically active burden appears to 
be the key determinant. Adams et al. retrospec-
tively investigated the pretreatment PET/CT in 
73 patients with newly diagnosed DLBCL who 
had undergone R-CHOP immunochemotherapy 
[146]. On univariate Cox regression analysis, 
only the NCCN-IPI was a significant predictor of 
PFS (P = 0.024), and only the NCCN-IPI and 
MTV were significant predictors of OS (P = 0.039 
and P = 0.043, respectively). Therefore, the 
NCCN-IPI was suggested to remain the most 
important prognostic tool in this disease.

Combined results of a systematic review of 
seven retrospective studies involving 703 DLBCL 
patients [149] which included some of the above 
referenced studies [137, 138, 140, 141, 143, 146] 
suggested that SUVmax and MTV are significant 
prognostic factors for PFS (HR 1.61; p = 0.038 
and 2.18; p = 0.000, respectively). Similarly, high 
MTV and TLG values unfavorably influenced the 
3-year OS (OR, 5.40 and 2.19, respectively). For 
OS, only high MTV was a strong predictor of 
poor prognosis in DLBCL with HR 2.99 

(p = 0.000). Overall this meta-analysis found that 
the outcomes of the included studies were incon-
sistent. Although the principle treatment protocol 
in six trials was R-CHOP [137, 138, 140, 143, 
146, 150], there were inhomogeneous treatments 
in one trial conducted by Sasanelli et al. [140] 
with 55 % of patients had received R-CHOP only, 
45 % of patients had received R-ACVBP, and an 
additional 18 % of patients had undergone autol-
ogous stem cell transplantation. Additionally, the 
use of different risk scoring systems also 
impacted the homogeneity of the analysis. Five 
trials used the old IPI scoring system for risk 
stratification [137, 138, 141, 143, 150], one trial 
used the age-adjusted IPI scoring system [144], 
and the other used the recently proposed NCCN- 
IPI scoring system [146]. Except one study by 
Oh et al. [150], most patients of six trials had 
low-intermediate or high-intermediate risk 
according to IPI system. Thirdly, the varying 
inclusion and exclusion criteria might have led to 
the heterogeneity of the results. Moreover, each 
study varied widely in the optimal cutoff values 
for survival prediction, with the cutoff values 
ranging from 11 to 30 for ΔSUVmax, from 220 to 
550 ml for MTV and from 415 to 2955 for 
TLG. The trials also differed in the Cox propor-
tional hazard regression methods. Moreover, the 
small number of patients might have influenced 
the reliability of results. These are collectively 
the probable reasons leading to the high hetero-
geneity of the combined results. When the out-
comes from other ongoing trials are published, a 
further meta-analysis will be needed.

In a prospective cohort of 103 primary medi-
astinal large B-cell lymphoma (PMBCL) patients 
enrolled in the International Extranodal 
Lymphoma Study Group (IELSG), Ceriani et al., 
reported that only TLG retained statistical sig-
nificance for both PFS (P < .001) and OS 
(P = .001) in a multivariate analysis, who 
received combination chemo-immunotherapy 
[151]. The MTV was estimated using a threshold 
method based on 25 % of the SUVmax, which was 
lower than other proposed thresholds [132, 152]. 
The 5-year OS was 100 % for patients with low 
TLG vs. 80 % for those with high TLG 
(p = .0001), whereas PFS was 99 % vs. 64 %, 
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respectively (P < .0001). Nonetheless, this was a 
retrospective evaluation in a group of 21 centers 
using various scanners. Additionally, despite a p 
< 0.0001, the HR for TLG was only 1.36 for 
increments of 103. Although considered prelimi-
nary, these results indicate that TLG at staging 
PET/CT could be a useful index in predicting 
outcomes in high-grade NHL including PMBCL 
treated with standard first-line chemotherapy 
regimens. Although it is premature to define the 
role of volumetric measurements in predicting 
outcomes, as a preliminary conclusion metabolic 
tumor volumes tend to be superior to ΔSUVmax 
in predictive values of survival, and a high MTV 
is significantly associated with reduced survival 
in DLBCL patients treated with 
R-CHOP. Because of the heterogeneity of the 
presently published data, these results should be 
interpreted with caution. This area of research 
will benefit from future large-scale prospective 
studies and further development in segmentation 
methodologies.

Predictive Value of PET-Derived 
Quantitative Metrics During or After 
Therapy
Taking a step forward from the traditional risk 
stratification systems, efforts have been concen-
trated on the interim PET results as a tool for 
guidance in early therapy modifications. 
However, the prognostic value of interim PET 
remains controversial in DLBCL patients with 
qualitative assessment variably correlated with 
outcome. The high false-positive rate associated 
with visual scoring systems, including the 
Deauville 5-point scale (D 5PS), has laid the 
grounds for quantitative PET initiatives when 
there is no existent optimal evaluation method for 
early assessment of response.

ΔSUV-based evaluation. Based on the results 
of multiple studies published by the Groupe 
d’Etude des Lymphomes de l’Adulte (GELA), it 
was suggested that the percentage reduction in 
SUVmax between baseline and interim PET 
(ΔSUVmax) improves both the interpretation 
accuracy and the interobserver reproducibility 
and better predicts patient outcome than visual 
analysis [153–155]. This group of investigators 

demonstrated that a 66 % reduction in SUVmax 
between baseline (PET0) and two cycles of che-
motherapy (PET2) better predicted event-free 
survival (EFS) by reducing false-positive results 
of visual analysis. Other subsequent studies pub-
lished corroborative results in DLBCL patients, 
treated with an anthracycline-based regimens 
plus rituximab [156, 157]. However, opposing 
results have also been reported by Pregno et al. in 
DLBCL patients treated with R-CHOP when the 
ΔSUVmax (both 66 % cutoff and median) at PET2 
to PET4 was rather weakly correlated with out-
come (p = 0.113) [80]. Although it was in a 
homogeneous cohort, the limitation of this study 
included a small sample size, different time point 
analysis, and later than optimal time point prefer-
ence (PET3 to PET4 vs. PET2). A similar quanti-
tative approach was applied by Rossi C et al. to 
HL patients and showed that ΔSUVmax at PET2 
was more accurate than the D 5PS in the predic-
tion of outcome [158]. In this retrospective cohort 
of 59 consecutive HL patients who were treated 
with 4–8 cycles of anthracycline-based chemo-
therapy, PET2 ΔSUVmax >71 % was considered a 
favorable response. Although visual PET2 posi-
tivity was related to a lower 4-year PFS (45 % vs. 
81 %, p < 0.002), ΔSUVmax was more accurate for 
identifying patients with different 4-year PFS 
(82 % vs. 30 %; p < 0.0001). In a multivariate 
analysis using the IPI and ΔSUVmax as covari-
ates, ΔSUVmax remained the unique independent 
predictor for PFS (RR, 8.1 and p = 0.0001). 
Quantitative interpretation of PET may lend itself 
as a more pragmatic tool to guide clinicians in 
lymphoma management but, the results of avail-
able data only pointed to the need for larger pro-
spective trials and optimization and 
standardization of criteria for interim PET evalu-
ation to assess the real prognostic value of interim 
PET results.

Tumor metabolic volume evaluation Although 
ΔSUVmax measurements partially improve on 
visual criteria and decrease the rate of false- 
positive results, a uniformly applicable ΔSUVmax 
cutoff has not been established to accurately pre-
dict clinical outcome. One can hypothesize that 
volumetric quantitative PET metrics have a better 
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predictive value early during therapy beyond that 
of ΔSUVmax as well as traditional risk factors in 
lymphoma. The results are summarized under 
two topics, “HL” and “DLBCL,” respectively, in 
the following section. In general, a judicious 
approach should be adopted when reporting these 
studies because of the fact that the majority of 
these studies were retrospective, and no detailed 
information was provided on the quality assur-
ance of the investigated data as well as on scan-
ner calibration, image reconstruction algorithms, 
and patient scanning protocols (see previous sec-
tion). Another flaw in design of prior studies 
included the presence of mixed population of 
early- and advanced-stage disease. It has been 
long established that Ann Arbor staging is one of 
the most important pre-therapy prognostication 
system and an essential component of prognostic 
models such as IPI and IPS. Therefore, evalua-
tion of the additional value of PET quantitative 
metrics in distinct categories of early- and 
advanced-stage patients is necessary to derive a 
clinically meaningful prognostic information.

Hodgkin lymphoma PET-derived quantitative 
metrics can improve the robustness of response 
assessment for therapy adaptation in HL patients. 
There are several studies designed to address this 
objective [131, 132, 134]. The results of the study 
by Kanoun et al. revealed that both baseline MTV 
and ΔSUVmax at PET2 were independent 
 predictors of PFS in a mixed early- and advanced-
stage HL population [131]. The combination of 
MTV and ΔSUVmax made it possible to identify 
three subsets of HL patients with different PFS 
outcomes (p < 0.0001). These included ΔSUVmax 
>71 % and MTV ≤225 ml, ΔSUVmax ≤71 % or 
MTV >225 ml, and ΔSUVmax ≤71 % and MTV 
>225 ml. In these three groups, the 4-year PFS 
rates were 92 %, 49 %, and 20 % (p < 0.0001), 
respectively. In another retrospective study by 
Tseng et al., 30 HL patients (53 % stages III–IV 
and 67 % had IPS ≥ 2) were treated with varying 
chemotherapy regimens [Stanford V (67 %), 
ABVD (17 %), VAMP (10 %), or BEACOPP 
(7 %)] with or without radiation therapy [132]. 
Interim-treatment scans were performed at a 
median of 55 days from the staging PET. At a 

median follow-up of 50 months, baseline abso-
lute PET parameters did not predict survival 
while the ΔMTV (p = 0.01), ΔTLG (p < 0.01), 
and ΔSUVmax (p = 0.02) were associated with 
PFS. In this study, all calculated PET parameters 
were further associated with OS. IPS was also 
associated with PFS and OS (p < 0.05 and 
p < 0.01, respectively). These results suggest that 
the chemosensitivity of the tumor as measured by 
PET early during treatment is more predictive of 
clinical outcome than the initial tumor bulk 
which gives further credence to prior validation 
studies [159, 160]. However, on the basis of 
inclusion of relapsed patients and various chemo-
therapy regimens inclusive of intensive treat-
ments, these data are not conducive to 
reproducible results with firm conclusions. The 
quantitative PET results were also investigated in 
pediatric HL patients [161–164]. Similar to adult 
population, response assessment after two cycles 
improved the specificity of response assessment 
by 30 % using ΔSUVmax with a cutoff of 58 % 
[163, 164]. Contrary to these results, however, 
multiple other studies did not confirm the high 
predictive power of PET status early during ther-
apy [79–81]. In a recent study by Hussien et al. in 
54 pediatric HL patients treated on treatment 
optimization protocols, all quantitative PET mea-
sures (SUVmax, SUVmean, MTV, and TGV) fared 
significantly better than the qualitative response 
assessment using D 5PS at PET2 [162]. ΔSUVmax 
was the most powerful predictor of treatment out-
come (area under the curve, 0.92; p < 0.001). The 
tumor volumes were determined with a fixed 
threshold of 2.5 SUV and at a threshold of mean 
liver plus two standard deviations SUV. In this 
study, technical parameters were better controlled 
than other studies, all PET scanners were cross- 
calibrated, and scan protocols followed EANM 
guidelines. However, sophisticated volumetric 
PET measures did not perform significantly bet-
ter than the previously proposed ΔSUVmax in 
early response assessment [1, 3]. In summary, in 
the pediatric HL population, similar to the adult 
population, these results are preliminary and 
larger cohorts are needed to investigate this 
observation for a better definition of the role of 
PET/CT imaging. Recently, Hasenclever et al. 
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used a continuous scale by assigning D 5PS cat-
egories to certain quantitative PET cutoff values 
using the quotient of SUVpeak of the area with the 
most FDG avid residual uptake and the ΔSUVmean 
of the liver in 898 pediatric HL patients after two 
chemotherapy cycles [165]. The borderlines for 
D 5PS 3, 4, and 5 at quantitative PET values cor-
responded to 0.95, 1.3, and 2.0, respectively, and 
quantitative PET of <1.3 excluded an unfavor-
able response with a high sensitivity. This method 
warrants a prospective validation study to be 
potentially used in clinical settings.

