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Summary 

Fluoro-deoxy-glucose positron emission tomography/computed tomography (FDG-PET/CT) is the 

recommended image modality for staging and response evaluation at the completion of therapy in patients 

with diffuse large B-cell lymphoma (DLBCL). Recently, there has been an increasing focus on personalized 

therapy in patients with B-cell malignancies in order to improve cure rates and reduce toxicity. If it is possible 

to accurately assess the quality of early treatment response, it might also be possible to adapt the treatment 

accordingly, i.e. escalate therapy in non-responders and de-escalate treatment in patients with very good 

response. For this purpose, interim FDG-PET/CT is a promising tool. The vast majority of earlier studies have 

focused on the predictive value of interim-PET after 2-4 courses of chemotherapy. Only few studies have 

evaluated the predictive value after only a single course of chemotherapy. Among the earlier studies in 

patients with DLBCL, the primary drawback of interim-PET evaluation was the high number of false positive 

scans resulting in low positive predictive values (PPV). One possible way to reduce this number is the use of 

dual time point PET. Earlier studies have indicated that dual acquisition (e.g. one scan 60 minutes and another 

180 minutes after tracer injection) might be better to differentiate between malignant and benign FDG-uptake.  

Interim-PET is only clinically relevant if the result can be translated into clinical practice. Correlation of FDG-

PET/CT report interpretations with patient outcome, as well as concordance among interpreters, is crucial if 

results of the ongoing clinical FDG-PET/CT studies suggest a benefit of PET-response guided therapy. 

The current evidence for the use of FDG-PET in DLBCL was initially investigated in a narrative review (study 1). 

Following, the purpose of this PhD thesis was to: (1) Assess the predictive value of early FDG-PET/CT after 1 

course of chemotherapy according to visual binary criteria defined by the International Harmonization Project 

(IHP), Deauville 5-point scale (D 5PS), and according to quantitative measurements using standardized uptake 

values (SUV) (study II and study III); (2) To evaluate dynamics in the metabolic response with the use of dual 

time point PET in patients with suspicion of lymphoma in order to identify a tool for enhancing the predictive 

values (study IV); and 3) To investigate the value of clinician based interpretation of FDG-PET/CT reports with 

respect to concordance, prognostic value, and clinical utility (study V).  

In study II, we found that among 112 patients with DLBCL, assessed according to IHP, the 2 year progression 

free survival (PFS) was 81.9% and 77.2% (p= 0.51) for the PET-negative and PET-positive groups of patients, 

respectively. According to D 5 PS, the two year PFS for Deauville score (DS) 1-3 and DS 4-5 was 84.0% and 

77.1%, respectively (p=0.31).  Raising the threshold we generated two different prognostic groups. Patients 

with a DS of 5 had a two year PFS of 50.9 % and patients with a DS 1-4 had a two year PFS of 84.8 %, (p=0.002), 

however with low PPV and sensitivity (47% and 21%, respectively). In study III we found that by quantitative 

assessment of 67 patients with DLBCL, a decrease of metabolic activity between PET0 and PET1 (∆SUVmax) of 

70.6 % provided an optimal cut-off for the prediction of PFS (HR 7.75, 95% CI 2.42-24.8) compared to D 5PS 

with a cut-off between 4 and 5 (HR 6.6, 95% CI 1.94-22.1). However, the PPV of ∆SUVmax with a cut-off of 70.6 
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% remained low (47 %).  

In study IV, we found that dual time point imaging at 60 minutes and 180 minutes enabled differentiation 

between benign and malignant FDG-uptake. Patients with malignant disease had a median ∆SUVmax of 4.0 

(range -1.7 to 20.3) which was significantly different from that of patients with benign disease with ∆SUVmax 

of 1.3 (range 0.8 -1.8), p= 0.005. In Study 5, we demonstrated that PFS was significantly different between PET 

positive and PET negative patients at mid-therapy when the reports were assessed by clinicians. However, in 

59 % of cases the clinicians either disagreed or categorized the reports as being indeterminate.  

We conclude that interim metabolic response to treatment should be seen as a dynamic process and the 

assessment requires a new improved approach compared to the more traditional visual evaluation. Our data 

may also indicate that the use of a metabolic response assessment after the first course of chemotherapy is 

too early.  However, our studies suggest that assessment of interim-PET with measurements of SUVmax is a 

stronger predictor of outcome than visual assessment which needs to be validated and extended in further 

studies. The clinical utility requires that the low PPV is improved by more accurate measurements of the early 

changes of metabolic activity. Dual time point PET is a promising tool for differentiating between malignant 

and benign FDG-uptake and could possibly be useful in the interim PET-setting in order to increase the PPV and 

decrease the rate of false positive scans. When FDG-PET/CT reports are based solely on an interpretation by 

clinicians it delivers prognostic value. However, a high frequency of indeterminate reports underlines the need 

for objective reporting criteria and the need to review FDG-PET/CT scans in a multi-disciplinary setting. Overall, 

our data generate new insight into the early metabolic response assessment in DLBCL and provide a basis for 

further studies relevant to the appropriate incorporation of early interim FDG-PET/CT into clinical practice. 
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Dansk resumé 

Fluoro-deoxy-glucose positron emission tomography/computed tomography (FDG-PET/CT) anbefales i dag som 

rutinemæssig billeddiagnostisk værktøj både til stadieinddeling og responsevaluering til patienter med diffust 

storcellet B-celle lymfom (DLBCL). Hos patienter med DLBCL er der kommet et stort fokus på den type 

behandling, der er tilrettelægges efter den individuelle patients behov. Sigtet med denne strategi er at øge 

overlevelsen og reducere toksiciteten. Hvis det er muligt at måle et tidligt behandlingsrespons akkurat, vil det 

også være muligt at tilrettelægge behandlingen i forhold til dette tidlige respons. Herved kan det gøres muligt 

at eskalere behandling hos non-responders og deeskalere behandlingen hos patienter med et godt respons. 

FDG-PET/CT en lovende metode til dette formål. Hovedparten af de tidligere studier har haft fokus på at 

undersøge den prædiktive værdi af FDG-PET/CT efter 2-4 serier kemoterapi, og kun ganske få efter blot 1 serie 

kemoterapi. Den primære svaghed i disse studier har været antallet af falsk positive skanninger, hvilket har 

resulteret i lave positiv prædiktive værdier (PPV). Anvendelsen af ’dual time point PET’ er en mulig måde 

hvorpå denne andel af falsk positive skanninger kan reduceres idet tidligere studier har vist, at to optagelser 

(en efter hhv. 60 og 180 minutter) kan differentiere mellem benign og malign FDG-optagelse. 

 

Interim PET er kun klinisk relevant, hvis resultaterne samtidig kan indføres i klinisk praksis. Korrelationen 

mellem fortolkning af FDG-PET/CT beskrivelser og patient-overlevelse samt konkordans mellem bedømmerne 

af FDG-PET/CT beskrivelser er helt afgørende, hvis resultaterne af de igangværende studier, som tilrettelægger 

behandling iht. PET respons, viser sig at komme patienterne til gode. 

Evidensen bag anvendelsen af FDG-PET/CT hos patienter med DLBCL blev i denne afhandling indledningsvist 

undersøgt i et narrativt review (Study I). Ved de følgende 4 studier (Study II-V) var formålet med denne ph.d. 

afhandling at I) Undersøge de prædiktive værdier af tidlig PET efter 1 serie kemoterapi iht. visuel binære 

kriterier defineret ved ’International Harmonization Project’ (IHP), Deauville 5 point scale (D 5PS) og 

kvantitative målinger vhj.a. standardiseret uptake value (SUV) (study II og III) II) At evaluere dynamikken i det 

metaboliske respons ved brugen af ’dual time point PET’ hos patienter under mistanke for malignt lymfom for 

at identificere et værkstøj der potentielt kunne øge den PPV (study IV). III) At undersøge værdien af kliniker-

baseret fortolkning af PET-beskrivelser i forhold til konkordans, prognostisk værdi og klinisk anvendelse (study 

V). 

Blandt 112 patienter med DLBCL fandt vi en 2 års progressions-fri overlevelse (PFS) på 81.9% og 77.2% (p=0.51) 

for henholdsvis de PET positive og PET negative, når skanningerne var vurderet iht. IHP kriterier (study II).  Når 

skanningerne blev vurderet iht. D 5PS fandt vi en PFS på 84.0% for patienter med Deauville score (DS) 1-3 og 

77.1% for patienter med DS 4-5 (p=0.31). Ved at øge tærsklen på D 5PS kunne vi adskille patienter i to 

prognostisk signifikante forskellige grupper. Patienter med en DS på 5 havde en 2 års PFS på 50.9 % mens 

patienter med en DS 1-4 havde en 2 års PFS på 84.8% (p=0.002). Den ledsagende PPV og sensitivitet var lav 
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(47% og 21%, respektivt). I study III fandt vi at en kvantitativ reduktion af metabolisk aktivitet mellem PET0-

PET1 (∆SUVmax) blandt 67 patienter på 70.6% var en optimal tærskel for prædiktion af PFS (HR 7.75, 95% CI 

2.42-24.8) sammenlignet med D 5PS med en tærskel mellem DS 4 og 5 (HR 6.6, 95% CI 1.94-22.1). Den PPV iht. 

∆SUVmax på 70.6% var lav på 47%. I study VI fandt vi, at graden af FDG-optagelse på den sene skanning,  var i 

stand til at differentiere mellem benign og malign FDG-optagelse. Patienter med malign sygdom havde en 

median ∆SUVmax på 4.0 (interval -1.7 til 20.3) hvilket var signifikant forskelligt fra patienter med benign 

sygdom median ∆SUVmax 1.3 (interval 0.8-1.8),( p=0.005).  I study V demonstrerede vi, at der var signifikant 

forskel i PFS mellem PET positive og PET negative patienter når midtvejs-beskrivelserne blev fortolket af 

klinikere. I 59 % af alle tilfældene var de enten uenige i deres bedømmelser eller i tvivl om resultatet af 

beskrivelsen.   

Vi konkluderer at det metaboliske respons i et behandlingsforløb skal ses som en dynamisk proces og at 

evalueringen kræver en ny, forbedret fremgangsmåde i forhold til den mere traditionelle visuelle evaluering. 

Studierne tyder på, at evalueringen af tidlig PET skanninger, med kvantitativ måling af SUVmax, er en stærkere 

prædiktor for PFS end visuel vurdering, hvilket må valideres og udvikles i fremtidige studier. Den kliniske 

anvendelighed kræver, at den lave PPV bliver forbedret af mere akkurate målinger af tidlige ændringer i 

metabolisk aktivitet. Dual time point PET er et lovende værktøj til denne sondring, og kan muligvis være 

nyttefuld til at øge den PPV og mindske hyppigheden af falsk positive scanninger. Når FDG-PET/CT beskrivelser 

udelukkende er baseret på en klinikers fortolkning, så bidrager det med prædiktiv værdi. Dog understreger det 

store antal af inkonsistente fortolkninger et behov for at gennemgå FDG-PET/CT scanninger i et tværfagligt 

team. 

Overordnet set, så har vores data genereret ny indsigt i den tidlige metaboliske respons evaluering hos 

patienter med DLBCL, og giver grundlag for fremtidige studier som på relevant vis vil inkorporere tidlig brug af 

interim FDG-PET/CT i den kliniske praksis. 
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DLBCL  Diffuse large B-cell lymphoma 

DTPI  Dual time point imaging 

D 5PS  Deauville 5 point score 

DS  Deauville Score 

EANM  European Association of Nuclear Medicine 

EFS  Event free survival 

FDG  Fluoro-deoxy-glucose 

HDC-ASCT High-dose chemotherapy and autologous stem cell transplantation 

IHP  International Harmonization Project 

MTV  Metabolic tumor volume 

NPV  Negative predictive value 

OR  Overall survival 

PET  Positron emission tomography 

PFS  Progression free survival 

PPV  Positive predictive value 

SUV  Standard uptake value 

TLG  Total lesion glycolysis 

TMTV  Total metabolic tumor volume 

TTP  Time to progression 
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Preamble 

 
FDG-PET/CT is widely used in both clinical routine and clinical trials in malignant diseases. It has proven 

superiority over conventional imaging like CT when it comes to accuracy. The use of FDG-PET/CT is today 

recommended for both staging and response evaluation in patients with aggressive lymphoma. Interim-PET 

during therapy has a good predictive value and holds great potential for optimizing therapy and improving 

patient outcome.  

This PhD thesis explores the predictive value of FDG-PET/CT after one course of chemotherapy in patients with 

diffuse large B-cell lymphoma. Furthermore, it explores a new method of enhancing the precision of prediction 

by the use of a late PET acquisition in order to better differentiate between benign and malignant FDG uptake. 

Lastly the thesis, investigates the clinical utility of written PET reports by exploring their predictive value and 

the consistency of clinician based interpretation of clinical reports. 

This PhD thesis aims to provide a better understanding of the very early metabolic response in patients with 

DLBCL, and thus to help improve the interpretation of the early treatment response and its translation into 

clinical practice. 
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Background 

DLBCL is the most common lymphoid malignancy, accounting for approximately 25 to 30% of all adult 

lymphomas in the Western World (1). The incidence rate in Denmark is approximately 400 per year with a 

median age of 67.7 at diagnosis (2).   

DLBCL is rapidly fatal if untreated but also curable even in the most advanced stages of the disease if treatment 

is initiated. Approximately 10-15% of patients suffer from primary refractory disease and another 20-25% 

relapse after initial response to therapy. Most relapses occur within the first 3 years with only 10% of all 

progressions occurring more than 5 years after treatment (3). It is increasingly recognized that DLBCL 

represents not just one entity, but rather a clinically and biologically heterogeneous group of neoplasms with 

varying presentations, natural histories, and responses to therapy.  

The clinical outcome of lymphoma patients has improved over the last decades as a result of several factors, 

including (1) a better understanding of the biology of lymphoid malignancies, (2) advances in technology 

resulting in a more precise diagnosis (e.g., immunophenotyping, cytogenetic or gene expression profiling 

studies) and staging (i.e. 18F-FDG-PET/CT), (3) the incorporation of high dose chemotherapy with autologous 

stem cell support (HDC-ASCT) for patients with relapsed/refractory disease, and (4) the development and 

incorporation of novel and effective agents in the management of lymphoid malignancies (e.g., monoclonal 

antibodies etc.).  

 

During the last decade, FDG-PET/CT has become a cornerstone in the management of DLBCL. FDG-PET/CT is 

recommended for staging and end-of therapy evaluation. Additionally, many centers also perform a mid-

therapy PET/CT scan after 2-4 courses of chemotherapy to monitor early response(4). Despite efforts to 

standardize and refine the PET acquisition, interim-PET does not have a clearly defined role in the management 

of DLBCL patients, since several studies have shown a high number of false positive scans when using 

conventional assessment criteria. 

Nevertheless, currently active clinical trials use the change in metabolic activity to tailor the treatment of 

patients early during treatment. These trials have been initiated without a clear consensus about the right 

timing and the best assessment criteria for interim-PET.  In order to benefit the patients, it is important that 

the results of interim-PET studies are appropriately translated into daily clinical practice. For this purpose, the 

information obtained by the nuclear medicine physician should be delivered to the clinician using standardized 

interpretation and reporting criteria. 

As treatment response is a continuous and dynamic process, it is theoretically possible to asses this process at 

any time point during treatment by adapting the assessment criteria. The methodology to describe a 

continuous response accurately and the ideal time point for PET acquisition still needs to be explored. Clear 

evidence for the use of interim-PET/CT in DLBCL patients has been limited by study heterogeneity and 
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conflicting results – and especially a limited capability to predict disease progression on the basis of a positive 

interim-PET scan due to a high rate of false positive interpretations. Thus, the value of interim-PET scans and 

the methodology used to estimate the early metabolic response needs further investigations and this is the 

aim of this PhD thesis. 

. 

 
Treatment of DLBCL 

Despite the improved understanding of the heterogeneous nature of the disease, first line treatment for DLBCL 

remains rather uniform. Various research groups have challenged the existing prognostic markers such as the 

International Prognostic Index (IPI) and Ann Arbor stage (table 1) (5, 6) for treatment selection and there is a 

moving trend towards a more personalized future stratification by molecular signatures and tumor profiling 

based on a growing understanding of the biological nature of the disease. 

Today, standard treatment still relies on multiagent chemotherapy. The CHOP regimen (cyclophosphamide, 

doxorubicin, vincristin, and prednisone) has been the most widely used treatment in the combination with 

rituximab. This strategy provides the majority of patients a favorable outcome. The use of R-CHOP-like 

combinations have substantially improved long-term disease control, with more than 50% of patients still in 

remission 5 years after treatment (7-10). However, several patients fail to achieve a sufficient response to first-

line therapy. With approximately 30% of patients having poor long-term outcome with standard therapy, 

attention has been placed upon patient tailored therapy. However, the optimal upfront approach has not been 

demonstrated and currently no predictive markers provide the basis for a good therapeutic stratification. 

Although the majority of patients with DLBCL achieve durable remissions, patients who relapse or who are 

refractory have a poor outcome. If patients are sensitive to second line chemotherapy, subsequent high-dose 

chemotherapy (HDT) followed by autologous stem cell transplantation (ASCT) may result in long-term disease-

free survival and potentially cure.  
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Table 1: Ann Arbor definition of disease stage and International Prognostic Index  
 

Ann Arbor stage I Ann Arbor Stage II Ann Arbor Stage III Ann Arbor Stage IV 
Involvement of a single 
lymph node region (I) or of a 
single extralymphatic organ 
or site (IE) 

Involvement of two or more 
lymph node regions or 
lymphatic structures on the 
same side of the diaphragm 
alone (II) or with involvement 
of limited, contiguous 
extralymphatic organ or 
tissue (IIE) 

 

Involvement of lymph node 
regions on both sides of the 
diaphragm (III) which may 
include the spleen (IIIS) or 
limited, contiguous 
extralymphatic organ or site 
(IIIE) or both (IIIES) 

Diffuse or disseminated foci 
of involvement of one or 
more extralymphatic organs 
or tissues, with or without 
associated lymphatic 
involvement 

 

International Prognostic Index  
One point is assigned for each of the following risk factors: 

 

 Age greater than 60 years 

 Ann Arbor stage III or IV disease 

 Elevated serum LDH 

 ECOG performance status of 2, 3, or 4 

 More than 1 extranodal site 

 Low risk (0-1 points) - 5-year survival of 73% 

 Low-intermediate risk (2 points) - 5-year survival of 
51% 

 High-intermediate risk (3 points) - 5-year survival of 
43% 

 High risk (4-5 points) - 5-year survival of 26% 

 

 

Identification with interim-PET/CT of patients with primary refractory or early relapsing disease would 

theoretically allow for an early termination of inefficient and toxic first-line treatment. Additionally, it might 

also lead to an improved outcome through an early shift to salvage treatment. However, early response 

evaluation only makes sense for the subset of patients eligible for efficient salvage treatment. Furthermore, 

the efficacy of PET-response adapted strategies has to be based on evidence. Therefore, these hypotheses are 

currently being tested in numerous clinical trials on PET-adapted treatment and results are awaited (Table 2). 
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Table 2: Current clinical trials on PET-adapted therapy registered at www.clinicaltrials.gov  

Study title Study group Main PET-driven intervention Phase Identificer 
GA In Newly Diagnosed Diffuse 
Large B Cell Lymphoma (GAINED) 

The Lymphoma 
Academic 
Research 
Organisation 
 

Randomisation between GA101 (CHOP 
or ABVD) or Rituximab(CHOP or ABVD) 
in PET negative patients after PET2 and 
PET4  

III NCT01659099 
 

A Study of Two Associations of 
Rituximab and Chemotherapy, With 
a PET driven Strategy, in Lymphoma 
(LNH2007-3B) 

Hospices Civils de 
Lyon  
 

Randomisation between induction R-
CHOP or R-ACVBP x 4. Salvage 

treatment with HDMTX + HDT ASCT if 
PET positive after PET2 and PET4 

II NCT00498043 

Positron Emission Tomography 
Guided Therapy of Aggressive Non-
Hodgkin Lymphomas (PETAL) 

University 
Hospital of Essen 

Randomisation between R-CHOP and 
Burkitt regimen if PET-positive after  2 
x R-CHOP 

III NCT00554164 
 

S1001 PET-Directed Therapy in 
Treating Patients With Limited-
Stage Diffuse Large B-Cell 
Lymphoma 

Southwest 
Oncology Group 

Salvage with IFRT and yttrium Y 90 
ibritumomab  tiuxetan if PET-positive 
after 3 x R-CHOP  

II NCT01359592 

Early Treatment Stratification Based 
on PET Scan Response to 
Chemotherapy in Patients With 
Diffuse Large B-cell Lymphoma (R-
MEGACHOP) 

Grupo Español de 
Linfomas y 
Transplante 
Autólogo de 
Médula Ósea 

Salvage with 2 cycles of R-IFE followed 
by ASCT if PET + after 3 X R-
MEGACHOP. 
 

III NCT01361191 
 

Tailoring Treatment for B Cell Non-
Hodgkin's Lymphoma Based on PET 
Scan Results Mid Treatment 

British Columbia 
Cancer Agency  
 

Salvage with 4 cycles of R-ICE if PET-
positive after 4 x R-CHOP 

II NCT00324467 

 
 
 
 Current approach to prognosis in DLBCL 

Risk stratification plays an important role in the management of patients with DLBCL and is evaluated before 

starting therapy. Based on the total IPI score, DLBCL patients are assigned into 4 risk category groups (low, low-

intermediate, high-intermediate, and high) with overall survival ranging from 26-73% (table 1). The IPI score 

has been validated in multiple clinical trials before and after the incorporation of rituximab into the frontline 

therapy of patients with DLBCL.  In addition, modifications from the original predictive score have been 

formulated, such as the age-adjusted IPI score for patients younger than 65 years and lately also as the 

enhanced IPI for patients with DLBCL treated in the rituximab era. Enhanced IPI has proved to discriminate 

low- and high risk patients better than the original IPI (11).  

While the clinical value of the IPI score is currently extremely important, especially when analyzing results 

across multiple clinical trials, it does not provide much information about disease biology, including 

mechanisms of resistance to active treatments. There is a need to identify and validate more representative 

prognostic and predictive markers using novel technology such as gene expression profiling (GEP), proteomics, 
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or comparative chromosomal analysis. In recognition that DLBCL is a biologically and clinically diverse disease 

with some common defining morphological features it has been divided into 3 molecular subtypes by GEP, 

germinal center B-cell (GCB), activated B-cell (ABC) and primary mediastinal B-cell (PMBL). Studies are 

underway demonstrating different treatment efficacy by molecular subtypes(12).      

Functional imaging by FDG-PET/CT is another approach for risk-stratifying patients early during therapy. Unlike 

the pre-therapeutic factors, this approach uses the early response to therapy to predict outcome. Response to 

early treatment has proven to be a predictive marker in patients with aggressive lymphoma and there has 

been great interest in using interim-PET/CT assessment to identify patients who are at high risk of refractory 

disease or relapse after standard therapy(13). A wide range of studies have evaluated the predictive value of 

interim-PET/CT after 1 to 4 cycles of therapy as extensively discussed in study I with the most important ones 

outlined in table 3. 

 

Table 3: Recent major studies evaluating the predictive value of FDG-PET/CT in DLBCL 

Study 
author 
(reference) 

Assesment 
criteria 

Study 
type 

Cycles 
before 
I-PET 

No. 
patients 
enrolled 

PPV 
(%) 

NPV 
(%) 

EFS/PFS  
I-PET+  
(%) 

EFS/PFS 
I-PET- 
(%) 

Median 
FU 
(months) 

Kostakoglu et 
al, 2006(14) 

Custom based  visual 
assessment 

RS 1 47 (24NHL, 
23HL) 

87.5 100 12.5 (2 yr) 100 (2 yr) 21 

Lin et al., 
2007(15) 

Visual 3 point scale PS 2 92 50 74.1 51 (2 yr) 79 (2 yr) 42 

Itti et al., 
2009(16) 

IHP RS 4 80 77.8 82.3 25 (2 yr) 82 (2 yr) 41 

Zinzani et al., 
2011(17) 

IHP RS 3 91 (+PMBCL) 82.9 89.3 18 (4 yr) 75 (4 yr) 50 

Yang et al., 
2011(18) 

IHP PS 3-4 159 ND ND 29.2 (3 yr) 86 (3 yr) 30.8 

Cashes et 
al.,2011(19) 

IHP PS 2-3 50 42 77 63 (2 yr) 85 (2 yr) 33.9 

Pregno et al., 
2012(20) 

D 5PS ( DS1-3 vs 4-5) RS 2-4 88 36 82.5 72 (2 yr) 85 (2 yr) 26.2 

Itti et al., 
2013(21) 

ΔSUVmax >66% or≤66% RS 2 114 52 80 59 (3 yr) 81 (3 yr) 39 

Nols et al., 
2014(22) 

ΔSUVmax >66% or≤66% RS 3-4 73 46 75 50 (2 yr) 88 (2 yr) 29 

 

 

If it is possible to predict early response to therapy it might also be possible to discriminate between patients 

who could be cured with R-CHOP or even less intensive strategies and patients who might benefit from an 

early switch to a more aggressive treatment strategy. This could lead to improved efficacy and/or reduced 

overall toxicity. A whole range of clinical studies are currently ongoing testing this approach of risk-adapted 

therapy after 2-4 courses of chemotherapy in order to achieve higher cure rate with a lower or equal risk of 

treatment-related mortality (Table 2). Many aspects  of the role of FDG-PET/CT in the management of DLBCL 

patients have been investigated. However, the early response evaluation with FDG-PET/CT and its clinical 

utility still needs further exploration.  
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Positron Emission Tomography 

Positron emission tomography (PET) is a powerful noninvasive diagnostic tool for tracing organ functioning by 

imaging gamma-rays that are emitted from radiotracers targeting disease processes inside the subject. By 

using certain radioisotope labeled molecules, which are injected in non-pharmacological doses, three-

dimensional images can be reconstructed to show the concentration and distribution of the tracer of interest. 

 

Positron-emission isotopes 

PET is based on the use of biologically relevant compounds labeled with short-lived positron-emitting isotopes 

such as carbon-11, nitrogen-13, oxygen-15 and fluorine-18. These isotopes are produced in a cyclotron. 

Positron-emitting isotopes have an excess of protons. This unstable state ends once the excess positron is 

emitted.  

The rate at which nuclei spontaneously undergo radioactive decay is characterized by the parameter called the 

half-life of the isotope. The half-life is the time it takes for half of the unstable nuclei (isotope) present to 

decay. As the isotopes undergo decay they emit positrons. The emitted positrons travel inside the body with an 

average range of 1-2 millimeters. While travelling in tissue, a positron loses its energy in collisions with an 

atomic electron and the two particles annihilate each other. Annihilation (positron – electron) transforms the 

mass of the particles to radiation energy. The result is the emission of two gamma ray photons each of 511 KeV 

leaving in (almost) opposite directions. It is this property of collinearity that is being exploited in PET and which 

is being registered by the scintillation detectors of the PET scanner. In the PET detection principle, it is assumed 

that the interaction has taken place somewhere on the straight line drawn between the two detectors, the line 

being referred to as the line of response (LOR) or coincidence line.  

