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1. INTRODUCTION 

 

1.1. Diffuse large B-cell lymphoma  

1.1.1. Epidemiology  

Non-Hodgkin lymphoma (NHL) is the most common haematological malignancy with 

its global incidence comprising 2.8% of all malignant diseases (1, 2). In 2018, an 

estimated 509,600 new NHL cases were diagnosed in the world and its most common 

subtype, diffuse large B-cell lymphoma (DLBCL) accounted for 31% of all adult NHL 

cases in western countries (1-5).  

DLBCLs are defined as a heterogeneous group of malignancies with a clonal proliferation 

of a germinal or post-germinal malignant B-cell (large cells with nuclei at least twice the 

size of a small lymphocyte and usually larger than those of tissue macrophages) that can 

develop at either nodal or extra-nodal sites (6, 7).  Although DLBCLs manifest de novo 

more frequently, they may also arise from the progression or transformation of a less 

aggressive B-cell neoplasm, such as chronic lymphocytic leukaemia, lymphoplasmacytic 

lymphoma, marginal zone lymphoma or follicular lymphoma (6-8). 

The aetiology of the majority of DLBCLs remains unidentified, however, some agents 

producing molecular aberrations (e.g. pesticides, fertilisers, and medical drugs – 

especially alkylating agents combined with ionizing radiation) as well as congenital and 

acquired immunodeficiency states are known predisposing factors (6, 9, 10).  

 

1.1.2. Diagnosis and classification 

The establishment of a diagnosis of DLBCL necessitates the histological evaluation of 

tissue acquired through excisional biopsy or, if alternative surgical methods are not 

feasible, through core biopsy with the choice of biopsy location depending on the 

presentation of lymphoma (6, 11). Relying solely on a fine-needle aspirate for diagnosing 

DLBCL is not recommended (11). 
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As more knowledge accumulates of NHLs, classifications are regularly revised to fit 

histopathological and molecular evidences, as well as clinical correlations. The patient 

recruitment of the studies included in the candidate’s own research occurred before 2020 

and to reflect the collected data, the terminology of the Revised 4th Edition of the World 

Health Organization (WHO) Classification of Tumours of Haematopoietic and Lymphoid 

Tissues is used in this present thesis and for pragmatic and didactic reasons, "DLBCL" 

will refer to the entity "DLBCL not otherwise specified (NOS) " in the following (7).  

Different classifications of DLBCL exist, based on cell of origin, molecular features or 

genetic subtypes.  

Cell of origin (COO) differentiates germinal centre B cell-like (GCB) and activated B-

cell like (ABC) DLBCL with 10-15% of cases remaining unclassified (8, 12). The gene 

expression profile of GCB is characteristic of normal germinal centre B cells with 

intraclonal heterogeneity, ongoing somatic hypermutation, and CD10 and BCL6 

expression while ABC is associated with the gene expression of post-germinal or 

activated B cells and is characterised by high expression and constitutive activity of the 

nuclear factor kappa B (NF-κB) complex and expression of IRF4 and BCL2 (8, 12). 

Molecular features enabled to identify a subgroup of 8-10% of aggressive B-cell 

lymphoma patients who carry MYC and BCL2 and/or BCL6 rearrangements and have a 

worse prognosis after conventional frontline treatment – this subtype was classified as 

"high grade B-cell lymphoma, with MYC and BCL2 and/or BCL6 rearrangements" in the 

Revised 4th Edition of the WHO Classification of Tumours of Haematopoietic and 

Lymphoid Tissues (7, 8, 13, 14). 

Utilizing whole-exome sequencing, the groups led by Schmitz, Chapuy, and Wright 

identified four, five, and seven genetic subtypes of DLBCL, respectively, with different 

prognosis (15-17).  
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1.1.3. Staging and risk stratification 

After the diagnosis of DLBCL has been confirmed, pre-treatment evaluation and staging 

constitute the initial crucial phase. 

Current standard staging of DLBCL utilises the Lugano modification of the system that 

was proposed at the Ann Arbor Conference in 1971 that includes the number of sites of 

involvement with their relation to the diaphragm and the presence of extranodal disease, 

also taking into account the presence of B symptoms as presented in Table 1 (6, 11, 18-

20).  

Bulky disease is defined as any nodal or extranodal tumour mass with a diameter of ≥ 7 

cm (21, 22). 

2-[18F]fluoro-2-deoxy-D-glucose (FDG) positron emission tomography (PET) is a 

standard medical imaging procedure both for staging and response assessment in DLBCL 

and its widespread utility is detailed in later sections. For suspected central nervous 

system (CNS) lymphoma, magnetic resonance imaging (MRI) is the recommended 

imaging modality as the high physiological FDG uptake in the brain suppresses biological 

contrast between normal and malignant tissue on PET (11, 23). Furthermore, bone 

marrow biopsy, diagnostic lumbar puncture, and contrast-enhanced computed 

tomography (CT) may also frequently feature among staging procedures (11).   

Risk stratification of DLBCL is most commonly performed according to the International 

Prognostic Index (IPI; Table 2) or its modifications, such as age-adjusted IPI (aaIPI), 

revised IPI (R-IPI) or the National Comprehensive Cancer Network IPI (NCCN-IPI) (24-

29).  

 

1.1.4. Treatment 

The introduction of rituximab, a chimeric human/murine immunoglobulin G1 

monoclonal antibody that binds specifically to the B-cell-surface antigen, CD20 proved 

to yield significant increment to overall survival in DLBCL (30).  
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Table 1. Staging system of DLBCL (11, 18-20) 

Stage  

I Involvement of a single lymphatic region (I) or localised 

involvement of single extralymphatic organ or site (IE) 

II Involvement of two or more lymphatic regions on the same 

side of the diaphragm (II) or localised involvement of a 

single extralymphatic organ or site and of one or more 

lymphatic regions on the same side of the diaphragm (IIE) 

III Involvement of lymphatic regions on both sides of the 

diaphragm 

IV Diffuse or disseminated involvement of one or more 

extralymphatic organs with or without lymphatic 

involvement 

B symptoms Fevers >38 °C for at least three consecutive days 

Night sweats 

Body weight loss >10% during the 6 months prior to 

diagnosis) 

 

Currently, frontline therapy with curative intent for DLBCL is chemoimmunotherapy 

based on rituximab combined with cyclophosphamide, doxorubicin, vincristine, and 

prednisone (R-CHOP), most commonly in 21-day cycles. The exact therapeutic strategy 

depends on the individual patient’s age and risk stratification scores and slightly varies 

among the guideline of the European Society for Medical Oncology (ESMO) published 

in 2015 and the more recent German and NCCN recommendations (11, 22, 31). In 

general, for younger (<60 years) low-risk patients, a reduced number of cycles while for 

older (>80 years) and/or frail patients, lower intensity treatment (such as R-miniCHOP or 

R-bendamustin) is recommended (11, 22, 31). At patients with elevated risk, rituximab, 

cyclophosphamide, doxorubicin, and prednisone is suggested to be amended with 

vindesine and bleomycin (R-ACVBP) or vincristine and etoposide (R-CHOEP or R-
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EPOCH) or polatuzumab-vedotin (R-CHP-polatuzumab) (11, 22, 31). Involved site 

radiation therapy (ISRT) may be recommended in bulky disease (11, 22). The use of CNS 

prophylaxis is recommended in high-risk patients, in testicular lymphoma, in double- or 

triple-hit lymphoma, in leg type primary cutaneous lymphoma, in stage IE DLBCL of the 

breast, and in kidney or adrenal gland involvement, although the optimal therapeutic 

regime is debated (11, 22, 31).  

 

Table 2. International Prognostic Index in DLBCL (11, 24) 

International 

prognostic index (IPI) 

  Estimated 3-year overall 

survival (95% CI) 

Risk factors Age > 60 years   

 Serum LDH > upper 

limit of normal 

  

 Stage III–IV   

 ECOG PS 2–4   

 Extranodal sites >1   

Risk categories Low  0–1 91% (89–94%) 

 Low-intermediate  2 81% (73–86%) 

 High-intermediate 3 65% (58–73%) 

 High 4–5 59% (49–69%) 

LDH: lactate-dehydrogenase; ECOG PS: Eastern Cooperative Oncology Group Performance Score (32); 

CI: confidence interval 

 

Despite the improvements experienced with the introduction of rituximab, still about 20-

40% of patients cannot be cured with frontline R-CHOP (30, 33). The therapy of early  

(< 12 months) relapsed disease or DLBCL refractory to frontline treatment is mainly 

based on novel, anti-CD-19 chimeric antigen receptor (CAR) T-cells therapy (11, 22, 31, 
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34). High-dose salvage chemotherapy with autologous haematopoietic stem-cell 

transplantation (ASCT) is preferred in disease relapse after 12 months (22, 34). Recently, 

more novel, promising options have become available for patients with 

relapsed/refractory disease not candidates for CAR-T-cells therapy or ASCT, as well as 

in second- or further-line settings, such as bispecific antibodies (blinatumomab, 

glofitamab, epcoritamab), the immunomodulatory drug lenalidomide, the cereblon E3 

ligase modulator avadomide, novel monoclonal antibodies (loncastuximab tesirine), 

small-molecule inhibitors (ibrutinib, copanlisib, buparlisib, fostamatinib, venetoclax, 

temsirolimus, everolimus, bortezomib), as well as allogeneic haematopoietic stem cell 

transplantation (35-39). 