Diffuse large B-cell lymphoma Several retro-
spective studies investigated the value of quanti-
tative PET-derived metrics in DLBCL, with the 
majority of data showing encouraging results 
[166, 167]. Park et al. investigated ΔSUVmax, 
TLG and Δ after 2 or 3 cycles in R-CHOP-treated 
DLBCL patients (n = 100) including 57 patients 
with an IPI score of 1–3: the absolute values of 
baseline and interim SUVs calculated as the sum 
of values from 5 lesions (SUVsum) and interim 
ΔSUVmax were significantly correlated with PFS 
[166]. While the ΔSUVmax and ΔTLG after 2 or 3 
cycles were not associated with prognosis, the 
segmentation algorithm was based on mediasti-
nal blood pool (MBP) threshold, which might 
have yielded larger MTVs than other threshold-
ing methods would yield. The result of this study, 
although retrospective in design, highlights the 
potential of a quantitative approach to better 
delineate patient risk groups, particularly, in 
those with IPI scores of 1–3 which consists of the 
overlapping risk categories in which true low- 
risk patients should be better separated from the 
high-risk group to individualize therapies. These 
results could serve as a basis for future studies for 
the use of PET/CT in clinical practice, as an 
adjunct to IPI. Gradient-based methods appear to 
be more accurate compared with source-to- 
background ratio methods for segmenting FDG-
PET images [43]. Malek et al. performed a 
retrospective study to correlate the ΔMTV and 
ΔSUVmax on interim PET with PFS after 2–4 
cycles in 140 DLBCL patients using a gradient-
based method rendered assessment of a greater 
tumor volume compared with the threshold-

based method [167]. During a median follow-up 
of 37 months and with the use of R-CHOP and 
R-DA-EPOCH (rituximab-dose-adjusted etopo-
side, prednisone, Oncovin, cyclophosphamide, 
hydroxydaunorubicin) as the first-line therapy, D 
5PS did not correlate with PFS (P = 0.37). 
Compared with the threshold-based method, the 
gradient-based method resulted in a statistically 
significant greater MTV in pretreatment, as well 
as interim PET images. However, no significant 
difference was noted between the two methods. 
ΔMTV predicted PFS better than ΔSUVmax as the 
AUC for ΔMTV was significantly larger com-
pared with that for ΔSUVmax (AUCΔMTV: 0.713 
and AUCΔSUVmax: 0.873; P: 0.0324). Briefly, 
ΔMTV by either method after initial treatment 
was a better predictor of PFS compared with 
ΔSUVmax. Further analysis also revealed the 
underlying importance of ΔMTV on interim PET 
to predict PFS for patients who had also achieved 
a significant ΔSUVmax. MTV assessment (by 
either gradient- or threshold-based methods) may 
provide a more optimal methodology to accu-
rately predict PFS as it incorporates the meta-
bolic and volumetric information as a measure of 
tumor burden. Contrary to the aforementioned 
results, in a cohort of newly diagnosed 73 
DLBCL patients, Adams et al. showed that the 
NCCN-IPI [168] was the most important prog-
nostic tool for PFS (p = 0.024) and OS (p = 0.039) 
compared to PET- derived metrics including 
SUVmax, MTV, and TLG [146]. In this retrospec-
tive study, the authors used a threshold setting of 
40 % of the SUVmax for volume delineation by a 
single expert. Median values of SUVmax, MTV, 
and TLG were used as cutoff values for group 
discrimination. Compared to prior studies, these 
significantly different results might have stemmed 
from methodological differences, different 
patient populations, shortcoming of the use of 
non-cross-calibrated scanners, and the overesti-
mation of MTV and TLG through the use of a 
retrospective cutoff value in ROC analysis. In a 
pilot study of pediatric NHL patients (n = 16), 
Furth et al. showed a limited predictive value for 
PET2 due to considerably high false-positive 
findings, especially in patients suffering from 
bulky disease [169]. With a mean follow-up of 
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60.2 months, the Kaplan–Meier survival analysis 
revealed no significant differences in 5-year PFS 
neither for conventional imaging modality (CIM) 
(76.9 % vs. 66.7 %; p = 0.67) nor for visual PET 
(85.7 % vs. 66.7 %; p = 0.34) nor for ΔSUVmax-
based analysis (88.9 % vs. 57.1 %; p = 0.12). In 
relapsed or refractory DLBCL, in a multicenter 
clinical trial of 55 patients treated with benda-
mustine–rituximab, Tateischi et al. demonstrated 
that the ΔTLG can be used to quantify the 
response to treatment and can predict PFS after 
the last treatment cycle [170]. In this study, scan-
ners were cross-calibrated using a NEMA/IEC 
image quality phantom. MTV was calculated 
with a fixed threshold SUVmax >2.5. The percent-
age change in all PET parameters except for the 
area under the curve of the cumulative SUV-
volume histogram was significantly greater in 
complete responders than in non-complete 
responders after two cycles and after the last 
cycle. The percentage change of the sum of total 
lesion glycolysis after the last cycle (relative risk, 
5.24; P = 0.003) was an independent predictor of 
PFS. An early PET scan after two cycles of treat-
ment can effectively predict the outcome in 
patients with DLBCL treated with rituximab and 
anthracycline-based chemotherapy by using 
either a visual or quantitative approach. If its 
validity is proven in prospective studies, the 
interim ΔSUVmax approach may better serve 
 clinicians to design a risk-adapted therapeutic 
strategy in DLBCL patients.

Radiation Therapy (RT) Planning
A limitation of FDG-PET in RT for HL is the 
variability in delineation of tumor volumes. 
Automatic or semiautomatic segmentation meth-
ods including thresholding based on a percent 
tumor ΔSUVmax may decrease variability in 
tumor delineations, but there is limited data in 
lymphoma using tumor volume segmentation 
methodologies. In a preliminary study using 
15–40 % ΔSUVmax threshold segmentation 
method, on average, there was a 7.6-fold increase 
in PET volume between 15 % and 40 % ΔSUVmax 
x. There was a clinically significant decrease in 
dose to normal structures when the involved site 
radiation therapy (ISRT) plans were generated 

using the 15 % ΔSUVmax × volumes compared 
with the 40 % ΔSUVmax [171]. If these results can 
be reproduced, a streamlined approach may be 
developed using segmentation methods for con-
formal therapies. Moreover, the increased func-
tional volume could be an artifact when 
contrast-enhanced CT is used for attenuation cor-
rection. In this case, it is recommended that the 
delineation volume using the relative or adaptive 
method should be preferred when contrast media 
are used for PET/CT [172].

The use of FDG-based PET data for target 
volume delineation in ISRT and IFRT planning 
requires a mindful utilization of automatic seg-
mentation methods in conformal field designs 
such as ISRT, in which variations in pre- 
chemotherapy GTVs may lead to clinically sig-
nificant changes as a result of different SUVmax 
thresholds. Clinical judgment is still required for 
the delineation of target volumes, and no seg-
mentation method can reliably discern between 
FDG uptake caused by neoplastic processes and 
by physiological or inflammatory processes. The 
most accurate method for target volume defini-
tion in HL remains the manual generation of the 
volumes by a skilled radiation oncologist with 
input from a nuclear medicine physician when 
needed. This field is in evolution and further 
robust data are required to determine a reliable 
segmentation methodology to optimize treatment 
volumes and dose to normal structures.

4.2.3  New Technology

Magnetic resonance imaging (MRI) using 
diffusion- weighted technique (DWI) has been 
suggested as a useful method in the assessment of 
lymphoma lesions, particularly those with multi-
ple conglomerate lymph nodes. There is prelimi-
nary evidence that the glycolytic rate as measured 
by FDG-PET and changes in water compartmen-
talization and water diffusion as measured by the 
apparent diffusion coefficients on DWI (ADC) 
are independent biological phenomena in newly 
diagnosed DLBCL [173, 174]. In one series, 
however, there was no significant correlation 
between ΔSUVmax and ΔADC after initiation of 
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the first cycle of chemotherapy in patients with 
HL or DLBCL. Thus, these data did not support 
the replacement of FDG-PET with DW-MRI for 
response evaluation in lymphoma patients [175]. 
ADC values were also found to discriminate 
between indolent and aggressive NHL, and this 
finding can be useful in assessing possible trans-
formation from indolent to aggressive NHL 
[176]. There is also pilot data showing that the 
accuracy of DWI was significantly higher than 
that with PET/CT for mediastinal and hilar 
lymphadenopathy in differentiating between 
malignant and benign conditions [177]. In other 
cohorts, DW-MRI provided results comparable 
with or complementary to those of PET/CT for 
staging and early response assessment in DLBCL 
[178–180].

In summary, the literature is not mature to 
definitively prove or refute a diagnostic role for 
this modality compared to PET imaging in lym-
phoma patients. Further studies are warranted to 
assess the complementary roles of these different 
imaging biomarkers in the evaluation and follow-
 up of lymphoma.

 Conclusions

The quantitative assessment with PET-derived 
volumes is still evolving and these prelimi-
nary findings suggest that it can be potentially 
useful in the prediction of clinical outcome 
and may improve on the predictive value of 
conventional risk-stratifying systems. 
However, currently, there is significant het-
erogeneity in the published data on the prog-
nostic value of quantitative PET; thus, these 
results should be interpreted with caution 
because of their limited retrospective design, 
insufficient representation of risk and stage 
groups, differences in treatment strategies, as 
well as the varying methodologies used to 
measure MTVs. Currently, there is no con-
sensus regarding the most optimal quantita-
tive index to assess the metabolical activity 
disease burden using PET/CT imaging. 
Hence, the prognostic and predictive value of 
functional tumor volume remains to be fur-
ther investigated with standardized, prospec-
tive, multicenter studies to validate as to what 

extent these parameters could improve indi-
vidualized treatment approach in lymphoma.
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      PET/CT in RT Planning                     

     Amanda     J.     Walker      and     Stephanie     A.     Terezakis     

5.1          History of Radiation Therapy 
in Hodgkin’s Lymphoma 

 Only seven years after Wilhelm Conrad Röntgen 
discovered X-rays in 1895, the fi rst documented 
case of Hodgkin’s lymphoma (HL) was treated 
with radiotherapy [ 40 ]. William Allen Pusey, a 
professor of dermatology at the University of 
Illinois, had been using X-rays to treat a variety 
of dermatologic conditions. A 4-year-old boy 
with enlarged cervical lymph nodes “the size of a 
fi st” was referred to Dr. Pusey and after irradia-
tion the mass remarkably diminished to the size 
of an almond. In an era when there were no suc-
cessful cancer therapies, 40 years before the 

introduction of chemotherapy, Dr. Pusey and col-
leagues marveled at this seemingly magical 
response. Radiation was offered to subsequent 
patients with HL over the next few years, and 
although a response to therapy was almost always 
demonstrated, the treatment was palliative. 
Primitive treatment machines were only capable 
of delivering low energy X-rays and the disease 
inevitably recurred. 

 In the early 1920s, kilovoltage equipment 
was developed. This allowed higher doses of 
radiation therapy to penetrate deeper into tissue 
with more skin-sparing effects. René Gilbert, a 
Swiss radiologist, was the fi rst to report durable 
responses in treating patients with HL using kV 
X-rays with larger treatment fi elds that also 
included lymph node regions that were not 
obviously involved with disease. A number of 
patients treated in this way had a remarkable 
long-term survival [ 15 ], and by the 1950s, Vera 
Peters at the Ontario Institute of Radiotherapy 
had studied enough patients to report that early-
stage HL can be cured with fractionated radia-
tion therapy using large fi elds [ 39 ]. By the 
1970s it had been established that the standard 
of care for early- stage HL was RT with fi elds 
aimed at all of the clinically relevant lymph 
node regions of the body [ 25 ]. Around this 
time, outcomes for advanced disease were fur-
ther improved with the introduction of multi-
agent chemotherapy regimens [ 11 ]. Radiation 
remains one of the most effective modalities 
for the treatment of HL as lymphomas and 
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lymphatic tissue in general are highly radiosen-
sitive. It is well known that the sensitivity of 
cells to radiation is proportional to the degree 
of proliferative activity and inversely propor-
tional to the degree of differentiation. In other 
words, undifferentiated cells with high mitotic 
capability, such as the cells within malignant 
nodes in HL, are more likely to be radiosensi-
tive. Of course, other factors play a role, includ-
ing the oxygen concentration (hypoxic tumors 
are less sensitive to radiation) and inherent cel-
lular response to DNA damage. 