In clinical applications, a very small amount of labeled compound is injected into the patient and after an 

appropriate uptake period (for FDG typically 60 minutes) the concentration of tracer in tissue is measured by 

the scanner. Most PET systems acquire and save data over a given time frame in a list mode file where each 

event is tagged with a LOR position and the time point of detection. Once the time frame has ended, 

tomographic images are reconstructed. Using statistics collected from tens of thousands of coincidence events, 

a set of simultaneous equations for the total activity of voxels, a map of radioactivities as a function of location 

can be constructed and plotted.  

Attenuation occurs when photons emitted by the radiotracer inside the body are absorbed by intervening 

tissue between the detector and the emission of the photon. As different LORs must traverse different 

thicknesses and types of tissue, the photons are attenuated differentially. The result is that structures deep in 

the body are reconstructed as having falsely low tracer uptake and thus attenuation is performed to correct for 

these effects. The final image shows the tissues in which the molecular tracer has become concentrated, and 
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can be interpreted by a nuclear medicine physician  in the context of the patient's diagnosis and treatment 

plan. 

                                            

                                                          The rights are granted by  author Jens Maus.                           

 

18F-FDG  

2-deoxy-2-((18)F)-fluoro-D-glucose (18F-FDG) is an analog of glucose that contains the radionuclide fluorine F-

18. 2-Deoxyglucose was developed in the early 1950 as a potential pharmaceutical to block accelerated rates 

of glycolysis in tumor cells(23). However, as it also blocked the glycolysis of the brain it was quickly realized 

that it could not be utilized as a drug. 18F-FDG was first synthesized in 1976 by Ido et al(24). The concept of 

glucose metabolism in oncology was first described in 1924 by the German scientist Otto Warburg. He 

discovered that malignant cells use more glucose and produce more lactate even in aerobic conditions (25). 

This discovery led to the so called  ‘Warburg effect’  which is accentuated by relative hypoxia. Hypoxia is 

common feature of many cancers and has been linked to malignant transformation, metastasis, and treatment 

resistance (11). The adaptation of malignant cells to hypoxia is mediated via hypoxia-inducible Factor 1 (HIF-1), 

a key transcription factor that up-regulates a series of genes involved in glycolytic energy metabolism, 

angiogenesis, cell survival, and erythropoiesis. Included among these genes are vascular endothelial growth 

factor (VEGF), erythropoietin (EPO), glucose transporters (GLUT)(26). During the carcinogenesis GLUT-1 

transporters become up-regulated which causes the increased uptake of FDG in tumor cells. Additionally, the 

activity of hexokinase II (HKII) increases causing phosphylation of glucose and FDG to glucose-6-phosphate and 

FDG-6-phosphate, respectively. Subsequent conversion of glucose-6-phophate back to glucose and phosphate 

allows extracellular transport of glucose through GLUT. FDG-6-phospate, however is not a substrate for the 

enzyme glucose-6-phosphatase and is trapped in the cell.   

18F-FDG was first used to study tumors in 1980 where it was found that the degree of malignancy of cerebral 

tumors was correlated with their 18F-FDG uptake(27). In the beginning of the 1990s, 18F-FDG-PET was being 

used in combination with whole-body imaging protocols. The first application of 18F-FDG-PET outside brain 

imaging was mainly in the detection of lung cancer (28, 29). As opposed to glucose, 18F-FDG has no hydroxyl 
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group on the 2-carbon of the glucose molecule but instead a fluoride atom. Similarly to glucose, 18F-FDG is 

taken up into living cells by GLUT1 and then phosphorylated by HKII. 18F-FDG cannot undergo further 

metabolism like glucose because the hydroxyl group at the 2-carbon is a requirement for the process and 

accumulates in the cell(30).  

                                                                        

                        18F-FDG                                                                                                Glucose 

 

 

 The uptake of 18F-FDG by tissues is thus a marker for uptake of glucose. 

18F-FDG is trapped into the cancer cells due to their high glycolytic activity and excreted from the body 

through the renal system, which is unable to reabsorb the tracer. The cell alterations related to 

neoplastic/malignant transformation are associated with functional impairments that are present before 

structural alterations occur. Therefore, F-18 FDG-PET can reveal the presence of a tumor when conventional 

morphological diagnostic modalities (i.e. X-ray, CT, MRI and ultrasound) do not yet detect any evident lesions. 

18F-FDG uptake in tumors correlates with tumor growth and viability, so the PET scan and the possible 

metabolic quantification may provide useful information about tumor characterization, patient prognosis, and 

monitoring of the response to chemotherapy. 

Increased 18F-FDG uptake is not specific to cancer cells, as the tracer also accumulates in sites of infection, 

inflammation and active muscle tissue. This causes a range of so-called false positive results, or pitfalls, and 

this represents a disadvantage of the routine use and interpretation of 18F-FDG-PET in oncology imaging. 

However, a better understanding of underlying processes and the spectrum of disease dynamics and 

aggressiveness together with optimized imaging and interpretation may change this considerably. 

Quantitative analysis 
Great effort has been placed upon developing a semiquantitative method to determine whether an interim 

FDG-PET/CT scan should be considered positive or negative. Standardized uptake values (SUVs) are a measure 

of the concentration of FDG in a defined region divided by the injected dose normalized for dose and body 

weight (or lean body mass or body surface area) at a fixed time after tracer injection.  

SUV=r(a/w) 

Where r is the radioactivity activity concentration [kBq/ml] measured by the PET scanner within a region of 

interest (ROI), a is the decay-corrected amount of injected radiolabeled FDG [kBq], and w is the weight of the 

20

http://www.bme.ucdavis.edu/cmgi/files/2011/02/FDG1.jpg
https://www.google.dk/url?q=http://commons.wikimedia.org/wiki/File:Beta-D-glucose_Haworth_formula.png&sa=U&ei=XQt_U5OFKcLnygPNuYHQDw&ved=0CDIQ9QEwAw&usg=AFQjCNEwERwu943mYkB388mj8juWpv_jiw


patient [g], which is used a surrogate for a distribution volume of tracer. If all the injected FDG is retained 

and uniformly distributed throughout the body, the SUV everywhere will be 1 g/ml regardless of the amount 

of FDG injected or patient size. The use of lean body mass for w has also been suggested to account for the 

lower uptake of FDG by adipose tissue(31). 

Measurement of the value in the voxel with the highest SUV - the maximum SUV (SUVmax) is the most 

common used metric in clinical trials. Using the change in SUVmax from baseline to the interim scan 

(∆SUVmax) has shown to be predictive of PFS and OS in lymphoma patients (15, 16, 22, 32). However, the 

cut-off seems to vary according to the timing of imaging and therefore the results might be difficult to 

reproduce.  

In order to use ∆SUVmax for the prediction of outcome and in clinical trials, strict standardization of PET 

methods including cross-calibration of cameras, data analysis procedures and quality control of imaging 

equipment are required. The European Association of Nuclear Medicine (EANM) published a guideline on the 

minimal standard for the acquisition of FDG-PET in order to make quantitative applications feasible for 

clinical use (33). 

With the increasing interest of dual time point PET the retention index (RI) has been used, representing 

fractional or percentual change in SUV between late and early PET scan: 

RI = (SUVmax(late) – SUVmax(early)/SUVmax(early)) x 100% 

Quantification of images 
FDG activity can be measured in various volumes of interests (VOI). The most common approach is to measure 

SUVmax. Alternatively, the value of several hottest voxels can be averaged (SUVmean). While SUVmean heavily 

depends on the definition of the VOI, SUVmax does not, thereby being almost reader independent. 

Furthermore, SUVmax is less affected by partial volume effects while it, on the other hand, is affected by the 

image noise. SUVmax is the approach for the use of single metric in our studies. The use of SUVmax to assess 

treatment response has shown to be as accurate as measurements of changes of the average FDG-uptake (34).  

A range of different methods for PET-based target volume definition are currently in use. Visual interpretation 

and delineation by contouring FDG activity clearly above normal background activity is the most commonly 

used method, using CT scans guidance, with identification of lesion boundaries by an experienced nuclear 

medicine physician. However, visual interpretation of PET scans is limited by interobserver variability and is 

also susceptible to the window-level settings and thus quantification is ideal to reduce this element of 

subjectivity. Other more objective methods are 1) contouring based on either SUV of a fixed number around 

the tumor (often SUV =2.5), 2) fixed threshold of the maximal intensity found in the tumor or 3) adaptive 

threshold method which is adaptive to the signal-to-background ratio. 

The fixed threshold method is based on the maximum signal intensity in the lesions (e.g.  40 %, 50 %) and the 
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metabolic tumor volume is computed by summing all voxels above the threshold within the tumor. The 

adaptive threshold delineation is based on tumor size and the signal to background ratio. 

In this study we used the commercial Software program PET VCAR (volume computer-assisted reading; GE 

Healthcare) for quantitative measurements. We used the fixed threshold method for segmentation of tumor 

volumes with a threshold of 40% of the SUVmax. This was based on a recent study which was published by 

Meignan et al evaluating the concordance between actual NEMA phantom volume and measured volume for 

different SUVmax threshold using the PET VCAR software and found the fixed 41% SUVmax threshold was the 

most precise with an almost perfect interobserver agreement(35).  

TLG was computed by summing the metabolic tumor volume x SUVmean products of all VOIs.  

The threshold methods are widely used for MTV (metabolic tumor volume) and TLG measurements and studies 

demonstrate great interobserver agreement by using theses metric(36). 
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Response Criteria 

For decades CT has been the modality of choice for response evaluation in most cancers. However, CT has 

several limitations and it does not have the capacity to image functional alterations related to malignant 

transformation. This is especially a disadvantage when CT is used for response evaluation after therapy if 

fibrotic residual tissue is present. Therefore, FDG-PET/CT has become the modality of choice not only for 

staging purposes but also recommended for response evaluation combining both structural and functional 

dynamic changes(37). Different consensus recommendations have been applied for visual interpretation 

lymphoma FDG-PET/CT images, as described in the following section.  

International Harmonization Project 

The consensus recommendation for FDG-PET/CT in response assessment of lymphoma according to the 

International Harmonization Project (IHP) was developed for the interpretation of FDG-PET/CT scans after the 

completion of therapy for aggressive lymphoma (38). IHP uses the mediastinal blood pool activity to define a 

positive FDG-PET/CT study for residual lesions more than 2 cm. In lesions below 2 cm the surrounding 

background activity is used as reference background.  The PET scans are assessed either positive or negative. 

Despite IHP criteria being developed to determine remission status after conclusion of front-line therapy, some 

studies have also applied these criteria to the evaluation of interim-PET/CT scans. These studies are discussed 

in study I and generally result in a rather poor predictive value (19, 39)due to high rates of false positive results 

using the mediastinum blood pool as reference. Uptake higher than the mediastinal blood pool is not 

necessarily associated with a poor prognosis in patients evaluated during therapy and this concern was also 

initially expressed by the members of the Imaging Subcommittee of International Harmonization Project in 

Lymphoma(38).  As IHP is a binary scoring system not allowing intensity grading of FDG-uptake it does not 

allow interpretation according to the clinical context or timing in relation to the schedule of chemotherapy. 

Partly motivated by these limitations, the D 5PS was developed to reflect different degrees of FDG uptake and 

different therapeutic situations with different demands for a high negative and a high positive predictive value. 

 

 
Deauville 5 point scale 
The threshold for evaluating FDG-PET/CT scans at mid-therapy had to be redefined with a threshold lower than 

the IHP criteria to reflect a dynamic process which takes place in the early course of treatment. The D 5PS was 

recommended at the first international workshop on interim-PET held in Deauville in 2009(40). This set of 

criteria grades the intensity of the residual uptake relative to various background references in order to 

accommodate the dynamic behavior of disease during treatment. Baseline and interim-PET/CT scans are 

scored according to uptake in sites initially involved by lymphoma as: 
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1 No uptake 
2 Uptake ≤ mediastinum 
3 Uptake > mediastinum but ≤ liver 
4 Uptake moderately increased above liver at any site 
5 Markedly increased uptake at any site 

including new sites of disease 

 

Today, the D 5PS is routinely used for the interpretation of interim FDG-PET/CT scans at many institutions. 

Generally, a score of 1-3 is regarded as negative and 4-5 as positive for mid-therapy scans (41). This cut-off is 

chosen in a number of studies for the evaluation of HL patients after 2 courses of ABVD. Reporting interim-

PET/CT scans using this five-point scale with a cut-off between score 3 and 4 has shown to have a very good 

interobserver agreement. This was shown in the international validation study for interim-PET in advanced 

HL(41). Also, Barrington et al. have demonstrated a good interobserver variability when using the D 5PS for 

lymphoma treatment monitoring (42).  Recently, mature results from the advanced HL international validation 

study show that D5PS has a very good predictive value on treatment outcome in patients with Hodgkin 

lymphoma(43). However, it is likely that the threshold defining a negative and positive FDG-PET/CT scan has to 

be redefined according to the timing of PET after 1-4 courses, subtype of lymphoma and type of endpoint.  

New lymphoma imaging recommendations were recently published along with a revision of the international 

staging and response criteria for lymphoma. According to the new recommendations and response criteria, the 

use of D 5PS is recommended for interim-PET scans and also for end of treatment scans (replacing the IHP 

criteria). DS of 1 and 2 define a CR at both interim and end of treatment. DS 3 should be interpreted according 

to the timing, treatment and the clinical context. DS 4-5 define a partial response in an interim setting 

(provided there is structural regression) and treatment failure in the end of therapy setting. These modernized 

criteria define for the first time cut-off points for the D 5PS making comparison of clinical trials possible (37, 

44).  
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Hypotheses and aims of this PhD study 

This thesis is based on 5 studies. The overall aim of this PhD thesis was to evaluate the prediction of outcome 

by assessing the early treatment response by the use of FDG-PET/CT in patients with DLBCL.   

 

Study I provides a narrative review of the literature on FDG-PET and PET/CT in DLBCL. It became apparent from 

this review that although Study II and III were initiated in 2004 and PET has been studied intensively in the last 

decade the prediction of outcome after only one course of chemotherapy remained unclear and had not been 

tested in a prospective manner during that time.   

 

The data for study II and study III were derived from a prospective clinical trial (registered by Clinical Trials, 

identifier NCT00286832) initiated by the Nordic Lymphoma Group (NLG). In this trial, patients had a FDG-

PET/CT scan performed after the first course of chemotherapy. 

 

1. We hypothesized that FDG-PET/CT after one course of chemotherapy in patients with DLBCL is 

predictive of outcome when using recommended assessment criteria  

The aim of this study was to evaluate the predictive value of PET1 according to IHP and D 5PS and to compare 

the predictive ability of the two methods in terms of progression free survival. 

The results are presented in study II. 

 

2. We hypothesized that quantitative measurements by FDG-PET/CT of response to therapy after one 

course of chemotherapy are more predictive of outcome compared to visual assessment methods. 

The aim of the study was to compare the visual assessment method (D 5PS) with quantitative measurements 

(∆SUVmax, TMTV, TLG) to find the method with the best prediction of outcome in terms of PFS. 

The results are presented in study III.  

 

Data for study IV were derived from patients referred to FDG-PET/CT scans with malignant lymphoma or on 

the suspicion of malignant lymphoma. Patients were scanned 60 and 180 minutes after the injection of FDG. 

 

3. We hypothesized that benign and malignant FDG-uptake can be discriminated by the use of dual time 

point PET. 

The aim of this pilot study was to acquire delayed images in patients referred to PET scan on the suspicion of 

lymphoma to investigate if there was significant difference in late FDG uptake between patients with 

malignant and benign lymph nodes. 

25



 

The results are presented in study IV. 

 

Data for study V is derived from 617 interpretations by clinicians of written interim FDG-PET/CT reports from 

patients undergoing first-line chemotherapy for DLBCL. 

  

4. We hypothesized that interpretation by clinicians and predictive values of written PET-reports is 

affected by inconsistency.  

The aim of the study was to evaluate the predictive value of written routine PET-reports interpreted by 

clinicians. The interpretations were divided into three categories (positive, negative and indeterminate). We 

evaluated the degree of consistency and investigated if the clinicians’ interpretation of PET-reports was 

predictive of clinical outcome measures. 

 

The results are presented in study V. 

 

 
Patients and methods 

Patients and methods study II-III 
Study II-III was the result of collaboration between the Nordic Lymphoma Group (NLG) and the Medical Center 

of Mount Sinai, New York. Data were pooled from two similar but independent studies from the two groups. 

The studies included patients from the department of hematology/oncology at the following hospitals: Odense 

University Hospital (n=16), Århus University Hospital (n=5), Herlev Hospital (n=8), Aalborg University Hospital 

(n=10), Copenhagen University Hospital, Rigshospitalet (n=11), Vejle Hospital (n=11), Turku Hospital (n=7), 

Helsinki Hospital (n=8 ), Medical Center of Mount Sinai, New York City (n=36) comprising a total of 112 

patients. 

Patients were prospectively enrolled from 2004 until 2011. The protocols was approved by the Danish Regional 

Research Ethics Committee and The Data Protection Agency and by the Mount Sinai Medical Center 

institutional review board, and was registered by Clinical Trials, identifier NCT00286832. Oral and written 

consent was obtained from all patients before inclusion in the trials. The study became part of this PhD thesis 

after the inclusion of patients and involved collection of clinical data, data analyses, coordination of the central 

review, and draft of manuscript for publication on behalf of NLG. 

All patients underwent FDG-PET/CT scan at baseline and after one course of R-CHOP like treatment. Therapy 
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was not changed according to the result of the blinded PET-1. PET scans were acquired a minimum of 10 days 

after the completion of chemotherapy and rituximab. 

After the inclusion of the last patient, all 112 FDG-PET/CT scans were centrally reviewed. The central review 

board consisted of 6 experienced nuclear medicine experts from the Nordic countries who were familiar with 

reading PET scans from lymphoma patients at a highly specialized level. After the completion of the study, 

members of the review board received baseline PET scan (PET0) and PET1 on CDs in order to compare 

treatment response with baseline images. No clinical information was given to guide the assessment of FDG-

PET/CT scans. PET/CT scans were assessed according to the case report form shown in appendix 3. Each PET/CT 

scan was assessed by two independent reviewers who evaluated patients not belonging to their own 

institution. In case of discrepancy between the two reviewers a third expert reviewer made the final decision. 

For the visual assessment according to D 5PS and IHP criteria of PET/CT scans, all 112 patients were included in 

the analysis. For the exploratory analysis on the differentiation between DS 4 and 5, SUVmax was measured in 

the tumor and in liver of PET-1 and the ratio was calculated. SUVmaxLiver was measured by applying a VOI of 

approximately 65cm3 to the liver. SUVmaxTumor was measured by using a steep color scale map and 

measured based on the hottest lesion compatible with lymphoma on PET-1. A VOI was manually drawn 

avoiding obvious non-malignant uptake and artifacts. SUV measurements were performed at Odense 

University Hospital, Denmark using General Electric Advantage Workstation v. 4.4 (GE  AW 4.4) Study II presents the 

results of this cohort.  

For the quantitative analysis a total of 67 of 112 patients were eligible for transfer to the commercial program 

PET VCAR designed to evaluate lesion metabolic activity on a GE  AW 4.4. During a stay at the Icahn School of 

Medicine at Mount Sinai Hospital in New York (mentored by professor Lale Kostakoglu, March 2014), the 

analysis of 67 lymphoma patients was performed according to an estimated threshold algorithm with a 

SUVmax of 40%. Additional to SUVmax the measurements included total metabolic tumor volume (TMTV) and 

total lesion glycolysis (TLG). The quantitative measurements were compared with the visual assessment 

derived from the central review described above. Study III presents the results of this cohort. 

FDG-PET/CT imaging data for study II and III were acquired on the following cameras: Philips Gemini Dual, 

Philips Gemini TF16, Siemens Biograph 64 HI-REZ, General Electric Discovery LS, General Electric Discovery STE, 

General Electric Discovery VCT. Patients fasted for 6 hours prior to the PET scan and blood glucose values were 

between 8-11mM in the entire cohort. Emission data were acquired for 1,5-5 min per bed position starting 

approximately 60 min after intravenous injection of 4-5MBq pr kg or a fixed dose of 370 MBq 18F-FDG, 

depending on local practice. FDG-PET/CT scans were performed from the orbit to the upper thighs and images 

were displayed as whole body projections and as transaxial, coronal and sagittal tomographic sections. 

Reconstructions of the images were carried out with an iterative OSEM algorithm with correction for 

attenuation using the data of low dose CT or contrast enhanced CT. 
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Patients and methods study IV 
Study IV included patients from Odense University Hospital and Roskilde/Køge Hospital in a prospective 

manner if one of following criteria were met:  I) Suspicion of malignant lymphoma, either specifically 

addressed in the physician's referral papers to the PET center, or based on enlarged lymph nodes found on 

other imaging modalities (eg. CT and ultrasound); II) newly diagnosed and treatment naïve malignant 

lymphoma. All patients were referred to accelerated investigation either because of newly diagnosed 

lymphoma or high suspicion of cancer.  

The electronic referral system at the Department of Nuclear Medicine, Odense University Hospital, was daily 

screened for eligible patients taking into account the limited time slots in the PET scanners. Whenever there 

was an available time slot the patient was pre-scheduled for a dual time point PET acquisition anticipating that 

the patient would participate in the study. Eligible patients were regularly not enrolled owing to limited 

available time slots in the PET scanners. As this study was only feasible with the acceptance of random PET 

scanner availability a CONSORT flow chart covering patient enrollment and exclusion was not performed. The 

protocol was approved by the Danish Regional Research Ethics Committee, The Data Protection Agency and 

registered by Clinical Trials, identifier NCT1894945. Oral and written consent was obtained from all patients 

before the acquisition of the dual time point imaging. 

PET acquisition is thoroughly described in the manuscript of study IV.  

Patients and methods Study V 
Study V was a retrospective study. Potential candidates were identified from a search in the National 

Lymphoma Registry (LYFO, www.lymphoma.dk). Patients referred to all eight Danish specialized centers of 

hematology between September 2005 and December 2009 were screened for eligibility. Patients were 

enrolled from the following hospitals: Odense University Hospital (n=125), Århus University Hospital (n=58) 

Herlev Hospital (n=58), Aalborg University Hospital (n=56), Copenhagen University Hospital, Rigshospitalet 

(n=69), Viborg Hospital (n=14), Næstved Hospital (n=24) and Vejle Hospital (n=26) comprising a total of 430 

patients. Patients were considered eligible for inclusion if they met the following criteria: (I) newly diagnosed 

de novo DLBCL, (II) age > 15 years, (III) treated with first-line R-CHOP (rituximab, cyclophosphamide, 

doxorubicin, vincristine, prednisone) or R-CHOP-like treatment with or without the addition of central nervous 

system (CNS) prophylaxis and radiotherapy and (IV) evaluated with FDG-PET/CT at mid-therapy (I-PET) and/or 

post-therapy (E-PET). 

I-PET was performed after 2 – 4 courses of chemotherapy and therapy was not changed according to the result 

of I-PET. E-PET was performed 2 – 16 weeks after the completion of therapy. Patients with primary CNS 

lymphoma and composite lymphoma histology, human immunodeficiency virus (HIV)-associated lymphoma 

and transplant related lymphoproliferative disease were excluded from this study. Original FDG-PET/CT-reports 

were collected from the medical file of each patient and all identifiers and clinical information was erased from 

the reports. The written reports reflect the actual information on which the clinicians made their decisions in 
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the absence of a multidisciplinary assessment. (An example is listed in the appendix 1) 

All reports originated from specialized departments of nuclear medicine. Each report was independently 

evaluated by three hematologists randomly selected from a panel of nine clinical experts in malignant 

lymphoma. None of the clinicians assessed reports derived from their own hospital. Reports were labeled 

positive or negative if all three interpreters agreed. All others were considered indeterminate. 

The questionnaire for the clinicians is listed in the appendix 2. The clinician had to choose between 4 

categories of PET-report interpretations: Positive = 1, Negative = 2, Indeterminate but most likely positive = 3, 

Indeterminate but most likely negative = 4. 

 
 
Results 

Study I 

Study I is a narrative review of the current status of FDG-PET or PET/CT in DLBCL. The review provides basic 

information on FDG-PET assessment methods and the clinical application of FDG-PET for management of 

diffuse large B-cell lymphoma.  

Study II-III 
Of a total of 112 patients, after one course of chemotherapy 37 patients (33%) were PET negative and 75 (67%) 

were PET positive according to IHP. Assessment according to IHP yielded PPV and a NPV of 20% (95%CI 13-30) 

and 76% (95%CI 60-87), respectively and sensitivity and specificity of 63% (95%CI 43-79) and 32% (95%CI 23-

42%), respectively, for the prediction of disease progression. 

A similar analysis using D 5PS demonstrated that according to a threshold of D 5PS >3, 60 patients (54%) were 

classified as positive and 52 (46%) as PET negative. We found PPV for the prediction of progression evaluated 

by D 5PS >3 of 25% (95%CI 16-37%) and NPV of 83% (95%CI 70-91%). Corresponding sensitivity and specificity 

were 63% (95%CI 43-79%) and 49% (95% CI 39-59%), respectively. Interobserver agreement was substantial 

with 86% (ĸ=0.73) 

If the cutoff level was increased to D 5PS = 5, 15 patients (13%) were classified as positive and 97 (87%) as PET 

negative. Of the 15 patients with a PET positive result, 7 experienced a relapse, resulting in a PPV 47% (95%CI 

25-70%) and NPV of 82% (95%CI 74-89%) for the prediction of progression. Corresponding sensitivity and 

specificity were 29% (95%CI 15-49%) and 91% (95% CI 83-95%), respectively (table X). Interobserver agreement 

was fair with 79% (ĸ=0.23) 
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Table 4. Sensitivity, specificity and predictive values for progression according to assessment method 

 IHP D 5PS >3 D 5PS =5 

PPV 20% (13-30%) 25% (16-37%) 47% (25-70%) 

NPV 76% (60-87%) 83% (70-91%) 82% (74-89%) 

Sensitivity 63% (43-79%) 63% (43-79%) 29% (15-49%) 

Specificity 32% (23-42%) 49% (39-59%) 91% (83-95%) 

 

Thirty-eight scans were rated as a D 5PS score of 4 and 10 patients had a D 5PS score of 5 according to the 

central review. In order to perform a more in-depth analysis we carried out a semi-quantitative analysis and 

found that 38 patients with a D 5PS score of 4 had a mean tumor/liver SUVmax ratio of 2.1 (range 0.8-4.8). Ten 

patients with a D 5PS score of 5 had a mean tumor/liver SUVmax ratio of 5.4 (range 1.2-17.9). 