 

1.2. PET/CT  

1.2.1. Basics of PET imaging 

1.2.1.1. Physical principals 

The tracer-principle in nuclear medicine is based on the fact that substances labelled with 

a minimal (picomolar) amount of radioactive isotope (radiopharmaceuticals) do not 

pharmacologically affect metabolism but can be measured and visualised by appropriate 

means. PET is a medical imaging modality where substances labelled with positron 

emitting radioactive isotopes are traced and mapped. PET cameras are used to acquire 

three-dimensional (3D) data of the activity distribution in the human body, which is then 

plotted in different planes (usually transversal, coronal, and sagittal) or, by summing them 

up, even projection images.  

Although atoms occurring in organic compounds, such as carbon, oxygen, and nitrogen 

have positron-emitter isotopes, their short half-lives (11C: 20 min, 15O: 2 min, 13N: 10 

min) reduce their implementation in clinical practice to label molecules for diagnostic 

purposes (40). Fluoride-18, on the other hand, with its physical half-life of 110 minutes 

is a more optimal radionuclide and with the synthesis of FDG it enabled a breakthrough 

in the molecular imaging of glucose metabolism (40). FDG enters cells through glucose 

transporters on the surface and undergoes the first phosphorylation step by hexokinase 

but the subsequent metabolite, FDG-6-phosphate is not a substrate of glucose-6-
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phosphatase and it gets accumulated inside the cell (41). The signal of FDG-uptake is 

thus proportional to the rate of glucose metabolism.  

 

1.2.1.2. Attenuation correction 

In today’s clinical routine, PET imaging is sequentially preceded by CT imaging utilizing 

a hybrid, PET/CT camera. The additional CT scan allows for correct spatial definition of 

PET-metabolic lesions and has value in characterising structures on its own. Furthermore, 

this CT image set can be used as a density map, and it allows for tissue attenuation 

correction (Figure 1).   

 

1.2.1.3. Standardised Uptake Value 

Implementing attenuation correction to PET images enables the quantisation of activity 

distribution measured by PET. The final, attenuation-corrected PET image is a set of 

voxels, virtual volumes with pre-defined dimensions. A specific activity-concentration 

can be attributed to each of these voxels and with the introduction of the Standardised 

Uptake Value (SUV), these activity-concentrations can be normalised by known variables 

in patient body weight and injected activity of the radiopharmaceutical as follows:  

SUV =  
ActVOI (kBq) / VVOI(mL)

Actadministered (MBq) / BW (kg)
    (23, 40) 

(Act: activity; VOI: volume of interest; BW: body weight) 
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Figure 1. Utility of computed tomography (CT) in positron emission tomography (PET) 

diagnostics: localisation of small foci of uptake as lymph nodes (a-c) and tissue 

attenuation correction resulting in a more homogeneous tracer distribution in the liver, 

approximating the real distribution (d-e). PET/CT data are from the Semmelweis 

University, display is own work. 

 

The resulting SUV values indicate the number of times the concentration of the tracer in 

the volume of interest (VOI) exceeds the value that would be measured in a hypothetical, 

completely uniform distribution throughout the body mass (23). 

However, it is important to note that SUVs are exposed to several biologic (patient weight, 

blood glucose level, postinjection uptake time, respiratory motion) and technical (camera 

type, reconstruction parameters, calibration errors) factors that affect their values (42). 

This results in a challenge when comparing SUVs form PET scans acquired at different 

time points, and, especially, at different centres by different equipment. The impact of 

some of these affecting factors can be mitigated by a meticulous adherence to the imaging 

guidelines of the European Association of Nuclear Medicine (EANM) (23). 
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To harmonise the technological differences (mainly among various cameras and 

reconstructions), the EANM Research Ltd. (EARL) Harmonization Programme was 

introduced that utilises regular phantom measurements and consultancy based on central 

evaluation for each participating centre to reach a dedicated reconstruction method that 

produces SUVs mutually comparable among them (43). The EARL initiative recently 

proposed new standards to meet new demands set by point spread function (PSF) and 

time-of-flight (TOF) reconstructions (44).  

Similarly to other medical imaging modalities, PET scans are present in the Digital 

Imaging and Communications in Medicine (DICOM) format in the daily routine.  

 

1.2.1.4. Pitfalls in FDG-PET imaging 

As the majority of malignant tumours present with increased glucose metabolism, FDG 

diagnostics can be utilised in their clinical management (23).  

However, increased FDG accumulation is not exclusively tumour-specific as elevated 

glycolysis occurs in a number of physiological and pathological processes (45). 

Consequently, in oncoheamatological use, FDG-PET/CT presents several normal variants 

and pitfalls where FDG-uptakes can be confused with malignant tissue, most importantly 

inflammatory processes as FDG accumulates in macrophages and other activated 

inflammatory cells, potentially leading to false-positive findings and decreased specificity 

(23, 40, 45, 46). Granulomatous diseases, mainly sarcoidosis and tuberculosis, can 

present similarly equivocal FDG-uptakes (47, 48).  

Among further common factors reducing specificity, the following processes can present 

pitfalls: brown adipose tissue, skeletal muscle and mucosal activity, metformin-related 

colorectal uptake, peristaltic movements, physiological cycle-associated uptake in the 

endometrium and ovaries, diffuse reactive activity in the bone marrow or haematopoietic 

red bone marrow islands (23, 40, 45) 
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1.2.1.5. Novel reconstruction methods and impact on SUV 

The conventional reconstruction method of raw PET data utilises ordered subsets 

expectation maximisation (OSEM) algorithms where, in general, the resolution recovery 

(RR; the difference between measured and true activity concentration in a VOI) is 

facilitated by the number of iterations, albeit at the cost of increasing noise levels which 

results in a compromise to reach optimal image quality in general practice (49). A novel 

reconstruction algorithm named Q.Clear was introduced to tackle this challenge by 

utilising a Bayesian penalised likelihood (BPL) method to reduce noise levels after each 

iteration cycle and to allow full image convergence (RR reaching 100%) (50). Q.Clear 

enabled better detection of small lesions and increase in lesion SUVmax values (51, 52). 

However, smaller (especially subcentimetric) lesions tend to be more affected than larger 

ones by the proportional increase of maximum SUV (SUVmax) values (52). 

 

 

1.2.2. FDG-PET imaging in lymphomas 

1.2.2.1. Applicability and utility of FDG-PET in lymphomas 

Lymphomas differ in their glucose metabolic activity. Studies have shown that indolent 

lymphomas show lower FDG uptake than aggressive NHLs and Hodgkin’s lymphoma 

(HL) (53, 54). For example, DLBCL and high-grade follicular lymphoma have on average 

three times higher SUV than low-grade follicular, lymphocytic-plasmocytic, marginal 

zone or small cell lymphoma, which are indolent lymphomas (55). The variable degree 

of FDG avidity can be explained mainly by different levels of proliferative activity, 

underlined by an analysis of PET/CT staging of 149 NHL patients where significant 

correlation was found between maximum SUV (SUVmax) and Ki-67 proliferation index 

(56). 

A summary showed that 97-100% of both HLs and DLBCLs show FDG-avidity and as 

such, have negligible sensitivity limits in lesions above the spatial resolution of PET 

cameras, whereas, on the other end of the scale, only 40-60% of primary cutaneous T-cell 

lymphomas show considerable FDG-uptake (and neither of the investigated two 

cutaneous B-cell lymphomas were FDG-avid in the study) (54, 57). 
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1.2.2.2. Staging 

Vast evidence has accumulated supporting the diagnostic superiority of PET – and 

especially PET/CT – in the staging of HLs and aggressive NHLs compared to 

conventional CT as more nodal and extranodal sites are confirmed by metabolic imaging, 

and as not only sensitivity but specificity is higher with PET/CT, correct evaluation of 

false-positive lesions on CT can also lead to downstaging (54, 58-60). 