 Over the last 40 years, radiation delivery 
techniques have continued to improve. This 
allowed for a more uniform dose distribution 
and better- targeted therapy. Advances were 
seen in other disciplines as well – more effec-
tive and less toxic multi-agent chemotherapy 
agents were developed, there were vast 
improvements in radiographic imaging, we 
obtained a better understanding of prognostic 
factors, and after rigorous study we made 
strides toward tailoring therapy based on stage 
and risk classifi cation. In the modern era, 
early-stage HL is commonly treated with com-
bined chemotherapy and radiation. Advanced 
disease is generally treated with more intensive 
chemotherapy regimens, while RT is reserved 
for bulky masses or areas of residual disease 
after chemotherapy. Today with combined 
modality treatment, HL has one of the highest 
cure rates of all malignancies with long- term 
survival over 80 %. 

 Unfortunately these high cure rates have come 
with a price. The majority of HL patients are chil-
dren or young adults and late effects of treatment 
can be devastating and has an impact on survival. 
Two of the most signifi cant late effects include 
development of secondary malignancy and car-
diovascular disease [ 1 ,  3 ,  6 ]. It is felt that the risk 
of developing a radiation-induced secondary 
malignancy is related to both dose and fi eld size. 
In a retrospective study of patients treated for 
HL, death caused by heart disease was exceeded 
only by death caused by HL and other neoplasms. 
Mediastinal irradiation increases the risk of sub-
sequent death from heart disease, and this risk 

increases with total dose delivered to the medias-
tinum, minimal cardiac blocking, and young age 
at treatment [ 21 ]. 

 Radiation continues to have an important role 
in ensuring locoregional control and improving 
overall outcome in the combined modality treat-
ment approach for HL, but efforts have been 
made to minimize treatment judiciously in order 
to lower the impact of late effects on morbidity 
and mortality. One of the most dramatic ways in 
which we have scaled back treatment has been 
the reduction in radiation fi eld size as we move 
away from elective nodal irradiation with 
involved fi eld radiation to more targeted confor-
mal approaches with involved-node and involved- 
site radiotherapy. Central to this paradigm shift 
have been improvements in radiation delivery 
techniques, including the incorporation of FDG- 
PET/CT into the design of radiation treatment 
fi elds. 

 Although multiple radiopharmaceuticals exist, 
 18 F-FDG is the most widely available and widely 
used radiopharmaceutical in oncology including 
in HL. Therefore  18 F-FDG will be the focus of 
this text. PET/CT has proven its value in staging 
for HL as well as in evaluating treatment response 
and has been increasingly used as an imaging 
method for the planning of radiation therapy for 
lymphomas.  

5.2     Evolution of Radiation 
Treatment Fields 

 Historically lymphoma was managed with 
extended fi elds that encompassed all of the lymph 
node regions in the body, given the possibility of 
microscopic extension of disease outside the 
areas of palpable disease as well as reports of dis-
tant recurrences after local radiotherapy alone. 
These traditional extended fi elds are illustrated in 
Fig.  5.1 . A mantle fi eld includes the lymph node 
regions above the diaphragm and the inverted-Y 
fi eld includes the lymph node regions in the 
abdomen and pelvis. When an inverted-Y fi eld 
was combined with mantle fi eld radiation, the 
combination was referred to as  total nodal irra-
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diation . At the time, single-modality radiation 
was preferred over the mechlorethamine, vincris-
tine (Oncovin), procarbazine, and prednisone 
(MOPP) regimen of chemotherapy given its high 
rates of sterility and secondary leukemia, and 
chemotherapy was reserved for cases of disease 
refractory to RT. Radiation was delivered with 
linear accelerators using two-dimensional plan-
ning. 2-D planning makes use of an X-ray simu-
lator and a two-dimensional treatment planning 
system used for calculation of dose distribution 
after the radiation oncologist defi nes treatment 
fi elds based on bony anatomy.

   In the 1980s, computerized tomography (CT) 
revolutionized the imaging of tumors. CT scans 
were not only helpful for the radiation oncologist 
because they allowed for a better understanding 
of the tumor and normal tissue in 3-dimensions, 
but by the 1990s, CTs also became a critical com-
ponent of treatment planning and a routine part of 
cancer management. An additional advantage of 
CT scan for radiation planning is that Hounsfi eld 
units (metrics to quantify tissue radiodensity) are 
correlated with electron density of tissue at each 
voxel relative to the electron density of water. 
Due to this correlation it became possible to use 

information from the CT to calculate radiation 
absorption and scattering in tissue. In the modern 
era of 3-D planning, the radiation oncologist con-
tours the volume of tissue to be irradiated as well 
as normal structures. Dose parameters can then 
be calculated for any region that is contoured on 
the planning software. In this process of contour-
ing, the radiation oncologist utilizes all available 
information regarding the patient’s anatomy, 
including diagnostic CT, MRI, PET, ultrasound, 
physical exam, as well as reports from any endo-
scopic procedures or operations. Using the treat-
ment planning software, it is possible to fuse 
other imaging modalities to the planning CT such 
that information from both PET and MRI can be 
seamlessly incorporated into target volume delin-
eation on the planning CT. In this way, the PET is 
directly incorporated into the process of radiation 
treatment planning. 

 In the 1990s and early 2000s, it was recog-
nized that when chemotherapy was added to radi-
ation therapy, the extended fi eld could be replaced 
with a smaller fi eld known as the “involved fi eld,” 
which remained the standard of care until recently 
[ 49 ]. Involved fi eld radiation encompasses not 
only the involved lymph nodes but also the other 

  Fig. 5.1    Historical radiation fi elds. Digitally reconstructed radiographs of ( a ) mantle and ( b ) inverted-Y extended 
fi elds       
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lymph nodes within the same lymph node region 
defi ned by the Ann Arbor classifi cation for HL 
staging. All of the fi eld borders were based on 
bony landmarks such that they could be planned 
on 2-D simulation units. 

 A review of relapses in patients treated with 
chemotherapy alone showed that most recur-
rences occur in the initially involved lymph nodes 
[ 42 ]. With continued advances in radiation tech-
nology and imaging, including 3-D planning and 
the introduction of FDG-PET scans, it became 
possible to further minimize treatment fi elds to 
only include the initially involved nodal volume 
in an effort to minimize radiation dose to normal 
tissues. This concept was introduced in 2006 by 
the EORTC-GELA in the form of involved nodal 
radiation therapy (INRT) [ 18 ]. 

 Unlike the involved fi eld, which included 
adjacent uninvolved lymph nodes, INRT limited 
treatment to only the pre and post-chemotherapy 
involved lymph node remnant(s) plus a relatively 
small margin for setup error of 1 cm [ 18 ]. The 
shift from involved fi eld to involved-node radia-
tion techniques mirrored the larger shift within 
the fi eld of radiation oncology from 2D planning 
based on bony landmarks and more conformal 
radiation delivery with 3D treatment planning 
using CT scans. For the fi rst time, ICRU 
(International Commission on Radiation Units 
and Measurements) terms were formally incor-
porated into the management of HL. These terms 
include the gross tumor volume (GTV), clinical 
target volume (CTV), and planning target volume 
(PTV). GTV refers to the position and extent of 
gross tumor, i.e., what can be seen, palpated, or 
imaged. The CTV contains the GTV plus a mar-
gin for sub-clinical disease spread. This is often 
the most diffi cult volume to contour because this 
area cannot be fully imaged and it is diffi cult to 
accurately defi ne. The PTV includes the CTV 
plus a margin to account for setup uncertainty. 
The PTV is the volume to which an isodose line 
is prescribed. In order to successfully implement 
INRT, patients must have pre- and post- 
chemotherapy contrast-enhanced CT scans in the 
treatment position, and whenever possible the 
pretreatment CT is performed in conjunction 
with a PET/CT, also in the treatment position. A 

major advantage of incorporating the PET/ CT 
into RT planning for INRT is that it can identify 
previously undetected lymph nodes that are likely 
to contain disease. As initially involved lymph 
nodes are usually either no longer visible or of 
normal size, a CTV is contoured that is the initial 
location and extent of disease prior to chemother-
apy. Per the EORTC-GELA INRT guidelines, a 
1 cm isotropic margin around the CTV was rec-
ommended as the PTV in most situations to 
account for internal organ motion and setup error 
[ 17 ]. Examples of IFRT and INRT treatment 
fi elds are also shown in Fig.  5.2 .

   Because INRT requires precisely fused pre- 
and post-chemotherapy images (including PET/
CT) in the treatment position, the International 
Lymphoma Radiation Oncology Group (ILROG) 
introduced the concept of Involved Site Radiation 
Therapy (ISRT) in 2013 [ 44 ]. One of the differ-
ences between ISRT and INRT is related to the 
quality and accuracy (i.e., patient positioning) of 
the pre-chemotherapy imaging. ISRT incorpo-
rates the opportunity to create larger CTV vol-
umes associated with uncertainties related to less 
than optimal pretreatment imaging (e.g., the pre-
treatment PET/CT is not obtained in the treat-
ment position). Per the ISRT guidelines, it is 
recommended that when contouring the CTV, 
one takes into account the quality and accuracy 
of imaging, volume changes since imaging, any 
potential disease spread, potential subclinical 
involvement, and adjacent normal tissue. There 
remains a great deal of subjectivity to this pro-
cess and quantitative imaging, such as PET/CT 
can be an invaluable tool in order to minimize 
this inter-observer variability. The approach to 
ISRT planning is shown in Fig.  5.3 .

   Both INRT and ISRT would not be possible 
without the many advances in the fi eld of radia-
tion therapy over the past two decades including 
computer-assisted 3D planning and treatment 
delivery. More precise delivery of radiation is 
now possible with maximum coverage of target 
volumes and more normal tissue sparing due to 
the development of intensity-modulated radio-
therapy (IMRT) and 3D conformal RT. Technical 
advances with dynamic multi-leaf collimators, 
image-guided radiation therapy, and improve-
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ments in patient immobilization and positioning 
all facilitate the delivery of highly complex, 
multi-fi eld, conformal treatment plans. In order 
to take full advantage of the recent and dramatic 
advances in radiation treatment delivery methods 
and successfully implement INRT/ISRT, the 
most accurate and precise target delineation is 
required. In the pre-PET era, the defi nitions of 
tumor volumes and treatment volumes were 
based primarily on structural imaging with con-
trast CT, physical exam fi ndings, and clinical 
judgment. The clinical target volume represents 
the microscopic extent of disease. Although there 
is no way to image the CTV directly, it is formed 
with a margin applied to the GTV that was con-
toured on the pretreatment planning CT and in 
most cases fused to the pretreatment PET/CT 
adjusting for changes in the position of normal 
tissues. Microscopic disease may be missed if the 
imaging fails to precisely defi ne the extent of 
tumor. Additionally, further reduction in fi eld 
size necessitates increased precision, and thus, 
the value of PET/CT for the planning of ISRT has 
dramatically increased. Although there is no data 
to suggest that incorporating PET/CT into vol-
umes leads to improvement in disease related 

outcomes, it is viewed as an invaluable resource 
and the incorporation of PET/CT into RT treat-
ment planning has become a central component 
of modern HL therapy with INRT and ISRT.  

5.3     Impact of PET on Target 
Volume Delineation 
in Hodgkin’s Lymphoma 

 As discussed in Chap.   1    , there is a higher accu-
racy in HL staging with FDG-PET scan, com-
pared to CT alone. Furthermore, studies in 
lymphoma as well as other malignancies have 
shown that the estimate of tumor extent is more 
accurate when functional and structural images 
are combined (see Chapter   4    ). Functional imag-
ing with PET can infl uence RT planning for HL 
in a number of ways. PET can reveal areas of dis-
ease that are not well visualized by other imaging 
modalities. These areas represent additional areas 
of disease adjacent to the primary tumor volume 
or unsuspected lymph nodes (LN) or extranodal 
sites (ENS) involved with disease. Moreover, 
upon PET/CT incorporation, equivocally 
involved LN or ENS on CT or MRI, benign reac-

  Fig. 5.2    Axillary radiation fi elds with ( a ) IFRT and ( b ) 
INRT displayed on digitally reconstructed radiographs. 
The volume contoured in green encompasses the pre- 
chemotherapy GTV. This volume represents the CTV in 

INRT treatment planning. In IFRT, the axillary fi eld 
includes ipsilateral infraclavicular and supraclavicular 
lymph node regions with the superior extent of the fi eld at 
C5–C6 interspace       
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tive lymphadenopathy or brown fat tissue will be 
less likely included in the radiation fi eld. As dis-
cussed in Chap.   2    , PET is also useful in evaluat-
ing residual masses after chemotherapy and can 
aid in the fi nal decision regarding radiation dose 
in HL since higher doses are required for macro-
scopic compared to microscopic disease. 