We found an optimal cutoff tumor/liver SUVmax ratio of 3.1 at PET-1 for prediction of progression with an 

accuracy of 77.1%. Patients with masses demonstrating persistent FDG avidity of at least 3.1 times above the 

liver background uptake, had a 2-year PFS of 57.1% (95% CI 28.4-78.0). This result corresponded to a 

significantly worse PFS compared to patients with a post-therapy FDG uptake of less than the above stated 

value (2-year PFS of 89.7 % (95% CI 70.8-96.6%, p=0.005)).(Figure 1) 

 

Figure 1: Progression free survival according to assessment category. 
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In study III we found that SUVmax performed better than TMTV and TLG both as absolute measurement and as 

percent change from baseline. Comparing D 5PS with ∆SUVmax, we found that D 5PS = 5 was significant, with 

the highest PPV of 0.78 as a single predictor but with a inferior hazard ratio of 6.55 (1.94-22.1) compared to 

∆SUVmax of 7.75 (95% CI 2.42-24.8) (Table 5) 

 

Table 5. Predictor Characteristics for PFS 

%Δ Predictors Cutoff Hazard Ratio (95% CI) p-value Se Sp PPV NPV Acc AUC 

SUVmax -66.0** 4.37 (1.51-12.6) 0.007 0.59 0.81 0.41 0.90 0.77 0.78 

SUVmax -70.566 7.75 (2.42-24.8) 0.0002 0.75 0.81 0.47 0.94 0.80 0.78 

MTVtotal -58.168 0.982 (0.274-3.52) 0.98* 0.83 0.21 0.19 0.85 0.32 0.34 

TLG -97.167 4.50 (1.41-14.4) 0.007 0.75 0.69 0.35 0.93 0.70 0.68 

Qualitative Pred. Cutoff Hazard Ratio (95% CI) p-value Se Sp PPV NPV Acc AUC 

Deauville 5-PS 4 2.74 (0.913-8.25) 0.06* 0.75 0.65 0.32 0.92 0.67 0.69 

Deauville 5-PS 5 6.55 (1.94-22.1) 0.008 0.33 0.98 0.78 0.87 0.86 0.69 

 

Study IV 
Patients who were diagnosed with a malignant lymphoma (n=28) had a median SUVmax60 of 11.5 (range 2.8-

40.3) and a median SUVmax180 – SUVmax60 (∆SUVmax) of 4.0 (range -1.7-20.3).  The FDG-uptake in malignant 

lymphnodes increased significantly with time (p<0.001). Those with benign lymphadenopathy (n=7) had a 

median SUVmax60 of 10.8 (3.3-17.2) and demonstrated a median ∆SUVmax of 1.3 (-0.8-1.8) with no difference 

between the two time points (p=0.15)(Figure 2). 

Figure 2 : Dynamic FDG-uptake in malignant and benign lymph nodes at 60 minutes and 180 minutes.             

                                                                               

             

Both ∆SUVmax and RI-SUVmax differed significantly between benign and malignant lymphadenopathy 

(p=0.005 and 0.02, respectively). SUVmax increased significantly between the two time points in the spleen 

and bone marrow (p= 0.01 and p<0.001) and decreased in the mediastinal blood pool (p=0.02). We found no 

dynamic changes in FDG uptake in the liver between 60 minutes and 180 minutes post FDG administration 
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(p=0.67). Of 28 patients with malignant lymphadenopathy, 26 were technically possible to contour on the PET 

VCAR program using the 40% estimated threshold method. Analyzing the total metabolic tumor burden of a 

total of 26 patients with malignant lympadenopathy we found that there was no significant difference 

between MTV60 and MTV180 (p=0.78).  With a median TLG60 of 289.6 (range 8.6-15425.2) and a median 

TLG180 of 365.0 (range 23.2-17489.2), we found a significant difference between the two time points 

(p<0.0001). 

Study V 
A total of 617 PET/CT reports were collected and interpreted (241  I-PET reports and 376  E-PET reports). Of the 

I-PET reports, 30% (n=73) were interpreted as negative and 11% (n=37) as positive by all three clinical 

reviewers; the remaining 59% (n=142) were categorized as indeterminate. Of the 376 E-PET reports, 41% were 

scored as negative (n=153) and 10% (n=37) as positive. The remaining 49% (n=186) were indeterminate 

reports. Two-year overall survival (OS) for patients with a positive, indeterminate and negative I-PET was 58%, 

87% and 89%, respectively (p<0.001). Two-year OS for patients with E-PET reports was 41%, 89% and 97% 

(p<0.001) for positive, indeterminate and negative interpretation of PET/CT reports, respectively. PFS and OS 

did not differ significantly in patients with a negative and an indeterminate I-PET report (figure 3). 

 

 

Figure 3: Overall survival according to interpretation category. 
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Discussion 

Interim FDG-PET/CT in DLBCL 
In study II we showed that visual interpretation of I-PET after one course of chemotherapy failed to predict 

outcome in patients with newly diagnosed DLBCL using IHP criteria and D 5PS with a threshold of 4. However, 

by raising the threshold of the D 5PS from 4 to 5 we showed that patients could be divided into two groups 

with significantly different outcome. Raising the threshold as expected generates an excess of false negative 

results and less false positive results hence a low specificity and higher positive predictive value. In study III we 

found that a quantitative measurement in terms of ∆SUVmax was the strongest predictor for outcome and also 

superior to visual assessment, ∆TMTV and ∆TLG.  

In both study II and III we found that with the pre-planned methods, and mainly due to the disappointing 

positive predictive values of both visual assessment and quantitative measurements, FDG-PET/CT scans after 

one course of chemotherapy was unable to accurately predict outcome. However, as treatment response is a 

continuous and dynamic process, it should be possible to asses this process at any time point in the treatment 

course by adapting the assessment criteria to this dynamic behavior. Theoretically, the reduction of tumor cells 

through a treatment course follows a logarithmic scale (log kill curve) as described by Kasamon et al(45). 

Depending on response to therapy the decline of the log kill curve varies among patients with fast response, 

normal response and slow response, with the latter never achieving a complete response. In study II and III we 

found low PPV and relative high NPV indicating that PET-1 is able to characterize the subset of patients with a 

fast response and a steep decline. Contrary, PET-1 was not able to differentiate the patients with normal 

response and non-response at this early time point, with the methods we applied, causing a mix of response 

groups resulting in a low PPV.  Therefore early response assessment might not be precisely assessed with the 

same set of interpretation tools which increases the demand of the methodological approach. Visual 

assessment alone seems in this situation to be inadequate.  

Nonetheless, interim assessment of treatment response has been widely utilized in the management of 

lymphoma. The strongest role to date has been the ability of a negative interim-PET scan to predict a 

successful treatment response as well as outcome (Table 3). This is now standard of care in most centers 

where FDG-PET/CT is available, but still not recommended for altering treatment outside clinical trials. 

The first results on the predictive value of interim-PET were very encouraging, showing that FDG-PET/CT was 

able to predict outcome after 2-4 cycles of chemotherapy (46-50) and even as early as after one course of 

treatment (14, 51).  However, the later data have questioned the usefulness of interim FDG-PET/CT especially 

owing to low positive predictive values (PPV). Pregno et al. showed that among 66 prospectively enrolled 

patients who had FDG-PET/CT scans performed after 3-4 cycles of R-CHOP therapy, interim FDG-PET/CT was 

not able to accurately predict outcome. According to Deauville visual interpretation, two year PFS was 85 % in 

PET negative patients and 72 % in PET positive patients (p=0.05) (20). Due to the relative high number of false 

positive results of interim FDG-PET/CT among the recent studies (PPV ranging 32-83 %)(15-20, 39, 52-59), it is 
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now recommended to perform biopsy from suspected malignant lesions.  

The appropriate PET methodology and the most reliable way to interpret the treatment response, particularly 

in interim-PET scans, are continuously debated(60). Visual analysis remains an integral component of the 

routine assessment, with the most common one being the D 5PS for interim response assessment(40), which 

has recently been proposed to be extended to the end of treatment response assessment(44). Visual 

interpretation is subjective and although the D 5PS is the simplest and best interpretation tool to date it has 

limitations. Deauville 5PS relies on individual interpretation of contrast between lesion and background rather 

than pure intensity of the residual activity. If the background varies in a patient, the residual activity might also 

be interpreted differently in relation to the reference. Furthermore, DS of 4 and 5 rely on an individual 

interpretation of moderately and markedly increased uptake over liver which also is highly subjective. A more 

objective cut-off is needed and it has been proposed that uptake two or three times above the activity of 

normal liver could be used(61).  This was the inspiration for the exploratory analysis in study II where we found 

that FDG uptake 3 times the uptake of the normal liver was the best discriminator to define a DS of 5 if new 

lesions are not present. Due to the lack of standardization of the PET acquisition this cut off has to be validated 

in a prospective study with strict focus on standardization before we can safely conclude on this issue.  

It is likely that visual grading of response in the hottest lesion or single point (absolute) SUVmax measurement 

is inadequate for appropriate assessment particularly in malignancies like DLBCL with sites of heterogeneous 

nature. In recent years, there has been emphasis on semi-quantitative analysis of PET data using conventional 

metrics (e.g. ΔSUVmax) and its superiority over D5 PS and the International Prognostic Index (IPI) for prediction 

of overall survival and progression free survival has been  shown (49). These results are very similar to what we 

find in our study III with ΔSUVmax being the strongest predictive marker of later outcome. However, both 

study II and III demonstrate disappointing PPV for both ∆SUVmax and visual assessment, thus limiting the 

clinical utility despite the significant difference in outcome between the PET negative and PET positive 

patients. 

Subsequently to these earlier studies indicating a stronger predictive ability of ΔSUVmax, clinical trials have 

been initiated using risk-adapted treatment stratification (Table 2). While these efforts are important steps to 

improve outcome,  it is important to focus on the relevance of emerging PET metrics that has the potential to 

replace existing ones in the near future for optimal patient management. 

Critics will argue that there is room for further improvement, because SUVmax is not a valid expression of the 

malignancy degree or the total tumor burden. Particularly not when considering that most malignant tumors 

are heterogeneous, meaning that for this reason SUVmax in one site alone is not a reliable measure of any of 

these characteristics. Measurement of TMTV and TLG following tumor segmentation may be a much more 

relevant indicator of malignancy as they take into account tumor heterogeneity by expressing the total tracer 

uptake in a lesion. However, what we found in study III contradicts this hypothesis and this was also the case in 

a recent study by Gallicchio et al(62) showing that ∆SUVmax rather than TLG and TMTV remains the only 

predictor for event free survival (EFS) in DLBCL patients.  
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Reliable segmentation is mandatory and often not clear cut when it comes to lymphoma patients who often 

have conglomerates of lymph nodes in close proximity to structures of varying vascularization and FDG-avidity. 

It is not surprising that SUVmax has become popular as it is relatively independent of activity in neighboring 

structures (as opposed to threshold based methods) and with an immediate automated read out on all 

workstations.  

A potential confounder, causing underestimation of SUV values, is the partial volume effect (PVE) caused by 

improper segmentation. The spatial resolution of PET scanners is low and the limited spatial resolution of PET 

scanners does not allow for the resolution of small structures because of the PVE. The PVE results in an 

underestimation of the accumulation of FDG in small tumors(63). In clinical practice using FDG-PET/CT, the SUV 

may be more accurate after PVE correction. In study II, III and IV we used PET VCAR for quantification and 

encountered problems with segmentation of small lesions. Werner-Wasik and colleagues performed a 

validation study on different segmentation methods compared to a NEMA phantom. They found that a 45% 

fixed threshold method was the most accurate but only for lesions above 20 mm with a huge error for smaller 

lesions (64). They conclude that there is no best single threshold method for all volumes and small volumes 

below 20 mm require a larger threshold because of the PVE. Similarly, Meignan et al showed that by using the 

41% fixed threshold method there was an overestimation in MTV of lesions smaller than 5,6cm3 but this had a 

limited effect on the value of total MTV(35). However, this might have a significant implication on ∆MTV 

values. A study by Schinagl et al compared five segmentation tools for FDG-PET based target volume definition 

in a cohort of patients with head and neck cancer and found that all 5 segmentation tools performed very 

differently(65). Therefore, the choice of segmentation tool influences the results of quantitative measurement 

which might have a significant consequence for the endpoint. Our results could be influenced by PVE not 

corrected by the PET VCAR software. This is particularly likely in PET-1 scans where lesions most often are still 

present although limited in size. However, the comparison of quantitative measurements with and without 

corrected PVE has never been performed in patients with lymphoma and whether this potential difference 

might have an impact on outcome measures has never been investigated. Still, it seems very relevant to take 

these considerations into account especially when measuring a continuous treatment response in small 

lesions. It is very likely that newer software incorporating enhanced methodology is able to correct for these 

factors and significantly add to the prediction of outcome in lymphoma and other malignancies. 

Dual time point PET acquisition 
In study IV we were able to show that there was a significant difference between malignant and non-malignant 

uptake by late imaging. This approach might be highly relevant not only to patients with decreased clearance 

of FDG but also in the early response evaluation. A high number of interim scans are hampered by 

physiological uptake in the intestine, spleen, saliva glands, bone marrow and Waldeyer's tonsillar ring which 

can be difficult to differentiate from malignant lymphoma uptake causing false positive interpretations. In 

these cases, a dual time point PET acquisition might help to guide in the discrimination between patients who 

should be referred to biopsy verification of disease and patients who should continue scheduled treatment. 
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Under these conditions dual time point PET could potentially accelerate the investigation and clarification of 

early progression. Ultimately, DTPI would reduce the number on false positive scans that are currently 

compromising the clinical utility of interim-PET.  

This study was feasible to conduct reliably as patients went for lymph node excision after the acquisition of the 

FDG-PET/CT scan. Often patients with benign pathology had uptake limited to only one or two lesions. For that 

reason it was possible to compare the exact site of FDG-uptake with the histological biopsy. In contrast to 

single lesion biopsy verification, we could not reliably conclude that FDG-uptake of all lesions of patients with 

malignant disease was owing to lymphoma. However, this was the only feasible alternative to histological 

verification and our gold standard in this study. For the VOIs of liver we chose a large volume in order to 

capture as large a representative area as possible. This approach is subject to conflicting views as critics would 

argue that the risk of over and underestimating the SUV by interfering with intestine and gall bladder. 

However, when VOIs were carefully placed, they were checked in a 3D manner on a rotating multiplanar 

viewer to ensure that VOI outlines were restricted to the area of the liver. 

In our study we additionally found the liver to be a stable reference organ in terms of SUVmax values of late 

images. However, we encountered large ranges of SUVmax values (2.1 – 6.2 and 2.0 – 7.4 at 60 and 180 

minutes, respectively) which supports an alternative and more reproducible approach.  An alternative way to 

measure maximal uptake in the liver would be to measure SUVmax VOI in each liver lobe followed by 

calculating a mean of the three values. By sampling the reference we would reduce the effect of extreme 

outliers and create a more reproducible value.  

For PET studies with 18F-FDG, imaging one hour post-injection of tracer has become the arbitrary 

recommendation, but most cancers continue to accumulate FDG for several hours, while at the same time 

activity in blood and background tissue continues to decrease, thus increasing the signal-to-noise ratio. The net 

effect is not only an increase in SUVmax, but theoretically also an increase in tumor volume and the number of 

detectable malignant lesions, as with time more lesions stand out significantly from the background, while the 

margin of tumors visible at 1 hour should tend to expand. This was not the case in our studies. Although the 

study population was very small the mean TMTV did not differ between measurements performed at 60 

minutes and 180 minutes. However, with patients suffering from follicular lymphoma there was a trend toward 

higher TMTVs at the late time point. This could suggest that this type of indolent lymphoma has slower uptake 

curve which could affect both TMTV and stage determination on delayed imaging. This has to be explored in a 

larger scale study.   

Finally, we are aware that PVE, as it is explained above, can reduce the SUVmax in case of small lesions. In our 

series, several lesions were less than 1 cm and thus our results might to some extend have been influenced by 

PVE. 

It is arguable if the results of this study derived from the metabolic activity of the organs reliably can be 

translated to interim and end-of therapy FDG-PET/CT scans. In recent studies, it has been shown that FDG-

uptake of the liver has significant intra-subject variability in patients with DLBCL and Hodgkin lymphoma during 
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the course of chemotherapy (66, 67). Whether this variability during the course of treatment is also applicable 

for late imaging is subject to further studies.    

Clinical interpretation of PET/CT reports 
In study V we found a large proportion of written PET-reports interpreted as indeterminate by the treating 

physician. Among the two choices of indeterminate interpretation (indeterminate but most likely positive or 

indeterminate but most likely negative) it seemed as the ‘indeterminate’ category was randomly selected by 

the clinical experts and we were not able to find a pattern among the assessments. Thus, for the reporting of 

results we decided to pool both categories into one ‘indeterminate’.   

We found that the PFS of patients with an indeterminate report and patients with a negative report was 

similarly favorable. This indicates that ambiguous but non-specific FDG-uptake possibly is being over-

interpreted which in clinical practice could give rise to inappropriate escalation of investigation and possibly 

also treatment.   

Leaving clinician to assess sole PET-reports without any clinical information regarding the patient is not an ideal 

setting. The rational for this approach was to provide the clinicians with equal conditions to give an unbiased 

assessment only knowing that the patients were diagnosed with DLBCL. The ideal situation would obviously be 

to discuss each patient in a multidisciplinary setting. 

The study shows that thorough review of PET-reports derived from specialists in nuclear medicine often causes 

doubt in the interpretation of indeterminate findings. The D 5PS is gradually being implemented for routine 

assessment of PET scans at many centers which creates an objective platform for the clinicians to make clinical 

decisions.  Therefore, we recommend that PET-reports are described with clearly defined and objective 

parameters. Furthermore, we recommend that interpretation as far as possible is discussed in a 

multidisciplinary team setting. These issues are important and undoubtedly underestimated when evidence 

based findings should be translated from clinical studies into clinical practice. 
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Conclusions 

Answers to the aims and hypotheses of this thesis: 

 

1. We hypothesized that early response to therapy after one course of chemotherapy in patients with 

DLBCL is predictive of outcome when using recommended assessment criteria.  

We found that early response to therapy was not able to predict OS and PFS when using recommended visual 

assessment criteria. However, by raising the threshold of the D 5PS to 5 defining a positive scan, we could 

separate patients into two groups with different outcome. Although this result was statistically significant, the 

associated positive predictive values including specificity were low making early response evaluation after 1 

course of R-CHOP less suitable for the use in PET-adapted therapy trials with treatment escalation to PET 

positive patients. We recommend further prospective studies evaluating the value of PET at this very early 

time point. 

2. We hypothesized that quantitative measurements of response to therapy after one course of 

chemotherapy are more predictive of outcome compared to visual assessment methods. 

We found that a reduction of SUVmax of 70.4% was the strongest predictor of outcome and exceeded the 

predictive value of visual assessment. However, quantitative measurement of treatment response was also 

hampered by a low positive predictive value. We recommend studies with special attention on further 

improvements of the methodology. 

3. We hypothesized that benign and malignant FDG-uptake can be discriminated by the use of dual time 

point PET imaging. 

In a small pilot study of 35 patients we found that there was a significant difference between late FDG-uptake 

of benign and malignant lymph nodes. This finding may be useful in the interim PET-setting in order to increase 

PPV and reduce the number of false positive scans, although the study is underpowered and safe conclusions 

cannot be drawn. 

 

4. We hypothesized that interpretation by clinicians and predictive values of written PET-reports are 

affected by inconsistency. 

A high proportion of the PET-reports was interpreted as "indeterminate" showing great inconsistency in 

reading PET-reports. In the subset of remaining patients with PET positive and PET negative reports the 

outcome is similarly poor and excellent, respectively, as demonstrated in the existing literature. We 

recommend that PET-reports are described with objective parameters and discussed in a multidisciplinary 

setting.   
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Perspectives 

Recent discoveries have uncovered important biological mechanisms of tumor cells in DLBCL which has led to 

the development of more targeted therapy in the management of patients not cured by standard first-line 

treatment with R-CHOP.  Attention to the early response to treatment therefore becomes increasingly 

important.  In the setting of interim treatment monitoring: (1) response assessment by PET should be 

performed as early as possible in order to change therapy or reduce toxicity; (2) new reliable and reproducible 

methods for evaluation of the early metabolic response are mandatory; (3) safe and reproducible translation of 

PET findings into clinical practice is vital; (4) treatments options for improving prognosis in patients with 

inadequate early metabolic response are a prerequisite for the use of early response assessment. All these 

issues need further clarification and require additional studies with international standardization of how to 

perform PET and how to measure the metabolic activity in order to obtain a valid comparison of clinical 

studies. 

Interim FDG-PET/CT is a cornerstone in the early evaluation of treatment response in DLBCL. This PhD thesis 

has emphasized the importance of how to improve the early evaluation of the metabolic response during first-

line treatment. Our data have uncovered some important issues regarding the value and methods of early PET 

response in DLBCL. It has also demonstrated the need for more prospective studies and especially more 

reliable standardized methods of measuring the metabolic response. We have shown that standard response 

criteria are not valid in the very early evaluation after only one course of chemotherapy. We have also 

demonstrated the importance of standardized reporting criteria with clear definitions of the metabolic 

response when the reports have to be translated into clinical practice. Our results indicate that dual time point 

PET may be useful in the interim PET-setting in order to increase PPV and decrease false positive scans. These 

issues should be further investigated in larger prospective trials and also in the interim setting. PET image 

segmentation and partial volume correction are two important steps, particularly for heterogeneous and 

smaller lesions, respectively, for accurate approximation of the estimates. A number of commercial software 

packages assessing metabolic-volumetric product, that are integrated in some of the recent PET/CT systems 

are important developments and may enable more accurate quantification for monitoring treatment response. 

The extent of the disease, reflected in its stage and tumor burden, is an important predictor of outcome in 

lymphoma.  From a clinical point of view, therefore, quantification of tumor burden as reflected in TMTV, TLG 

at baseline might be superior to the conventional staging based on a structural assessment  

The metabolic response during treatment should be seen as a continuum where the methodology is essential 

to accurately distinguish between treatment sensitive and refractory disease. Future studies should therefore 

clarify new ways to define the metabolic response that can be safely translated into clinical practice. Uniform 

and clearly defined methods for measuring and reporting the metabolic response are also necessary in future 

studies of PET stratified treatment strategies. 
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INTRODUCTION 

According to the World Health Organization (WHO) 
classification of lymphomas, non-Hodgkin lym- 
phomas (NHLs) are subclassified according to 
their histologic lineage, immunophenotype, and 
maturation. Lymphomas are divided into aggres- 
sive and indolent lymphomas, and into  B-cell 
and T-cell lymphomas.1 The most common type 
of aggressive B-cell NHL is diffuse large B-cell 
lymphoma (DLBCL), which is generally very 
chemosensitive. However, even though most 
patients respond well to chemotherapy, 30% of 

Most lymphomas are 18F-fluorodeoxyglucose 
(FDG) avid and the more aggressive the lym- 
phoma, the higher the FDG avidity.2 Weiler-Sagie 
and colleagues3 performed a study among 766 
patients with Hodgkin lymphoma  (HL), DLBCL, 
and follicular lymphoma and found that 97% of pa- 
tients with DLBCL had FDG-avid lesions, with an 
FDG uptake in DLBCL that was 3-fold  higher 
than in indolent lymphomas.4 

 
FDG–POSITRON EMISSION TOMOGRAPHY 
FOR INITIAL STAGING OF LYMPHOMA 
FDG–Positron Emission Tomography Versus CT 

patients with DLBCL still experience a relapse,    

most  commonly  within  the  first  2  years  after 
therapy. 

Prognostication  of  patients  with  DLBCL  cur- 
rently  consists  of  baseline  standard  laboratory 
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KEY POINTS 

• Fluorine-18-fluorodeoxyglucose positron emission tomography (FDG-PET)/computed tomography 
(CT) offers higher sensitivity and specificity for staging than CT alone. 

• At present, there is insufficient evidence to change standard treatment based on the result of 
interim FDG-PET/CT scan. 

• Tailored treatment trials according to the result of interim FDG-PET/CT are being conducted and 
results are awaited. 

• FDG-PET is more accurate than CT to detect residual disease at the conclusion of therapy. 
• FDG-PET/CT is recommended for staging and response evaluation after the completion of therapy. 
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examinations, bone marrow biopsy, and FDG– 
positron emission tomography (PET)/CT. Ann 
Arbor staging is the currently most widely used 
staging classification for all types of lymphoma. 
Ann Arbor staging depends on both location of 
involved sites and on certain B symptoms likely 
to represent systemic dissemination of the lym- 
phoma (Table 1).5 

The Ann Arbor staging classification was de- 
signed to help in defining radiotherapy fields for 
patients with HL when this was the main treatment 
modality. It is still widely applied because patients 
are allocated to different treatment strategies ac- 
cording to their stage. The extension of the dis- 
ease, as reflected by the stage, is one of the 
most important predictors of outcome for almost 
any type of lymphoma. However, to develop a bet- 
ter prognostic factor model for aggressive NHL, 
the international prognostic index (IPI) was devel- 
oped and incorporates additional adverse factors 
such as increased lactate dehydrogenase, more 
than 1 extranodal site, age more than 60 years, 
performance status more than 1, and Ann Arbor 
stage 3 or 4.6 A higher IPI allocates the patient to 
an adverse prognostic group. 

The Cotswolds revision of the Ann Arbor staging 
system was published in 1990 and incorporated 
the use of CT into lymphoma staging.7 An 
enhanced IPI (National Comprehensive Cancer 
Network [NCCN]-IPI) was recently devised to 
improve risk stratification in the rituximab era. 
This clinically based NCCN-IPI discriminates low- 
risk and high-risk patients with DLBCL better 
than the original IPI.8 

Until 2000, CT was the standard imaging modal- 
ity for staging; however, CT has several shortcom- 
ings, such as inability to identify malignancy in 
normal size lymph nodes or to differentiate be- 
tween lymph nodes enlarged because of malignant 
and benign causes. FDG-PET depicts pathologic 
metabolism, which substantially adds information 

 
to morphologic imaging. Several studies have 
shown that FDG-PET/CT has higher staging accu- 
racy than CT alone.9,10 A meta-analysis by Isasi 
and colleagues11 evaluated the diagnostic accu- 
racy of FDG-PET in the staging of  lymphoma 
and, out of a total of 14 patient-based studies, 
the median sensitivity was 90.3% and the median 
specificity was 91.1%. The impact of PET/CT on 
stage migration has mainly been studied in HL, 
and in DLBCL upstaging occurs more often than 
downstaging, although both situations occur.12,13 

Stage I disease is less frequently found and skel- 
etal lesions are more frequently found in the PET 
era.14 Although upstaging occurs in 11% to 41% 
of patients undergoing staging FDG-PET/CT, the 
frequency of therapy change as a result of FDG- 
PET/CT for staging is 8% to 25%,10,12,13,15,16 

even though no studies have shown an improved 
outcome for patients treated more aggressively 
because of this stage migration. Limited literature 
exists on staging performed with whole-body diffu- 
sion-weighted imaging (WB-DWI), but a smaller 
study comparing staging results of 12 patients 
with DLBCL undergoing both PET/CT and WB- 
DWI found that the two modalities performed 
equally well.17 Both the NCCN guidelines and the 
new guidelines from the International Conference 
on Malignant Lymphomas imaging working group 
recommend performing FDG-PET scans in DLBCL 
at baseline because of the high staging accuracy 
and potential therapeutic impact (Fig. 1).18 

 
FDG-PET in Detection of Bone Marrow 

Involvement 
 

 

Routine bone marrow biopsy is performed in order 
to detect extranodal involvement in patients who 
have disease limited to the lymph nodes detected 
on the imaging. The ability of FDG-PET to detect 
bone marrow involvement has been a controver- 
sial  issue.  Early  studies  did  not  convincingly 

 
 

 
Liver, lung, and bone marrow involvement always indicates stage IV disease. 