 

1.2.2.3. Treatment response assessment 

PET imaging is able to distinguish between lymphoma and necrosis or fibrosis in residual 

masses and many studies showed that PET at the end of treatment is highly predictive of 

progression-free survival (PFS) and overall survival (OS) in aggressive lymphomas with 

or without residual masses detected with CT scan (61-63).  

Currently, treatment response assessment is encouraged to be performed visually on PET 

scans using a 5-point-scale called Deauville-score (DS) which relates the most intense 

residual lymphomatous activity to references as the healthy liver parenchyma and the 

mediastinal blood-pool (Table 3 and Figure 2) (20, 54, 64). The standardised response 

evaluation set in the Lugano criteria considers residual metabolic disease at the end of 

treatment (EoT) with a DS of 4 or 5 as treatment failure, whereas scores 1-3 are attributed 

to complete metabolic response (CMR) as detailed in Table 4 (20, 54). Apart from the 

EoT setting, early response assessment or interim PET scans have been widely 

investigated and the utility of the DS is highlighted in the option to preset CMR as 1-2 or 

1-3 depending on the aim of the study – for example, in trials that investigate therapy de-

escalation based on PET-response, it may be more prudent to take a careful approach and 

consider DS3 as inadequate response to prevent undertreatment (20). On the other hand, 

in certain guidelines, DS4 at I-PET is considered as partial metabolic response and does 

not necessarily indicate treatment failure (34). 

In general, current recommendations consider PET/CT as the first-choice imaging 

modality in HL and aggressive NHLs for staging and also for treatment response 

evaluation (20, 54). PET scans are not recommended in routine follow-up, mostly because 
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of the high rate of false-positive cases which is not clinically compensated for by its 

increased sensitivity (6).  

More specific data on PET/CT in DLBCL are presented in the following sections.  

 

Table 3. Deauville-score (DS), the most intense uptake in a site of initial disease (20, 54) 

DS 1 No uptake 

DS 2 Uptake ≤ mediastinum 

DS 3 Uptake < mediastinum but ≤ liver 

DS 4 Uptake moderately higher than liver 

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

DS X New areas of uptake unlikely to be related to lymphoma 
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Figure 2. Demonstrative images of residual lymphoma lesion (arrows) uptake according 

to the Deauville-5-point-scale. Upper row: coronal FDG-PET images; Middle row: axial 

fused FDG-PET and CT images; Lower row: axial CT images. PET/CT data from the 

Semmelweis University, display is own work. 
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Table 4. Lugano criteria for the response assessment of HL and aggressive NHLs (20) 

 Complete 

metabolic 

response 

Partial metabolic 

response 

No metabolic 

response 

Progressive metabolic 

disease 

Lymph nodes and 

extralymphatic 

sites 

DS 1, 2, or 3 

with or 

without a 

residual mass1 

DS 4 or 5 with 

reduced uptake 

compared with 

baseline 

and residual 

mass(es) of any 

size 

DS 4 or 5 with 

no significant 

change in FDG 

uptake from 

baseline 

DS 4 or 5 with an 

increase in intensity of 

uptake from 

baseline and/or  

new FDG-avid foci 

consistent with 

lymphoma at interim or 

end-of-treatment 

assessment 

New lesions None None None New FDG-avid foci 

consistent with 

lymphoma rather than 

another aetiology (e.g. 

infection, 

inflammation)3  

Bone marrow No evidence 

of FDG-avid 

disease in 

marrow 

Residual uptake 

higher than 

uptake in normal 

marrow but 

reduced compared 

with baseline2 

No change from 

baseline 

New or recurrent FDG-

avid foci 

DS: Deauville-score 

1 It is recognised that in Waldeyer’s ring or extranodal sites with high physiologic uptake or with activation 

within spleen or marrow (e.g. with chemotherapy or myeloid colony-stimulating factors), uptake may be 

greater than normal mediastinum and/or liver. In this circumstance, complete metabolic response may be 

inferred if uptake at sites of initial involvement is no greater than surrounding normal tissue even if the 

tissue has high physiologic uptake. 

2 Diffuse uptake compatible with reactive changes from chemotherapy is allowed. If there are persistent 

focal changes in the marrow in the context of a nodal response, consideration should be given to further 

evaluation with magnetic resonance imaging (MRI) or biopsy or an interval scan. 

3 If uncertain regarding aetiology of new lesions, biopsy or interval scan may be considered. 

 



22 
 

1.3. PET in DLBCL 

 

1.3.1. Baseline staging and prognostic PET biomarkers 

1.3.1.1. Staging 

Guidelines and recommendations are unanimous in prescribing PET/CT imaging for 

DLBCL staging (11, 20, 22, 31, 54). A prospective study investigating DLBCL patients 

found that PET/CT had a higher sensitivity than conventional CT and upward stage 

migration occurred in 15% of the cohort (58, 65). 

An important aspect where PET/CT plays an additional role is bone marrow involvement. 

As has been shown in previous studies, PET/CT is more sensitive than bone marrow 

biopsy in DLBCL for the evaluation of bone marrow manifestation, although in 10-20% 

of the cases might miss low-volume diffuse involvement (20, 66-69). Therefore, in 

accordance with established guidelines and recommendations, a bone marrow biopsy is 

no longer mandatory when a PET/CT scan indicates advanced-stage disease through bone 

or marrow involvement. However, it remains a viable option with a negative PET result 

if its clinical relevance could potentially alter prognosis and treatment (11, 20, 22, 31, 

58). 

Apart from its inherent prognostic value through enabling accurate staging, baseline PET 

can provide more biomarkers that carry prognostic information. 

 

1.3.1.2. SUVmax 

SUVmax measured in the lymphomatous tissue(s) is a continuous semiquantitative value 

that is easily extractible from PET scans. Despite its wide availability, the prognostic 

value of baseline SUVmax is unclear in DLBCL. A recent systematic review found that 

only five out of the investigated twenty studies showed SUVmax having a significant 

impact on PFS and, interestingly, even these findings were inconclusive as two studies 

favoured higher SUVmax for longer PFS while three the lower values (70-75). The poor 

predictive significance of SUVmax may in part be attributed to its insufficient 
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representation of tumour load and its exclusive focus on the metabolic activity of the most 

aggressive cancer cells rather than the total tumour activity (71). 

 

1.3.1.3. Metabolic Tumour Volume 

Volumetric analysis of PET images enables to define VOIs encompassing lymphomatous 

tissue and the sum of these volumes yields the value referred to as metabolic tumour 

volume (MTV) or total metabolic tumour volume (TMTV) – within this thesis, the 

terminology of metabolic tumour volume is used. The delineation of the lesions can occur 

manually which is often user-dependent or to enhance reproducibility, with simple 

threshold-based methods or advanced lesion-growing algorithms (70, 76-80). 

Furthermore, in recent years fully automated MTV-segmentation methods have also been 

introduced (81, 82). So far, mainly threshold-based algorithms have been used in clinical 

studies and their diverse palette is presented in Table 5.  

The prognostic value of MTV is more established. A systematic review that collated 19 

studies found that 17 of them confirmed the impact of MTV on PFS (70). Moreover, a 

meta-analysis including 2729 lymphoma (mainly DLBCL) patients from 21 different 

studies showed that patients with a high baseline MTV had worse prognosis (83). 

However, challenges hindered the implementation of MTV as a prognostic marker in 

routine practice. Firstly, the majority of published studies investigating baseline MTV 

were retrospective, heterogenous in methodology, and underpowered (70). Secondly, 

there is no consensus regarding which segmentation method should be utilised – and often 

the existing ones are vendor-dependent – which hinders the standardisation of MTV-

based risk assessment through a definition of a robust cut-off point.  

Most recently, an analysis of 1241 DLBCL patients from five previously published 

research studies found that a linear spline model was the best way to express the 

relationship between MTV (segmented uniformly as SUV≥4.0) and 3-year PFS, and 

furthermore, a new prediction model termed the International Metabolic Prognostic Index 

(IMPI) combining MTV, age, and stage was introduced that predicts relapse and survival 

better than the conventional IPI model (84). 
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To create a value encompassing SUV-based metabolic and MTV-based morphologic 

information, total lesion glycolysis (TLG) was introduced as the sum of the product of 

each lesion’s metabolic volume and mean SUV (SUVmean). Although several studies 

support the prognostic value of TLG, its superiority to MTV has not been proven, despite 

the more complex information it contains (70, 83, 85, 86). 