 As mentioned above, there have yet to be ran-
domized prospective studies to demonstrate an 
improvement in clinical outcome combining both 
imaging techniques for RT planning compared to 

CT alone, since FDG-PET has been widely 
adopted together with CT into routine standard 
practice. However, the impact of FDG-PET in 
radiation planning for HL has been addressed 
in a number of studies, which are summarized in 
Table  5.1 . The proportion of HL cases in which 
there are changes in target volume with the incor-
poration of PET into RT planning in these studies 
ranges from 17 to 70 %. In general, FDG-PET is 
more likely to increase rather than decrease treat-
ment fi eld size, and signifi cant changes in the 

  Fig. 5.3    Involved-site radiation therapy (ISRT). ( a ) Pre- 
chemotherapy GTV based on PET/CT. ( b ) Pre- 
chemotherapy GTV on post-chemotherapy planning CT. 
( c ) Clinical target volume encompassing the extent of ini-

tial disease, created by modifying the pre-chemotherapy 
GTV on post-chemotherapy planning CT. ( d ) Digitally 
reconstructed radiograph of AP fi eld       
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radiation fi eld tend to occur with the  incorporation 
of FDG-avid lymph nodes that would not have 
been included with CT planning alone. This is 
critical in the application of INRT and ISRT 
where the potential for a marginal miss is 
enhanced. Reasons for the difference in reported 
changes may be due to the different methods for 
defi ning the RT fi eld, different inclusion criteria 
(e.g., age) and the fi elds that were evaluated (e.g., 
supradiaphragmatic disease only vs. supra- and 
infradiaphragmatic fi elds).

   In 2004 Lee et al. reported one of the earliest 
studies addressing the feasibility and impact of 
incorporating PET into RT treatment fi elds in 
lymphoma [ 30 ]. Seventeen PET scans from 
patients with thoracic lymphoma (both HL and 
NHL) were registered to CT. Comparisons were 

made between GTV on PET compared to GTV 
on CT in regard to total volume, as well as lateral 
and inferior extension of the volume. Of note, the 
authors did not include both CT and PET infor-
mation in delineating GTV, as is often done in 
modern treatment planning. Of the patients who 
had disease visible on both imaging techniques, 
the median total CT volume was larger than the 
total PET volume. In drawing lateral blocks, 
there were differences >3.0 cm in 40 % of cases. 
In only three cases the GTV based on PET was 
smaller than the GTV based on CT. Furthermore, 
the inferior CT extent of disease was in general 
lower to that of PET. Although contouring with 
PET led to signifi cant differences in GTV extent 
compared to CT alone, the treatment fi elds were 
only minimally impacted since conformal treat-

   Table 5.1    Studies addressing the impact of FDG-PET on radiation planning   

 Study  RT fi eld  No. of pts 
 Median age 
(range)  Histology 

 Findings with addition of PET to 
treatment planning 

 Hutchings 2007  IFRT  30  35 (18–79)  HL  10 patients (33 %) had change in 
fi eld size 
 7 patients (23 %) had increase in 
treatment volume 
 2 patients (6 %) had decrease in 
treatment volume 
 1 patient had upstaging from IIB 
to IIIBS based on splenic 
involvement 

 Girinsky 2007  INRT  30  Not reported  HL  36 % of patients had increase in 
fi eld size 
 PET increased average target 
volume to 313 cm 3  from 291 cm 3  
without PET;  p  = 0.0007 

 Paulino 2011  IFRT  53  14 (6–21)  HL  9 patients (17 %) had change in 
fi eld size 
 8 patients (15 %) had increase in 
treatment volume 
 1 patient (2 %) had decrease in 
treatment volume 

 Robertson 2011  IFRT  30  14 (5–18)  HL  21 patients (70 %) had change in 
fi eld size 
 32 sites were added and 15 sites 
were excluded 

 Terezakis 2011  IFRT  29  58 (21–88)  5 HL 
 21 NHL 
 3 plasma cell 

 23 treatment sites (72 %) had 
change in fi eld size 
 15 sites (47 %) had increase in 
treatment volume (median 11 % 
increase) 
 8 sites (25 %) had decrease in 
treatment volume (median of 
20 % decrease) 
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ment methods were not used. The authors con-
clude that incorporating PET into treatment 
planning is feasible and the infl uence of PET in 
thoracic lymphoma radiation fi elds appears to be 
modest. 

 The subsequent studies examining the impact 
of PET/CT in RT fi eld design using IFRT or 
INRT including areas outside of the mediastinum 
did not agree with this conclusion. Hutchings 
et al. retrospectively evaluated the treatment 
plans for 30 adult patients with early-stage HL 
who underwent PET/CT prior to chemotherapy 
with adriamycin, bleomycin, vinblastine, dacar-
bazine (ABVD) [ 23 ]. They each received IFRT 
as defi ned by the Nordic guidelines after chemo-
therapy. The radiation oncologists were blinded 
on the PET result; therefore only CT was used in 
the treatment fi eld delineation. According to the 
Nordic guidelines, the radiation fi eld according 
to IFRT modality encompasses only the tissue 
volume that had contained the anatomical extent 
of detectable HL masses prior to chemotherapy, 
with an additional margin of at least 3 cm while 
sparing the remaining Ann Arbor lymph node 
region uninvolved by disease. In this study, the 
patients received 30.6 Gy in 1.8 Gy daily frac-
tions with a boost of 5.4 Gy to areas of residual 
disease after chemotherapy. After completion of 
the RT course, the delineation of treatment fi elds 
was repeated on the planning CT scan including 
information from staging PET CT images. The 
study was aimed at assessing the contribution of 
PET/CT to a CT-defi ned radiation volume; a 
radiologist and a nuclear medicine expert delin-
eated the radiation fi eld in CT and PET, respec-
tively. When a focus was defi ned as PET positive, 
the actual delineation of the target volume was 
performed using the corresponding CT images 
for the precise anatomical defi nition and target 
volumes defi ned based on the Nordic IFRT 
guidelines. In 10 of the 30 patients (approximate 
33 %), the delineation of the CTV would have 
been changed by PET/CT. Seven patients had 
sites of PET involvement that were outside of the 
irradiated volume; hence the fi nal irradiated vol-
ume would have increased. In these patients, the 
volume receiving a minimum of 90 % of the pre-
scribed dose was increased by 8–87 % (median 

17 %). In two patients, PET CT would have 
decreased the irradiated volume, and the volume 
receiving a minimum of 90 % of the prescribed 
dose was decreased by 18 % and 30 %. One 
patient had evidence of FDG uptake in the spleen 
that had not been visible on CT and was upstaged 
from stage IIB to stage IIIBS. Given that the 
majority of patients had an increase in treatment 
fi eld size, it was recommended that FDG-PET 
should be used to reduce the amount of tissue 
receiving radiation therapy and would be war-
ranted in RT planning for smaller fi elds such as 
INRT. It is noteworthy that of the 30 patients who 
received IFRT based on CT only in this study, 29 
are in complete remission at the time of publica-
tion after a median follow-up of 24 months. One 
patient relapsed within the irradiated fi eld after 
2.8 years in a site that was positive on both CT 
and PET. 

 Robertson et al. performed a similar study in 
the pediatric HL population [ 41 ]. A nuclear med-
icine physician experienced in pediatric PET 
imaging interpreted the staging PET/CT. IFRT 
was delivered with a CTV created that covered 
that particular anatomic region as defi ned by the 
Ann Arbor staging system. The methods were 
slightly different in that all relevant lymph node 
sites and extranodal sites were systematically 
evaluated in 30 patients and analyzed separately 
by both CT and FDG-PET. Criteria for anatomic 
and functional imaging were defi ned by the cur-
rent Children’s Oncology Group (COG) protocol 
guidelines. The CT criteria were based on lymph 
node size depending on anatomical location. The 
PET criteria, on the other hand, remained rather 
subjective with “the level of tumor uptake 
assessed subjectively by visual inspection and 
semi-quantitatively by determination of SUV.” 
The authors found an overall 14 % discordant rate 
between PET and CT results with more disagree-
ment in nodal vs. extranodal sites. When the 
studies disagreed for a particular anatomic loca-
tion, it was more common for the PET to be posi-
tive with a negative CT than vice versa. Thirty-two 
new sites were added and 15 sites were excluded 
from the IFRT fi elds, which altered the fi nal 
treatment volumes in an impressive 21 of 30 
(70 %) of patients. The most commonly added 
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sites were the contralateral neck, para-aortic 
nodes, and spleen. The most commonly excluded 
sites were pleura, pericardia, and lung nodules. 
The authors concluded that PET was particularly 
helpful in detecting disease in relatively small 
lymph nodes in the neck and axilla that were 
below CT size criteria and was also superior in 
revealing disease in areas that are diffi cult to 
visualize on CT such as in the abdomen near the 
head of the pancreas. Patients in this study were 
treated to 21 Gy in either 1.5 or 1.8 Gy fractions. 
Four of the 30 (13 %) had relapsed at some point 
during or after treatment. There were no recur-
rences in sites excluded from RT based on PET 
with the exception of an axillary recurrence in a 
node that was not considered FDG avid nor posi-
tive on CT and therefore was not included in the 
treatment fi eld. In retrospect, however, the site 
was reinterpreted as hypermetabolic at time of 
initial staging highlighting the importance of 
identifying initially involved lymph nodes for RT 
fi eld delineation. The other three recurrences 
were within RT treatment fi elds in areas that were 
positive on CT and PET. 

 Paulino et al. also examined the impact of 
PET/CT on IFRT fi eld design for pediatric 
HL. This was the largest cohort with 53 patients 
studied [ 38 ]. On CT scan, any node was consid-
ered involved with lymphoma if the transverse 
diameter was >1.5 cm above the diaphragm and 
>1 cm below the diaphragm (except mesenteric 
nodes where >1.5 cm was the cutoff). Staging 
PET CT was also performed where the level of 
tumor uptake was assessed subjectively by 
“visual inspection by a nuclear medicine physi-
cian and semi-quantitatively by determination of 
SUV” per COG guidelines. IFRT was delivered 
(21 Gy in 14 fractions) to all sites of initial dis-
ease plus the entire nodal region. IFRT fi elds 
were drawn with and without PET CT informa-
tion and compared. According to the study 
design, in cases where there was a discrepancy 
between CT and PET/CT staging, sites of disease 
were confi rmed by either biopsy ( n  = 4) or by 
response to chemotherapy ( n  = 19) prior to admin-
istering RT. On retrospective review, 19 of 53 
patients (35.8 %) had discordance in at least 1 site 
between CT and PET/CT fi ndings, which led to a 

change in radiotherapy fi eld in 9 (17 %). Upon 
PET/CT staging, the fi elds increased in size in 8 
patients and decreased in 1, with a similar pattern 
reported in Hutchings et al. and Robertson et al. 
The most notable change in the RT fi eld was the 
inclusion of the spleen in 4 cases. Twenty-fi ve 
nodal sites and disease regions were examined, 
the specifi city, sensitivity, and positive predictive 
value of PET being 99.5 %, 96.3 %, and 97.9 %, 
respectively, similar to that reported in previously 
published reports [ 13 ]. The author’s conclusion 
was similar to that of Hutchings et al. that upon 
inclusion of PET/CT for IFRT planning, the size 
of radiation fi elds likely increases, a concept in 
sharp contrast to the ongoing paradigm shift 
toward decreasing treatment intensity (and there-
fore fi eld size) to minimize late effects. 