Table 1 
Ann Arbor staging 

Ann Arbor Stage I Ann Arbor Stage II 

Involvement of a single  Involvement of 2 or more 
lymph node region lymph node regions or 
(I) or of a single lymphatic structures 
extralymphatic organ on the same side of the 
or site (IE) diaphragm alone (II) or 

with involvement of 
limited, contiguous, 
extralymphatic organ 
or tissue (IIE) 

Ann Arbor Stage III 

Involvement of lymph 
node regions on both 
sides of the diaphragm 
(III), which may include 
the spleen (IIIS) or 
limited, contiguous, 
extralymphatic organ 
or site (IIIE), or both 
(IIIES) 

Ann Arbor Stage IV 

Diffuse or disseminated 
foci of involvement of 
1 or more 
extralymphatic organs 
or tissues, with or 
without associated 
lymphatic involvement 
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Fig. 1. Staging small parailiac lymph node. Baseline FDG PET/CT of patient with diffuse large cell B-cell lymphoma 
showing focal FDG-uptake on left side of neck and in pelvic region on the maximal intensity projection (A, arrows). 
A large lymph node in the left side of the neck is demonstrated on PET/CTand CT (B and C, arrows). PET/CTalso reveals 
a small but intense FDG-avid lymph node in right parailiac region (D, arrow), not exceeding the size of pathologic 
lymph nodes on CT (E, arrow) and could be overlooked on CT alone. 

 
show that FDG-PET can replace bone marrow bi- 
opsy. Present guidelines still recommend perform- 
ing bone marrow biopsy in all patients with DLBCL 
who are eligible for curative treatment and in 
whom there is a possible therapeutic impact.18 

However, bone marrow biopsy has many false- 
negative results caused by sampling error.19 

Pakos and colleagues19 performed a meta- 
analysis showing that FDG-PET had a pooled 
sensitivity and specificity of 43% and 88% respec- 
tively for the detection of bone marrow involve- 
ment in a mixed group of NHL. The  low 
sensitivity was mainly explained by difficulties in- 
terpreting diffuse FDG uptake, leading to a high 
number of false-negative results. Adams and col- 
leagues20 performed a systematic review and 
meta-analysis including 7 studies with DLBCL 
and showed that FDG-PET/CT achieves pooled 
sensitivity and specificity estimates of 88.7% 
(range, 84.0%–95.8%) and 99.8% (range, 
99.0%–100.0%) for the detection of bone marrow 
involvement. The investigators concluded that 
positive focal and diffuse FDG-PET findings of 
bone marrow could obviate subsequent bone 
marrow biopsy. Patients with PET-negative bone 
marrow should continue to have bone marrow bi- 
opsy taken if it has prognostic and/or therapeutic 
implications. This advice was confirmed in a 
recent retrospective study that found that 5 of 16 

patients with a positive bone marrow biopsy 
were classified as negative for bone marrow 
involvement after FDG-PET/CT.21 Khan and col- 
leagues22 also challenged the need to perform 
routine bone marrow biopsy in all patients with 
DLBCL. The investigators presented data on 130 
patients with DLBCL and found that out of 44 
stage IV patients none were allocated to this stage 
because of bone marrow biopsy alone. FDG-PET/ 
CT had a much higher sensitivity of 94% in detect- 
ing bone marrow involvement than bone marrow 
biopsy (40%), whereas the specificity was 100% 
for both methods. There is currently no consensus 
as to whether diffuse bone marrow uptake should 
be regarded as positive or negative for bone 
marrow involvement. In a homogenous cohort of 
patients with DLBCL, Khan and colleagues did 
not face interpretation difficulties in patients with 
diffuse marrow FDG uptake by using strict criteria 
for the differentiation between diffuse infiltrating 
lymphoma and low-grade diffuse uptake caused 
by reactive  conditions.  Furthermore,  patients 
with positive bone marrow biopsy had worse 
progression-free survival (PFS) than stage IV pa- 
tients without bone marrow infiltration. The reason 
for this difference in outcome is highly speculative 
because of the low number of positive bone 
marrow biopsies in this particular study. A possible 
explanation might be that FDG-PET is capable of 
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detecting limited infiltration compared with a bone 
marrow aspirate relying on blindly targeting a large 
area for disease that is known to have a focal char- 
acter. When a biopsy is positive in this situation, 
extensive disease is likely. For staging purposes, 
bone marrow biopsy seems to add limited value 
to FDG-PET/CT alone, but the decision to omit 
bone marrow biopsy in patients with DLBCL still 
seems problematic. Sehn and colleagues23 

showed that bone marrow biopsy provides prog- 
nostic information that is independent of the IPI. 
A multivariate analysis was performed to assess 
the independent prognostic significance of bone 
marrow involvement after adjusting for IPI. 
Concordant bone marrow involvement remained 
a significant negative prognostic factor for both 
PFS and overall survival (OS). In contrast, discor- 
dant bone marrow involvement was not indepen- 
dent of the IPI score with regard to PFS and OS. 
This information is not currently exploited for clin- 
ical purposes, which limits the purpose of perform- 
ing bone marrow biopsies (Fig. 2). 

 
FDG-PET in Detecting Extranodal Lesions and 

Central Nervous System Lymphoma 
 

 

Detection of extranodal involvement is important 
because a worse prognosis and a higher stage 
mean a different therapeutic approach. Extranodal 
involvement has been reported in 25% to 40% of 
all NHL cases, depending on geography.24–26 

Several studies specifically suggest the superiority 
of FDG-PET compared with CT for assessment 
of extranodal involvement.27,28 Schaefer and 
colleagues9 found the sensitivity and specificity 
for extranodal involvement to be 88% and 100%, 
respectively, for PET/CT, versus 50% and 90% 
for contrast-enhanced CT. 

 
Primary central nervous system lymphoma 

(PCNSL) is a rare type of extranodal lymphoma 
confined to the brain, eyes, leptomeninges, and 
spinal cord. Using FDG-PET for the detection of 
intracranial lymphoma may be hampered by the 
presence of physiologic FDG uptake in the brain 
cortex. Steroids administered in cases with brain 
involvement may cause a reduction in FDG accu- 
mulation and lead to falsely negative PET/CT find- 
ings and leptomeningeal involvement with low 
volume and diffuse disease burden is difficult to 
assess with FDG-PET. Therefore, intracranial lym- 
phoma is most often evaluated with magnetic 
resonance imaging, which is also part of the Inter- 
national Working Group recommendation for 
PCNSL.29 As many as 8% of patients with PCNSL 
may have occult  systemic disease.30,31 A  case 
report by Karantanis and colleagues32 suggests 
that whole-body FDG-PET detected multiple sites 
of extranodal disease in patients with PCNSL that 
were not detected on CT. Mohile and colleagues33 

also found systemic FDG-PET/CT–positive dis- 
ease in 7% of patients with suspected PCNSL, 
which would have been missed with CT; this 
finding supports using FDG-PET/CT as a useful 
tool for staging. The limitation of the PCNSL 
studies is low patient numbers caused  by  the 
rare incidence of the disease. Only conventional 
CT is currently part of the International Working 
Group recommendation for the staging of patients 
with PCNSL.29 

 
 FDG-PET and the Use of Dual-time-point PET   

Multiple studies have indicated that dual-time- 
point imaging with PET can differentiate between 
benign metabolic activity and malignant lesions. 
Dual-time-point   PET   imaging   (DTPI)   is   the 

 
 

 
Fig. 2. (A) Arrow indicating diffuse large B-cell lymphoma located in the bone marrow of FDG-PET/CT scan. (B) 
Arrow indicating lesion not visible on CT. 
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acquisition of 2 PET scans: one scan after the 
routine time interval of 60 minutes followed by a 
delayed scan performed 120 to 180 minutes after 
the injection of FDG. Most FDG-avid malignancies 
have increased maximum standardized uptake 
value (SUVmax) on the delayed time point of imag- 
ing.34–36 The biggest value of DTPI is probably the 
increased sensitivity caused by continued clear- 
ance of background activity and continued FDG 
accumulation in the malignant lesions. A longer 
distribution time allows improved blood pool and 
urinary tract clearance of FDG and thus lower 
background activity, leading to better imaging 
quality and better distinction between physio- 
logic/benign FDG uptake and malignant uptake. 
Image quality is often poor in obese patients and 
background activity is often high in patients with 
renal failure and poorly controlled diabetes 
because of decreased clearance. In these cases 
DTPI may help detect lesions. 

 
FDG-PET FOR EARLY RESPONSE EVALUATION 

Ann Arbor staging and IPI are the most widely 
used tools for deciding first-line treatment strat- 
egy. However, they rely on pretherapeutic criteria 
without taking into account the individual patient’s 
sensitivity to treatment. A prompt response to first- 
line therapy is associated with a longer PFS in pa- 
tients with HL and DLBCL,37 and is more strongly 
prognostic than any pretherapeutic marker. More 
than 20 studies have been conducted on interim 
FDG-PET in aggressive NHL/DLBCL in order to 
differentiate responders from nonresponders ac- 
cording to their early FDG-PET/CT results(fig 3). 
Hoping that this modality and strategy could be 
used as a prognostic marker that could allocate 
patients to 

 
more aggressive treatment strategies in high-risk 
patients or even de-escalation regimens in low- 
risk patients has initiated great interest. 

The first emerging results were encouraging, 
showing that FDG-PET/CT could predict outcome 
after 2 to 4 cycles of chemotherapy38–42 and even 
as early as after 1 course of treatment.43,44  How- 
ever, the later data questioned the usefulness of 
interim FDG-PET/CT, especially owing to low posi- 
tive predictive values (PPV). Pregno and col- 
leagues45 showed that, among 66 prospectively 
enrolled patients who had FDG-PET/CT scans per- 
formed after 3 to 4 cycles of rituximab, cyclophos- 
phamide, doxorubicin, vincristin, prednisolone (R-
CHOP) therapy, interim FDG-PET/CT was not 
able to accurately predict outcome. According to 
Deauville visual interpretation, 2-year PFS was 
85% in PET-negative patients and 72% in PET- 
positive patients (P  .05). Because of the high 
number of false-positive results of interim FDG- 
PET/CT among the recent studies (PPV 32%– 
83%),45–59 Moskowitz60 recommended that PET- 
positive results always be confirmed with a biopsy 
of the metabolically active site. One possible expla- 
nation for the lack of predictive ability of interim PET 
might be different timing of the PET acquisition (af- 
ter 1, 2, 3, or 4 courses of chemotherapy). Most 
studies perform PET scan after 2 to 4 courses of 
chemotherapy, which is 2 time points at which 
PET has different meanings. PET after 2 cycles of 
chemotherapy probably provides early information 
on chemosensitivity and enables differentiation of 
responders from nonresponders, whereas FDG up- 
take after 4 courses might reflect tumor regrowth. 
Pooling patients with PET scans performed at 
different time points is problematic. Another 
possible reason might be the better prognosis in 

 

 
Fig. 3. Early response evaluation. Baseline FDG-PET/CT (A and B) of diffuse large cell B-cell lymphoma showing 
FDG-avid abdominal bulky tumor (arrow) and lymph node in left clavicular region. After 3 series of chemotherapy 
residual tissue is visible on CT (D, arrow) but without pathologic FDG-uptake (C and D, arrow). 
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patients since the introduction of the standard use 
of rituximab and the reactive process that is associ- 
ated with rituximab therapy generating more false- 
positive results. 

Using imaging such as FDG-PET for early 
response evaluation can only be justified if the 
result of the scan can be used to alter treatment 
and this treatment change may translate into 
better outcome. As long as such evidence is ab- 
sent, interim PET in patients with DLBCL is not 
strongly recommended outside clinical trials. The 
positron emission tomography guided therapy of 
aggressive non-hodgkin lymphomas (PETAL) 
study, from the Essen group, is one of the largest 
clinical trials on tailored treatment according to 
an interim PET result (www.clinicaltrials.gov identi- 
fier NCT00554164). Recruitment of the PETAL trial 
was stopped in December 2012 after registration 
of a total 1072 patients. After inclusion of 100, 
200, and 300 patients, safety analyses were per- 
formed showing that interim PET with SUV- 
based evaluation was predictive of outcome. 
Relapse rate in poor responders to the first 2 cy- 
cles of R-CHOP was consistently 3 to 4 times 
higher than in good responders but the final 
outcome data are awaited (Dü hrsen U, personal 
communication, 2013). 

Different interpretation criteria are used for lym- 
phoma FDG-PET/CT imaging. These criteria are 
subdivided into visual assessment scales and 
quantitative measurements. 

 

Interpretation of Interim PET Using 

International Harmonization Project Criteria 
 

 

The consensus recommendation for FDG-PET/CT 
in response assessment in lymphoma according 
to the International Harmonization Project (IHP) 
was developed for the interpretation of FDG- 
PET/CT scans after the completion of therapy.61 

IHP uses the mediastinal blood pool activity to 
define a positive FDG-PET/CT study for residual 
lesions larger than 2 cm. In lesions smaller than 
2 cm the surrounding background activity is used 
as reference background. The studies are as- 
sessed as either positive or negative.  Despite 
IHP criteria being developed to determine remis- 
sion status after conclusion of front-line therapy, 
some studies have applied these criteria to the 
evaluation of interim PET/CT scans. Cashen and 
colleagues56 performed a study among 50 pa- 
tients with advanced-stage DLBCL and applying 
IHP criteria to interim FDG-PET/CT was associ- 
ated with low PPV of 42% and a slightly higher 
negative predictive value of 77% for the prediction 
of relapse, thus not supporting the use of IHP for 
interim  assessment.  Uptake  higher   than  the 

 
mediastinal blood pool is not necessarily associ- 
ated with a poor prognosis in patients evaluated 
during therapy. Because IHP is a binary scoring 
system not allowing intensity grading of FDG up- 
take it does not allow interpretation according to 
the clinical context or timing in relation to numbers 
of courses of chemotherapy. Because of these 
limitations, the Deauville 5-point scale (5PS) was 
developed to reflect different degrees of FDG up- 
take and different therapeutic situations with 
different demands for a high NPV and a high PPV. 

 

Interpretation of Interim PET Using Deauville 

5PS 
 

 

Similar to the study by Cashen and colleagues,56 

an earlier study by Itti and colleagues62 also failed 
to predict outcome in patients with interim PET/CT 
using mediastinal blood pool as reference. In 
contrast, using liver as the background reference, 
PET-positive and PET-negative patients were 
clearly differentiated with 2-year PFS of 51.8% 
and 81.8%, respectively. An early PET/CT does 
not necessarily have to be negative in order to pre- 
dict a superior outcome. Evaluation of PET/CT 
scans at midtherapy had to be redefined with a 
threshold lower than the IHP criteria to reflect a dy- 
namic process, which takes place in early evalua- 
tion. The Deauville 5PS was recommended at the 
first international workshop on interim PET held 
in Deauville in 2009.63 This set of criteria grades 
the intensity of the residual uptake relative to 
various background references in order to accom- 
modate the dynamic behavior of tumor decrease 
during treatment. Baseline and interim PET/CT 
scans are scored according to uptake in sites 
initially involved by lymphoma as (1) no uptake, 
(2) uptake less than or equal to mediastinum blood 
pool, (3) uptake less than or equal to liver, (4) 
moderately increased uptake greater than liver, 
or (5) markedly increased uptake greater than liver 
and/or new lesions. The Deauville 5PS is now 
routinely used for the interpretation of interim 
FDG-PET/CT scans at many institutions. A score 
of 1 to 3 is regarded as negative and 4 or 5 as pos- 
itive for midtherapy scans as proposed in the inter- 
national validation study.64 This cutoff between 
Deauville score 3 and 4 was chosen from the eval- 
uation of patients with HL after 2 courses of ABVD. 
Reporting of interim PET/CT scans using this 5PS 
with a cutoff between score 3 and 4 has very good 
interobserver agreement. Barrington and col- 
leagues65 discovered this result in an assessment 
study between expert readers from 4 different Eu- 
ropean centers, which supports the strength of the 
Deauville 5PS as a robust tool for response evalu- 
ation.  It  is  likely  that  the  threshold  defining  a 
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negative and positive FDG-PET/CT scan should 
be redefined according to the timing of PET (1–4 
courses), the type of lymphoma, and the desired 
end point. 

Visual interpretation is subjective and although 
the Deauville 5PS is the simplest and best interpre- 
tation tool to date it has its limitations. Deauville 
5PS is subject to individual interpretation of 
contrast between lesion and background rather 
than pure intensity of the residual activity. If the 
background varies in a patient, the residual activity 
might also be interpreted differently in relation to 
the reference. Furthermore, Deauville scores of 4 
and 5 rely on an individual interpretation of moder- 
ately and markedly increased uptake compared 
with liver, which also is highly subjective. A more 
objective cutoff is needed and it has been pro- 
posed that uptake 2 times or 3 times the activity 
of normal liver could be the solution.66 This pro- 
posal led to the suggestion that quantification 
might help the visual definition of scores of 4 and 
5, and studies are underway to improve the predic- 
tive values of Deauville 5PS by semiquantification. 

 
Interpretation of Interim PET Using 

Quantitative Analysis 

 

and DSUVmax and found substantial interobserver 
agreement (k 5 0.83) by a DSUVmax cutoff of 66% 
and moderate agreement (k 5 0.66) according to 
Deauville 5PS differentiating PET negative (score 
1–3) from PET positive (score 4–5).68 Similar re- 
sults were later  published  by  Casasnovas and 
colleagues69 who confirmed that DSUVmax reduc- 
tion of 66% after 2 cycles and 70% after 4 cycles 
of chemoimmunotherapy were predictive of 2-year 
OS. Moreover, quantitative analysis was more pre- 
dictive of outcome compared with visual interpre- 
tation. Pregno and colleagues45 subsequently 
applied the same DSUVmax cutoff of 66% in a sub- 
set of 46 patients with DLBCL but they were not 
able differentiate between PET positive and PET 
negative using a quantitative approach. 

Nevertheless,  the  DSUVmax   of  66%  is  being 
used as a cutoff to evaluate interim results in the 
PETAL study. Patients with a DSUVmax less than 
66% are randomized to receive either standard 
R-C HOP or an escalated acute lymphoblastic leu- 
kemia (ALL) regimen after 2 courses of R-CHOP. 

To use DSUVmax  for the prediction of outcome 
and in clinical trials requires a strict standardiza- 
tion of PET methods including cross-calibration 
of cameras, data analysis procedures, and quality 

   control of imaging equipment. The European As- 
Great effort has been devoted to developing a 
semiquantitative method to determine  whether 
an interim FDG-PET/CT scan should be consid- 
ered positive or negative. SUV is often used in clin- 
ical PET imaging as a semiquantitative, functional 
measurement of radiotracer activity, normalized 
for dose and body weight (or lean body mass or 
body surface area). Using the change in SUVmax 

from baseline to the interim scan (DSUVmax) has 
been shown to be predictive of PFS and OS. How- 
ever, the cutoff seems to vary according to the 
timing of imaging and therefore the results might 
be difficult to reproduce. 

Lin and colleagues50  presented the first large 
quantitative study in 2007. Analyzing 92 patients 
diagnosed with DLBCL, a DSUVmax of 66% was 
an optimal cutoff to predict 2-year event-free sur- 
vival (EFS). Patients with DSUVmax less than 66% 
had a 2-year EFS of 21% compared with 79% 
for patients with DSUVmax greater than 66%. Other 
groups have reported optimal DSUVmax cutoffs 
varying from 72.9% to 91.8%.51,58,67 In order to 
harmonize reporting criteria a group of experts 
initiated an international validation study to vali- 
date the quantitative methods. The results were 
presented at the Third International Workshop on 
Interim PET.66 FDG-PET/CT scans were per- 
formed after 2 courses of chemoimmunotherapy 
in 120 patients. Three reviewers reported the 
FDG-PET/CT scans according to Deauville 5PS 

sociation of Nuclear Medicine published a guide- 
line on the minimal standard for the acquisition of 
FDG-PET in order to make quantitative applica- 
tions feasible for clinical use.70 

Apart from the different reporting criteria listed 
earlier it is important to question FDG-PET findings 
that do not correspond with the clinical situation 
and that are contradictory, with a good response 
in some areas and increased uptake in others. In 
these situations it is especially important that 
PET scans are assessed and discussed in a multi- 
disciplinary setting with the participating imaging 
specialists and treating clinicians. A recent work 
studied a total of 241 interim and PET reports.71 

These written PET reports were blinded for per- 
sonal data and given to 3 expert hematologists 
who had to interpret the reports as positive, nega- 
tive, or indeterminate. Each PET/CT report was 
centrally labeled positive or negative if all 3 inter- 
preters independently agreed. All others were 
considered indeterminate. In more than half the 
cases the reports were categorized as indetermi- 
nate. This study clearly underlines the important 
point that PET images need to be interpreted in 
the context of a clinical situation. 

 
FDG-PET FOR POSTTREATMENT EVALUATION 

Response evaluation after the completion of 
therapy  is  to  date  the  most  important  role  of 
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FDG-PET/CT scans in patients with lymphoma. 
Accurate information regarding tumor status after 
treatment is critical because DLBCL is a curable 
lymphoma. FDG-PET is clearly superior to CT 
alone when distinguishing fibrosis from residual 
active lymphoma tissue by the end of therapy.72 

This ability is particularly important in  patients 
with bulky disease at diagnosis because they often 
have residual fibrosis at the conclusion of front-line 
therapy. Zijlstra and colleagues73 performed a sys- 
tematic review on FDG-PET on the diagnostic per- 
formance of posttreatment evaluation of malignant 
lymphoma. In a total of 15 studies of 705 patients 
including both HL and aggressive NHL they found 
pooled sensitivity of 72% and specificity of 100% 
for the detection of residual disease in patients 
with NHL. Terasawa and colleagues74 repeated a 
systematic review a year later with a focus on the 
methodology and excluded a few studies that 
Ziljstra and colleagues73 included because of 
mixed diagnosis. As well as investigating the accu- 
racy of FDG-PET compared with CT for residual le- 
sions, they also assessed the prediction of relapse 
and found a sensitivity of 33% to 77% and speci- 
ficity of 82% to 100% for aggressive NHL. As a 
consequence, FDG-PET was incorporated into 
the International Working Group criteria in 2007 
to accurately assess persistent lymphoma 
tissue.75 The FDG-PET criteria eliminated the 
earlier definition of complete remission uncon- 
firmed (Cru) from a better FDG characterization 
of active lymphoma tissue. Brespoels and 
colleagues76 compared the CT-based IWC criteria 
with the revised FDG-PET International Workshop 
Criteria (IWC) and correlated the response at end 
of therapy with time to next treatment (TNT) in 69 
patients with NHL. TNT as defined by CT-based 
IWC criteria was not significantly different in pa- 
tients with complete response (CR)/Cru compared 
with those with partial response (PR), whereas for 
FDG-PET IWC criteria, TNT was significantly 
shorter in patients with PR compared with those 
with CR. 

The revised response criteria for malignant lym- 
phoma have adopted no FDG uptake on comple- 
tion of therapy as the sole criterion for CR in 
lymphoma. However, in the presence of a PR, 
response is still mainly evaluated according to tu- 
mor size. 

According to IHP recommendation, FDG-PET 
should be performed after at least 3 weeks of 
completion of therapy and after 8 to 12 weeks after 
radiotherapy in order for inflammatory reactions to 
subside. Updated criteria for staging and response 
evaluation in lymphoma are soon to be published 
and PET/CT scans will continue to play a major 
role in end-of-therapy response evaluation. 

FDG-PET FOR SURVEILLANCE 

Present guidelines recommend following patients 
with DLBCL after the completion of therapy with 
intervals of 3 to 6 months performing clinical ex- 
amination and blood tests. Many centers  also 
use routine imaging for aggressive lymphomas. 
The rationale for using imaging in routine surveil- 
lance is to detect an early relapse before it be- 
comes symptomatic. CT has been the 
recommended choice for surveillance scans, but 
little evidence supports this practice because 
most relapses are detected by symptoms despite 
routine surveillance scans.77,78 Because FDG- 
PET/CT has been shown to be more sensitive 
than CT in the staging setting, it is likely that it is 
able to detect a subclinical relapse. Previous 
studies show that FDG-PET/CT is both sensitive 
and specific for the detection of relapsed 
DLBCL79–81 but the false-positive rate is high, 
causing many unnecessary biopsies and repeated 
tests, and much anxiety for the patients. Further- 
more, it is unknown whether an early diagnosis 
of relapse translates into better outcome. It is likely 
that early detection gives a false impression of 
longer PFS because of lead time bias. However, 
a recent study by El-Galaly and colleagues82 con- 
sisting of  258 patients with  NHL and HL  (173 
DLBCL) found that patients with DLBCL who 
experienced imaging-detected relapse had lower 
disease stage and a trend toward a reduced risk 
of death. Nevertheless, it is possible  that  the 
use of FDG-PET only should apply to patients 
belonging to a high-risk group in order to keep 
costs and radiation  exposure down. This 
approach was supported by Cheah and col- 
leagues83 who suggested that surveillance FDG- 
PET should be applied to patients with IPI greater 
than 3 during the first 18 months of follow-up when 
the risk of relapse is the greatest. In order to clearly 
define the role for surveillance imaging, prospec- 
tive studies are needed. 

 
 

SUMMARY 

FDG-PET plays a major role in the management of 
patients with DLBCL. Baseline FDG-PET/CT pro- 
vides enhanced staging accuracy and facilitates 
the interpretation of FDG-PET/CT studies after 
completion of therapy in patients with DLBCL. 
Staging and end-of-therapy PET/CT should be 
routinely performed according to the most recent 
international guidelines for imaging in lymphoma. 
Interim FDG-PET/CT has a strong predictive value 
and can be useful in monitoring early treatment 
response for patients with DLBCL.  At  present, 
the results of the clinical trials are awaited. Until 
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the results of international randomized response 
adapted trials are available, interim PET is not rec- 
ommended for therapy management outside clin- 
ical trials. 

It is expected that the accuracy of FDG-PET/CT 
will increase because of refined interpretation 
methods but also stricter and more standardized 
acquisition of FDG-PET scans across institutions, 
which might allow a better comparison of quanti- 
tative data of multicenter results in future. It is 
likely that FDG-PET/CT will play a role in the sur- 
veillance of selected high-risk patients obtaining 
complete remission on first-line therapy and who 
are subsequently candidates for high-dose ther- 
apy. Recent studies suggest that FDG-PET imag- 
ing data obviates bone marrow biopsy in patients 
with HL, and routine bone marrow biopsy is no 
longer part of the recommendation in the diag- 
nostic work-up for this group of patients. Although 
the clinical situation is different for patients with 
DLBCL, it is possible that new advances in inter- 
pretation and refinement of FDG-PET scans in 
future may also allow the omission of bone marrow 
biopsy in patients with DLBCL. Non-FDG tracers 
are now available for PET imaging and others are 
under preclinical development. Most of these 
tracers are designed based on cancer biomarkers 
that are more or less specific for DLBCL. Some 
tracers are designed based on increased DNA 
synthesis and others on upregulated amino acids 
transporters, CD20 expression in B cells, and 
cellular apoptosis. As advances are made in 
research into the molecular biology of lymphoma 
it might be possible to identify biomarkers in 
DLBCL that contribute to progression, which war- 
rants the development of new specific lymphoma- 
targeted imaging tracers. This development might 
allow the assessment of additional aspects related 
to the prognosis and management of patients with 
DLBCL. 
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ABSTRACT 
 

We evaluated the predictive value of I-PET after one course of chemoimmunotherapy in 

patients with newly diagnosed DLBCL. 112 DLBCL patients were enrolled. All patients had 

PET/CT scans performed after one course of chemotherapy (PET-1). I-PET scans were 
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categorized according to International harmonization project criteria (IHP) and to Deauville 

5 point scale (D 5PS) with scores 1-3 considered negative (D 5PS>3) and D 5PS with 

scores 1-4 considered negative (D5PS=5).  Ratios of tumorSUVmax to liverSUVmax were 

also analyzed. We found no difference in progression-free survivals (PFS) between PET- 

negative and PET-positive patients according to IHP and D 5PS>3. The 2-year PFS using 

D 5PS=5 was 50.9% in the PET-positive group and 84.8% in the PET-negative group 

(p=0.002). A tumor/liver SUVmax cut-off of 3.1 to distinguish a D 5PS scores of 4 and 5 

provided the best prognostic value. PET after one course of chemotherapy was not able to 

safely discriminate PET positive and PET negative patients in different prognostic groups. 