 

Table 5. Different threshold-based MTV-segmentation algorithms 

Lower threshold Isocontour Other 

SUV≥2.5 or ≥4.0 40-41-42% of 

SUVmax 

Majority vote2  

 

Advanced 

(gradient-based) 

lesion growing 

≥1.0x or 1.5x SUVmean(liver) + 2x or 3x 

SD(liver) 

50% of SUVpeak 
1 

≥1.25x or ≥1.4x SUVmax(liver) 

≥SUVmean(mediastinal blood pool) 

SUV: Standardised Uptake Value; SD: standard deviation 

1 SUVpeak calculated as the mean SUV of a 12-mm-diameter sphere with highest local intensity; this 

algorithm also used background correction 

2 consensus methods of previous algorithms 

 

 

1.3.2. Interim PET/CT in DLBCL 

1.3.2.1. The concept of interim PET 

PET/CT in EoT settings has proved its robust ability to accurately evaluate treatment 

response and thus characterise future patient prognosis in DLBCL (61, 87-89). On this 

ground, EoT restaging PET/CT is incorporated in current DLBCL guidelines based on the 

Lugano recommendations utilising DS1-3 as adequate and DS4-5 as inadequate treatment 

response (11, 20, 22, 31, 54).  

The results of EoT response assessment studies propelled research to investigate the 

crucial issue of utilising PET-based response assessment in an earlier setting – termed 
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interim PET (I-PET) – and guide further therapeutic methods to enable treatment change 

and escalation in non-responders and to avoid unnecessary toxicity through de-escalation 

in responders (61, 87-89). 

 

1.3.2.2. Deauville-score 

The most evidence have accumulated for the visual assessment with DS of interim PET 

scans for prediction of treatment response and prognosis of survival, pointing towards its 

superior performances compared to baseline IPI (54, 90-94). While the ESMO DLBCL 

guideline published in 2015 considered "mid-treatment imaging after three to four cycles 

"a possibility", it also pointed out that "changing treatment solely on the basis of interim 

PET/CT was discouraged", unless there is clear evidence of progression (11). 

Notwithstanding, the NCCN guideline published in December 2024 recommends 

performing interim PET/CT in every case after two, three or four cycles of therapy where 

DS1-3 is classified as complete response (CR) and further management is dependent on 

whether the patient had achieved CR (34). 

However, despite being robust and easy to implement in clinical routine, the accuracy of 

DS faces challenges.  

In general, there is little consensus and up until 2021, no comprehensive publication was 

published about the optimal timing of interim PET – this latter analysis reported that 

interim PET predicted good response equally after two (I-PET2) and four cycles (I-PET4) 

of R-CHOP and recommended I-PET2 for de-escalation trials (this study also suggested 

I-PET4 for randomised trials investigating new therapeutics with ΔSUVmax-based 

evaluation, a method detailed in a later section) (95). Regarding exact timing between 

treatment cycles, it is suggested for interim PET to wait at least 10 days after 

chemotherapy to prevent the "stunning" effect of therapy on tumour cells and 13-14 days 

following the last treatment cycle to avoid nonspecific FDG uptake caused by 

inflammation resulting from chemotherapy and rituximab (96-98). 

A marked limitation is that DS is an ordinal and not a continuous scale and though its 

experience-backed but arbitrary cut-off between DS3 and DS4 has good to excellent 

negative predictive value (NPV) generally exceeding 80%, its positive predictive value 
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(PPV) is markedly lower at 20-74% in estimating progression- or event-free survival, 

arising mainly from the fact that several patients with an interim DS of 4 never experience 

relapse (91, 92, 99-106).  

This observation has been exacerbated by the recent introduction of novel PET-

reconstruction algorithms that tend to yield a higher SUV and thus a more intense visual 

appearance in DS evaluation than images acquired with conventional algorithms that 

were used for the validation of DS-based stratification, leading to an increased number of 

misclassified DS4 patients (107-109). 

 

1.3.2.3. ΔSUVmax  

Given the limitations of the DS method, continuous-scaled prognostic values have been 

investigated, most prominently the ΔSUVmax method. 

ΔSUVmax is the proportional change in maximum standardised uptake value of the most 

intense residual lesion between interim and baseline PET as in the following formula:  

𝛥𝑆𝑈𝑉𝑚𝑎𝑥 =  
𝑆𝑈𝑉𝑚𝑎𝑥(𝑖𝑛𝑡𝑒𝑟𝑖𝑚) −  𝑆𝑈𝑉𝑚𝑎𝑥(𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)

𝑆𝑈𝑉𝑚𝑎𝑥(𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)
 

SUVmax: maximum standardised uptake value 

 

Its most commonly used cut-off value is 66% decrease in SUVmax at I-PET2 or I-PET3 

while the 70% value is frequently used at I-PET4 (102, 106, 110-112). It has also been 

shown that ΔSUVmax evaluation outperforms the DS method in predicting treatment 

response in DLBCL patients, especially at I-PET4 (95, 112-114). 

 

1.3.2.4. Novel continuous interim parameters 

Researched with less intensity than ΔSUVmax, "Deauville-like" continuous parameters 

have also been introduced in quantitative PET (qPET) and ratio PET (rPET); their formula 

is as follows:  
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𝑞𝑃𝐸𝑇 =  
𝑆𝑈𝑉𝑝𝑒𝑎𝑘(𝑙𝑒𝑠𝑖𝑜𝑛)

𝑆𝑈𝑉𝑚𝑒𝑎𝑛(𝑙𝑖𝑣𝑒𝑟)
 𝑟𝑃𝐸𝑇 =  

𝑆𝑈𝑉𝑚𝑎𝑥(𝑙𝑒𝑠𝑖𝑜𝑛)

𝑆𝑈𝑉𝑚𝑎𝑥(𝑙𝑖𝑣𝑒𝑟)
 

SUVpeak(lesion): average over the maximum SUV voxel and the three hottest adjacent ones 

SUVmean(liver): average uptake in a 30 mL cuboid VOI (length:width:height = 2:2:1) positioned in the right 

liver lobe 

 

First used in the prospective EuroNet-PHL-C1 trial (EudraCT 2006-000995-33), qPET 

gained recognition in paediatric HL which study found that classification by qPET≥2.0 

or DS5 had better predictive value than that with qPET≥1.3 or DS4-5 (115-117). The 

suitability of qPET was later validated in adult HL and DLBCL (118, 119).  

The parameter rPET has only been investigated in smaller, retrospective studies in HL 

and DLBCL, with their main findings detailed in Table 6 (100, 120, 121). 

 

Table 6. Studies utilizing rPET in prognostic evaluation of DLBCL 

First 

author, 

year 

(reference 

number) 

Number 

of 

patients 

included 

Lymphoma 

type 

Interim 

PET 

Endpoint Optimal cut-off 

point 

Annunziata, 

2016 (120) 

68 HL After 2 

cycles 

2-year PFS 1.14 

Fan, 2017 

(100) 

119 DLBCL After 2 

cycles 

2-year PFS 

and OS 

1.6 for PFS 

1.7 for OS 

Toledano, 

2019 (121) 

181 DLBCL After 4 

cycles 

5-year PFS 

and OS 

1.4 for both PFS and 

OS 

rPET: ratio-PET; HL: Hodgkin’s lymphoma; DLBCL: diffuse large B-cell lymphoma; PFS: progression-

free survival; OS: overall survival 
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1.3.2.5. Challenges of SUV-based methods 

Despite the fact that SUV is readily available from routine PET scans, the 

implementability of response assessment methods based on this semiquantitative value 

face some problems. 

The comparison of SUVs of PET scans from different centres (e.g. at multicentre trials) 

is compromised due to variations in image acquisition settings, such as the scanner and 

the reconstruction algorithm utilised (including scatter and attenuation correction) (122). 

By normalising the SUV of the tumour to a reference region – most commonly the liver 

– in the same PET scan, this issue is significantly mitigated because, in most cases, both 

regions are affected by the technological differences and will, to some extent, counteract 

each other (122).  

Hence, it is advisable to employ tumour-to-reference organ SUV ratios instead of straight 

SUV values when comparing outcomes obtained from various scanners (122). 

Furthermore, the phenomenon of partial volume effect might lead to a significant 

underestimation of the actual activity concentration within a lesion, especially as post-

treatment lymphoma residuals are frequently small (122-124). The reconstruction 

algorithm can have a significant impact on this. Similarly to BPL methods, the utilisation 

of PSF and TOF reconstruction enhances the detectability and raises the SUVs of tiny 

lesions, while leaving the SUVs of reference organs such as the liver unaltered (122, 125). 

Regarding the evaluation, this effect has the potential to undermine both the visual DS 

and the semiquantitative tumour-to-reference organ SUV ratios (122, 125-127). 

Biological factors also have an impact on the comparability of SUVs, most importantly 

uptake time in which case tumour uptake keeps increasing for more than ninety minutes 

after injection whereas activity concentration in liver and mediastinal reference regions 

plateau (122). 