 The relationship between PET/CT-aided RT 
planning and size of radiation fi elds was also 
addressed by Girinsky et al. [ 16 ]. Thirty patients 
with early-stage HL who were treated with INRT 
according to the EORTC-GELA guidelines were 
included in the study. All tumor masses but one 
were FDG-avid prior to chemotherapy. FDG 
helped localize undetected lymph nodes on CT 
scan in 36 % of the patients and the metabolic 
information from pre-chemotherapy PET/CT 
signifi cantly modifi ed the fi nal irradiation 
 volumes – the average volume incorporating PET 
was 313 cm 3  (95 % CI: 230–397) compared to 
291 cm 3  by CT (95 % CI: 212–370) ( p  = 0.0007). 
In this study, the only recurrence after a median 
of 2 years was in an unirradiated area in a patient 
with stage II disease treated with ABVD. 

 Terezakis et al. report similar results in the 
examination of patients with HL, NHL, and 
plasma cell neoplasms [ 46 ]. They found that with 
the incorporation of PET in the defi nition of 
IFRT fi elds, treatment volume had increased in 
15 sites (47 %) by a median of 11 % and treat-
ment volume was reduced in 8 sites (25 %) by a 
median of 20 %. 

 Despite the limitations of these studies, includ-
ing the retrospective nature of the analysis, lack of 
statistical validation due to small sample size, and 
mainly descriptive methods applicable to this type 
of data, each provides valuable insight into the role 
of PET/CT in treatment planning for HL. With the 
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exception of Lee et al., which examined less 
modern treatment and imaging techniques, these 
studies concordantly conclude that FDG- PET 
signifi cantly changes the fi nal treatment volumes 
in IFRT and INRT fi elds. Moreover, the incorpo-
ration of PET is recommended for modern con-
formal fi elds such as INRT and ISRT, as is the 
current treatment paradigm.  

5.4     Methods for Incorporating 
FDG-PET in RT Planning 

 After co-registration of the pretreatment PET/CT 
to the posttreatment planning CT, the target vol-
ume should be delineated as described above. 
Ideally, only the tumor-dependent FDG uptake 
should be included in the radiation fi eld, while 
the unspecifi c FDG uptake by infl ammatory tis-
sue should not be taken into account. Prior to the 
introduction of PET/CT, the defi nition of an 
involved lymph node in HL was variable. The 
dimensional criteria, with a threshold of 1–1.5 cm 
in the longest transverse diameter as suggestive 
of lymphoma harbinger, were generally accepted 
[ 7 ]. There are many objections to this defi nition 
including a technical limitation related to the fact 
that cross-sectional lymph node dimension may 
vary in different spatial directions on CT scan, 
lymph node architecture can be modifi ed by 
tumor invasion, and, most importantly, lymph 
nodes can contain disease without a signifi cant 
increase in size. An additional layer of complex-
ity is added due to inter-observer variability with 
CT scanning. 

 The EORTC-GELA guidelines on how to 
incorporate PET CT into treatment planning for 
INRT are summarized below [ 17 ].

•    Both planning CT and PET/CT images in the 
treatment position must be obtained prior to 
chemotherapy and planning CT images only 
after chemotherapy. All images should be 
contrast-enhanced.  

•   Pre-chemotherapy PET/CT should be care-
fully analyzed to identify any lymph nodes 
that may have been overlooked on CT. An 

example of an FDG-avid lymph node over-
looked on CT is shown in Fig.  5.4 .

•      Comparison of pre- and post-chemo images, 
both for morphologic asymmetry on CT and 
functional asymmetry on PET/CT, can be an 
indicator of disease involvement (e.g., 
involved lymph nodes may decrease in size or 
disappear entirely).    

 With the movement from extended fi eld to 
involved fi eld and more recently to involved- node 
or involved-site radiotherapy, there has been a 
strong desire to generate more specifi c guidelines 
on target volume delineation including how to 
interpret imaging results from the PET/CT scan, 
particularly given the degree of inter-observer 
variability. As it stands, no consensus has emerged. 

5.4.1     Automated and Semi- 
automated Methods of Target 
Volume Defi nition 

 All of the studies and guidelines mentioned thus 
far have focused around using a primarily quali-
tative visual assessment of FDG-PET to aid in 
target delineation. This inherently subjective 
method requires input from an experienced radi-
ologist and/or nuclear medicine physician and is 
prone to inter- and intra-observer variability. 
Contouring the tumor with the aid of PET is par-
ticularly prone to variability as one can easily 
make the GTV appear larger or smaller on the 
PET scan by adjusting the threshold levels in the 
planning or image viewing software. Despite 
these limitations, the visual interpretation method 
refl ects the current level of practice. 

 One challenge with PET imaging in particular 
is the issue of edge detection. The appearance of 
the lesion edge on PET can by infl uenced by a 
number of factors related to the size and shape of 
the lesion. One way to address this problem is to 
fuse the PET with cross-sectional anatomy on CT 
scan as is often done in clinical practice. The 
edges that are not well defi ned on PET may be 
better defi ned on CT. However, in areas of dis-
ease that are imbedded within an area of similar 
Hounsfi eld units (e.g., tumor next to atelectatic 
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lung), this is not very helpful. Visual contouring 
is the most common method of defi ning edges in 
3-dimensional space, but this again invites inter- 
observer variability and creates potential pitfalls 
with quality assurance. 

 Much controversy surrounds the value of PET 
in  tumor  volume delineation or the delineation of 
the pre-chemo GTV, which if performed in an 
automated or semiautomated way would require 
both a cutoff value and edge detection method-
ologies. Those who do not believe that PET 
should be used to delineate tumor volumes base 
their argument on the fact that PET and CT are 
conceptually different imaging modalities [ 16 ]. 
Additionally, CT scan can provide an instanta-
neous image, particularly when breath-hold tech-
niques are utilized, and inherent in its nature, a 
PET scan produces an image over time and as a 
result cannot be controlled for motion (e.g., 
mediastinal mass motion during the breathing 
cycle). Spatial resolution is also different between 
the two and image windowing can dramatically 
change the size of a tumor mass on FDG- 

PET. Regardless, PET remains an invaluable tool 
for target delineation given the metabolic infor-
mation it provides that complements the ana-
tomic information from CT scan [ 20 ]. 

 Because PET is critical to implementing INRT 
and ISRT, some authors have suggested that a 
threshold-based target volume could be deter-
mined in order to facilitate reproducibility from 
patient to patient and from physician to physician 
[ 29 ]. PET is a quantitative imaging technique; 
therefore mathematical models and imaging pro-
cessing methods have been proposed to aid in 
contouring a PET volume using an automatic or 
semiautomatic methodology. All methods have 
advantages and disadvantages, and none have 
proven to be clearly superior to the others. 
However, it must always be remembered that in 
their current state, automated methods have a 
shared inherent weakness in that they cannot dif-
ferentiate between FDG uptake due to malignancy 
compared to other benign conditions, which some 
would argue is the most challenging aspect of tar-
get delineation with PET in radiation planning for 

  Fig. 5.4    FDG-avid lymph node in right cervical region that was overlooked on CT ( arrow )       
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lymphoma. A few of the most common automated 
and semiautomated methods of target volume 
delineation will be described below.  

5.4.2     SUV 

 PET was ultimately developed as a quantitative 
tool. Although many methods have been devel-
oped [ 19 ], the SUV, despite its limitations, is the 
most widely used method for quantifying FDG- 
PET studies. In fact, most automatic or semiauto-
matic contouring methods involve SUV in some 
way. The SUV represents the FDG uptake within 
a tissue measured over a certain interval after 
FDG administration and normalized to the 
injected dose and to a factor that takes into account 
the distribution of FDG throughout the body (such 
as body weight) [ 28 ]. The determination of max 
SUV in a given lesion is a very common and reli-
able way to differentiate between benign and 
malignant conditions. However, one must always 
keep in mind that SUV should not be taken out of 
context, and absolute SUV measurements can be 
unreliable since it is a value that is affected by 
many factors. Technical factors such as errors in 
calibration between the PET scanner and dose 
calibrator [ 14 ], biologic factors such as patient 
comfort [ 2 ], and physical factors such as various 
image reconstruction parameters and region of 
interest (ROI) defi nitions [ 4 ] all play a role in 
SUV determination (see Chapter   4    ). It is also 
important to remember that a PET scan is not a 
sophisticated cancer map; it is simply a measure 
of glucose uptake in tissue. There are many other 
reasons why tissues take up glucose – e.g., physi-
ologic reasons, infl ammation, etc. which will be 
explained in more detail later in the chapter and 
more extensively in the Chap.   6     of this book.  

5.4.3     Thresholding 

 The simplest method of using PET for target vol-
ume delineation is to use SUV itself. For exam-
ple, in NSCLC, an SUV value ≥ 2.5 is considered 
abnormal and highly suspicious for tumor [ 22 ]. 
Although this approach may be reasonable for 

lung tumors, the appropriate SUV value cutoff is 
less clear for other malignancies such as head and 
neck cancer, esophageal cancer, and lymphoma. 
Furthermore, it is well known that benign condi-
tions can lead to SUV >2.5 and small lesions and 
edges of moving lesions may falsely lower the 
SUV to <2.5 due to what is known as the partial 
volume effect. 

 Using an absolute threshold or cutoff value 
with SUV is not only helpful in determining 
which lesions represent disease, it is also a 
straightforward way to perform auto- segmentation 
(i.e., auto-contouring) [ 50 ]. In fact, one of the 
most common methods of contouring a tumor 
based on FDG-PET is using a fi xed threshold 
method. For example, with a threshold cutoff 
value of 2.5, any voxel with an SUV of 2.5 or 
higher would be included the target volume. 

 In a similar way, a percent threshold for 
SUV max  or SUV peak  can be used instead of an abso-
lute threshold value. In this method, the volume 
defi ned as tumor represents a fi xed percentage 
relative to the tumor SUV max . Most reports use the 
value of 40–50 %; however with these thresholds, 
this technique may underestimate the size of the 
GTV, particularly when the primary tumor is large 
with inhomogeneous FDG uptake, as is often the 
case with lymphoma. On the other hand, using 
lower thresholds may overestimate the tumor vol-
ume and include areas that do not represent dis-
ease. A recent retrospective analysis of pediatric 
and young adult patients with HL demonstrated 
that applying SUV max  thresholds from 15 to 40 % 
led to signifi cant variations on INRT treatment 
volumes and the optimum starting threshold may 
be somewhere between 15 and 20 %, with the 
caveat that this low threshold will often include 
areas of physiologic uptake that must be carefully 
excluded by the trained eye with input from a 
nuclear medicine physician [ 47 ].  

5.4.4     Other Automated 
Segmentation Methods 

 More complex algorithms have been described in 
the literature for metabolic tumor volume (MTV) 
assessment, based on a tumor contouring approach, 
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using a predefi ned cutoff value of the measured 
activity inside the tumor compared to the surround-
ing background: the tumor to background ( T / B ) 
ratio [ 10 ]. The advantage of this method is that it is 
independent of tracer uptake in tumor, which can 
be quite heterogeneous in HL. The main disadvan-
tage is that it relies on quantifying background 
uptake, which is fraught with challenges similar to 
SUV calculation with inherent technical and statis-
tical errors. In order to address the issue with edge 
detection, numerous publications have reported the 
successful use of complex algorithms and adaptive 
thresholding methods [ 12 ]. 

 Although there have been many approaches to 
auto-segmentation described in the literature, 
each approach has limitations that preclude its 
implementation as standard of care. Most experts 
agree that automated or semiautomated methods 
should be aimed at reducing variability rather 
than replacing human operation, but we do not 
know the ideal way to use PET for target volume 
delineation. Given that the qualitative visual 
method (with knowledge of quantitative parame-
ters such as SUV) is still the primary method of 
incorporating PET into RT planning, there is a 
need for a multidisciplinary assessment of 
patients upfront before chemotherapy in order to 
have an accurate assessment of regions involved 
with disease for the application of smaller radia-
tion treatment fi elds.  