INTRODUCTION 
 

Diffuse Large B-cell Lymphoma (DLBCL) is a potentially curable disease with cure rates 

approaching 60%(1). Currently, 18F-FDG positron emission tomography (PET) combined 

with computed tomography (CT) is the recommended standard method for staging and at 

the end of first line treatment (2). The use of interim PET (I-PET) for early response 

assessment in DLBCL has been an area of controversy because of the associated 

unresolved issues (3-5). These issues relate to both timing and standardization of 

evaluation methods as well as an open question of whether or not early adjustment of 

treatment improves outcome. Moskowitz et al. have recommended that PET positive 

results should always be confirmed with a biopsy of the metabolically active site (6). It has 

also been shown that quantification of the metabolic activity potentially improves the 

predictive value of early PET evaluation after 2 to 4 cycles of chemotherapy (7, 8). The 

results of several previous retrospective studies have also suggested that early response 

assessment with PET after the first course of chemotherapy may predict response to 
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treatment (9, 10). However, these early data have never been validated in large 

prospective cohorts. 

The metabolic response of tumor cells to treatment is a continuous parameter that can be 

visually or quantitatively measured with assessment of FDG avidity(11). Thus, I-PET could 

be a prognostic marker that would potentially allow tailored therapy adapted to tumor 

chemosensitivity of each patient. I-PET has already been incorporated into numerous 

ongoing clinical trials investigating such PET-response adapted therapy. These studies 

include the GELA LNH073B trail (ClinicalTrials.gov, identifier NCT00498043), the PETAL 

trial from the Essen group (ClinicalTrial.gov, identifier: NCT00554164) and two Canadian 

recruiting trials (ClinicalTrials.gov, identifier NCT00530179 and NCT00324467). The 

ongoing clinical trials of aggressive NHL designed with I-PET-adapted therapy strategy, 

requires an I-PET response evaluation after 2 to 4 cycles of therapy. This strategy is in line 

with the most published studies that were conducted at this time point to evaluate the 

predictive value of I-PET(4, 5, 7, 8, 12-23). The vast majority of these studies demonstrate 

a superior outcome for PET negative patients when compared with those with a PET 

positive result. However, response criteria vary in particular among the earlier studies 

using custom visual criteria, international harmonization criteria, D 5-PS and SUVmax 

reduction. The use of different response criteria across studies makes comparison of 

results challenging and the optimal time point for performing I-PET still remains to be 

established. 

It has been demonstrated that 18F-FDG uptake decreases as early as 1 day after the 

initiation of chemotherapy (24) which can be exploited as a very early therapy assessment 

tool to predict outcome. Earlier studies have also indicated that PET might be able to 

predict survival in patients with  lymphoma as early as after one course of chemotherapy, 
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but these PET data are limited by retrospective design as well as sample size warranting 

confirmations of its predictive value(9, 10).The primary objective of this present US and 

Nordic Lymphoma Group intergroup study is to prospectively determine the predictive 

value of I-PET after only one course of chemotherapy with respect to progression free 

survival in a large cohort of homogeneously treated patients with DLBCL. 

 
 
MATERIALS AND METHODS 

 

Patients And Treatment 
 

 

Patients from eleven Nordic and US participating medical centers were prospectively 

recruited to this study between 2004 and 2011. Informed consent was obtained according 

to the protocol approved by the local ethical committees. The study was registered by 

Clinical Trials, identifier NCT00286832. A total of 112 patients were enrolled in the study. 

Patients were eligible for this study after fulfilling the following criteria: I) newly diagnosed 

with de novo DLBCL, stages II-IV, II) age>18 years, III) planned to undergo R-CHOP 

(rituximab, cyclophosphamide, hydroxydaunorubicin, oncovin and prednisone) or R- 

CHOP-like therapy with or without the addition of CNS prophylaxis and/or radiotherapy. 

Patients with diabetes mellitus, active inflammatory disease, primary CNS lymphoma, 

composite lymphoma histology, and previous malignant diagnosis were excluded from this 

study. 

PET/CT qualitative analysis 
 

 

All patients had PET/CT scans performed at diagnosis (PET-0) and after one course of 

treatment (PET-1). PET-1 was performed before the second course of treatment and after 
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a minimum of 10 days after the first course of immunochemotherapy. PET-1 results were 

not disclosed to the treating physicians and thus, did not influence scheduled therapy. 

All I-PET scans were centrally reviewed. Each PET/CT scan was reviewed by two 

randomly selected nuclear medicine specialists out of five, outside the center responsible 

for treatment of the patient. Each nuclear medicine physician was blinded to clinical 

information and to each other but had access to both staging PET-0 and PET-1 studies in 

order to compare with initial tumor lesions and asses treatment response according to 

predefined criteria described below. In case of discrepancy of scores between the two 

reviewers, a third reviewer was asked to perform a final image review. The final decision 

was based on agreement with either reviewer 1 or reviewer 2 

PET/CT scans were dichotomously interpreted as positive or negative by visual 

assessment according to the International Harmonization Project (IHP) response criteria 

(25). 

During the inclusion period of this study the Deauville 5 point scale (D 5PS) was defined 

and recommended for the use of interim scans at the first Consensus Conference in 

Deauville in 2009. As a result of this recommendation, the central review of PET-1 scans 

was retrospectively assessed according to D 5PS (26). 

All participating reviewers had used the D 5PS previously in the clinic or in trials and were 

familiar with the following approach which was outlined in an earlier validation study(27): 

Nodal and extranodal focal FDG uptake in PET-1 represented residual lymphoma if the 

intensity was greater than uptake in normal liver (score of 4 or 5) at sites involved on PET- 

0. A new lesion on PET-1 in a patient who was responding to treatment at other sites was 

unlikely to be lymphoma and scored accordingly as 1, 2, or 3 depending on the residual 
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level of uptake. A new lesion or lesions (not present on baseline PET) in a patient with 

residual lymphoma was scored as 5 (progressive disease) unless there was a clear 

alternative explanation, such as increased focal uptake in the lungs and CT correlative 

changes suggestive of infection. 

Following central review, PET scan results were grouped in negative and positive reading 

categories according to IHP criteria and also according to two different cutoffs at the D 

5PS. The primary reading was performed using scores of 1-3 to define a negative result 

and scores of 4-5 as a positive result (D 5PS >3) (27). The secondary reading was 

rendered with considering scores 1-4 as negative and only score 5 as positive (D 5PS = 

5). 

PET/CT Semi-quantitative Analysis 
 

 

In order to investigate the discrimination between Deauville score of 4 and 5 we performed 

an exploratory analysis based on the result of the central review.48 patients were eligible 

for further semi-quantitative analysis. SUVmax was measured in the tumor and in the liver 

of PET-1 and the ratio was calculated. SUVmaxliver was measured by applying a VOI of 

approximately 65cm3 to the liver. SUVmaxTumor was measured by using a steep color 

scale map and measured based on the hottest lesion compatible with lymphoma on PET-1 

independent of lesion location on PET-0. A VOI was manually drawn avoiding obvious 

non-malignant uptake and artifacts. SUV measurements were performed at Odense 

University Hospital, Denmark using GE AW software. 

Statistical Analysis 
 

 

The primary end point of this study was progression-free survival (PFS). PFS was defined 

as the time from diagnosis to DLBCL progression or death from any cause. The secondary 
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end point was overall survival. Overall survival was defined as the time from diagnosis to 

death from any cause. Patients who were still alive at the end of the study were censored 

at the date of data collection. No patients were lost to follow up. 

PFS was grouped according to PET/CT assessment categories and comparison between 

groups was performed with log-rank test. Kaplan-Meier survival curves were performed to 

evaluate PFS of PET positive and PET negative patients according to both IHP, D 5PS >3 

and D 5PS=5. 

Due to a small number of events in this cohort (24 patients experienced progression) we 

limited pretreatment factors to IPI (0-2 vs 3-5) in the Cox regression model. The findings of 

Cox regression analysis were used to make a combined stratification of patients according 

to I-PET results and both low IPI (0-2) and high IPI (3-5). We performed receiver- 

operating-characteristic (ROC) analysis to determine an optimal cutoff  for Deauville score 

4 and 5 for the predicting of a relapse (event vs. no event). 

Wilson score-based 95% CI were calculated (28). Interobserver variability was measured 

by means of Cohens kappa statistics. Statistical analyses were performed using Stata/IC 

11.2 Stata Corp LP, College Station, TX 77845, USA. 
 

RESULTS 
 

Clinical Characteristics 
 

 

Clinical characteristics of the 112 enrolled patients are summarized in Table 2. Median age 

at diagnosis was 62 years (range 23-85 years). The majority of patients received R-CHOP 

with a bi-weekly interval (55%). Among 8 patients who received CHOP without rituximab, 

one relapsed. All patients who were enrolled in this study were planned to receive 6-8 
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courses of chemotherapy. Seven patients did not complete the initial planned treatment 

course due to toxicity, progression or death. 

During a median follow-up of 29 months, 24 patients progressed (21%) and 22 (20%) died. 

Of 22 patients who expired, 16 died of DLBCL progression and six died of unrelated 

causes. Of the six patients, five achieved complete remission (CR) and one achieved 

partial remission (PR) according to post treatment evaluation. Deaths occurred after a 

median survival time of 13 months from the time of diagnosis (range 2-76 months). For the 

group of patients who were alive at the time of analysis, the median follow-up was 35 

months (range 13-80 months). 

Long-term Outcome 
 

 

Of a total of 112 patients, after one course of chemotherapy 37 patients (33%) were PET- 

negative and 75 (67%) were PET positive according to IHP. Of the 37 patients with PET 

negative results, 28 (76%) remained in remission.  Of the 75 PET-positive patients, 15 

(24%) progressed at the time of follow-up yielding a PPV and a NPV of 20% (95%CI 13- 

30) and 76% (95%CI 60-87), respectively and sensitivity and specificity of 63% (95%CI 43- 
 
79) and 32% (95%CI 23-42%), respectively, for the prediction of disease progression. 

 

Following the retrospective analysis using Deauvilles 5PS we found that at according to D 

5PS >3, 60 patients (54%) were classified as positive and 52 (46%) as PET-negative. Nine 

(17%) of 52 patients with a PET-negative result progressed at a median follow-up of 8.4 

months (range 3-37 months) and 43 (83%) remained in remission. Of the 60 PET-positive 

patients, 15 (25%) experienced a relapse, resulting in a PPV for the prediction of 

progression evaluated by D 5PS >3 of 25% (95%CI 16-37%) and NPV of 83% (95%CI 70- 
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91%). Corresponding sensitivity and specificity were 63% (95%CI 43-79%) and 49% (95% 
 
CI 39-59%). 

 

According to D 5PS = 5, 15 patients (13%) were classified as positive and 97 (87%) as 

PET-negative. Seventeen (18%) of 97 patients with a PET-negative result progressed at a 

median follow up of 9.8 months (range 3-37 months) and 80 (82%) remained in remission. 

Of the 15 patients with a PET-positive result, 7 experienced a relapse, resulting in a PPV 

47% (95%CI 25-70%) and NPV of 82% (95%CI 74-89%) for the prediction of progression. 

Corresponding sensitivity and specificity were 29% (95%CI 15-49%) and 91% (95% CI 83- 

95%), respectively. Predictive values for progression according to assessment method are 

outlined in Table 3. 

A total of 60 patients had a D 5PS score of either 4 or 5 but only 48 patients were eligible 

for semi-quantitative analysis. Thirty-eight patients received a D 5PS score of 4 and 10 

had a D 5PS score of 5 according to the central review. in order to explore the 

differentiation between D 5PS 4 and 5 we carried out a semi-quantitative analysis and 

found that 38 patients with a D 5PS score of 4 had a mean tumor/liver SUVmax ratio of 2.1 

(range 0.8-4.8). Ten patients with a D 5PS score of 5 had a mean tumor/liver SUVmax 

ratio of 5.4 (range 1.2-17.9). 

Based on a ROC analysis, we found an optimal cutoff tumor/liver SUVmax ratio of 3.1 at 

PET-1 for prediction of progression with an accuracy of 77.1% (area under the ROC curve, 

0.69). Among 48 patients, 34 (71%) had a tumor/liver SUVmax ratio of less than 3.1 and 

14 patients (29%) had a tumor/liver SUVmax ratio of more than 3.1. 

Focusing only on the lesions with D 5PS scores of 4 and 5, we found that patients with 

masses demonstrating persistent FDG avidity of at least 3.1 times above the liver 
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background uptake, had a 2-year PFS of 57.1% (95% CI 28.4-78.0, p=0.005). This result 

corresponded to a significantly worse PFS compared to that in those whose post-therapy 

lesions showed a FDG uptake of less than the above stated value (2-year PFS of 89.7 % 

(95% CI 70.8-96.6%) (Figure 1). 

Comparing the semi-quantitative analyses with the corresponding visual assessments in 

the selected 48 cases, we found a 75% agreement (kappa 0.34) in the patient cohort 

showing D 5PS scores of 4 and 5. Two patients were correctly classified as non- 

responders by semiquantitative analysis but not by visual analysis; those patients later 

experienced a relapse, thereby increasing the sensitivity of the D 5PS when using the 

semiquantitatively assisted method to discriminate between scores 4 and 5. Another two 

patients were incorrectly classified as ‘non-responders’ and are still in remission, thereby 

decreasing the specificity. The positive and negative predictive values (PPV and NPV) of 

semi-quantitative analysis discriminating D 5PS 4 from D 5PS 5 by a tumor/liver SUVmax 

ratio of 3.1 was 43% (95% CI 21-67) and 91% (95% CI 17-69), respectively compared to 

PPV of 40% (95%CI 17-69) and NPV of 87% (95% CI 73-94) for the corresponding 

patients visually classified according to the central review. 

We found no difference in PFS between PET-negative and PET-positive patients 

according to IHP (p=0.513) and D 5PS >3 (p=0.309). Those patients with a positive PET 

scan defined according to D 5PS =5 had a 2-year PFS estimate of 50.9% (95% CI 23.6- 

72.9%) which was significantly worse compared to patients with a negative PET (score 1- 

4) of 84.8% (95%CI 75.6-90.1%, p=0.002). Kaplan-Meier plots and 2-year PFS for the 3 

response variable are outlined in figure 1 and Table 4. 
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Patients with a positive PET scan assessed according to D 5PS =5 had a 2-year OS 

estimate of 57.8% (95%CI 28.6-78.6%), significantly inferior to OS of patients with a 

negative PET (D 5PS score 1-4) of 87.0% (95%CI 78.1-92.4%, p=0.0007). We found no 

difference in OS of PET-negative and PET-positive patients according to IHP (p=0.36) and 

D 5PS  >3 (p=0.49). 

In a multivariate Cox regression analysis positive I-PET according to IHP and D 5PS >3 

was not associated with inferior PFS. For patients assessed according to D 5PS =5 

positive I-PET (HR 3.3 95% CI 1.3 – 8.1 p=0.011) and high IPI (HR 6.0 95%CI 1.6-22.0 

p=0.007) retained independent association with inferior PFS. Cox multivariate regression 

analysis of the two prognostic factors associated with PFS for the 3 response variables are 

outlined in Table 5. 

The result of I-PET did not add any predictive value to patients with a low IPI. However, 

the prognostic value of high IPI was highly improved by including the result of I-PET 

interpreted according to D 5PS=5 and tumor/liver SUVmax ratio of  3.1. Of the 58 patients 

with high IPI, 10 were I-PET positive according to D 5PS=5 and 48 were I-PET negative. 

The 2 year PFS was 30% (95% CI 7-58%) and 71% (95% CI 54-82%) p=0.007 for I-PET 

positive and negative patients, respectively. Among the 48 patients who were analyzed 

semi-quantitatively, 25 patients achieved a high IPI. Nine patients had a tumor/liver 

SUVmax ratio more than 3.1 and 16 patients had a tumor/liver SUVmax ratio less than 3.1. 

The 2 year PFS was 33% (95% CI 8-62%) and 74% (95% CI 37-92%), p=0.014 for 

tumor/liver SUVmax ratio more/less than 3.1, respectively. Figure 2. 
 

A substantial agreement of 86% (ĸ= 0.73) was achieved when readings were done 

according to D 5PS discriminating positive PET (D 5PS score 4-5) from negative PET 
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(score 1-3). A fair agreement of 79% (ĸ= 0.23) was achieved when assessment was done 

discriminating positive PET (D 5PS score 5) from negative PET (D 5PS score 1-4). 

 
 
 
DISCUSSION 

 

In this prospective study of 112 patients with newly diagnosed DLBCL treated with R- 

CHOP-like regimens, we were not able to demonstrate a difference in PFS between PET- 

negative and PET-positive patients after one course of chemotherapy using the IHP 

criteria or the commonly used cutoff for D 5PS of > 3. However, raising the cut off (D 

5PS=5) we found a significant different PFS between PET negative and PET positive 

patients. 

Early therapy response is only an indicator of chemosensitivity, thus, should not be 

assessed using binary criteria as suggested by the IHP but rather using a categorical 

response scheme as recommended by D 5PS. Earlier studies have also demonstrated 

that IHP has a weak predictive value, thus, is unsuitable for early response evaluation 

Therefore, D 5PS was introduced to visually assess I-PET scans in order to accommodate 

the dynamic response of cancer cells to treatment. Casasnova et al. demonstrated that 

according to visual assessment using IHP criteria, PET was not able to predict PFS after 

either two or four cycles of chemotherapy with equal poor prediction ability applying D 5PS 

>3(28, 29). In this study we confirm these results by demonstrating that early response 

evaluation as early as after one course of chemotherapy using visual assessment criteria 

is imprecise and not able to safely predict outcome.  Residual activity on I-PET can be 

attributable to the presence of viable tumor cells, inflammatory response to therapy or 

molecular characteristics of the tumor microenvironment. (30). Naturally, residual activity is 
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likely to be present after only one course of chemotherapy. The mean SUVmax of residual 

metabolic activity in DLBCL has been reported to be equal to 3.4 ± 2.7 after two cycles 

decreasing to 2.9 ± 2.7 after four cycles of immunochemotherapy(7, 8).These values are 

higher than the mean SUVmax of the normal liver which was determined at 2.5± 0.7 (29) 

thereby supporting a threshold which could be as high as D 5PS of 5 after one course of 

chemotherapy. However, our data shows an overestimated proportion of false-negative 

results by placing the threshold as high as D 5PS = 5 generating a low sensitivity of 29%. 

Nonetheless, this approach reduced the number of false positives and improved the PPV 

of PET/CT compared to that obtained using D 5PS >3 but still holds a disappointing PPV 

of 47%. These results are in line with a recent study by Itti et al who performed a 

retrospective study after 2 courses of chemotherapy in patients with DLBCL exploring the 

dynamic utility of D 5PS. They found similarly, that a lower cut-off led to higher sensitivities 

and NPV whereas higher cut-off led to higher specificity and PPV(31). Additionally, they 

also found that a cut-off at DS = 5 had the highest outcome prediction. It is thus 

conclusive, that residual activity after only a few cycles is allowed and Deauvilles 5PS is 

timing specific. The outcome prediction of the study by itti et al found PPV, NPV, sensitivity 

and specificity of 59%, 78%, 32%, 92%, respectively. These data are very similar to this 

present study with PPV, NPV, sensitivity, specificity of  47%, 82%, 29% and 91%. 

However, the rate of false positive results was higher after 1 course of chemotherapy 

which indicates that PET-1 is imprecise for outcome prediction and the clinical utility 

according to visual assessment is limited at this time point in the treatment cycle. 

The thresholds used in any scoring system are meaningful only in the context of treatment 

objectives. For example a low threshold such as D 5PS 3 or 4 might be preferred in the 

setting of treatment de-escalation generating a greater proportion of false positives, 
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lowering the positive predictive values as a trade-off for high negative predictive values 

and thereby limiting the risk of under-treatment. Hence, therapy escalation and de- 

escalation designs should use different thresholds to increase the efficacy of the treatment 

and decrease the toxicity in respective settings. 

The threshold chosen to define a positive and negative result also should be suitable for 

the timing of PET imaging. Although the D 5PS reflects the response to therapy at a given 

time point it is possibly not the best model to reflect the kinetics of tumor cell decline during 

therapy which is a dynamic and continuous process. Compared with visual assessment, 

semi-quantitative assessment using SUV to discriminate between D 5PS scores of 4 and 5 

may allow for a more objective assessment of treatment response. 

As the difference between D 5PS scores of 4 and 5 rely on an interpretation between 

‘moderately’ and ‘markedly’ increased uptake above the liver background it is usually 

difficult to confidently allocate a PET reading to D 5PS 5 unless new lesions are present on 

the interim PET scan. Therefore, it was not surprising, when we found a better 

interobserver agreement for D 5PS of 4 than for D 5PS of 5. This reproducibility problem 

between DS 4 and 5 was also seen in an earlier study pointing out the need for a more 

optimal distinction between the two scores(31). It has been recently suggested that the 

threshold for score 5 should correspond to a SUVmax 2-3 times greater than the maximum 

SUV of the liver(32). This approach is in line with earlier data showing a high PPV (85%) 

after two cycles of chemotherapy by using a SUVmax cutoff of 5.0 to define a positive 

result for residual lymphoma, which is approximately twice the expected uptake of the 

normal liver(7, 29). 
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In order to discriminate between D 5PS of scores of 4 and 5 we investigated the value of 

semiquantitative analysis. Defining D 5PS of 5 as FDG uptake 3.1 times greater than the 

maximum of liver increased both PPV and NPV in a subset of 48 patients. These results 

suggest that a SUV definition of tumor to liver ratio might be a valuable tool to improve the 

rather subjective and variable visual differentiation between ‘moderately and markedly 

increased uptake over liver’. 

This study was also able to improve the prognostic classification of patients with high IPI 

by including the results of I-PET. By combining the I-PET results to high risk IPI patients, it 

was possible to separate this group of patients according to PFS with statistical 

significance. However, these results should be interpreted with care owing to the small 

numbers of patients in the respective subgroups. 

It is known that various factors might generate false positive results and decrease the 

positive predictive values of PET studies making treatment escalation a less tempting 

option. This was also the case with this study. We found our highest PPV at 47% by the 

5PS=5 score due to the large number of false positive scans. We were not able to 

characterize a pattern of false positive scans in our study and did not encounter any over- 

representation among patients with bulky disease or patients treated with R-CHOP 14 as 

opposed to R-CHOP-21. 

A limitation of this study was the small number of events (24 patients progressed) which 

consequently restricted us to performing multivariate analyses with reduced numbers of 

predictors. Furthermore, acquisition in this study was performed before the introduction of 

strict standardization and optimization of PET/CT scans in multicenter studies. Thus, SUV 

data might have been hampered by variability in methodology of data acquisition, image 
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reconstruction and data analysis procedures. Quantitative assessment has to be carried 

out in a prospective manner with strict adherence to multicenter PET protocol and 

phantom calibration before we can safely conclude that semi-quantitative analysis can 

refine the discrimination between D 5PS score 4 and 5. 

Conclusions 
 

This is the first study to prospectively evaluate therapy response in DLBCL patients 

subsequent to only one course of chemotherapy using FDG-PET as a response 

assessment tool. From the present study we conclude that PET results after one course of 

R-CHOP chemotherapy did not show statistically significant prediction of PFS and OS in 

DLBCL patients when scored dichotomously according to IHP criteria and the D 5PS using 

a score of 1-3 to define a negative scan and a score of 4-5 to define a positive scan. Only 

a positive PET scan characterized by a Deauville score of 5 was significantly predictive of 

outcome. However, due to the low PPV this finding holds limited clinical potential and is 

not an attractive approach to PET-adapted therapy at this early time point. Our exploratory 

data indicate that a tumor SUVmax 3 times larger than SUVmax of the liver might be a 

useful cut-off to distinguish D 5PS scores of 4 and 5. However, this cut-off needs to be 

confirmed in a larger prospective validation study with standardized methods for PET 

image acquisition and interpretation. 
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Table 1. Deauville 5 point scale 

1 No uptake 
2 Uptake ≤ mediastinum 
3 Uptake > mediastinum but ≤ liver 
4 Uptake moderately increased above liver at any site 
5 Markedly increased uptake at any site 

including new sites of disease 
 

Table 2. Patients characteristics 
 

Sex male/female 59/53 
Age n, %  

45 (40%) ≤60 years 
>60 years 67 (60%) 
Ann Arbor Stage n, %  

20 (18%) II 
III 34 (31%) 
VI 57 (51%) 
IPI  

54 (48%) 0-2 
3-5 58 (52%) 
Presence of extranodal involvement  

48 (43%) Yes 
No 64 (57%) 
Size of largest tumor  

38 (34%) 0-5 cm 
5-10cm 42 (38%) 
>10cm 30 (28%) 
Bone marrow involvement  

25 (22%) Yes 
No 87 (78%) 
Treatment regimen  

95 (85%) R-CHOP 
R-CHOEP 11 (10%) 
Other (R-COPBLAM/CODBLAM etc) 6  (5%) 
Cycle length  

58 (55%) 14 days cycles 
21 days cycles 48 (45%) 
ECOG performance status  

81 (88%) 0-1 
2-4 11 (12%) 
LDH  

70 (70%) Below normal range 
Above normal range 30 (30%) 
Deauville score  

21 (19%) 1 
2 11 (10%) 
3 20 (18%) 
4 45 (40%) 
5 15 (13%) 
ECOG: Eastern Cooperative Oncology Group, LDH: Lactate dehydrogenase 
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Table 3. Sensitivity, specificity and predictive values for progression according to assessment method 
 
 IHP D 5PS >3 D 5PS =5 

PPV 20% (13-30%) 25% (16-37%) 47% (25-70%) 

NPV 76% (60-87%) 83% (70-91%) 82% (74-89%) 

Sensitivity 63% (43-79%) 63% (43-79%) 29% (15-49%) 

Specificity 32% (23-42%) 49% (39-59%) 91% (83-95%) 

D 5PS >3: Negative PET Deauville score 1-3, positive PET 4-5, D 5PS >4: Negative PET Deauville score 1- 
4, positive PET score 5. IHP: International Harmonization Project Criteria. CI: confidence interval. PPV: 
positive predictive value. NPV: negative predictive value. 