In conclusion, rigorous attention should be paid for the major influencing factors of SUVs 

in order to design novel response evaluation criteria that reach the required robustness 

and reliability for widespread clinical implementation.  
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1.4. Radiomics 

 

1.4.1. Background 

Radiomics or texture analysis aims to extract quantitative, and ideally reproducible, 

information from diagnostic images, including complex patterns that are difficult to 

recognise or quantify by the human eye (128-130).  

The first implementation of textural analysis in medical imaging dates back to 1972 when 

Sutton et al. investigated the automated classification of X-ray images in pulmonary 

diseases (131). It was first the spread of digital images then the exponential improvements 

in computational capacity that led to the prominent acceleration in medical imaging 

radiomics research (132). 

Radiomics can be utilised to capture the characteristics of tissues and lesions, including 

their form and heterogeneity and the oncologic relevance of the latter is further underlined 

by molecular genetic research showing that the level of tumour heterogeneity is a 

prognostic factor and poses a challenge to cancer management (104, 128, 133).   

 

1.4.2. Steps to perform radiomics analyses  

1.4.2.1. Segmentation 

There is a lack of agreement on the appropriate method for segmenting the structure of 

interest prior to conducting radiomic analysis (128, 134). Numerous studies have shown 

that radiomic features are highly influenced by the segmentation method employed. In 

order to ensure reproducibility, it is more advisable to utilise an automated or semi-

automated approach than human segmentation and to minimise the variability in radiomic 

feature values caused by differences in the definition of VOIs, it is recommended to 

employ a consistent approach for all patients within the cohort (128, 134). 
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1.4.2.2. Spatial resampling and intensity discretisation 

Spatial resampling is used to achieve isotropic voxels (cubes with the same length of 

edges) of the same size and intensity discretization is a necessary process for calculating 

certain radiomic properties that involves grouping close grey levels together to minimise 

the influence of noise (128, 134). 

 

1.4.2.3. Feature extraction 

The radiomic features are calculated in the segmented region after spatial resampling and 

intensity discretization, except for "native" features that do not require any binning for 

calculation (e.g. SUVmax, SUVmean, SUVpeak, MTV, and TLG) and the objective is to 

precisely measure the quantitative properties of the distribution of voxel values, the form 

of the VOI, and the spatial correlation between voxel values within the VOI (128, 134, 

135). Types of these features are detailed in later sections.  

 

1.4.2.4. Feature harmonisation, selection, and reduction 

Harmonisation is a mathematical technique used to eliminate the batch effect, which 

refers to the centre-dependent effects caused by differences in acquisition parameters, on 

radiomic characteristics. This technique is applied after image capture, reconstruction, 

and analysis, directly to numeric radiomic feature values, rather than to pictures. After the 

completion of radiomic image analysis, it is necessary to identify the pertinent aspects 

that will be utilised in the statistical model to address the clinical issue, such as 

distinguishing between benign and malignant lesions. While it is theoretically possible to 

employ the hundreds of radiomic feature candidates retrieved as input for the prediction 

model, doing so would result in an exponential increase in the number of required model 

parameters. Hence, a substantial quantity of potential features must be eliminated or 

modified through a procedure termed as dimensionality reduction (128, 134, 135). 
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1.4.2.5. Model building 

Once the radiomic traits have been chosen, they are employed to predict target variables, 

such as the presence or absence of a disease or tumour type, or response to therapy or 

overall/progression-free survival. 

Machine learning models acquire knowledge about the correlation between inputs with 

multiple dimensions, specifically radiomic characteristics, and target variables by 

analysing a set of training samples. An important ability is the use of sets of predictors or 

features, known as multivariate patterns, rather than relying on univariate or mass-

univariate regression.  

Utilising cross-validation systems, where training and test sets are systematically rotated 

within the available data, might mitigate the constraints imposed by small dataset sizes. 

However, it is crucial to exercise caution while employing such schemes. 

Aside from the above, conventional "handcrafted" methodology, "deep-radiomics" 

utilizing convolutional neural networks (CNNs) have also been implemented where the 

radiomic features are acquired by the CNN itself based on the input images and the task 

at hand (128, 134). 

 

1.4.3. Types of radiomic features 

Texture features are categorised into first-, second-, and higher orders by the number of 

voxels involved in their texture matrix design (128, 134, 135). 

First-order textural features describe global characters of a tumour on PET images and 

are calculated from the intensity frequency histogram which represents the frequency 

distribution of one-voxel intensity in a segmented lesion (134, 135). First-order metrics 

include conventional PET parameters such as SUV (max, mean, peak), MTV and TLG, 

as well as more complex variables in the skewness and kurtosis representing the shape of 

the histogram, and the first-order energy and entropy (128, 134, 135). 

The second-order parameters can be obtained from the analysis of the grey-level 

cooccurrence matrix (GLCM) which defines space by voxel pairs and examines the 

frequency with which the pairs take up the different grey level values (128, 135, 136). 
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When examining voxel pairs, their orientation is non-negligible, thus when characterising 

a volume, each direction of the space needs to be mapped by a cooccurrence matrix (135, 

136). The radiomic parameters that can be extracted from the GLCM are second-order 

entropy and energy, heterogeneity, homogeneity, contrast (intensity differences of voxel 

pairs), and dissimilarity (128, 135). 

Higher-order textural features are calculated from different types of texture matrices 

computed based on interrelationships of three or more voxels (135, 137). Neighbourhood 

grey-tone difference matrices (NGTDMs) compute for differences between each voxel 

and neighbouring voxels within a certain distance (features include coarseness, contrast, 

and busyness that represent local texture within a segmented lesion), Grey-level run-

length matrices (GLRLMs) measure for runs of voxels with same grey-level along a given 

direction while Grey-level size zone matrices (GLSZMs) consider the size of continued 

voxels with same grey-level (135, 138, 139). 

 

 

1.4.4. Radiomics of PET scans in DLBCL 

To date, peer-reviewed publications involving radiomic analysis of PET scans in DLBCL 

patients have been relatively scarce, mainly retrospective and single-centre, also 

heterogeneous in endpoint and methodology (140). Table 7 encompasses the main 

attributes of recent publications (74, 141-154). 
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Table 7. Summary of publications of radiomics in DLBCL 

First 

author, 

year  

Number 

of 

patients 

included 

Lymphoma 

type 

Segmentation 

method 

Endpoint Statis-

tical 

method 

Discriminating 

radiomic 

parameters 

Parvez, 

2018 (141) 

82 NHL, 

mainly 

DLBCL 

(93.9%) 

SUV≥3.0 

 

DFS, OS Cox 

regres-

sion 

DFS: LZE, LZLGE, 

GLNU 

OS: MTV, TLG, kurtosis 

Aide, 2018 

(142) 

82 DLBCL Skeletal, 

manually 

PFS, OS Cox 

regres-

sion 

PFS: skewness, kurtosis 

OS: skewness, kurtosis, 

entropy, energy, SZHGE 

Zhou, 

2019 (143) 

35 PG-DLBCL 40% SUVmax PFS, OS Cox 

regres-

sion 

PFS: MTV, coarseness, 

GLRLM, RLNU 

OS: MTV, coarseness, 

GLRLM, kurtosis 

Aide, 2020 

(144) 

132 DLBCL SUV≥2.2 

(SUV>liver 

for MTV) 

EFS Cox 

regres-

sion 

MTV, LZHGE 

Sun, 2020 

(145) 

30 PGIL-

DLBCL 

41% SUVmax Interim 

response** 

Logistic 

regres-

sion 

SUVmax, volume, 

entropy, energy 

Lue, 2020 

(146) 

83 DLBCL SUV≥2.5 PFS, OS LASSO PFS, OS: RLNU 

Cottereau, 

2020 (147) 

95 DLBCL 41% SUVmax PFS, OS Cox 

regres-

sion 

PFS, OS: MTV,  

Dmaxpatient 

Coskun, 

2021 (148) 

45 DLBCL 40% SUVmax Response 

to treat-

ment** 

Logistic 

regres-

sion 

SUVmax, GLCM 

dissimilarity 

Ceriani, 

2022 (74) 

107 DLBCL SUV≥4.0 PFS, CSS, 

OS 

LASSO RS index 

Ritter, 

2022 (149) 

85 DLBCL SUV>liver EFS Mixed 

ensem-

ble 

learning 

MTV, TLG, Dmaxlesion, 

busyness, coarseness 
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Table 7. Summary of publications of radiomics in DLBCL (continued) 

First 

author, 

year  

Number 

of 

patients 

included 

Lymphoma 

type 

Segmentation 

method 

Endpoint Statis-

tical 

method 

Discriminating 

radiomic 

parameters 

Eertink, 

2022 (150) 