5.4.5     PET Imaging Protocols 

 Although most information on PET scan results 
can be gathered with visual assessment in daily 
practice, the quantitative readings could in theory 
give some advantages, by providing information 
on a continuous variable such as the intensity of 
FDG uptake by the tumor. Quantitative metrics 
for FDG uptake measurement is critical in 
response assessment, staging, and RT planning. 
Imaging protocols are designed to make results 
reproducible between patients. As such, they are 
often rigorous and must be consistently applied in 
order to generate the most meaningful informa-
tion. Some PET scanners are located within radia-
tion oncology departments and other institutions 

rely on PET scans obtained in the nuclear medi-
cine department. Regardless of the location of the 
PET scanner, the quality control is still important 
[ 33 ,  35 ]. In 2008, shortly after INRT was intro-
duced in Europe, the International Atomic Energy 
Agency published guidelines summarizing two 
consensus meetings regarding the role of PET in 
radiation treatment planning. These guidelines 
clearly state that when PET scans are to be used 
for radiation planning, all of the tools used for 
patient immobilization should be available includ-
ing customized molds and face masks. All images 
should be obtained on a fl at tabletop (similar to 
the radiation treatment table). Furthermore, laser 
beams should be installed for patient alignment 
and the gantry aperture must permit a range of 
patient positions, including arms up and arms 
akimbo [ 24 ]. Of course, this represents the ideal 
situation. Often, stand-alone pretreatment PET/
CT images are all we have available, in which 
case a great deal of caution must be used when 
transferring the PET or PET/CT into the RT plan-
ning software workstation and the PET imaging 
should be checked for correct normalization and 
SUV quantifi cation. 

 As previously described, RT planning after 
chemotherapy is based on the pre-chemo extent 
of disease unless disease progression has 
occurred. Ideally, the radiation oncologist should 
see the patient at diagnosis and obtain CT and 
PET/CT in the treatment position to allow for 
ease of contouring at the time of treatment. The 
treatment position in lymphoma varies depend-
ing on clinical factors including areas of disease 
involvement as well as patient age and normal 
tissue exposure. For the most part, arms will 
either be raised or akimbo with neck extended in 
cases that require irradiation of cervical nodes or 
Waldeyer’s ring. This includes imaging with 
immobilization devices where appropriate. If the 
radiation oncology facility is not equipped with a 
PET/CT scanner or if pre-chemo imaging in the 
treatment position is not available, then co-regis-
tration must take place. 

 Fusing the pretreatment PET/CT directly to 
the posttreatment, CT has the advantage of pro-
viding physiologic data with precise topographic 
localization and is preferred over side- by- side 
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imaging. Metwally et al. assessed the inter-
observer variability in CTV defi nitions when pre-
treatment PET/CTs were either co-registered to 
posttreatment planning CTs or evaluated with 
side- by- side imaging. The authors found that reg-
istration of the PET/CT and planning CT images 
resulted in signifi cantly greater consistency of 
tumor volume defi nition [ 34 ].  

5.4.6     Concept of Dose Escalation 

 In an attempt to better understand the biological 
signifi cance of FDG-avid areas of tumor in HL, 
Girinsky et al. measured the degree of shrinkage in 
the FDG-avid volume of tumor compared to non-
FDG-avid volume after treatment with chemother-
apy [ 16 ]. The hypothesis was that FDG- avid areas 
of disease may demonstrate less response to che-
motherapy and would therefore benefi t from 
receiving higher doses of radiation therapy (also 
known as dose escalation or dose painting). 
However, responses after chemotherapy were sim-
ilar for both FDG-avid and non-FDG-avid lesions 
(67 and 68 % decrease in size, respectively). In 
addition, on average 25 % of the volume of disease 
at baseline was FDG avid (range 0–54 %), sug-
gesting that about 75 % of the tumor mass would 
not have been visualized if the PET had been per-
formed alone. The authors conclude that dose 
escalation based on FDG avidity is not a reason-
able treatment strategy in HL. Although this study 
does not support the use of dose escalation based 
on FDG avidity, there may be other imaging bio-
markers that hold promise in determining which 
patients and which lesions are more likely to recur 
and would therefore benefi t from more aggressive 
local therapy.   

5.5     FDG-PET: Pitfalls 
and Artifacts Relevant to RT 
Planning 

 Although PET has high sensitivity in HL, there 
can be a number of false positives [ 31 ], particu-
larly when interpreted by radiologists or nuclear 

medicine physicians who lack experience in the 
pediatric lymphoma population [ 27 ]. Multiple 
noncancerous conditions can mimic lymphoma 
such as thermogenic brown fat (also known as 
brown adipose tissue (BAT)), strained muscle, 
infections, transforming germinal centers in nor-
mal lymphatic tissue, thymic hyperplasia, and 
general infl ammatory conditions such as granulo-
matous diseases (e.g. sarcoidosis) (see Chapter   6    ). 

5.5.1     Organ Motion 

 One must keep in mind that PET images are 
acquired over a relatively long period of time 
(more than 20’) and therefore lesions that are 
subject to motion related to the breathing cycle 
may appear larger than their actual size. This also 
has an impact on partial volume effect, where the 
tumor SUV is underestimated. We do not typi-
cally use respiratory gating during PET/CT 
acquisition but this could be considered moving 
forward if PET if PET alone were to be used for 
target volume delineation.  

5.5.2     Brown Adipose Tissue 

 BAT as opposed to white adipose tissue (WAT) is 
capable of generating heat in response to cold 
exposure or food ingestion as a consequence of its 
unique ability to uncouple oxidative phosphoryla-
tion in mitochondria. Hence, heat is generated 
rather than ATP during metabolism. The metabo-
lism of glucose during this process is via the 
anaerobic pathway and a greater amount of glu-
cose is required in order to provide the ATP for 
fatty acid oxidation. For this reason BAT is a 
potential source of false positives in PET scans. 
Brown fat is more common in children and 
females, is characteristically not associated with a 
radiographic or clinical abnormality, and typically 
has a curvilinear distribution in the neck and 
supraclavicular areas. This highlights the impor-
tance of contouring with FDG-PET co- registered 
with a CT scan to provide superior anatomic 
localization of all PET abnormalities. This abnor-
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mal uptake is also present in adipose tissue in 
other parts of the body, specifi cally in the medias-
tinum and perinephric fat. The incidence of FDG-
avid adipose tissue has been estimated to be 
between 2 and 6 % depending on the series and 
can be easily misinterpreted as additional areas of 
pathologic lymphadenopathy [ 8 ]. Measurement 
of SUV is not always helpful in differentiating 
between malignant and benign etiology. In one 
series, the SUV associated with BAT was reported 
as high as 20 [ 51 ]. An example of FDG uptake 
due to brown adipose tissue is shown in Fig.  5.5 .

5.5.3        Thymic FDG Uptake 

 It is generally accepted that some degree of thy-
mic FDG uptake can be expected until puberty, at 
which point the thymus undergoes fatty infi ltra-
tion and involutes. In these prepubescent patients, 

the rate of mild FDG uptake associated with a 
normal thymus has been estimated to be about 
50 % [ 37 ]. Some studies have shown that physio-
logic uptake can be seen in older patients as well 
[ 36 ]. Another cause of thymic uptake is thymic 
hyperplasia. This phenomenon is associated with 
chemotherapy, particularly in children with lym-
phoma, but can also be seen in adults [ 5 ]. A criti-
cal evaluation of the thymus may be necessary in 
radiation planning given that it is not uncommon 
for the thymus to be involved with mediastinal 
HL, more commonly in the nodular sclerosis sub-
type [ 48 ]. The recognition of physiologic uptake 
from involvement with HL is particularly impor-
tant in the era of more conformal radiation tech-
niques. In equivocal cases, other imaging 
modalities such as MRI can be useful to differen-
tiate benign thymic uptake from malignancy.  

5.5.4     Physiologic FDG Uptake 

 We must keep in mind that FDG uptake also 
occurs in nonmalignant tissue other than brown 
fat and the thymus [ 9 ,  43 ]. FDG accumulation is 
actually most notable in the brain and heart due to 
the presence of glycolytic metabolism. Because 
FDG is excreted through the urinary system, FDG 
activity will be present in the kidney’s intrarenal 
collecting system, the ureters, and the bladder. 
Less intense radiotracer activity is present in the 
liver, spleen, and bone marrow. Variable physio-
logic uptake can occur in the digestive tract as 
well. It is not uncommon for focal uptake to occur 
at the GE junction. Uptake in the digestive system 
could easily be assumed to represent subdiaphrag-
matic lymphadenopathy without correlation to 
anatomic cross-sectional imaging on CT. In 
patients who have fasted (which is required for 
PET scanning), it is not uncommon for the stom-
ach, normal colon, and small intestine to also dis-
play FDG uptake. In the bowel, the uptake is 
typically isolated rather than diffuse and its linear 
confi guration allows the correct identifi cation as 
uptake limited to the normal bowel. Other areas 
that can also lead to FDG uptake include the skel-
etal muscle, thyroid, and bone marrow.  

a

b

c

  Fig. 5.5    FDG uptake due to brown adipose tissue demon-
strated on ( a ) PET, ( b ) CT, and ( c ) co-registered PET/
CT. Note the absence of tissue density in the region of 
FDG uptake, a classic fi nding associated with brown adi-
pose tissue       
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5.5.5     Benign Pathologic Causes 
of FDG Uptake 

 Benign pathologic FDG uptake can occur in lymph 
nodes, posing problems in using PET/CT for RT 
planning in HL. One must be aware that active gran-
ulomatous disease such as sarcoidosis and tubercu-
losis can also cause uptake in lymph nodes [ 32 ]. 
Healing bone and degenerative joints and other sites 
of infection or infl ammation can all cause an 
increase in FDG that may mimic malignancy [ 45 ].      
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      Abbreviations 

  5-PS    Five-Point Scale   
  AIMN     Associazione Italiana di Medicina 

Nucleare   
  BM    Bone Marrow   
  CT    Computed Tomography   
  DLBCL    Diffuse Large B-Cell Lymphoma   
  EANM     European Association of Nuclear 

Medicine   
  FDG     18 F-Fluoro-Deoxyglucose   
  HL    Hodgkin Lymphoma   
  HRS    Hodgkin and Reed-Sternberg Cells   
  PET    Positron Emission Tomography   
  SNM    Society of Nuclear Medicine   
  SUV    Standardized Uptake Value   

6.1         Introduction 

 The medical report is “a written document by 
which the specialist states conform to the truth the 
results of diagnostic imaging, together with the 
clinical interpretation of the results themselves, in 
relation to the clinical and medical history” [ 1 ]. 

The medical report is a structured as a formal 
vehicle for a written and understandable commu-
nication between the doctors and eventually 
between the doctors and the legal system. It repre-
sents the subjective interpretation of physical 
fi ndings in images by the specialist (either nuclear 
medicine physician or radiologist), is based on the 
semiotics of a given imaging technique, and pro-
vides the answer to the clinical questions arisen 
by the treating physician. The content of each 
report will vary according to the exact circum-
stances concerning each case. While a degree of 
fl exibility is necessary to encompass all the rele-
vant points, a structured framework for the report-
ing document is strongly recommended. In 
general, the PET/CT report (a) describes the pres-
ence or absence of abnormal FDG accumulation 
in the PET images in combination with their size 
and intensity, (b) correlates these fi ndings to other 
diagnostic tests and interprets them in that con-
text, and (c) contextualizes imaging fi ndings in 
the available clinical information in order to reply 
to specifi c question posed by the clinician. 

 The aim of this chapter is to suggest a mini-
mum of dataset for PET reporting in lymphoma 
according to previously published guidelines or 
recommendations by EANM [ 2 ], SNM [ 3 ], 
AIMN [ 4 ], the expert session “How to report a 
baseline and end of treatment PET scan” held in 
Menton (France), September 18th, 2014 [ 5 ], the 
“Consensus of the International Conference on 
Malignant Lymphomas Imaging Working Group” 
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[ 6 ,  7 ], and the author’s personal experience. 
Finally, the framework for PET/CT reporting in 
lymphoma presented in this chapter has been 
drawn in accord with the general semiotics ele-
ments of nuclear medicine for clinical reporting.  