 
 
 
 

Table 4. Two-year PFS according to assessment category 
 
 Negative Positive P All 

IHP (95% CI) 81.9% (70.8-96.6%) 77.2% (59.4-88.0%) 0.513 80.4% (71.4-86.7%) 

D 5PS >3 (95% CI) 84.0% (70.4-91.7%) 77.1% (63.7-86.1%) 0.309 80.4% (71.4-86.7%) 

D 5PS =5(95% CI) 84.8% (75.6-90.1%) 50.9% (23.6-72.9%) 0.002 80.4% (71.4-86.7%) 

D 5PS> 3: Negative PET Deauville score 1-3, positive PET 4-5, D 5PS >4: Negative PET Deauville score 1- 
4, positive PET score 5. IHP: International Harmonization Project Criteria. CI: confidence interval. 

 
 

Table 5. Cox multivariate regression analysis of prognostic factors associated with PFS for the 3 response 
variables 

 
 HR 95% CI p-value 
IHP negative 1   
IHP positive 1.6 0.7-3.8 0.241 
IPI 0-2 1   
IPI 3-5 8.8 2.6-29.8 <0.001 

    
D 5PS 1-3 1   
D 5PS 4-5 1.5 0.6-3.4 0.360 
IPI 0-2 1   
IPI 3-5 8.30 2.5-28.0 0.001 

    
D 5PS 1-4 1   
D 5PS 5 3.1 1.3-7.6 0.014 
IPI 0-2 1   
IPI 3-5 7.8 2.3-26.4 0.001 

    
D 5PS: Deauville 5 point scale, IHP: International Harmonization Project Criteria, IPI: International Prognostic 
Index. CI: confidence interval 
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Figure 1: Progression free survival according to 4 response variables. 
 

 
IHP: International Harmonization Project Criteria, D5 PS: Deauville 5 point scale 

 
 
 
 

Figure 2: Response variables stratified according to IPI 
 

 
IPI: international prognostic index. DS: Deauville score 
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Figure 3: Tumor/liver SUVmax ratio according to Deauville score 4 and 5 
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Abstract: 
 

The aim of this study was to evaluate the predictive value quantitative assessment of FDG-PET/CT 

after one course of chemotherapy in patients with DLBCL. We compared the recommended visual 

assessment method for interim PET scans (Deauville 5PS) with quantitative measurements 

(∆SUVmax, TMTV, TLG) for prediction of outcome (PFS). 

Method and patients: Sixty-seven patients with newly diagnosed DLBCL were prospectively 

enrolled in this study. Patients were derived from lymphoma centers located in the United States 

(n=40) and the Nordic countries (n=27). All patients had PET/CT scans performed prior to therapy 

and after 1 course of treatment. All PET scans underwent central review by independent nuclear 

medicine specialists in a retrospective manner and were assessed according to Deauville 5PS using 

two different cutoffs. First cutoff defined scores of 1-3 as negative and scores of 4-5 as positive 

(Deauville 4). Second cutoff defined scores of 1-4 regarded as negative and a score of 5 regarded 
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as positive (Deauville 5). Quantitative measurements included total metabolic tumor volume 

(TMTV), total lesion glycolysis (TLG) and maximal standardized uptake values (SUVmax) were 

performed with PETVCAR software on a GE platform using a 40% threshold method. 

Results: 67 patients with mean follow up time of 31.7 months (range 2.0-79.3 months) were 

prospectively enrolled. After 1 course of chemotherapy, SUVmax performed better than TMTV 

and TLG, both as absolute measurement and as percent change from baseline (∆SUVmax).. 

Deauville 4 was neither optimal nor statistically significant. Deauville 5 was significant, with the 

highest PPV of 0.78 as a single predictor but with an inferior hazard ratio of 6.55 (1.94-22.1) 

compared to SUVmax of 7.75 (95% CI 2.42-24.8). 

Conclusion: From this present study of 67 patients with newly diagnosed DLBCL PET scanned after 

1 course of chemotherapy, we conclude that quantitative metrics have higher predictive ability 

when compared to visual assessment methods. However, Deauville 5 provides with the highest 

PPV. Although PET after 1 course of chemotherapy has predictive ability, the high number of false 

positive and false negative results, limits the clinical utility of PET acquisition at this early point 

during treatment. 

 
 

Introduction 
 

Diffuse large B-cell lymphoma (DLBCL) is the most common type of non-Hodgkin lymphoma and is 

potentially curable. Standard first-line therapy consists of chemotherapy with R-CHOP (rituximab, 

cyclophosphamide, hydroxydaunorubicin, oncovin, prednisolone) and has achieved a 3-year 

progression-free survival rate of approximately 60% (1). However, many patients do not achieve 

long-term survival and much effort has been put into improving cure rates for this subset of 

patients.  One  possible  method  for  this  purpose  is  to  identify  poor  responders  early  in  the 
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treatment course by assessing the interim FDG-PET/CT (fluorodeoxyglucose positron emission 

tomography/computed tomography) response and offering them a more intensive type of 

treatment. This method of pursuing higher cure rates has been widely recognized and clinical trials 

for risk-adapted treatment based on PET-response to induction therapy have been initiated in 

several countries. 

Earlier retrospective studies have suggested that PET already after the first course  of 

chemotherapy can differentiate responders from non-responders when interpreted  in  a 

qualitative manner (2, 3). Other studies have indicated that semi-quantitative assessment of the 

metabolic active lesions might be a more precise method of analyzing the predictive ability of 

interim-PET (4-6). Measurement of the total metabolic active tumor volume and the addition of 

the percentage change of the metabolic activity in the hottest lesion (%∆SUVmax) have never 

been investigated in a large cohort of patients scanned after one course of chemotherapy. The 

main aim of this study was to compare the predictive value of PET/CT with visual assessment 

criteria vs quantitative measurements. The secondary aim was to evaluate the absolute 

quantitative measurements at baseline and after 1 course of chemotherapy for the prediction of 

PFS. If PET/CT after 1 course of chemotherapy shows to have predictive value, this approach could 

be used in PET-response adapted therapeutic strategies which are currently being developed for 

DLBCL. 

 
 

Materials and Methods 
 

Study Population 
 

Patients with newly diagnosed diffuse large B-cell lymphoma (DLBCL) were prospectively enrolled 

in this study from 2004 to 2011. Patients were eligible for inclusion if they fulfilled the following 
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criteria: (a) newly diagnosed de novo DLBCL, (b) treated with R-CHOP or R-CHOP-like plan, (c) Ann 

Arbor Stage II-IV, and (d) age>18 years. Patients with diabetes mellitus, composite lymphoma 

histology, primary CNS lymphoma and active inflammatory disease were excluded from this study. 

We identified 67 patients who were eligible for retrospective semiquantitative analysis. Patients 

were derived from centers located in the United States (n=40) and Nordic countries (n=27). 

All 67 patients underwent PET/CT prior to therapy (PET0) and after their first course of treatment 

(PET-1). Patients and their physicians were blinded to the result of PET-1 and the result did not 

influence the course of treatment. The study was approved by the institutional review board at 

the Icahn School of Medicine at Mount Sinai and registered on ClinicalTrials.gov with identifier 

NCT00286832. Oral and written consent was obtained from all patients before the acquisition of 

the additional scan was performed. 

 
 

PET Imaging 
 

Scans were acquired on the following tomographs: Philips Gemini Dual, Philips Gemini TF16, 

Siemens Biograph 64 HI-REZ, General Electric Discovery LS, General Electric Discovery STE, General 

Electric Discovery VCT. Patients fasted for 6 hours prior to the PET scan and blood glucose values 

were held lower than 8-11mM. Emission data were acquired for 1,5-5 min per bed position  

starting approximately 60 min after intravenous injection of 4-5MBq pr kg or a fixed dose of 370 

MBq 18F-FDG, depending on local practice. PET scans were as a minimum performed from orbit to 

lower hip and images were displayed as whole body projections and as transaxial, coronal and 

sagittal tomographic sections. Reconstruction of the images was carried out with an iterative  

OSEM algoritm with correction of the attenuation using the data of low dose CT. PET-1 was 

performed before the second course of treatment and after a minimum of 10 days after the first 
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course of immunochemotherapy. All patients had PET0 and PET1 images acquired with the same 

scanning equipment. 

Image Interpretation 
 

A qualitative score at PET1 was assigned using the Deauville Five Point Scale (5-PS), defined at the 

First International Workshop on Interim-PET scan in Lymphoma according to the following scale: 1 

= no uptake; 2 = uptake ≤ mediastinum (mediastinal blood pool); 3 = uptake > mediastinum but ≤ 

liver; 4 = uptake moderately increased above liver at any site; 5 = markedly increased uptake at 

any site including new sites of disease(7). A central review process was employed by five senior 

nuclear medicine physicians who were familiar with reading lymphoma studies. The physicians 

was blinded to all clinical details, but were permitted to use the PET0 scan for comparison. In case 

of discrepancy on the 5 point scale between the two reviewers a third senior nuclear medicine 

physician was asked to determine the decision of the review. Following central review, PET scans 

were grouped in negative and positive PET scans at two different cutoffs according to Deauville 5- 

PS. First cutoff was done according to the consensus derived from previous validation interim 

studies defining scores of 1-3 as negative and scores of 4-5 as positive (Deauville 4) (8). Second 

cutoff was done with scores of 1-4 regarded as negative and a score of 5 regarded as positive 

(Deauville 5). 

 
 

Semi-Quantitative PET Analysis 
 

Semi-quantitative measurements were performed using the VCAR software package on a 

workstation provided by GE. Volume of interest (VOIs) were contoured using a 40% threshold 

algorithm that semi-automatically contours VOIs taking into account the degree of metabolic 

activity of the total lesion. The threshold algorithm could not be used to contour a region on PET1 
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no longer distinguishable from the local background, and in these cases no values were measured 

at PET1. The PET1 parameters in these cases where no lesions were contourable were all 

nominally scored as zero and the percent change from PET0 to PET1 was scored as -100%. 

Parameters for each contoured VOI included the maximum standardized uptake value (SUVmax), 

the total metabolic total volume (TMTV); and the product of the TMTV and the mean standardized 

uptake values, i.e. total lesion glycolysis (TLG). 

 
 

Statistical Analysis 
 

The end point of this study was progression-free survival (PFS), defined as the time from 

treatment initiation to DLBCL progression or death from any cause. Patients were censored from 

analysis at the date of their latest follow-up. For each predictor, an optimal cutoff was selected 

using receiver-operator characteristic (ROC) analysis of the potential for prediction of PFS at 24 

months. 

Each baseline and interim PET predictor was assessed  by univariate Cox proportional hazard 

models as appropriate at their optimal cutoffs. 

Sensitivities (Se), specificities (Sp), positive and negative predictive values (PPV and NPV), were 

calculated for our sample patient population. Results for a priori cutoffs of a stage of III or later, 

and a percent change SUVmax of <66.0% were compared to the optimal cutoffs by ROC analysis. 

Multivariate regression models including IPI and percent change in SUVmax, MTV, and TLG were 

constructed. Kaplan-Meier survival curves were created to aid in the discrimination of the best 

quantitative predictors after stratifying patients into low or high risk based on IPI. 

All statistical analyses were performed in the R statistical programming language using the base, 

survival, timeROC, and ROCR packages. 

89



Results 
 

Clinical Characteristics 
 

A total of 67 patients were identified for inclusion within this study, including 33 female patients 

(49%) and 34 male patients (51%). The patients were distributed evenly into low, low- 

intermediate, high-intermediate, and high risk categories by IPI score (27%, 30%, 25%, and 18%, 

respectively). A total of 36 patients (54%) presented with stage IV disease and 31 patients (46%) 

with stage I-III disease. The majority of patients (63%) had a recorded ECOG performance status 

of 0-1. 35 patients (52%) presented with extranodal disease, and 21 patients (31%) had bone 

marrow involvement at diagnosis. Patient characteristics are outlined in Table 1. 

The majority of patients enrolled (72%) received R-CHOP therapy either on a bi-weekly or tri- 

weekly scheme. The vast majority (87%) of patients did not undergo radiotherapy. Table 2 

 
 

Patient Outcomes 
 

Out of 67 patients included in this study, 53 patients (79%) achieved a complete remission (CR), 10 

patients (15%) achieved partial remission (PR) and 1 patient (1%) experienced progressive disease 

(PD) subsequent to first-line therapy. First-line response information was unavailable for three 

patients. The mean follow up time was 31.7 months (range 2.0-79.3 months). Excluding the 14 

patients (21%) who experienced a PFS event (death or progression), the mean follow up time for 

the remaining 53 patients was 42.2 months (range 9.9-79.3). All but two of the patients who 

experienced an event did so within the first 24 months, for a two-year failure rate of 18% and two- 

year survival rate of 82%. The mean time-to-event (TTE) was 13.9 months. Two patients who did 

not receive rituximab failed to achieve a complete response after initial therapy, and one of those 

patients experienced a relapsed, with TTE of 9.1 months. 
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Semi-Quantitative Parameters at Baseline and PET1 
 

The mean PET0 SUVmax was 24.81 (range 3.24-58.73) and the mean PET1 SUVmax was 8.97 

(range 2.18-35.78). The mean percentage change in SUVmax was -60.65 (range -92.9-113.1). TMTV 

averaged 1228.3 cm3 at baseline and 431.3 cm3 at PET1. TLG averaged 6154.7 at PET0 and 574.2 

at PET1. 

 
 

Univariate Prediction of PFS at baseline 
 

According to the optimal cutoffs for prediction of PFS, univariate performance of the dichotomized 

predictors, and overall AUC (area under the curve) at 24 months, are all shown in table 3. 

At baseline both TMTV and TLG were found to be statistically significant for prediction of PFS. 

However, for a TMTV with optimal cutoff of 265.50 no patients below this threshold experienced 

any events for the duration of follow-up. Due to a high rate of false positives (patients wrongly 

categorized as bad responders), specificity and PPV were low for both TMTV (specificity 0.44, PPV 

0.28) as well as TLG (specificity 0.48, PPV 0.30). TLG with optimal cutoff 1480.3 had the highest 

hazard ratio (HR) specificity and PPV at baseline, and the highest AUC. IPI >=3 had the highest 

accuracy at baseline in our sample. The a priori cutoff for stage of III or later was found to be 

neither optimal nor statistically significant in Cox regression analysis, with p-value of 0.06. 

 
 

Univariate Prediction of PFS at PET1 
 

At PET1, the semi-quantitative predictors were all statistically significant for prediction of PFS 

when using the absolute measurements. SUVmax with a cutoff of 7.9 had the highest HR of 8.5 

(95% CI 2.78-26.0) and a sensitivity of 0.67, specificity of 0.90, PPV of 0.59 and NPV of 0.92. 
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All parameters except TMTV were statistically significant for prediction of PFS,, when analyzed as 

percent change from baseline. The optimal cutoff for percent change SUVmax was found to be 

approximately -70.57, although the a priori cutoff of -66.0 found in other studies was also 

statistically significant, albeit with somewhat lower accuracy. At PET1, SUVmax performed better 

than TMTV and TLG, both as absolute measurement and as percent change from baseline. PET1 

SUVmax performed better as absolute measurements than when calculated as percent change 

from baseline. Deauville 5-PS with a cutoff of 4 was neither optimal nor statistically significant. 

Deauville 5-PS with cutoff at 5 was significant, with the highest PPV of 0.78 as a single predictor 

but with a inferior hazard ratio of 6.55 (1.94-22.1) compared to ∆SUVmax of 7.75 (95% CI 2.42- 

24.8) 

 

Multivariate Prediction of PFS 
 

Selected baseline and interim semi-quantitative predictors were individually combined with IPI to 

form simple multivariate models for prediction of PFS. As shown in the accompanying table, in 

none of the multivariate models constructed was the adjusted HR for IPI found to be statistically 

significant. All of the semi-quantitative predictors, in contrast, were found to have statistically 

significant adjusted HRs. D5-PS had a statistically significant adjusted HR of 4.06 (95% 1.14-14.5), 

but ∆SUVmax exceeded the predictive ability by a HR of 6.35 (95% CI 1.95-20.7). 

The result of I-PET did not add any predictive value to patients with a low IPI. However, the 

prognostic value of high IPI was highly improved by including the result of I-PET assessed according 

to ∆SUVmax 70.56 and MTV > 265.5 cm3 (Figure 1) 
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Discussion 
 

The present study is the first to evaluate the predictive value of PET/CT after 1 course of 

chemotherapy in patients with DLBCL by applying quantitative measurements of metabolic 

activity. It is also the first to compare visual response assessment with quantitative response 

assessment after one course of chemotherapy. 

We found that according to a percentage change in metabolic activity between baseline and PET- 

1, a reduction of ∆SUVmax with a cutoff of 70.6% was the strongest predictor of PFS compared to 

TLG and MTV. When comparing ∆SUVmax to Deauville 5 PS with a cutoff of 5, again ∆SUVmax was 

the strongest predictor with a HR of 7.8 compared to 6.6 for D5PS. Earlier studies have 

demonstrated that ∆SUVmax was a better predictor of prognosis compared to visual assessment 

after 2 and 4 courses of chemotherapy (4, 6, 9). However, in the study by Casasnova et al the 

comparative visual assessment of interim PET was performed using the IHP criteria (9) which have 

shown to be inadequate for interim assesment(10). Lately, Itti et al performed a comparison 

between the predictive value of D 5PS and ∆SUVmax after 2 courses of chemotherapy and found 

similar results. Prediction of PFS by ∆SUVmax was higher when using D 5PS with a cut off of 4 and 

similar according to a cut-off at 5. All three assessment methods yielded with predictive value 

whereas ∆SUVmax lead to better reproducibility among observers (6) 

Response to therapy is a dynamic and continuous process which theoretically should be possible 

to assess at any time point along the treatment cycle and which should be possible to characterize 

accurately by the right quantitative measurement and possibly also by a visual graded scale like 

the Deauville 5PS. However, because the Deauville 5PS grades FDG-uptake into 5 groups, much 

information might be lost. On the contrary, a continuous parameter like the ∆SUVmax allows 

evaluation of the lymphoma metabolic changes during induction treatment and has also shown to 
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better predict outcome than visual analysis (4, 5)as found in this present study. It is clear that 
 

∆SUVmax cutoffs have to be determined according to the timing of the scan during treatment. 

After 2 cycles most studies were consistent with a 66% cutoff (4, 9) whereas after 4 cycles, the 

cutoff ranged from 70-91.8 % (5, 9, 11, 12). In this study we found and optimal ∆SUVmax 

threshold of 70.6% (surprisingly high after only one course of chemotherapy) combined with a high 

false positive rate of 53%. This contradictory finding might partly be explained by the fact that PET 

acquisition in this study was performed before the introduction of strict standardization and 

optimization of PET/CT scans in multicenter studies. Thus, SUV data might have been hampered by 

wide variability in methodology of data acquisition, image reconstruction and data analysis 

procedures. Quantitative assessment has to be carried out in a prospective manner with strict 

adherence to multicenter PET protocol and phantom calibration before we can safely conclude on 

the most optimal ∆SUVmax threshold for outcome prediction after one course of chemotherapy in 

patients with DLBCL. 

Surprisingly, we found that the change of single SUVmax and also absolute SUVmax at PET-1 were 

stronger prognostic markers compared to global disease scores like TMTV and TLG. DLBCL is a 

heterogeneous disease with varying aggressiveness and global disease scores seem like an ideal 

approach to predict prognosis. However, neither this study nor a recent study has been able to 

demonstrate this superiority compared to change of single PET metrics(13). 

The key challenge is to set up a reproducible interpretation method that is able to both identify 

FDG uptake associated with active lymphoma and minimize the risk of overinterpreting FDG 

uptake related to non specific inflammatory lesions and which correlates strongly to the desired 

outcome. Furthermore the assessment method has to be practically feasible. To analyze PET scans 

with TMTV and TLG on a routine basis is far from ideal with the existing software packages for 
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segmentation available today – especially in patients with widespread disease. A single SUVmax is 

readily read out, has a high interreader agreement (6) and therefore it is an ideal assessment tool 

for interim PET which can be easily implemented in clinical routine. 

Among the parameters measuring a change of metabolic activity, ∆SUVmax was found to be the 

strongest predictor of PFS. However, the rate of false positives scans with the optimal cutoff at 

70.6% was still high resulting in a PPV of 47%. By using the Deauville 5 PS as a graded scale we 

show that we can reduce the false positive rate by raising the threshold for the definition of a 

positive and negative scan. However, we also found that reducing the number of false positive 

scans was compromised by a dramatic increase in the number of false negative, hence the low 

sensitivity of 33%. 

Lastly we found that among the PET parameters derived from baseline scans, TLG correlated 

significantly with PFS as determined by univariate Cox proportional ratio, with a HR of 9.74 which 

was higher than the corresponding HR of 3.86 for stage >=IV disease. It would be interesting to 

investigate this finding in a greater prospective trial to see if TLG is a stronger prognostic marker 

than other pre-treatment markers such as stage and IPI. 

Conclusion: From this present study of 67 patients with newly diagnosed DLBCL PET scanned after 

1 course of chemotherapy, we conclude that quantitative metrics have higher predictive ability 

than visual assessment methods. However, Deauville 5PS with a high cutoff of 5, provides with the 

highest PPV. Although PET after 1 course of chemotherapy has predictive ability the high number 

of false positive and false negative results limits the clinical utility of PET acquisition this early in 

treatment. 
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 Table 1. Patient Characteristics 
 

Total (n) 67 

Sex 
Female (n, %) 
Male 

 
Female 

 
49% 

 
Male 

 
51% 

Age (yrs) Mean 58.8 Std 13.1 Min 22 Max 88 

IPI (score) 
Low 0-1 
Low-intermediate 

 

0-1 
 

27% 
 

2 
 

30% 
 

3 
 

25% 
 

4-5 
 

18% 

Stage I 1.5% II 22% III 22% IV 54% 

LDH > normal No 30% Yes 51% - 19%  

ECOG Performance > 1 No 63% Yes 6% - 31%  

Size Largest Node (cm) <5 37% 5-10 33% >10 28% - 1% 

Node below Diaphragm No 27% Yes 12% 

Node above Diaphragm No 12% Yes 88% 

Extranodal Disease No 48% Yes 52% 

BM Involvement No 69% Yes 31% 

97



Table 2. Treatment Characteristics 
 

R-CHOP Total 72% 14-day 22% 21-day 49% 

R-CHOEP Total 13% 14-day 4% 21-day 9% 

CHOP Total 7% 14-day 1% 21-day 6% 

Other Regimen 6 % 

Radiotherapy No 87% Bulky 1% Residual 4% - 7% 
 
 
 
 

Table 3. Predictor Characteristics for PFS 

 

Clinical Predictors Cutoff Hazard Ratio (95% CI) p-value Se Sp PPV NPV Acc AUC 

III** 0.06* 0.27 0.94 0.69 Stage 4.73 (0.618-36.2) 0.92 0.22 0.39 

Stage IV 3.86 (1.08-13.9) 0.02 0.84 0.54 0.29 0.94 0.60 0.69 

IPI 3** 4.08 (1.27-13.1) 0.01 0.75 0.65 0.32 0.92 0.67 0.70 

PET0 Predictors Cutoff Hazard Ratio (95% CI) p-value Se Sp PPV NPV Acc AUC 

13.813 0.07* 0.29 1.00 0.53 SUVmax 4.52 (0.587-34.9) 1.00 0.24 0.42 

MTVtotal 265.50 > 100000000 0.0002 1.00 0.44 0.28 1.00 0.54 0.68 

TLG 1480.3 9.74 (1.26-75.0) 0.003 1.00 0.48 0.30 1.00 0.57 0.72 

PET1 Predictors Cutoff Hazard Ratio (95% CI) p-value Se Sp PPV NPV Acc AUC 

7.9050 0.0001 0.90 0.92 0.80 SUVmax 8.50 (2.78-26.0) 0.67 0.59 0.86 

MTVtotal 108.50 3.98 (1.38-11.5) 0.01 0.50 0.85 0.43 0.88 0.79 0.71 

TLG 389.30 5.25 (1.81-15.2) 0.005 0.41 0.90 0.47 0.87 0.81 0.74 

%Δ Predictors Cutoff Hazard Ratio (95% CI) p-value Se Sp PPV NPV Acc AUC 

-66.0** 0.007 0.81 0.90 0.78 SUVmax 4.37 (1.51-12.6) 0.59 0.41 0.77 

SUVmax -70.566 7.75 (2.42-24.8) 0.0002 0.75 0.81 0.47 0.94 0.80 0.78 

MTVtotal -58.168 0.982 (0.274-3.52) 0.98* 0.83 0.21 0.19 0.85 0.32 0.34 

TLG -97.167 4.50 (1.41-14.4) 0.007 0.75 0.69 0.35 0.93 0.70 0.68 

Qualitative Pred. Cutoff Hazard Ratio (95% CI) p-value Se Sp PPV NPV Acc AUC 

4 0.06* 0.65 0.92 0.69 Deauville 5-PS 2.74 (0.913-8.25) 0.75 0.32 0.67 

Deauville 5-PS 5 6.55 (1.94-22.1) 0.008 0.33 0.98 0.78 0.87 0.86 0.69 

Response Cutoff Hazard Ratio (95% CI) p-value Se Sp PPV NPV Acc AUC 

 0.002 0.91 0.90  No CR 6.20 (2.06-18.6) 0.54 0.57 0.85 
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Table 4 : Cox multivariate regression analysis of prognostic factors associated with PFS for the 3 
response variables 

 

Multivariate Models for Prediction of PFS 

IPI + PET0 MTV Cutoff Adj. Hazard Ratio p-value 

IPI 3 2.86 (0.887-9.22) 0.08* 

PET0 MTV 265.50 > 100000000  

IPI + %Δ SUVmax Cutoff Adj. Hazard Ratio p-value 

IPI 3 2.93 (0.899-9.54) 0.07* 

%Δ SUVmax -70.566 6.35 (1.95-20.7) 0.002 

IPI + D5-PS Cutoff Adj. Hazard Ratio p-value 

IPI 3 3.08 (0.893-10.6) 0.07 

Deauville 5-PS 5 4.06 (1.14-14.5) 0.03 
 
 

 

Figure 1: Quantitative measurements stratified according to IPI 
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Abstract 

 

Purpose: We examined differences in tracer uptake with 1-hour and 3-hour FDG PET/CT imaging in patients 

with suspected malignant lymphoma to see (a) if late imaging uptake was significantly different, (b) to what 

degree higher late uptake improved discrimination of malignant from benign disease. 