317 DLBCL SUV≥4.0 TTP Logistic 

regres-

sion 

MTV, SUVpeak, 

Dmaxpatient 

Cui, 2023 

(151) 

271 DLBCL SUV≥4.0 TTP Cox 

regres-

sion 

Cluster prominence, 

IMC1, LAHGLE 

Dmaxlesion 

Jing, 2023 

(152) 

201 DLBCL SUV≥4.0 PFS, OS LASSO PFS: Dmaxlesion, 

LRLGLE, SZNUN 

OS: 10 parameters 

Li, 2023 

(153) 

129 DLBCL 41% SUVmax PFS Cox 

regres-

sion 

Rad-score (including 

elongation and 

coarseness) 

Eertink, 

2023 (154) 

1195 DLBCL SUV≥4.0 TTP, PFS Logistic 

regres-

sion 

MTV, SUVpeak, 

Dmaxpatient 

*(both SUV≥3.0 and SUV≥6.0 for MTV) **(DS1-3)  

NHL: non-Hodgkin lymphoma; DLBCL: diffuse large B-cell lymphoma; PG: primary gastric; PGIL: 

primary gastrointestinal; SUV: standardised uptake value; MTV: metabolic tumour volume; DFS: disease-

free survival; OS: overall survival, PFS: progression-free survival; EFS: event-free survival; CSS: cause-

specific survival; TTP: time to progression; LASSO: least absolute shrinkage and selection operator; LZE: 

long-zone emphasis; LZLGE: long-zone low grey-level emphasis; GLNU: grey-level nonuniformity; TLG: 

total lesion glycolysis; SHZGE: short-zone high grey-level emphasis; GLRLM: grey-level run-length 

matrix; RLNU: run length non-uniformity; LZHGE: long-zone high grey-level emphasis; Dmaxpatient: the 

maximal distance between the largest lesion and any other lesion; GLCM: grey-level cooccurrence matrix; 

RS: radiomics score; Dmaxlesion: maximum lesion diameter; IMC1: informational measure of correlation; 

LAHGLE: large area high grey-level emphasis; DS: Deauville-score 
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2. OBJECTIVES 

 

Although PET/CT is an important imaging method in the management of DLBCL patients 

and has substantial potential in prognostic estimations, all the different PET-based 

biomarkers have their limitations which on occasions hinder their widespread utilisation 

in clinical practice. A main hindrance is the relatively low PPV of several biomarkers 

which limits their use in PET-based treatment escalation.  

In general, my research aimed to explore the options of current PET biomarkers in 

DLBCL prognostic evaluation with a particular focus on novel additions to existing 

methods that could be easily implemented in routine practice and have the potential of 

enhancing current prognostic efficacy.  

With the above conception, first, a reanalysis of a multicentre trial is presented that 

investigated baseline and interim PET biomarkers in DLBCL prognosis evaluation. As 

several different methods exist and, at the time of the research, no consensus was present 

regarding the optimal MTV segmentation, a specific emphasis was put on evaluating data 

acquired by three different methods. Also, as an incentive of standardisation, volumetric 

values were normalised to body weight. Furthermore, as a potential upgrade to the 

ordinal-scale DS, continuous-scale semiquantitative parameters were investigated on 

interim PET. 

Secondly, data of a cohort from a single centre was used to investigate possible PET 

biomarkers to improve the prognostic ability of baseline MTV. With that aim, a novel 

value, MTVrate was introduced as the quotient of the largest lesion’s volume and total 

body MTV and radiomics were also incorporated in the analysis.  
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2.1. Prognostic parameters on baseline and interim FDG-PET/CT in DLBCL 

patients 

1. How is the prognostic accuracy of baseline volumetric PET parameters influenced 

by different segmentation methods and is there an additive value in standardising 

them to body weight? 

2. What is the prognostic efficacy of different baseline and interim PET parameters 

in a prospective, multicentre study?  

 

2.2. Volumetric and textural analysis of PET/CT in patients with DLBCL, 

introducing the importance of novel MTVrate feature 

3. What is the prognostic value of baseline clinical, volumetric, and radiomics-based 

textural parameters individually and in a combined analysis with a machine 

learning algorithm in a retrospective, single-centre study?  

4. Is there an additive value of the newly introduced MTVrate parameter? 
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3. METHODS 

 

3.1. Prognostic parameters on baseline and interim FDG-PET/CT in DLBCL 

patients 

3.1.1. Patient cohort 

Data and images of a multicentre clinical trial initiated and sponsored by the International 

Atomic Energy Agency (IAEA) were re-evaluated in the current analysis. In the original 

IAEA study, titled "Application of FDG-PET and Molecular Gene Profiling for Risk 

Stratification of Diffuse Large B-cell Non-Hodgkin’s Lymphoma in Different Ethnic 

Populations", DLBCL NOS patients were recruited in 10 centres across the world (São 

Paulo, Brazil; Santiago, Chile; Budapest and Debrecen, Hungary; Mumbai, India; 

Bologna, Italy; Seoul, South Korea; Manila, Republic of the Philippines; Bangkok, 

Thailand; and Ankara, Türkiye) (104). In order to reach a more homogeneous cohort, 

several exclusion criteria were applied to the original trial, detailed in Table 8.  

 

Table 8. Exclusion criteria from the IAEA trial 

Patient age < 16 years 

Primary central nervous system or bone lymphoma 

Cancer within the preceding 5 years 

Steroid therapy before the staging scan 

No FDG–avid disease on baseline PET 

Treatment other than R-CHOP 

Studies performed on a stand-alone PET scanner 

Studies performed on different PET/CT scanners in baseline and interim setting 

Missing or compromised imaging data 

Event-free follow-up lasting less than 24 months 

FDG: 2-[18F]fluoro-2-deoxy-D-glucose; PET: positron emission tomography; CT: computed tomography; 

R-CHOP: rituximab combined with cyclophosphamide, doxorubicin, vincristine, and prednisolone 
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The clinical stage was assessed using the baseline PET/CT scans, according to the Lugano 

modification of the Ann Arbor criteria (20). Additionally, the R-IPI score was calculated 

for each patient (27).  

 

3.1.2. PET biomarkers 

PET/CT image evaluation was performed with Mediso InterView Fusion software 

(Mediso Medical Imaging Systems, Budapest, Hungary). Lymphoma lesions were 

segmented on baseline PET/CT scans with three different methods: 1) SUV>4.0 (glob4); 

2) 41% isocontour VOI around the local maximum point (41pc); 3) a vendor-specific 

gradient-based lesion growing algorithm (grad). The sum of all lymphoma lesions’ 

volume on PET images yielded MTV. TLG was calculated as the sum of the product of 

each lesion’s metabolic volume and SUVmean. Both MTV and TLG values were 

normalised for patient body weight, thus introducing bwaMTV and bwaTLG values.  

Visual and semiquantitative analyses were performed of the interim PET/CT scans, the 

former according to the Deauville-five-point scale and the Lugano criteria (Table 3 and 

4, Figure 2) (20, 54).  

Semiquantitative interim parameters were based on SUV-measurements in the most 

active lymphoma lesions and in a 3 cm diameter spheric VOI placed in the 

healthy/unaffected part of the right liver lobe. The resulting parameters encompassed 

ΔSUVmax, rPET, and modified qPET (mqPET) values.   

ΔSUVmax was defined as the proportional change in the SUVmax of the most active 

lymphoma lesion in percents between interim and baseline PET/CT scans. It is important 

to note that this calculation indicates the decrease with a numeric constant (minus sign) 

in front of the ΔSUVmax value and lower values suggest better treatment response. 

The rPET value, as described before, is the proportion of the SUVmax in the hottest lesion 

and the SUVmax in the reference VOI in the liver parenchyma. The original qPET value 

was first introduced in paediatric Hodgkin’s lymphoma and defined SUVpeak – in the 

numerator of the quotient – as the mean SUV of the hottest 4 adjacent voxels in the lesion 

(115). In the current analysis including only adult DLBCL patients SUVpeak was defined 

by the more common – and thus, more readily available among different softwares – 
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method of averaging SUVs in the hottest virtual volume of 1 cm3 (1 mL). Consequently, 

the 1 cm3 SUVpeak of the most intense residual lymphoma lesion divided by the SUVmean 

of the liver reference VOI resulted in the parameter termed modified qPET (mqPET) in 

the present study.  