6.2     Image Requirements 
for Reporting 

 Reporting is performed on reconstructed PET 
and CT images displayed on workstation screen. 
The software packages for current PET/CT sys-
tems enable visualization of PET, CT, and 
PET + CT fusion images in the axial, coronal, 
and sagittal planes as well as intensity projec-
tions in a 3D cine mode. PET images can be dis-
played with and without attenuation correction. 
On the attenuation-corrected images, quantita-
tive information with respect to size and FDG 
uptake can be derived. Images must be evalu-
ated using software and monitors approved for 
clinical use in nuclear medicine. Both uncor-
rected and attenuation- corrected images need to 
be assessed in order to identify any artifact 
caused by contrasts agent, metal implants, and/
or patient motion. PET scans are best reported 
using a fi xed display and color table scaled to 
the SUV to assist with consistency of reporting, 
for serial scans, and to reduce the effect of 
patient size.  

6.3     How to Interpret PET/CT 
Images at Baseline and After 
Treatment 

 PET/CT has been used long since for pretreat-
ment tumor burden assessment and staging pur-
poses, as well as for treatment response 
assessment [ 8 ]. Tumor stage is just one of the 
prognostic indices increasingly used for pretreat-
ment risk stratifi cation and therapy selection. 
Recently a modifi cation of the Ann Arbor classi-
fi cation for anatomic description of disease 
extension was proposed [ 7 ]. PET/CT is generally 
assessed using visual criteria; the SUV is cur-

rently used as a semiquantitative measure of the 
degree of FDG uptake, but it is not a determinant 
tool for scan interpretation. The detection limits 
of PET depend on the degree of contrast between 
the tumor and its immediate surroundings. PET is 
an intrinsically quantitative imaging technique 
and there are in principle no defi nite limits to the 
intensity of FDG uptake by the tissues. The latter, 
in turn, depends on histology (FDG avidity of the 
type of lymphoma), the burden of viable tumor 
cells, movement during acquisition (e.g., blurred 
signals in the case of pulmonary, hepatic, or 
splenic foci), and physiological uptake in the 
adjacent background. Although variable and 
depending on the clinical context, it has been 
demonstrated that the detection power of FDG- 
PET declines with the reduction of tumor diam-
eter, being very low or absent for tumors with a 
diameter ≤6–8 mm, even in very FDG-avid 
tumors. The main criteria to report a PET/CT for 
staging purpose in lymphoma have been recently 
reviewed [ 9 ]. The typical fi nding of an abnormal 
scan is usually defi ned by a pathological focal 
FDG uptake in nodal and extranodal sites, includ-
ing the spleen, liver, marrow/bone, or other 
organs. FDG accumulation should be visually 
compared to the background uptake in, e.g., 
mediastinum blood pool (MBPS) and the liver 
and reported as mild (≤ MBPS), moderate 
(> MBPS ≤ liver), or intense (> liver). 

 The hallmark of spleen involvement by lym-
phoma consists in a single or multiple areas of 
focal uptake with an activity higher than the liver 
with/without an enlarged spleen (longitudinal 
diameter > 13 cm) [ 10 ]. Both focal and diffuse 
uptakes with an activity higher than the liver are 
considered an harbinger of disease in non- 
Hodgkin lymphoma (NHL), while in Hodgkin 
lymphoma (HL), a histologic proof of organ 
involvement by disease has been reported only in 
presence a focal FDG uptake [ 10 ]. By converse, 
a diffuse uptake is frequently associated in HL 
with a diffuse bone marrow (BM) uptake and is 
more likely to represent infl ammation due to 
chemokines produced by the Hodgkin and Reed- 
Sternberg cells (HRS) and no evidence of spleen 
invasion by lymphoma. On the other hand, the 
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association of splenomegaly and diffuse splenic 
uptake, with an intensity higher than the normal 
liver, may be suspicious of splenic involvement. 
There is not a given, defi nite pattern of FDG 
uptake which is deemed to portrait bone/bone 
marrow involvement (BMI) by lymphoma. 
While in HL and DLBCL in most cases, BMI is 
typically displayed by a focal FDG uptake with 
an intensity higher than the liver, in some cases 
diffuse uptake has been described in DLBCL 
[ 11 – 13 ]. By contrast, in follicular lymphoma 
(FL) bone marrow involvement is typically dif-
fuse [ 14 ,  15 ]. Using PET/CT it is not possible 
and not strictly indispensable to distinguish with 
certainty BM from bone involvement, because in 
both cases the stage of the disease is the same. 
Moreover, the limits of space resolution and 
detection power of the currently available scan-
ner equipment often preclude the distinction 
between cortical or spongy bone invasion by 
lymphoma. However, in general, the presence of 
areas of focal FDG uptake associated with 
abnormalities on CT, seen as osteolytic, scle-
rotic, or mixed lesions, support bone infi ltration 
involvement, while the absence of abnormalities 
on CT supports BM infi ltration only. Focal FDG 
uptake associated with abnormalities on CT may 
be also related to benign non-lymphomatous 
process including osteoporotic changes of verte-
bral body, spondylosis, osteoarthritis, fractures, 
osteomyelitis, osteoid osteoma, etc., often yield-
ing false- positive results in PET and fused PET/
CT images. Considering the CT criteria of these 
lesions will largely eliminate false-positive 
results regardless their uptake value. Thus, in 
combined PET/CT, CT images signifi cantly 
improve PET specifi city with better localization 
of bone involvement in case of focal BMI. On 
the other hand, PET can detect BM-based local-
ization early and in the absence of morphologic 
changes on CT images, both in cases of focal and 
diffuse BMI by lymphoma, thereby improving 
CT sensitivity. The infl uence of the integration 
of PET and CT upon CT specifi city is also nota-
ble in cases of treated healed bony lesions, which 
lack metabolic activity in spite of a suspicious 
morphologic appearance. In general an abnor-

mal accumulation persisting longer than 3 
months in a fracture site is likely due to either 
osteomyelitis or malignancy. A diffuse homoge-
neous uptake in BM is frequently associated 
with a diffuse increase of splenic uptake in HL 
and is more likely to represent infl ammation due 
to chemokines. In NHL a diffusely increased 
BM uptake that is greater than that of the normal 
liver should be considered compatible with lym-
phoma unless the patient history discloses a 
recent cytokine administration. Lymphoma 
spread in other extranodal sites usually presents 
as a focal area of uptake with an activity usually 
higher than the liver uptake and is associated 
with an abnormal fi nding on the CT part of the 
PET/CT. 

 PET/CT is generally assessed using visual 
criteria after treatment also, and the 5-PS is 
recommended for reporting [ 6 ,  7 ]. Meanwhile, 
it is suggested, according to published data, 
that score 4 be applied to uptake > the maxi-
mum SUV in a large region of normal liver and 
score 5 to uptake 2X to 3X the maximum SUV 
in the liver. The 5-PS (so called Deauville 
score) criteria follow the continuum of uptake 
with the likelihood of malignancy increasing 
with the level of FDG uptake and were intended 
to be an objective reporting method, easy to 
understand, and to implement in different cen-
ters that would be reproducible when used by 
reporters in different countries. The 5-PS allow 
the outcome in patients with different levels of 
residual uptake to be analyzed; a high negative 
predictive value is desirable when de-escala-
tion of therapy is proposed in patients with a 
good prognosis, while a high positive predic-
tive value is desirable when intensifi cation of 
therapy is proposed in patients with a poor 
prognosis. According to the 5-PS, the score of 
the patients is related to the activity of the most 
active lesion in the patient, i.e., to the activity 
of the “reference lesion” that is identifi ed by 
scaling and eventually measuring its activity 
(SUVMax). A more detailed set of instructions 
was drawn up to deal with potential confound-
ing variables in the interpretation of the interim 
and fi nal PET [ 16 ].  
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6.4     What Is Normal 
and Abnormal in PET Images 
at Baseline and After 
Treatment? 

 The typical fi nding of an abnormal scan in lym-
phoma is usually defi ned by a focal pathological 
FDG uptake in nodal and extranodal sites. 
However soon after the introduction of FDG- 
PET for human studies, it became clear that 
FDG-PET imaging is not specifi c for cancer 
because nonphysiological variable uptake of 
FDG occurs in many tissues and in lesions char-
acterized by a substantial presence of infl amma-
tory cells. Therefore, as it is possible that benign 
and malignant lesions are present simultane-
ously in a single patient, it is not possible to 
know with certainty in a given imaging tech-
nique (either PET or CT) the pathology counter-
part of the identifi ed lesion. Accordingly, as 
taking a biopsy of all the sites of disease turns 
out unfeasible and unethical, it is diffi cult to 
clearly defi ne what should be considered the 
“gold standard” reference for a given imaging 
technique for assessing its overall accuracy. In 
clinical practice, the need of a biopsy should be 
limited to those cases in which this information 
can change the stage of disease, at diagnosis, or 
the therapeutic choice during or at the end of 
treatment. A proper interpretation and accurate 
characterization of an abnormality detected in 
PET/CT could be given by complying with a 
narrow defi nition of “lesion” (area of focal 
uptake of tracer which corresponds to a CT 
imaging abnormalities, which is not explained 
by other causes than tumor) in the awareness of 
the conditions and the mechanisms yielding 
false-positive and false-negative results. Many 
articles in the current literature report about 
physiological and nonphysiological FDG accu-
mulations observed in PET/CT and about pit-
falls or artifacts observed at baseline and after 
treatment [ 17 – 20 ]. A physiological and variable 
FDG accumulation can be observed to a certain 
degree in most viable tissue like the brain, myo-
cardium, breast, liver, spleen, stomach, intes-

tine, kidneys, urine, skeletal muscle, lymphatic 
tissue, bone marrow, salivary glands, thymus, 
uterus, ovaries, and testicles. In whole-body 
PET/CT examinations, the brain shows a high 
FDG accumulation. For the detection of brain 
localization, FDG-PET is therefore only of lim-
ited value and thus FDG-PET is usually not 
used for the primary detection or exclusion of 
brain metastases. 

 A nonphysiological, variable and nonspe-
cifi c FDG accumulation can be observed in 
brown fat, in myocardium, in granulation tissue 
(e.g., wound healing), in granulomatous dis-
ease (e.g., sarcoidosis), in infections and other 
infl ammatory processes (pneumonia, esophagi-
tis, gastritis, cholangitis, etc.), and in benign 
non-neoplastic disease (thyroid functioning 
nodules, adrenal nodules, salivary gland 
tumors, etc.). The distribution of brown fat 
includes the neck, axilla, upper mediastinum, 
and paravertebral region. Variable patterns of 
intestinal FDG uptake are present in the patients 
receiving anti- hyperglycemic drugs including 
metformin, with particularly diffuse, multifo-
cal, or nodular variations with predominance in 
the large intestine, a lesser presence in the small 
intestine. The transient discontinuation of met-
formin therapy for 2 days just before a FDG-
PET/CT scan markedly reduces the increased 
intestinal FDG uptake without causing a sig-
nifi cant increase in the blood glucose level [ 21 , 
 22 ]. Bone marrow is often suppressed during 
chemotherapy. To overcome chemotherapy-
induced neutropenia, granulocytic colony-stim-
ulating growth factors (G-CSF) are often 
administered to promote BM repopulation after 
treatment. Growth factors (G-CSF) rapidly 
increase BM FDG uptake, but the effects on 
FDG uptake do not last for more than 2 weeks 
after the fi nal administration; during and after 
G-CSF treatment, a sustained increased FDG 
uptake is also often observed in the spleen, 
although less frequent and marked as that 
observed in the bone marrow. Elevated FDG 
avidity in the BM may also be seen in anemic 
patients. These fi ndings must be distinguished 
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from malignancy [ 23 ,  24 ]. Thymic hyperplasia 
after chemotherapy is a common fi nding among 
children and adolescents and may also be seen 
in adults; thymic hyperplasia is allegedly 
accounted by an immunologic rebound phe-
nomenon that is characterized by lymph folli-
cles with large nuclear centers and infi ltration 
of plasma cells after thymic aplasia. Although 
this phenomenon usually appears within 2–6 
months after  completion of chemotherapy and 
may persist for 12–24 months, in some cases a 
thymic rebound can develop as early as 1 week 
after therapy end [ 25 ,  26 ]. Bleomycin is an 
antibiotic agent with antitumor activity, com-
monly used as part of the cytostatic treatment in 
HL. Because of the lack of the bleomycin-inac-
tivating enzyme, bleomycin hydrolase, in the 
lungs and the skin, bleomycin- induced toxic 
effect occurs predominantly in these organs. 
The central event in the development of bleo-
mycin-induced pneumonitis is endothelial dam-
age of the lung vasculature caused by 
bleomycin-induced cytokines and free radicals. 
This infl ammatory process can result in an 
increase in pulmonary FDG uptake that may be 
seen within 2 months after the start of bleomy-
cin treatment [ 27 ,  28 ]. Surgery is a form of tis-
sue injury, and, as expected, it elicits an 
infl ammatory response that can be visualized as 
an area of increased FDG activity. Postsurgical 
infl ammation will be evident on FDG-PET/CT 
as FDG- avid soft tissue in the surgical bed; 
these changes usually resolve in a few weeks. 
The intensity of tracer uptake depends on the 
extent of surgery and how the wound was 
healed: for example, there are few visible signs 
on PET 10 days after mediastinoscopy but the 
infl ammatory consequences of a sternotomy 
will remain visible for months. In patients who 
have undergone radiation therapy, normal tis-
sues close to the boundaries of radiation fi elds 
are also, at least in part, exposed, and injury to 
these tissues often results in FDG-avid infl am-
mation. As the effects of radiotherapy are 
somewhat longer lasting, end- of- treatment PET 
scan should be planned not earlier than 8–12 