 

Methods: 35 patients with suspected malignant lymphoma were prospectively enrolled. According to excisional 

lymph node biopsies, 7 had benign and 28 malignant lymphadenopathy: follicular lymphoma (n=9), diffuse large 

B-cell lymphoma (n=7), Hodgkin’s lymphoma (n=9), chronic lymphatic leukemia (n=1), lymphoblastic T-cell 

lymphoma (n=1) and peripheral T-cell lymphoma (n=1). FDG-PET/CT was performed 60 (PET60) and 180 

minutes (PET180) after administration of FDG. Maximum standardized uptake values (SUV) were obtained  

from liver, spleen, mediastinal blood pool, bone marrow and metabolically active lymph nodes. ∆SUVmax was 

calculated as SUV180-SUV60; retention index (RI) as (SUV180-SUV60)/SUV60. Metabolic tumor volume 

(MTV) and total lesion glycolysis (TLG) of patients with malignant disease were analyzed by the commercial 

software program PET VCAR. 
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Results: Median ∆SUVmax was 4.0 (range -1.7-20.3) in patients with malignancy compared to 1.3 (-0.8-1.8) in 

patients without, p=0.005. Median RI was also higher: 0.33 (-0.22-2.03) versus 0.10 (-0.08-0.5), p=0.02. With 

time, there was a significant decrease in the uptake in mediastinal blood pool (p=0.02) and significant increase in 

bone marrow (p<0.001) and spleen (p=0.01), whereas the uptake in the liver and benign lymph nodes was 

unchanged (p= 0.67 & p=0.15, respectively). Among patients with malignant disease, MTV60 did not differ 

from MTV180 (p=0.78), whereas TLG180 and SUV180 were significantly higher than TLG60 and SUV60 

(p<0.001 and p<0.001, respectively) 

 

Conclusion: Dual time point imaging was useful for discriminating benign from malignant lymphadenopathy 

because malignant nodes had significantly higher SUVmax and TLG at late imaging. FDG-avidity of the liver 

appears to be independent of time and a suitable reference organ for response evaluation. 

 

 

 

 

 
 

Introduction 

 
 

2-Fluoro-2-deoxy-D-glucose positron emission tomography/computed tomography (FDG-PET/CT) is a widely 

used modality in the management of patients with malignant lymphoma and recommended for staging as well as 

response assessment after the completion of therapy (1). The extent of the disease, as reflected by the stage, is 

one of the most important predictors of outcome for almost any type of lymphoma and also influences the choice 

of treatment. Today it is common clinical practice to perform PET/CT 60 minutes after the injection of FDG. 

This is believed to allow sufficient time for cellular uptake of FDG and clearance of FDG from the blood to 

decrease background activity which interferes with interpretation of PET/CT scans. According to the European 

Association of Nuclear Medicine (EANM), a 60 minute interval between administration of FDG and PET 

acquisition is a standard recommendation and consequently adopted for both clinical trials and clinical routine in 

patients with malignant lymphoma (2). However, it is recognized that the uptake period is highly variable and 

that the FDG concentration may not reach a plateau for up to 4–6 h in some tumors. This might influence the 

sensitivity and specificity of the scan (3) . Variable uptake of FDG is probably related to biological features of 

individual tumors, such as the content of glucose-6-phosphatase, expression of hexokinase and glucose 

transporters (4, 5). On delayed images, tissues with high glycolysis including malignancies may have increased 

uptake of FDG and several studies have also demonstrated increased maximal standardized uptake values 
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(SUVmax) on the delayed time point of imaging in FDG avid malignancies (6-8). A longer distribution time may 

also allow for higher clearance of FDG in non-malignant tissues and thus a lower background activity leading to a 

better distinction. This could be highly clinically relevant for a subset of patients with decreased renal clearance 

or poorly controlled diabetes mellitus. 

 

Due to these time-dependent dynamics of FDG uptake, dual time point imaging (DTPI) has gained attention as a 

potential tool. However, it is important to re-evaluate the dynamics of metabolic activity in organ references  

used for interpretation of tumor sites. Similarly, acquiring a late time point image of FDG distribution might also 

show additional malignant lesions and consequently change the disease stage. The present study investigates the 

difference between 1-hour and 3-hour imaging in order to describe the uptake pattern over time and to examine if 

late imaging was able to differentiate between benign and malignant lesions. 

 

Methods and materials 

Patients 

Patients were prospectively enrolled and were eligible for inclusion if one of following criteria were met: I) 

Suspicion of malignant lymphoma, either specifically addressed in the physician's referral papers to the PET 

center, or based on enlarged lymph nodes found on other imaging modalities (e.g. CT and ultrasound); II) Newly 

diagnosed and treatment naïve malignant lymphoma. All patients were referred to accelerated investigation either 

because of newly diagnosed lymphoma or high suspicion of cancer. The study was registered on 

ClinicalTrial.gov identifier: NCT1894945 and approved by the local Ethics Committee. Informed consent was 

obtained from all participating patients. 

 

PET/CT Protocol 

 
 

Study participants were imaged on seven different General Electric PET/CT systems (GE Healthcare, 

Waukesha, WI, USA) placed at two different departments of Nuclear Medicine (Roskilde-Køge Hospital and 

Odense University Hospital). PET acquisitions were performed 60 and 180 minutes post IV 18F-FDG 

administration. Images were acquired on the following PET/CT systems: one GE Discovery STE (DSTE), two 

GE Discovery VCT (DVCT), one GE Discovery RX (DRX) (9), one GE Discovery 690 (D690) (10), and two 

GE Discovery 710 (D710). 
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PET/CT acquisitions and reconstructions were performed in accordance with the recommendations in the PET 

FDG Guidelines published by the EANM (2). On all systems a helical low dose CT-scan was first acquired using 

a standard CT protocol with a scan field of view of 70 cm. Data was reconstructed with a standard filter into 

transaxial slices with a field of view of 50 cm, matrix size of 512x512 (pixel size 0.98 mm) and a slice thickness 

of 3.75 mm. The CT-scan was followed immediately by a 3D PET-scan performed using a standard whole-body 

acquisition protocol with 6-7 bed positions, a slice overlap of 7 (DSTE, DVCT, DRX) or 11 (D690, D710) and an 

acquisition time of 2:30-3:00 minutes per bed position. Attenuation was based on the CT-scan. Images were 

reconstructed on the DSTE, DVCT and DRX systems into transaxial slices with a field of view of 70 cm, a  

matrix size of 128x128 (pixel size 5.47 mm) and a slice thickness of 3.75 mm using iterative 3D OS-EM (2 

iterations, 28 subsets on the DSTE and DVCT systems, 2 iterations, 21 subsets on the DRX PET/CT system). 

Corrections for attenuation, random coincidences, deadtime and normalization were done inside the iterative 

loop. PET reconstructions on the D690 and D710 systems were reconstructed into a larger matrix size of 

256x256 (pixel size 2.74 mm) and with additional corrections for time-of-flight (GE VPFX) and point-spread- 

blurring (GE sharpIR). 

 

An additional diagnostic CT-scan with intravenous contrast (ultravist 370 I/ml or lomeron 350mg l/ml)) was 

acquired after the PET/CT scan, and to avoid potential attenuation artefacts, not used for PET reconstruction.  

The mean time from injection of FDG to PET60 was 64 minutes (range 55-75 min). The mean time from PET60 

to PET180 was 120 minutes (range 107-158 min.) 

 

Differences in the scanner performance of the PET/CT systems used in this study were carefully investigated by 

PET/CT scans of the IEC/NEMA phantom with spherical inserts. All phantom measurements were acquired 

using the clinical protocol and phantom image analysis was performed according to guidelines (2). Based on 

these measurements the inter-scanner reproducibility of relative SUV measurements was assessed. 

 

 
 

Image data analysis 

 
 

All PET malignant lesions were analyzed using a commercial program (PET VCAR) designed to evaluate lesion 

metabolic activity on a General Electric Advantage Workstation v. 4.4 (GE AW 4.4). Imagines acquired at 60 

and 180 minutes were displayed together and compared in a lesion to lesion manner. Malignant lesions were 

appointed manually and segmentation was performed automatically. In a few cases, it was necessary to appoint 
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an additional volume of interest (VOI) to the study owing to movement of the patients which altered the 

morphological position of the lesion between PET60 and PET180. In some cases 2 lesions became confluent, in 

others one lesion would split on PET180. This was mostly prominent in the abdominal region. Therefore, 

numbers of VOIs pr patient was not always equal between the two time points. However, no patients had their 

disease stage changed based on the late scans. The  maximum standardized uptake  value  (SUVmax)  was 

calculated from the measured tissue concentration at 60 min (SUV60) and 180 min (SUV180) normalized for 

body weight. The retention index (RI-SUVmax) was calculated by subtracting the SUV60 from the SUV180 

and dividing by SUV60. For all 35 patients, we found anatomical concordance between the hottest lesion of 

PET60 and PET180. Parameters for each contoured VOI included also metabolic total volume (MTV); and the 

product of the MTV and the SUVmean, i.e. TLG. VOIs were contoured using a 40% fixed threshold algorithm 

that takes into account the maximum signal intensity in the lesion. Results are outline in TABLE 1. 

 

In order to measure FDG-uptake of liver, spleen, bone marrow and mediastinal blood pool the GE AW 4.4 was 

used. SUVmax was measured in the spleen by using a VOI with a volume of approximately 10cm3. SUVmax 

was measured in the bone marrow of L1 by placing 2D region of interest (ROI) measuring approximately 250- 

300mm2 not interfering with cortical bone. A VOI of 65cm3 was applied to the liver. Lastly, SUVmax was 

measured in the mediastinal blood pool by applying 2D ROI of approximately 400mm2 in aorta thoracalis 

avoiding interference with the wall of the vessel. 

 

Statistics 

 
 

Summary statistics are presented as medians (range). Differences in SUVmax, TLG, MTV and RI-SUVmax  

were analyzed with Wilcoxon signed-rank test with respect to the differences between paired measurements on a 

single sample. Wilcoxon rank-sum test was used to assess differences between two samples of non-parametric 

data. Differences with a p-value less than 0.05 were considered to be statistically significant. Graphical displays 

comprised 95% confidence bands which were constructed by connecting point-wise 95% confidence intervals 

(95% CI) at 60 and 180 minutes and box-and whiskers plots. Statistical analysis were performed with STATA/IC 

11.2 (StataCorp LP, College Station, Texas 77845 USA) 

 

Results 

 
 

Thirty-five consecutive patients with suspicion of lymphoma were prospectively enrolled in this study between 

years 2013 -2014. The study participants consisted of 16 women and 19 men. The mean age was 57.1 years 
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(range 22-81). Twenty-eight patients were diagnosed with malignant disease and 7 with benign 

lymphadenopathy. Nine patients were diagnosed with follicular lymphoma, nine with Hodgkin lymphoma, seven 

with diffuse large B-cell lymphoma, one with T-cell lymphoma, one with lymphoblastic T-cell lymphoma, and 

one with chronic lymphatic lymphoma and, finally, seven with benign pathology. 

 

Patients who were diagnosed with a malignant disease (n=28) had a median SUV60 of 11.5 (range 2.8-40.3) and 

demonstrated a median ∆SUVmax of 4.0 (range -1.7-20.3). The FDG-uptake in malignant lymphnodes increased 

significantly with time (p<0.001). Those with benign lymphadenopathy (n=7) had a median SUV60 of 

10.8 (3.3-17.2) and demonstrated a median ∆SUVmax of 1.3 (-0.8-1.8) with no difference between the two time 

points (p=0.15). Both ∆SUVmax and RI-SUVmax differed significantly between benign and malignant 

lympadenopathy (p=0.005 and 0.02, respectively). TABLE 2 

 

SUVmax increased significantly between the two time points in the spleen and bone marrow (p= 0.01 and 

p<0.001) and decreased in the mediastinal blood pool (p=0.02). We found no dynamic changes in FDG uptake in 

the liver between 60 minutes and 180 minutes post FDG administration (p=0.67). Results are shown in TABLE 1 

and FIGURE 1 and 2. Analyzing the total metabolic tumor burden of a total of 26 eligible patients with  

malignant lympadenopathy we found a median MTV60 of 30.6 cm
3 

(range1.4-1268.1) and a median MTV180 of 

33.8 cm
3 

(range 7.6-1211.2). TABLE 3. 

 

There was no significant difference between MTV60 and MTV180 (p=0.78). In a similar manner we analyzed 

TLG. With a median TLG60 of 289.6 (range 8.6-15425.2) and a median TLG180 of 365.0 (range 23.2-17489.2), 

we found a significant difference between the two time points (p<0.0001). FIGURE 2 shows the differences of 

∆MTV, ∆TLG and ∆SUVmax between patients with DLBCL, FL and HL. 

 
 

Discussion 

 
 

The present study describes the FDG avidity in organs and lymph nodes of PET-images 60 minutes and 180 

minutes after the injection of FDG following a standardized PET-protocol ensuring SUV reproducibility and 

comparability. In malignant lymphomas, the use of dual time point PET imaging may be useful in several ways. 

First of all it may have a role in the evaluation of patients with renal insufficiency and diabetes mellitus who 

have a delayed clearance of FDG, and, hence, a decreased sensitivity of the PET-scan. Delaying the image 

acquisition decreases the background intensity by allowing more time for the clearance of FDG which makes it 

easier to visualize a malignant lesion. In this study we found that the FDG-uptake of the spleen, mediastinal 
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blood pool and bone marrow showed a dynamic behavior. On the contrary, the liver and benign lymph nodes 

showed no dynamics between the two time points of 60 and 180 minutes. These findings are interesting, 

particularly in the case of the liver and mediastinal blood pool as they are used as references for both early and 

final response evaluation in patients with lymphoma (1, 11). Today, interim response evaluation with PET/CT 

after 2-4 courses of chemotherapy is based upon the intensity of residual tumor tissue compared to the liver and 

mediastinal blood pool according to the Deauville score (11). This scoring scale was proposed in 2009, at the 

First International Workshop on interim-PET in lymphoma, and is currently used as an international standard for 

visual evaluation of interim PET-scans(12). The Deauville criteria define five categories of residual FDG- 

uptake: 1 = no residual uptake, 2 = residual uptake below mediastinal blood pool, 3 = uptake above mediastinal 

blood pool and below or equal to liver, 4 = uptake above liver and 5 = uptake markedly above liver and/or new 

lesions. A Deauville score of 3 or greater has been used within clinical trials to define an abnormal PET- 

response leading to a change of therapy. For this purpose the normal physiological uptake of the liver and 

mediastinal blood pool is regarded as references. However, if only the liver reaches equilibrium after 60 minutes 

in terms of FDG uptake and malignant lymph nodes and the mediastinal blood pool show a dynamic behavior 

this might have an impact in term of response evaluation according to standard response criteria if imaging is 

delayed for certain groups of patients. 

 

Furthermore, we found a difference in both SUVmax and TLG between benign and malignant lympadenopathy. 

This is in agreement with the results from other study groups and confirms yet again that dual time point PET 

might be a useful tool in differentiating between malignant and benign FDG-uptake. Additionally, DTPI has also 

been suggested for evaluating patients suspected of aggressive transformation from a previously known indolent 

lymphoma. Earlier studies have shown that SUVmax might be able to differentiate between indolent lymphoma 

and aggressive transformation (13). 

 

Among patients with aggressive lymphoma (DLBCL and HL) we found no change of MTV on late imaging but 

an increase of both TLG and SUVmax. Additionally, we found that the MTV of patients with follicular 

lymphoma shows a trend towards an increased volume on late images. The majority of patients with FL enrolled 

in this study had advanced disease (Ann Arbor stage 3 or 4) and numerous smaller lesions. Using the PET VCAR 

to appoint each and every small lesion manually is surrounded by uncertainty but also limited by the   

performance of the technical software which was not able to capture lesions below a certain volume. It is 

possible that the difference in MTV between the 60 min scan and 180 min scan is owing to an analysis error 
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caused by these reasons. Another explanation could be that patients with FL have a delayed uptake of FDG due 

to the patho-physiological nature of this indolent disease. This research question would be interesting to address 

in a larger prospective study confined only to patients with a single type of lymphoma. Among all patients with 

malignant lymphoma we found that MTV did not change on the delayed image and no patients changed their 

disease stage based on the delayed image. However, in order to confidently conclude on the optimal time point 

for stage determination larger cohorts with individual types of lymphomas are warranted. 

 

The increase of SUVmax found in this study is in line with earlier studies showing that malignant lesions 

continue to take up FDG beyond the 60 minutes whereas benign lesions either decrease or reach a plateau. Other 

studies have shown that a prolonged period of FDG uptake is rare in benign lesions or normal tissue (14, 15). 

The FDG uptake of lymphoma lesions is probably associated with Glut1 expression (16) and the proliferation 

marker KI-67 (17, 18). It has been reported earlier that SUVmax does not reach maximum level until several 

hours after FDG-injection (15). 

 

Our study has limitations. First of all, the study population was small comprising only small groups of different 

histo-pathological subtypes of lymphoma which makes it difficult to conclude on individual lymphoma types.  

We only looked at dynamic changes of FDG uptake in pre-therapy baseline PET scans. It is possible that therapy 

subsequent to baseline PET-scan would influence the normal physiological FDG-uptake of tissue such as liver, 

spleen and bone marrow resulting in different uptake pattern according to the timing of PET acquisition. 

 

In conclusion, this study supports the existing knowledge concerning the difference in metabolic activity 

between malignant and benign lesions on delayed imaging and provides with new insight into the dynamic 

behavior of reference organs used in the response evaluation of malignant lymphoma. In order to safely be able 

to compare DTPI in the staging setting with interim and end of therapy scans in lymphoma patients larger 

prospective studies are warranted. 
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Table 1: PET measurements on individual patients 
 

Patient 
No. 

Presence 
Of 
malignancy 

Type of 
lymphoma 

SUVmax 
Tumor60 

SUVmean 
Tumor60 

Number 
of VOIs 

MTV 
Tumor60 

TLG 
Tumor60 

SUVmax 
Tumor180 

SUVmean 
Tumor180 

Number 
of VOIs 

MTV 
Tumor180 

TLG 
Tumor180 

1 YES FL 14.5 9.4 6 337.6 3560.8 19.0 12.6 6 485.9 6360.8 

2 YES DLBCL 22.8 9.5 6 74.1 875.6 29.1 14.4 7 74.2 1229.4 

3 YES LTCL 25.0 11.5 21 1268.1 15425.2 29.6 13.7 23 1211.2 17489.2 

4 YES PTCL 14.5 6.8 4 8.4 47.3 18.2 7.7 5 14.5 98.6 

5 YES DLBCL 33.0 19.2 3 285.2 5650.1 52.5 25.8 3 191.6 7685.0 

6 YES FL 22.2 11.0 4 15.4 376.3 32.3 16.1 4 57.0 1093.0 

7 YES HL 22.7 14.1 5 21.8 328.5 30.3 17.5 5 18.9 378.0 

8 YES HL 35.3 19.0 5 36.5 764.3 51.7 26.7 5 34.1 1012.8 

9 YES FL 8.8 5.8 1 7.7 40.0 11.9 8.0 1 8.1 48.3 

10 NO  15.2 8.3 1   14.4 8.8 1   

11 YES FL 11.3 6.3 6 30.6 219.4 15.3 9.2 6 43.9 398.3 

12 YES DLBCL 12.7 6.9 12 1037.3 7459.9 14.7 8.2 13 1008.5 8201.9 

13 NO  12.7 7.7 1   14.5 10.5 1   

14 YES CLL 4.8 3.0 1   4.8 3.0 1   

15 YES HL 9.3 3.5 2 1.4 8.6 9.8 4.9 2 33.4 187.7 

16 YES FL 13.3 6.0 19 229.7 1022.4 18.2 7.3 19 260.6 1731.0 

17 NO  6.9 4.3 1   6.9 4.3 1   
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18 NO  10.8 8.1 1   12.1 7.8 1   

19 YES FL 5.7 3.2 2 19.7 58.6 7.0 4.0 3 19.3 82.1 

20 YES DLBCL 8.6 5.3 2 135.9 764.3 10.5 5.6 3 141.9 962.6 

21 NO  3.3 2.3 2   5.0 2.9 2   

22 YES FL 2.8 1.7 1 1.0 2.5 3.7 2.5 1 1.7 6.3 

23 NO  5.2 3.0 2   4.8 2.8 2   

24 YES FL 8.8 3.7 2 2.2 12.5 10.3 3.8 2 16.3 108.6 

25 NO  17.2 6.6 10   19.0 7.7 10   

26 YES DLBCL 5.6 3.3 1 7.9 160.5 11.0 6.5 1 8.8 209.6 

27 YES FL 11.6 5.6 20 376.9 1827.2 15.5 9.2 18 315.2 2368.4 

28 YES HL 4.0 2.0 1 31.6 55.8 4.4 2.2 1 17.1 37.3 

29 YES HL 7.6 3.6 3 72.1 294.3 5.9 3.2 3 73.5 333.7 

30 YES HL 14.1 6.2 2 64.7 559.3 21.3 7.9 2 51.6 638.0 

31 YES HL 4.6 2.6 3 22.3 36.8 7.2 4.2 4 7.6 23.2 

32 YES HL 10.0 6.8 3 17.5 119.7 30.3 8.2 4 15.0 286.4 

33 YES HL 6.7 4.2 2 10.5 44.0 8.6 4.9 3 8.3 46.4 

34 YES DLBCL 40.3 19.4 2 11.0 284.8 53.7 24.8 2 10.4 351.9 

35 YES DLBCL 17.1 9.2 2 7.3 99.5 23.0 12.3 2 8.8 85.9 

FL: follicular lymphoma, DLBCL: diffuse large B-cell lymphoma, LTCL: lymphoblastic T-cell lymphoma, PTCL: peripheral T-cell lymphoma, HL: Hodgkin lymphoma, CLL: chronic lymphocytic leukemia, SUVmax: maximum 

standardized uptake value, VOI: volume of interest, TLG: total lesion glycolysis, MTV: metabolic tumor volume. 
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Table 2: Descriptive statistics for SUVmax60, SUVmax180, ΔSUVmax, and RI-SUVmax by malignancy and by 

organ. 
 

 SUVmax60min 
median (range) 

SUVmax180min 
median (range) 

∆SUVmax 
median (range) 

RI-SUVmax 
median (range) 

Malignant 
lymphadenopathy 
(n=28) 

11.5 (2.8 to 40.3) 15.4 (3.7 to 53.7) 4.0 (-1.7 to 20.3) 0.3 (-0.2 to 2.0) 

Benign 
lymphadenopathy 
(n=7) 

10.8 (3.3 to 17.2) 12.1 (4.8 to 19.0) 1.3 (-0.8 to 1.8) 0.1 (-0.1 to 0.5) 

Liver (n=35) 3.9 (2.1 to 6.2) 4.0 (2 to 7.4) -0.1 (-1.3 to 4) -0.02 (-0.3 to 1.2) 

Spleen (n=33) 3.1 (1.7 to 4.5) 3.0 (1.5 to 5.6) 0.2 (-0.7 to 3.2) 0.1 (-0.2 to 1.3) 

Aorta(n=35) 2.1 (0.9 to 3.8) 1.8 (0.7 to 5.6) -0.4 (-1.6 to 1.8) -0.2 (-0.6 to 1.2) 

Bone marrow 
(n=35) 

2.6 (1.4 to 5.4) 3.3 (1.7 to 8.0) 0.8 (-0.5 to 5.4) 0.4 (-0.1 to 2.1) 

SUVmax60min: Maximum standardized uptake value 60 minutes after injection of tracer. SUVmax180min: 

Maximum standardized uptake value 180 minutes after the injection of FDG. ∆SUVmax= SUVmax180- 

SUVmax60. RI-SUVmax: SUVmax60-SUVmax180/SUVmax60 

 
 
 

Table 3: Descriptive statistics for TLG60min, TLG180min, MTV60 cm3, MTV180 cm3, ΔTLG, and ΔMTV 

by patient group. 

 
 
 
 
 
 
 
 
 
 
 
 

 

FL: follicular lymphoma, DLBCL: diffuse large B-cell lymphoma, HL: Hodgkin lymphoma. TLG60min: 

Total lesion glycolysis 60 minutes after the injection of FDG. MTV60: Metabolic tumor volume 60 

minutes after the injection of FDG. 

Malignant 
type 

TLG60min 
Median (range) 

TLG180min 
Median (range) 

MTV60 cm
3
 

Median(range) 
MTV180 cm

3
 

Median(range) 
∆TLG 
Median (range) 

∆MTV 
Median(range) 

FL (n=8) 298 (13-3561) 746 (48-6361) 31 ( 2-377) 360 (8-486) 360 (8-2800) 14 (-62-148) 

DLBCL 
(n=7) 

764 (100-7460) 963 (86-8202) 74 (7-1037) 74 (9-1009) 276 (-14-2035) -0.3 (-94-6) 

HL (n=9) 120 ( 9-764) 286 (23-1013) 22 (2-72) 19 (8-73) 50 (-19 – 248) -3 (-15-32) 

Other 
(n=2) 

7736 (47-15425) 8794 (99-17489) 638 (8-1268) 613 (15-1211) 1058 (51-2064) -25 (-57-6) 

Total (26) 290 (9-15425) 365 (23-17489) 26 (2-1268) 34 (8-1211) 167 (-19-2800) -0.4 (-94-148) 
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Figure 1: 95% CI bands for SUVmax by organ 
 
 
 
 

p<0.001 p=0.15 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

p<0.001 p=0.01 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

p=0.67 p=0.02 
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FIGURE 2: Box-and-whisker plots for ΔSUVmax (top left), ΔTLG (top right), and ΔMTV (bottom left) by 
patient group. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SUV: standardized uptake value. TLG: Total lesion glycolysis. MTV: Metabolic tumor volumen. ∆SUV: 
SUV180min-SUV60min, ∆TLG: TLG180min-TLG60min, ∆MTV: MTV180 min-MTV60min. Note that DLBCL, HL 
and FL comprise 7,9 and 8 observations, respectively. 
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Abstract 

The aim of this study was to evaluate the prognostic value 

of clinician interpretation of positron emission tomography/ 

computed tomography (PET/CT) reports at mid-therapy, interim 

PET(I-PET)andaftertheendoffirst-linetherapy(E-PET)inpatients 

with diffuse large B-cell lymphoma (DLBCL). Four hundred and 

thirty patients were enrolled in this study comprising a total 

of 617 PET reports. Each report was evaluated by three expert 

hematologists randomly selected from a panel of nine. Reports 

were labeled positive or negative if all three interpreters agreed. 

All others were considered indeterminate. Indeterminate reports 

accounted for 59% of I-PET and 49% of E-PET reports. Two-year 

overall survival (OS) for patients with a positive, indeterminate 

and negative I-PET was 58%, 87% and 89% (p < 0.001), 

respectively. Two-year OS for patients with E-PET was 41%, 89% 

and 97% (p < 0.001) for positive, indeterminate and negative 

interpretation of PET/CT reports. Progression-free survival and 

OS did not differ significantly in patients with a negative and an 

indeterminate I-PET report. The use of well-defined reporting 

criteria, e.g. the Deauville five-point scale, is likely to reduce the 

number of scans perceived as indeterminate. 
 

 

Keywords: Diffuse large B-cell lymphoma, prognostication, PET/CT 
 
 

Introduction 

Diffuse large B-cell lymphoma (DLBCL) is a potentially cur- 

able disease. Since the introduction of rituximab-containing 

immunochemotherapy,  the  prognosis  has  improved 

 
remarkably, with an estimated 5-year survival of 60% [1,2]. 

Positron emission tomography/computed tomography 

(PET/CT) is a promising tool for response-adapted therapy 

as it allows for early assessment of the reduction of 18F-

fluorodeoxyglucose (FDG) uptake reflecting a decline in 

tumor cells and metabolic activity, which might indicate 

chemosensitivity. Imaging with PET/CT has also improved 

the staging and restaging of patients with lymphoma, as it 

offers a functional assessment with higher sensitivity and 

specificity compared to CT alone [3–6]. Adjustment of 

therapy guided by interim PET/CT is currently being inves- 

tigated in numerous clinical trials [7,8]. PET/CT is widely 

used in both routine clinical settings and clinical trials for 

the evaluation of DLBCL, and it has been incorporated in 

the response criteria for malignant lymphoma [9]. 