3.1.3. Statistical analysis 

Pearson-correlation tests were used to compare volumetric parameters (MTV and TLG) 

by different segmentations. 24-month PFS served as the endpoint for the prognosis 

analyses. Optimal cut-off points were defined by receiver operating characteristics (ROC) 

analyses for MTV, TLG, bwaMTV, and bwaTLG values acquired by the three different 

segmentation methods as well as for interim semiquantitative parameters in ΔSUVmax, 

mqPET, and rPET. Based on the ROC-based optimal cut-off points, patients were divided 

into high- and low-risk groups according to the different PET-biomarkers and the PFS of 

these groups were investigated with log-rank analyses, as well as univariate and 

multivariate Cox-regression analyses. P-values less than 0.05 were considered 

statistically significant.  

 

 

3.2. Volumetric and textural analysis of PET/CT in patients with DLBCL, 

introducing the importance of novel MTVrate feature 

 

3.2.1. Patient cohort 

Baseline PET/CT scans of consecutive DLBCL NOS patients acquired at the Department 

of Nuclear Medicine of Semmelweis University’s Medical Imaging Centre between 2017 

and 2019 were included in the study. All patients in the cohort received rituximab-based 

immunochemotherapy – mostly R-CHOP – with a curative intent and had complete 

medical data to determine IPI, phenotype of DLBCL, and follow-up events or census.  

At staging PET/CT, patients received 2.5-3.0 MBq/body weight kilogram FDG 

intravenously after a fasting period of more than six hours. 60 minutes after the injection 

of the radiopharmaceutical, a native CT scan and 3D PET-emission imaging were 
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acquired with a hybrid PET/CT system (GE Discovery IQ5, GE Healthcare). PET data 

were reconstructed using a novel BPL method-based algorithm (Q.Clear) and in some 

cases, with a conventional OSEM algorithm (with 6 iterations and 6 subsets). 

 

3.2.2. PET biomarkers 

Baseline PET images were evaluated by Mediso InterView Fusion software (Mediso 

Medical Imaging Systems, Budapest, Hungary) and lymphoma lesions were delineated 

using a fixed SUV-based semi-automatic algorithm (SUV > 4.0 values) and were 

corrected manually when needed, to establish VOIs (Figure 3). MTV was calculated as 

the sum of all lymphoma lesions’ volume on PET images, and TLG was determined as 

the sum of the product of each lesion’s metabolic volume and SUVmean.  

MTVrate was introduced as the quotient of the largest lesion’s volume and total body 

MTV. 

The VOI of the largest lymphoma lesion was used to extract first-, second-, and higher-

order textural features, 44 in total. Patients with volume of the largest lymphoma lesion 

under 30 cm3 were excluded to avoid dependence on volume when calculating second-

order entropy [26]. 

 

 

Figure 3. Segmentation algorithm of the lymphoma lesions on three-dimensional PET 

maximum intensity projection images; tumour delineations are indicated in red. a) starting 



41 
 

point; b) automatic segmentation of voxels with SUV > 4.0; c) elimination of volumes 

less than 1 cm3; d) elimination of non-lymphomatous volumes. PET data are from the 

Semmelweis University, display is own work. 

SUV: standardised uptake value 

 

3.2.3. Statistical analysis 

ROC analyses were performed to assess the prognostic performance of clinical and PET-

based (volumetric and textural) values and to define optimal cut-off points. These cut-off 

points were used to determine low- and high-risk groups for each biomarker and the PFS 

of these groups was evaluated by log-rank analysis.  

Where both OSEM and Q.Clear PET-reconstructions were available, lesion-segmentation 

was performed individually on both image sets and intraclass correlation coefficients 

(ICCs) were calculated.  

Finally, a machine learning algorithm was used to build a prognostic model from the 

available clinical, volumetric, and textural data based on logistic regression. To avoid 

overfitting, we utilised elastic net regularization, the sum of L1 (Lasso) and L2 (Ridge) 

regularization functions. After preprocessing, repeated cross-validation was used to train 

the model in three cycles, randomly splitting the patient population 70% : 30% into 

training and test sets (with reassigning after the first and second round). The model 

cleared the redundant parameters and gave the remaining ones relative importance. At the 

end, ROC-analysis was performed with the model to determine its prognostic value.   
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4. RESULTS 

 

4.1. Prognostic parameters on baseline and interim FDG-PET/CT in DLBCL 

patients 

4.1.1. Patient characteristics 

After the exclusions, 107 patients were included in the present study (median age: 56; 

range: 16-83 years) with 53 women and 54 men among them. The majority of patients 

were from Hungary (57) and Chile (36), while 8, 4, and 2 of them were from Thailand, 

the Republic of the Philippines, and Italy, respectively. A third of the patients had poor R-

IPI score and 58% of them presented with advanced stage disease (Table 9).  

Progression-free survival in the whole cohort was 75%. Interestingly, neither univariate 

Cox-regression analysis, nor log-rank analysis showed a significant difference between 

survival and risk of progression of early and advanced stage patients (PFS: 82% vs. 69%). 

 

4.1.2. Volumetric parameters 

Good to excellent correlation was observed among MTV and TLG values segmented by 

glob4, 41pc and grad methods as demonstrated in Table 10. ROC analyses yielded 

markedly different optimal cut-off points for MTV, TLG, bwaMTV, and bwaTLG with 

the three different segmentation methods, but areas under the curve (AUCs) did not show 

a significant difference between standard and body weight-adjusted volumetric 

parameters (i.e. MTV vs. bwaMTV and TLG vs. bwaTLG) with the corresponding 

segmentation methods. Greater variability in sensitivity, specificity, positive and negative 

predictive values, and diagnostic accuracy was seen, mostly among the same volumetric 

parameters acquired by different segmentation methods, rather than between traditional 

and body weight-adjusted MTV or TLG. Univariate Cox-regression analyses showed 

significantly different risk of progression between groups divided by the ROC-based 

optimal cut-off value in all cases except for bwaTLGglob4. Detailed values are presented 

in Table 11 for MTV and Table 12 for TLG.  
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Table 9. Patient characteristics and clinical data 

Characteristic n= 107 (100%) 

Sex Male 54  

 Female 53  

Age Range 16-83 

 Median 56 

 >60 years 44 (41%) 

ECOG PS 0-1 83 (78%) 

 2-4 24 (22%) 

Stage I 16 (15%) 

 II 29 (27%) 

 III 19 (18%) 

 IV 43 (40%) 

R-IPI Very good (score: 0) 24 (22%) 

 Good (score: 1-2) 48 (45%) 

 Poor (score: 3-5) 35 (33%) 

Timing of interim PET/CT After 2 cycles of R-CHOP 90 (84%) 

 After 3 cycles of R-CHOP 17 (16%) 

ECOG PS: Eastern Cooperative Oncology Group Performance Score (32); R-IPI: Revised International 

Prognostic Index; R-CHOP: rituximab combined with cyclophosphamide, doxorubicin, vincristine, and 

prednisolone 

 

Table 10. Pearson-correlation coefficients between volumetric parameters by different 

segmentation methods 

MTV 41pc grad  TLG 41pc grad 

glob4 0.872 0.849 glob4 0.981 0.984 

41pc  0.962 41pc  0.993 

MTV: metabolic tumour volume; TLG: total lesion glycolysis; bwa: body weight-adjusted; glob4: >SUV4 

method; 41pc: 41% isocontour VOI method; grad: method using a gradient-based lesion growing algorithm 
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Preserving the risk-labelling according to the ROC-analysis optimum in the whole cohort, 

the predictive values were investigated of the above baseline PET-volumetric parameters 

according to clinical stage. NPV ranged between 87.2-96.3% (lowest for bwaMTVgrad 

and highest for bwaTLG41pc) for early stage and between 80.0-90.5% (lowest for 

bwaTLGglob4 and highest for MTV41pc) for advanced stage, respectively. PPV ranged 

between 16.7-37.5% (lowest for bwaTLGgrad and highest for MTVgrad) for early stage 

and between 32.0-44.8% (lowest for TLGglob4 and highest for bwaTLGgrad) for 

advanced stage, respectively. 

A similar analysis of the baseline PET-volumetric parameters was performed according 

to R-IPI scores. NPV ranged between 83.1-94.7% (lowest for bwaTLGgrad and highest 

for bwaTLG41pc) for patients with R-IPI scores 0-2 (n=72) and between 71.4-92.3% 

(lowest for bwaTLGglob4 and highest for both MTVgrad and bwaTLGgrad) for patients 

with R-IPI scores 3-5 (n=35), respectively. PPV ranged between 23.1-38.5% (lowest for 

bwaTLGgrad and highest for bwaMTVgrad for patients with R-IPI scores 0-2 (n=72) and 

between 34.4-50.0% (lowest for TLGglob4 and highest for both MTVgrad and 

bwaTLGgrad) for patients with R-IPI scores 3-5 (n=35), respectively. 