weeks after the end of treatment in order to 
reduce the post-radiation unspecifi c FDG 
uptake. This time frame fi ts well the clinical 
context of these patients, rarely experiencing a 
treatment failure within 3 months after the end 
of radiation treatment. Radiation pneumonitis 
is an infl ammatory reaction within irradiated 
lung tissue in response to radiation injury and is 
characterized by the migration of leukocytes 
from the blood to irradiated lung tissue; radia-
tion pneumonitis may appear as early as 2 
weeks after irradiation and may persist for 
many months. On FDG-PET scans, radiation 
pneumonitis will result in elevated FDG avid-
ity. The linear distribution of abnormalities 
seen on both CT and FDG-PET scans helps dis-
tinguish radiation pneumonitis from pulmonary 
infection or malignancy [ 29 – 31 ]. The interpre-
tation of a FDG uptake by bone in a site previ-
ously involved by disease after treatment might 
be diffi cult because this phenomenon, espe-
cially in presence of a lytic lesions, may be 
related both to bone healing, which transiently 
increases FDG uptake, and to a residual dis-
ease. In general, in patients with residual dis-
ease, the degree of uptake is higher. These 
clinical observations suggest that an interval of 
at least 6 weeks should be allowed to minimize 
the risk of false-positive fi ndings after treat-
ment of bone lesions and of at least 3–6 months 
should elapse between surgery or traumatic 
bone lesions and PET scan.  

6.5     Other Factors Interfering 
with PET Interpretation 

 There are no conclusive data on the optimum 
interval between chemotherapy and PET. The 
minimum interval between the last dose of che-
motherapy and PET should be 10 days, and the 
latter should be planned as close as possible to 
the next treatment administration. This is 
because of any possible effects on tumor 
metabolism (such as macrophage impairment) 
and systemic effect (such as bone marrow 
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 activation following bone marrow depression, 
which may or may not be caused by growth 
factor).  

6.6     How to Write the Clinical 
Report 

 PET and CT fi ndings should be integrated in a 
combined report rather than being reported sepa-
rately. Typical report includes patient details/
demographics, procedure description and imag-
ing protocol, clinical information, clinical report 
interpretation/conclusion, and author/s. 

     1.     Patient details/demographics      

  Mandatory     These data may be country specifi c 
but in general they include name and family 
name, place and birthday of the patient, patient 
and study identifi er, and date of examination.  

     2.     Procedure description and imaging protocol      

  Mandatory     The radiopharmaceutical adminis-
tered and its activity (in MBq), the level of 
blood glucose before the examination and the 
diabetic status, the fi eld of view and patient 
positioning (whole body, skull base, to mid-
thigh), the CT protocol (low dose for attenua-
tion correction and image fusion vs full-dose 
contrast-enhanced CT; the contrast agent should 
be specifi ed), the actual interval between FDG 
administration, and the start of acquisition if 
outside the standard operating procedure (SOP) 
(SOP: 60 ± 10). 

  Recorded but not included in the report : 
Height and weight of the patients, site of injec-
tion, extravasation, quality control parameters of 
the radiopharmaceutical preparation, drug 
administration (benzodiazepines, beta-blockers, 
insulin, etc.); method of image reconstruction if 
outside the SOP (SOP: iterative reconstruction); 
motion or respiratory artifacts; camera details 
and quality control parameters; and CT dose.  

     3.     Clinical indication      

  Mandatory     Indications for PET/CT examina-
tion, i.e., staging, early or interim restaging, and 
end of therapy restaging.  

  Recommended     Relevant patient history.  

     4.     Description of fi ndings in PET/CT and CT      

 This is the main body of the report; it sets out the 
information you found when you read PET/CT. The 
meaning of this information may change in the dif-
ferent type of lymphoma and different time points 
of patient scanning before, during, and after 
treatment. 

  Mandatory      Description of relevant fi ndings 
likely related to the disease : PET/CT scans 
report (1) the anatomical location, the extent, 
and the intensity of pathological FDG accumula-
tion in nodal and extranodal sites and (2) the rel-
evant morphologic fi ndings related to PET 
abnormalities on the CT images. The intensity of 
uptake in the different nodal area and in extrano-
dal sites may be described as mild, moderate, or 
intense; a quantitative estimate of the intensity of 
FGD uptake (SUVMax) in the different nodal 
area can be provided especially if the pattern of 
uptake is suggestive of transformation (e.g., in 
follicular lymphoma and in chronic lymphocytic 
leukemia). Extranodal disease spread should be 
recorded according to the involved site (the lung, 
liver, bone/bone marrow, etc.). The dimension of 
the spleen should be given by measuring its larg-
est diameter on CT scan (splenomegaly if 
>13 cm). The anatomical location, the activity 
(SUVMax), and the size of the most active lesion 
(reference metabolic lesion) and the dimension 
and location of the largest mass (transverse 
slice), even if the latter is not the reference meta-
bolic lesion, where feasible, should be 
provided. 

  Description of incidental findings in PET/
CT which are FDG-avid but unlikely disease-
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related , such as focal colonic uptake, diffuse 
or nodular tracer uptake in thyroid, adrenal 
adenoma, salivary gland tumors, hilar and 
mediastinal node in sarcoidosis, etc.. These 
findings should be described both before and 
after treatment, with a warning on their nature 
not attributable to lymphoma (in posttreatment 
settings they may provide false-positive 
results). 

  Description of fi ndings in CT that are rele-
vant to patients care , even in the case they are 
PET negative. Comment on any potential life 
threatening or clinically critical fi nding, e.g., 
potential spinal cord compression, perforation, 
superior vena cava obstruction, pleural and peri-
cardial effusion, aortic aneurysm, etc., should be 
added.  

  Recommended      Description of the incidental fi nd-
ings in CT  such as renal atrophy, gallstones, etc.  

     5.     Interpretation/conclusions      

 The fi nal interpretation of the fi ndings is 
hereby reported and the conclusion should be 
sound to the clinical context in which a PET scan 
is required. 

  Mandatory at staging     A synthetic comment 
on area/s of abnormal uptake in nodal and 
extranodal sites should be included. Whenever 
feasible, the most probable diagnosis should be 
given, resulting from a synthesis of the avail-
able clinical data and of the semiotics of the 
abnormal PET fi ndings. When appropriate, a 
differential diagnosis should be given with an 
estimated probability of a diagnosis. The loca-
tion, activity (SUVMax), and dimension of the 
most active lesion (reference metabolic lesion), 
the location and dimension of the largest lesion, 
and the extension of the disease (Ann Arbor or 

modifi ed Ann Arbor Stage) should be reported. 
When appropriate, follow-up and additional 
diagnostic studies to confi rm the clinical 
hypothesis should be recommended, e.g., site 
for biopsy or lymphoma with suspected 
transformation.  

 Report fi ndings in CT that are relevant to 
patients’ care. 

  Mandatory during and after therapy     A 
synthetic comment on area/s of abnormal 
uptake, in nodal and extranodal sites, suspect 
to harbinger residual disease should be 
included. The location, activity (SUVMax), 
and dimension of the single most active lesion 
(reference metabolic lesion) and the location 
and dimension of the largest lesion should be 
reported.  

 The area/s of any new site/s of disease (due 
to lymphoma or nonspecific) should also be 
described. All the above information should 
be displayed by comparing the recorded per-
sisting abnormality with that in the previous 
PET/CT scan and/or other previous imaging 
studies and clinical data that are relevant. 
Finally the Deauville score should be reported 
using the 5-point Deauville scale. According 
to the Lugano criteria for lymphoma response 
assessment, the abnormal (if any) finding 
recorded in the PET scan should be catego-
rized in one of the following levels: complete 
metabolic response/partial metabolic response/
stable metabolic disease/progressive meta-
bolic disease. Recommendations for further 
imaging or investigation if relevant as well as 
a mention on CT findings that could be rele-
vant for patient care should also be added. 
Representative case and an example of tem-
plate for recording sites of involvement are 
reported in Figs.  6.1 ,  6.2 ,  6.3 ,  6.4 ,  6.5 ,  6.6 , 
 6.7 ,  6.8 ,  6.9 ,  6.10 , and  6.11 
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a

b

  Fig. 6.1    Stage IV HL. Focal uptake in the liver at baseline ( a ) that disappears after treatment ( b )       
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  Fig. 6.2    Focal uptake in paratracheal left node at baseline ( a ) and after treatment (score 4) ( b ) in HL       
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interim PET baseline PET

a b

  Fig. 6.3    Focal uptake in lung abnormalities in interim PET ( a ) after 2 ABVD not present in baseline PET due to pneu-
monia; nodes in left axilla present in baseline PET ( b ) were no more evident after treatment       
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  Fig. 6.4    Diffuse uptake in the bone marrow and spleen 
at baseline PET due to chemokines stimulation produced 
by the HRS cells in patients with HL (Case  a  and  b ); 

intense bone marrow and spleen uptake after 3 days of 
G-CSF treatment 8 days after the last BEACOPP treat-
ment (Case  c )       

 

6 PET Scan Reporting in Clinical Practice



128

  Fig. 6.5    Focal uptake in the right ileum, right sacrum and 
in the left side of L3 in baseline PET ( a ). After treatment 
with 2 ABVD ( b ), is evident an increased uptake in nor-

mal bone marrow due to chemotherapy effect associated 
with focal cold areas in bone site previously involved by 
disease         

a b
Baseline Interim 
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a b
Baseline Interim

Fig. 6.5 (continued)
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  Fig. 6.6    ( a ) Stage IV HL; diffuse bone marrow and 
spleen uptake due to chemokine stimulation ( a ) associ-
ated with  lytic lesion in the left scapula ( b ) and in the left 
clavicula ( c ). ( b ) Interim PET after 2 ABVD; diffuse 
bone marrow and spleen uptake due to chemotherapy ( d ); 

diffuse  residual uptake in the left scapula due to the 
 healing  process of the osteolytic lesion (score 3) ( e ) and  
focal uptake in the left clavicle due to residual disease 
(score 4) ( f )         

a

b

c
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e

f

d

Fig. 6.6 (continued)
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a b

  Fig. 6.7    Focal uptake in right side of L3 without abnormalities in CT due to bone marrow involvement at Baseline ( red 
arrow : focal bone marrow uptake) ( a ); after treatment focal reduction of uptake due to bone marrow ablation ( mirror 
effect ) ( b )       
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  Fig. 6.8    Diffuse uptake in the anterior mediastinum due to thymic iperplasia 6 months ( a ) and 10 months ( b ) after the 
end of treatment for HL       

a b 
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a b c

Baseline Interim end of therapy

  Fig. 6.10    ( a ) Stage IV HL (lung) HL; ( b ) residual disease in the pulmonary hilum (Score 4) (PMR); ( c ) Residual 
disease in the left pulmonary hilum after BEACOPP (Score 4) (PMR)       

Baseline Interim End of therapy

a b c

  Fig. 6.9    ( a ) Stage IV HL; ( b ) PMR (score 4 upper mediastinal node) after 2 ABVD; ( c ) PMD at end of therapy after 
BEACOPP (new liver and bone lesion)       
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