The prognostic value of PET/CT obtained at mid- and 

post-therapy has been extensively evaluated [7,10–17]. Quali- 

tative visual dichotomous assessment is the most widely 

used method to assess PET/CT response in the routine 

nuclear medicine setting, and is the recommended method 

for post-therapy evaluation in the revised response criteria 

[9]. The therapeutic consequence of the scan depends on the 

interpretation and reporting in both research and practice. 

An earlier study by Thomas et al. indicated that post-therapy 

clinician interpretation of PET/CT reports may be imprecise, 

and the predictive utility needs to be proven [18]. To our 

knowledge, clinician-based interpretation of interim PET/ 

CT has not been reported. 

Correlation of PET/CT report interpretations with patient 

outcome  as  well  as  concordance  among  interpreters  is 
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crucial if results of the ongoing clinical PET studies suggest a 

clinical benefit of PET-guided therapy. 

In this study we have evaluated the prognostic impact 

and consistency of clinician-based interpretation of written 

PET/CT reports in a large cohort of patients with newly 

diagnosed DLBCL. 

 

Materials and methods 

Patients referred to eight Danish specialized centers of 

hematology between September 2005 and December 2009 

were screened for eligibility in this retrospective study. 

Patients were considered eligible for inclusion if they 

fulfilled the following criteria: (I) newly diagnosed de novo 

DLBCL, (II) age > 15 years, (III) treated with first-line 

R-CHOP (rituximab, cyclophosphamide, doxorubicin, 

vincristine, prednisone) or R-CHOP-like treatment with 

or without the addition of central nervous system (CNS) 

prophylaxis and radiotherapy and (IV) evaluated with 

PET/CT at mid-therapy (I-PET) and/or post-therapy 

(E-PET). I-PET was performed after 2–4 courses of che- 

motherapy and therapy was not changed according to the 

result of I-PET. E-PET was performed 2–16 weeks after the 

completion of therapy. Patients with primary CNS lym- 

phoma and composite lymphoma histology, human 

immunodeficiency  virus  (HIV)-associated  lymphoma 

and transplant related lymphoproliferative disease were 

excluded from this study. 

Potential candidates were identified from a search in 

the National Lymphoma Registry (LYFO) which has been 

described elsewhere [19]. Medical records were retrieved 

and reviewed for follow-up data and patient characteris- 

tics. Data included Ann Arbor stage, lactate dehydrogenase 

(LDH), Eastern Cooperative Oncology Group (ECOG) 

performance status, international prognostic  index 

(IPI), age, sex and extranodal involvement. The presence 

of relapse and cause of death were obtained from the 

medical records in each case. Original PET/CT reports were 

collected from the medical file of each patient and reflect 

the actual information on which the clinicians made their 

decisions in the absence of a multidisciplinary assessment. 

All reports originated from specialized departments of 

nuclear medicine. 

Nine expert hematologists specialized in treating patients 

with lymphoma were asked to interpret PET/CT reports. 

Reports from each of the eight centers were collected in sets 

and randomly distributed to a total of three hematologists. 

Each PET report was assessed three times. Each hematolo- 

gist assessed 2–3 sets not belonging to his own department. 

The hematologists were instructed to categorize reports as 

positive, negative or indeterminate. Communication with 

nuclear medicine experts did not take place and did not bias 

clinician-based interpretation. No clinical information was 

provided and the interpretation was solely individual. On 

the basis of the clinician-based interpretations, each PET/CT 

report was centrally labeled positive or negative if all three 

interpreters independently agreed. All others were consid- 

ered indeterminate. The study was approved by the Danish 

Data Protection Agency. 

Statistical analysis 
PET/CT studies were categorized as true positive if all three 

reviewers categorized the PET report as positive, combined 

with either relapse or primary progressive disease leading 

to either salvage treatment or death. PET/CT studies were 

false positive if all three reviewers categorized the report 

as positive in the absence of relapse or primary progressive 

disease. The true/false negative PET/CT studies were defined 

accordingly. 

Progression-free survival (PFS) was defined as the time 

from diagnosis to DLBCL progression or death from any 

cause. Overall survival (OS) was defined as the time from 

diagnosis to death as a result of any cause. Date of death was 

retrieved from the Danish National Patient Registry. Patients 

still alive at the end of the study were censored at the date of 

data collection. No patients were lost to follow-up. Survival 

was grouped according to PET/CT category of interpretation 

and comparison between groups was performed with the 

log-rank test. 

Statistical analyses were performed using Stata/IC 11.1 

(StataCorp LP, College Station, TX). 

 

 

Results 

Patient characteristics 
Four hundred and thirty newly diagnosed patients with 

DLBCL were enrolled in this study with a male/female ratio 

of 1.6. The median age at diagnosis was 63 years (range 27–90 

years). Eighty-five patients (20%) died during follow-up and 

the median time from diagnosis to death was 1.2 years (range 

0.3–5.5 years). The remaining 345 patients had a median 

follow-up time of 3.4 years (range 1.9–6.6 years). Most 

patients received chemotherapy with a 2-week interval, 80% 

(n = 344). A total of 31% (n = 133) received radiation therapy 

after completion of immunochemotherapy and 17% (n = 75) 
received CNS prophylaxis as part of their primary treatment. 

Patient and disease characteristics for the I-PET and E-PET 

cohorts are outlined in Tables I and II. 

 
FDG-PET/CT characteristics 
A total of 617 PET/CT reports were collected and interpreted; 

241 of these were I-PET reports and 376 were E-PET reports. 

I-PET was performed after two courses of chemotherapy (I-

PET2) in 7% of patients (n = 16), after three courses of 

chemotherapy (I-PET3) in 66% of patients (n = 159) and 
after four courses of chemotherapy (I-PET4) in 27% of 

patients (n = 66). The results of I-PET2, I-PET3 and I-PET4 

were grouped for the main analyses. A total of 187 patients 

had both I-PET and E-PET performed. Fifty-four patients 

had only I-PET performed, of whom 10 died or progressed 

during first-line therapy. Altogether 189 patients had only E-

PET performed. Of the I-PET reports, 30% (n = 73) were 

interpreted as negative and 11% (n = 37) as positive by all 

three clinical reviewers; the remaining 59% (n = 142) were 

categorized as indeterminate. There was no significant dif- 

ference in the distribution of I-PET interpretation categories 

of I-PET2, I-PET3 and I-PET4 (p = 0.34) (Table I). Of the 376 

E-PET reports, 41% were scored as negative (n = 153) and 

 

118



Clinician-based interpretation of PET/CT in DLBCL   1565 
 

Table I. Clinical characteristics of patients with I-PET according to interpretation category (n = 241). 

 
 

Age 

Positive 
(n = 26) 

Indeterminate 
(n = 142) 

Negative 
(n = 73) 

 
p-Value 

   0.32 

< 60 years 14 (54%) 59 (42%) 27 (37%)  
> 60 years 12 (46%) 83 (58%) 46 (63%)  

Sex, n (%)    0.98 
Male 13 (50%) 74 (52%) 37 (51%)  
Female 13 (50%) 68 (48%) 36 (49%)  

Ann Arbor stage, n (%)    0.35 
I–II 5 (19%) 47 (33%) 25 (34%)  
III–IV 21 (81%) 95 (67%) 48 (66%)  

IPI, n (%)    0.06 
Low (0–1) 5 (19%) 38 (27%) 29 (40%)  
Low-intermediate (2) 10 (38%) 43 (31%) 13 (18%)  
Intermediate-high (3) 5 (19%) 43 (31%) 17 (23%)  
High (4–5) 6 (23%) 17 (11%) 14 (19%)  

LDH above range, n (%)    0.11 
Yes 17 (65%) 94 (67%) 38 (52%)  
No 9 (35%) 47 (33%) 35 (48%)  

Extranodal involvement, n (%)    0.60 
Yes 17 (65%) 77 (54%) 41 (56%)  
No 9 (35%) 65 (46%) 32 (44%)  

ECOG, n (%)    0.29 
0–1 21 (81%) 128 (90%) 67 (92%)  
2–4 5 (19%) 25 (10%) 6 (8%)  

Treatment regimen, n (%)    0.13 
R-CHOP-14 13 (50%) 101 (71%) 55 (75%)  
R-CHOP-21 6 (23%) 13 (9%) 11 (15%)  
R-CHOEP-14 7 (27%) 25 (18%) 7 (10%)  
R-CHOEP-21 0 1 (1%) 0  
Other 0 1 (1%) 0  

CNS prophylaxis, n (%)    0.87 
Yes 4 (15%) 31 (22%) 16 (22%)  
No 22 (85%) 111 (78%) 57 (78%)  

Radiotherapy, n (%)    0.14 
Yes 6 (23%) 48 (34%) 14 (19%)  
No 20 (77%) 93 (66%) 59 (81%)  

Timing, n (%)    0.34 
I-PET2 1 (6%) 8 (50%) 7 (44%)  
I-PET3 14 (9%) 98 (62%) 47 (29%)  
I-PET4 11 (17%) 36 (54%) 19 (29%)  

I-PET, interim positron emission tomography; IPI, international prognostic index; LDH, lactate dehydrogenase; ECOG, Eastern 

Cooperative Oncology Group; R-CHOP,  rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone; R-CHOEP, 
rituximab, cyclophosphamide, doxorubicin, vincristine, etoposide, prednisone; CNS, central nervous system; I-PET2, I-PET 

after two courses of chemotherapy. 

 

10% (n = 37) as positive. The remaining 49% (n = 186) were 

indeterminate reports. 

 

Prognostic impact of clinician-based FDG-PET/CT 
interpretation 
Two-year PFS for positive, indeterminate and negative 

I-PET were 52% (95% confidence interval [CI] 31–71%), 

85% (95% CI 78–90%) and 90% (95% CI 79–94%), respec- 

tively (p < 0.0001; Figure 1). PFS did not differ significantly 

between patients with a negative and patients with an 

indeterminate report (p = 0.58). Two-year OS was 58% 

(95% CI 37–74%), 87% (95% CI 81–91%) and 89% (95% 

CI 79–94%) for the positive, indeterminate and negative 

groups, respectively (p < 0.0001; Figure 1), with no signifi- 

cant difference between indeterminate and negative I-PET 

reports (p = 0.66). The non-significant difference in out- 

come between patients with indeterminate and negative 

I-PET reports applied to the groups with an I-PET carried 

out after both three and four courses of chemotherapy. 

For patients with indeterminate and negative reports, OS 

was the same for I-PET3 (p = 0.70) and I-PET4 (p = 0.21). 

Similar results applied to PFS for patients with negative 

and indeterminate reports of I-PET3 (p = 0.90) and I-PET4 

(p = 0.93). 

Two-year PFS of patients with an E-PET report was 36% 

(95% CI 21–51%), 86% (95% CI 80–90%) and 95% (95% CI 

90–97%) for the positive, indeterminate and negative groups, 

respectively (p < 0.0001; Figure 1). We found no difference 

in PFS between  the  indeterminate  and  negative  groups 

(p = 0.13). Two-year OS of patients having E-PET reports 

differed significantly between the indeterminate, 89% (95% 

CI 84–93%) and negative groups, 97% (95% CI 92–99%) 

(p = 0.007). Patients with a positive E-PET had an estimated 

2-year OS of 41% (95% CI 25–56%) (Table III). 

Seventy-three (30%) of the I-PET interpretations were neg- 

ative. Eleven (15%) of the negative I-PET patients relapsed in 

the period of follow-up. Twenty-six (11%) of the I-PET reports 

were positive. Fifteen (58%) patients with a positive I-PET 

did not progress. The negative predictive value (NPV) and 

positive predictive value (PPV) for disease progression were 

85% and 42%, respectively, with a sensitivity of 50% (95% CI 

31–69%) and a specificity of 81% (95% CI 70–88%). 

A total of 153 patients (41%) scored a negative E-PET 

report.  Seventeen  (11%)  patients  with  a  negative  E-PET 
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Table II. Clinical characteristics of patients with E-PET according to interpretation category (n = 376). 

 
 

Age 

Positive 
(n = 37) 

Indeterminate 
(n = 186) 

Negative 
(n = 153) 

 
p-Value 

   0.02 

< 60 years 15 (41%) 62 (33%) 74 (48%)  
> 60 years 22 (59%) 124 (67%) 79 (52%)  

Sex, n (%)    0.68 
Male 19 (51%) 109 (59%) 85 (56%)  
Female 18 (49%) 77 (41%) 68 (44%)  

Ann Arbor Stage, n (%)    0.67 
I–II 13 (35%) 65 (35%) 61 (40%)  
III–IV 24 (65%) 119 (66%) 92 (60%)  

IPI, n (%)    0.03 
Low (0–1) 7 (19%) 54 (29%) 67 (44%)  
Low-intermediate (2) 13 (36%) 51 (28%) 35 (23%)  
Intermediate-high (3) 8 (22%) 52 (28%) 34 (22%)  
High (4–5) 8 (22%) 28 (15%) 17 (11%)  

LDH above range, n (%)    0.001 
Yes 29 (81%) 120 (65%) 77 (50%)  
No 7 (19%) 65 (35%) 76 (50%)  

Extranodal involvement, n (%)    0.81 
Yes 19 (51%) 100 (54%) 76 (50%)  
No 18 (49%) 85 (46%) 77 (50%)  

ECOG, n (%)    0.64 
0–1 32 (86%) 163 (88%) 138 (90%)  
2–4 5 (14%) 23 (12%) 15 (10%)  

Treatment regimen, n (%)    0.23 
R-CHOP-14 26 (70%) 130 (70%) 94 (61%)  
R-CHOP-21 6 (16%) 25 (13%) 34 (22%)  
R-CHOEP-14 3 (8%) 26 (14%) 23 (15%)  
Other 2 (6%) 5 (3%) 2 (2%)  

CNS prophylaxis, n (%)    0.52 
Yes 8 (22%) 3 (18%) 24 (16%)  
No 29 (78%) 150 (82%) 129 (84%)  

Radiotherapy, n (%)    0.14 
Yes 9 (24%) 61 (33%) 47 (31%)  
No 28 (76%) 123 (67%) 106 (69%)  

E-PET, post-therapy positron emission tomography; IPI, international prognostic index; LDH,  lactate  dehydrogenase; 
ECOG, Eastern Cooperative Oncology Group; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone; 

R-CHOEP, rituximab, cyclophosphamide, doxorubicin, vincristine, etoposide, prednisone; CNS, central nervous system. 

 
 
 

 
 

Figure 1. Overall survival and progression-free survival for I-PET and E-PET according to interpretation of PET reports. 
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Table III. Survival estimates according to results of I-PET and E-PET. 
 

I-PET Positive (n = 26) Indeterminate (n = 142) Negative (n = 73) 

2-year PFS estimate (95% CI) 
2-year OS estimate (95% CI) 

52% (31–69%) 
58% (37–74%) 

85% (78–90%) 
87% (81–91%) 

90% (81–95%) 
89% (79–94%) 

E-PET Positive (n = 37) Indeterminate (n = 186) Negative (n = 153) 

2-year PFS estimate (95% CI) 

2-year OS estimate (95% CI) 
36% (21–51%) 
41% (25–56%) 

86% (80–90%) 
89% (84–93%) 

95% (90–97%) 
97% (92–99%) 

I-PET, interim positron emission tomography; E-PET, post-therapy PET; PFS, progression-free survival; OS, overall survival; 
CI, confidence interval. 

 

 
Table IV. Cox multivariate regression analysis of prognostic factors associated with OS and PFS. 

 

PFS OS 
  

HR 95% CI p-Value HR 95% CI p-Value 
 

I-PET variable 

Negative I-PET (reference) 1.00 1.00 
Positive I-PET 3.99 1.70–9.33 0.001 2.77 1.25–6.11 0.01 

E-PET variable 
 

Negative E-PET (reference) 1.00   1.00  
Positive E-PET 8.86 4.60–17.06 < 0.0001 18.39 8.68–38.9 < 0.0001 
Indeterminate E-PET 1.48 0.81–2.69 0.20 2.38 1.14–4.81 0.02 

Ann Arbor I–II (reference) 1.00   1.00   
Ann Arbor III–IV 2.57 1.22–5.42 0.01 3.26 1.48–7.18 0.003 

OS, overall survival; PFS, progression-free survival; I-PET, interim positron emission tomography; E-PET, post-therapy PET; 
HR, hazard ratio; CI, confidence interval. 

 

relapsed, with a median time from diagnosis to relapse of 2.3 

years (range 0.6–5.1), and 14 (9%) patients stayed in remis- 

sion despite a positive E-PET. NPV was 89% and PPV was 62% 

for E-PET for later relapse, with a sensitivity and specificity of 

58% (95% CI 42–71%) and 91% (95% CI 85–94%). 

Out of 142 patients with an indeterminate I-PET report, 24 

(17%) patients progressed in the period of follow-up. Among 

the 186 (49%) patients with an indeterminate E-PET report, 

31 (17%) patients progressed. 

Analyzing the association between I-PET and E-PET for 

the 187 patients undergoing both procedures, we found that 

among the 16 I-PET positive patients, six remained PET- 

positive and four converted to PET negativity. The E-PET 

report of the remaining six patients became indeterminate. 

Among the 56 I-PET negative patients, 42 stayed negative 

and only one converted to PET positivity. The remaining 

13 patients were interpreted as indeterminate. Out of 187 

patients, 115 had an indeterminate I-PET report, which 

stayed indeterminate in 76 of the patients; 31 changed to 

negative and eight became positive. 

In univariate Cox regression analysis including patients 

with an I-PET report, inferior OS was significantly associ- 

ated with positive I-PET (p = 0.001), Ann Arbor stage III–VI 

(p = 0.001), ECOG 2–4 (p = 0.001), LDH above the normal 

range  (p = 0.01),  low-intermediate  IPI  (p = 0.002),  inter- 

mediate-high IPI (p = 0.005) and high IPI (p < 0.0001). In 

the multivariate Cox regression analysis only positive I-PET 

(hazard ratio [HR] 2.77, 95% CI 1.3–6.1, p = 0.01) was inde- 

pendently associated with inferior OS. 

Factors significantly  associated with  inferior OS  in uni- 

variate analysis of the E-PET cohort were positive E-PET 

(p < 0.0001), indeterminate E-PET (p = 0.008), Ann Arbor 

stage  III–VI  (p < 0.0001),  ECOG  2–4  (p = 0.004),  LDH 

above the normal range (p = 0.02), low-intermediate IPI 

(p < 0.0001), intermediate-high IPI (p = 0.001) and high IPI 

(p < 0.0001). 

In a multiple Cox regression analysis, positive E-PET (HR 

18.4, 95% CI 8.7–38.9, p < 0.0001), indeterminate E-PET 

(HR 2.4, 95% CI 1.1–4.8, p = 0.02) and Ann Arbor stage III–IV 

(HR 3.3,  95%  CI 1.5–7.2,  p = 0.003)  retained  independent 

association with inferior OS (Table IV). 
 

Discussion 

The present study evaluated the  prognostic  impact  of 

617 PET/CT reports of 430 newly diagnosed patients with 

de novo  DLBCL uniformly treated with R-CHOP-based 

therapies. To the best of our knowledge this is the largest 

study to date assessing the predictive and prognostic values 

of clinician-based interpretation of interim and post-therapy 

PET/CT reports. 

A recent study also evaluated the predictive value of 

PET/CT obtained as a non-intended analysis of a clini- 

cal prospective trial [18]. Thomas et al. reported that the 

frequency of indeterminate post-therapy reports based on 

the interpretation of clinicians was 20%. We found a higher 

frequency with indeterminate reports in approximately 

half of the patients. The difference may be explained by 

differences in design and the local handling of reporting 

PET imaging from nuclear medicine physicians to clini- 

cians. Our results were not influenced by a multidisci- 

plinary approach which, in a clinical context, is supposed 

to improve the interpretation of inconclusive or ambigu- 

ous results and may reduce the number of indeterminate 

reports. In daily practice, several of the participating centers 

perform multidisciplinary team (MDT) conferences with 

access to clinical information, but PET reports are solely 

recorded by nuclear medicine physicians while the MDT 

take clinical decisions based on PET findings combined 

with clinical information. In daily practice, this approach 

may have influenced the PET interpretation toward fewer 

indeterminate results. 
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Limitations of the study are the retrospective character 

of the design, meaning no clear standardization of PET/ 

CT imaging acquisition. Moreover, written PET/CT reports 

were not routinely made in strict accordance with uniform 

response criteria. For the present study, no information in 

addition to the PET/CT reports was given to clinicians. This 

is in fact a difficult situation for the clinicians, who often 

use clinical information to guide their PET interpretation. 

Although daily practice varies from place to place, our data 

confirm that reports by nuclear medicine experts without 

access to clinical information or without a multidisciplinary 

approach result in a large fraction of indeterminate inter- 

pretation. This also emphasizes the need for a standardized 

approach in both clinical research and practice. 

When interpreting PET reports it is crucial that the PET 

report is unambiguous and does not permit the clinician to 

draw uncertain conclusions. At the same time, it is difficult 

for the nuclear medicine physicians to deliver strict conclu- 

sions when the PET scan is neither clearly positive nor nega- 

tive. Moreover, the timing of PET/CT acquisition is vital for 

the result of the PET/CT scans. This study contains a majority 

of patients (80%) treated under the accelerated R-CHOP regi- 

men with 14-day interval. This bi-weekly regimen limits the 

timeframe for performing PET/CT between treatment cycles. 

PET/CT scanning too soon after chemotherapy is believed 

to cause a higher risk of false positive PET/CT results, with 

abnormal FDG uptake due to inflammatory changes at 

tumor sites. Although not statistically significant, this might 

partly explain the large group of indeterminate interpreta- 

tion in this study for which outcome is similar to the negative 

group (data not shown). Looking at the distribution of inde- 

terminate reports for each specialized hematology center, we 

noticed a non-significant trend toward a higher frequency of 

indeterminate interpretations among the smaller centers, 

which also introduced PET in the clinical routine at a later 

time point (data not shown). However, both the present 

study and the study by Thomas et al. confirm that many PET 

reports are difficult to translate to a clear and unambiguous 

assessment in the clinical setting. 

The present study demonstrates that only a unanimously 

positive PET result predicts a poor outcome. Patients with 

indeterminate and negative I-PET had equal outcome, which 

was not explained by different consolidation therapy. This 

finding may reinforce the decision to continue treatment if 

the result of an I-PET report is ambiguous. According to our 

results, the distribution of CNS prophylaxis and radiation 

was equal between the patients with indeterminate, positive 

and negative reports (Table I). As of today this is an obvious 

choice, as we have no proof that positive I-PET immediately 

followed by an escalated treatment regimen has a better 

outcome than completion of current standard treatment 

followed by second-line therapy after a verified relapse. 

Interestingly, only one of 56 I-PET negative patients turned 

positive on their E-PET scan, which might suggest that E-PET 

is of limited relevance when I-PET is negative, and possibly 

can be omitted. 

Because FDG uptake and FDG reduction are continu- 

ous variables, it is difficult to report and interpret them as 

binary parameters. Consequently, the five-point scale was 

introduced in 2009 for use in interim PET scans [20]. The 

five-point scale that refers the residual uptake to the liver 

as the threshold for pathological FDG uptake was shown to 

slightly reduce false-positive interim PET interpretations, 

compared to International Harmonization Project (IHP) 

criteria [21], and was also shown to reduce inter-observer 

variability [22,23]. Today, the five-point scale is routinely 

used for evaluation of interim PET/CT scans at many centers, 

whereas the clinical value is still not entirely clear for patients 

with DLBCL. Application of this approach may provide a 

more objective method of reporting, and is likely to reduce 

the proportion of indeterminate interpretations as it reduces 

the risk of clinician-based conclusions. 

In summary, our data confirm that I-PET and E-PET 

based solely on interpretation by clinicians deliver prog- 

nostic value. However, a high frequency of indeterminate 

reports underlines the need to review PET/CT scans in a 

multidisciplinary setting, with participation of the respon- 

sible clinicians and imaging specialists, as well as other rel- 

evant specialties. PET/CT based treatment decisions should 

be made in this setting, and this is especially important if 

PET-directed risk-tailored DLBCL therapy is to be imple- 

mented in the future. Using more consistent and objective 

reporting criteria such as the Deauville five-point scale 

might increase inter-observer agreement and minimize the 

number of scans perceived as indeterminate. However, this 

needs to be proven in future studies. 
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           APPENDIX 1                                     SITE 8 

TYPE B 

 

 

 

 

 

 

 

 
PET-beskrivelse: ._ 
Der ses svagt øget aktivitetsoptagelse sv.t. et fokus beliggende 
posteriort i højre lunges overlap. Sv.t. milten ses fortsat øget 
aktivitetsoptagelse i randen og anteriort i øvre abdomen ses et fokus 
med kraftig øget aktivitetsoptagelse beliggende sv.t. tyndtarm som 
ikke er sikkert patologisk på CT-skanningen. Herudover ses ingen 
patologiske forandringer. 

 
CT-beskrivelse: 
CT-skanning af thorax, abdomen og bækken. 
Undersøgelsen udført efter i.v . kontrast Visipaque 270/ml. 
Sammenlignet med undersøgelse fra 19.09.07. 
Der er ikke patologisk forstørrede lymfeknuder i aksiller, mediastinum 
eller hili. Lungeparenkymet ses uændret, enkelte rundinfiltrater 
bilateralt, flere med forkalkninger. Nytilkommet er et lille diffust infiltrat 
i højre overlap, kan være et pneumonisk restinfiltrat. Intet 
pleuraexsudat. 
Subdiafragmalt er der normale forhold sv.t. lever, pancreas, binyrer og 
nyrer. Som tidligere ses forandringer sv.t. milten, det er beskrevet som 
infarkt sequelae . milten er aftagende i størrelse. Der er regression af 
ascitesvæsken og regression af de inflammatorlske forandringer 
relateret til tarm og tarmvægsfortykkelsen . Der resterer dog 
beliggende helt anteriort på venstre side et  stykke tyndtarm som lyser 
på PET og ser ud til at være ganske let vægfortykket. Der er ikke 
forstørrede lymfeknuder retroperitoneum eller langs iliacakarrene eller 
ingvinalregionerne. 
Set igennem på knoglevindue er der CT-mæssigt ingen holdepunkter 
for osteolytiske skleroserende metastaser. 

 
 

Konklusion: 
CT-skanning viser lille infiltrat i højre lunges overlap, formentlig 
restinfiltrat efter infektion som er svagt PET-positiv. Herudover ses 
infarktforandringer sv.t. milten som er regredieret i størrelse siden 
sidste skanning og som fortsat er moderat PET-positiv. Herudover ses 
et kraftigt PET-positiv fokus sv.t. en tyndtarm som fremstår lidt 
vægfortykket på CT-skanning, men ikke er sikkert patologisk - 
restinfektion? lymfom?
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APPENDIX 2 

 

 

Case report form (CRF) 
CR F  PET 

PET data 
 
 

Hospital: Roskilde  

 id: ......433....... 
 
 

PET data prognostisk analyse:     
 

 

Positiv=1  Negativ=2; Ikke sikkert  positiv men 
overvejende sandsynligt positiv=3; Ikke sikkert 
negativ men overvejende sandsynligt negativ=4 

Parameter Værdi Koder 
PET kategori for observatør  6 1  
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