 

4.1.3. Interim parameters 

Regarding interim PET parameters, optimal cut-off points on ROC analyses were  

-71.22%, 1.32, and 1.54 for ΔSUVmax, mqPET, and rPET, respectively and univariate 

Cox-regression analyses showed significantly different risk of progression between 

groups divided by these values. These data, accompanied by AUCs, sensitivity, 

specificity, positive and negative predictive values, and diagnostic accuracy of interim 

parameters are detailed in Table 13.  
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Table 11. Descriptive statistics, cut-off values, areas-under-the-curve (AUCs), diagnostic 

performance and univariate Cox-regression analyses of MTV and bwaMTV acquired by 

different segmentation methods  

 MTV   bwaMTV   

 glob4 41pc grad glob4 41pc grad 

Minimum 1 2 1 0.02 0.03 0.02 

Maximum 3268 4470 3841 38.9 53.2 45.5 

Median 170 269 200 2.5 3.5 2.7 

Average 426 590 497 6.2 8.4 7.0 

SD 571 816 696 8.3 11.3 9.2 

Cut-off  122.5 257.5 334.9 2.55 2.68 7.84 

AUC 0.63 0.65 0.66 0.65 0.67 0.68 

Sensitivity 77.8% 74.1% 63% 66.7% 77.8% 55.6% 

Specificity 47.5% 56.3% 70% 56.3% 57% 76.2% 

PPV 33.3% 36.4% 41.4% 34.0% 36.2% 44.1% 

NPV 86.3% 86.5% 84.8% 83.3% 89.1% 83.6% 

Accuracy 55.1% 60.7% 68.2% 58.9% 61.9% 71% 

HR*  

(95% CI) 

2.7  

(1.1-6.8) 

3.1  

(1.3-7.4) 

3.3  

(1.5-7.2) 

2.4  

(1.1-5.4) 

3.4  

(1.4-8.4) 

3.4  

(1.6-7.2) 

p* 0.03 0.01 0.003 0.031 0.008 0.002 

*: univariate Cox-regression analysis 

MTV: metabolic tumour volume; bwa: body weight-adjusted; glob4: >SUV4 method; 41pc: 41% 

isocontour VOI method; grad: method using a gradient-based lesion growing algorithm; SD: standard 

deviation; PPV: positive predictive value; NPV: negative predictive value; HR: Hazard ratio; CI: confidence 

interval 
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Table 12. Descriptive statistics, cut-off values, areas-under-the-curve (AUCs), diagnostic 

performance and univariate Cox-regression analyses of TLG and bwaTLG acquired by 

different segmentation methods 

 TLG   bwaTLG   

 glob4 41pc grad glob4 41pc grad 

Minimum 6 10 6 0.08 0.14 0.09 

Maximum 32943 33146 30975 388.1 378.5 350.0 

Median 1337 1656 1548 18.8 25.4 20.2 

Average 3943 4434 4108 57.0 63.8 58.9 

SD 5743 6095 5670 81.5 86.3 79.7 

Cut-off  714.7 1207 2112 15.5 13.2 53.3 

AUC 0.62 0.64 0.65 0.63 0.65 0.65 

Sensitivity 81.4% 77.8% 62.9% 70.4% 77.8% 51.9% 

Specificity 41.3% 51.3% 62.5% 51.3% 48.8% 73.8% 

PPV 31.9% 35% 36.2% 32.8% 33.9% 40.0% 

NPV 86.8% 87.2% 83.3% 83.7% 86.7% 81.9% 

Accuracy 51.4% 57.9% 62.6% 56.1% 56.1% 68.2% 

HR  

(95% CI)* 

2.7  

(1-1.7) 

3.1  

(1.3-7.8) 

2.5  

(1.2-5.6) 

2.2  

(0.98-5.1) 

3.2  

(1.2-8.4) 

2.7  

(1.3-5.7) 

p* 0.047 0.014 0.019 0.057 0.02 0.01 

*: univariate Cox-regression analysis 

TLG: total lesion glycolysis; bwa: body weight-adjusted; glob4: >SUV4 method; 41pc: 41% isocontour 

VOI method; grad: method using a gradient-based lesion growing algorithm; SD: standard deviation; PPV: 

positive predictive value; NPV: negative predictive value; HR: Hazard ratio; CI: confidence interval 
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Table 13. Cut-off values, areas-under-the-curve (AUCs), diagnostic performance and 

univariate Cox-regression analyses of interim PET parameters 

 DS  ΔSUVmax mqPET rPET 

Cut-off 1-3 / 4-5* -71.22% 1.32 1.54 

AUC  0.66 0.73 0.71 

Sensitivity 59.3% 48.1% 59.2% 55.6% 

Specificity 83.8% 85% 87.5% 92.5% 

PPV 55.2% 52% 61.5% 71.4% 

NPV 85.9% 82.9% 86.4% 86% 

Accuracy 77.6% 75.7% 80.4% 83.2% 

HR (95% CI)** 5.7 (2.6-12) 4.1 (1.9-8.8) 6.7 (3.1-14) 9.1 (4.2-20) 

p** <0.001 <0.001 <0.001 <0.001 

*: according to the Lugano criteria (20); **: univariate Cox-regression analysis; PPV: positive predictive 

value; NPV: negative predictive value; HR: Hazard ratio; CI: confidence interval 

 

Preserving the risk-labelling according to the ROC-analysis optimum (or the conventional 

values in case of DS) in the whole cohort, the predictive values were investigated of the 

above interim PET parameters according to clinical stage. NPV of DS, ΔSUVmax, mqPET, 

and rPET was 84.4%, 93.8%, 97.1%, and 94.6% for early stage and 82.2%, 80.0%, 82.6%, 

and 83.7% for advanced stage, respectively. PPV of DS, ΔSUVmax, mqPET, and rPET 

was 50.0%, 38.4%, 60.0%, and 62.5% for early stage and 58.8%, 66.7%, 62.5%, and 

76.9% for advanced stage, respectively.  

A similar analysis of the interim PET parameters was performed according to R-IPI 

scores. NPV of DS, ΔSUVmax, mqPET, and rPET was 92.3%, 90.6%, 92.6%, and 91.4% 

for patients with R-IPI scores 0-2 (n=72) and 80.8%, 75.9%, 81.5%, and 82.1% for 

patients with R-IPI scores 3-5 (n=35), respectively. PPV of DS, ΔSUVmax, mqPET, and 
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rPET was 45.0%, 42.1%, 50.0%, and 57.1% for patients with R-IPI scores 0-2 (n=72) and 

77.8%, 75.9%, 87.5%, and 100.0% for patients with R-IPI scores 3-5 (n=35), respectively.  

20 patients had an interim PET-response classified as DS4. Of them, 11 showed 

progression despite frontline treatment and all but one of these patients had high 

(exceeding the ROC-optimum of 1.54) rPET values. Thus, among the DS4 subgroup, 

rPET evaluation had a NPV of 87.5% and a PPV of 90.9%. In the DS4 group, NPV was 

60.0% and 80.0% and PPV was 77.8% and 66.7% for ΔSUVmax and mqPET, respectively. 

 

4.1.4. Combined analysis 

Dividing the patients into two groups according to calculated ROC-based optimal cut-

offs (or predefined, conventional values in case of DS) resulted in significantly different 

PFS for baseline volumetric (MTV, bwaMTV, TLG, bwaTLG), as well as interim PET 

parameters (DS, ΔSUVmax, mqPET, and rPET). 

In a multivariate Cox-regression model including DS (1-3 vs. 4-5), ΔSUVmax, rPET, MTV, 

and clinical stage (early vs. advanced) only rPET was a significant independent predictor 

of PFS (p=0.041; HR=9.15) (Figure 4).  

A combined analysis was performed by forming four groups according to low/high 

MTVglob4 and DS 1-3 vs. 4-5. Kaplan-Meier curves showed a good survival rate for 

DS1-3 patients and poor PFS for DS4-5 patients, irrespective of MTVglob4 (Figure 5a).  

Furthermore, a similar combined analysis with low/high ΔSUVmax and low/high 

MTVglob4 groups resulted in relatively good PFS for all patients with low ΔSUVmax 

(irrespective of MTVglob4) and patients with high ΔSUVmax and low MTVglob4, while 

high ΔSUVmax patients with high MTVglob4 formed a group with distinctly poor PFS 

(35%) where 11 of 17 patients showed progression within two years (Figure 5b). 

The majority of above results was published in Nuclear Medicine Communications in 

2023 (155). 
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Figure 4. Multivariate Cox-regression model of progression-free survival including 

Deauville-score, ΔSUVmax, rPET, MTV, and clinical stage 

SUVmax: maximum standardised uptake value; rPET: ratio PET; MTV: metabolic tumour 

volume 
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Figure 5a. Kaplan-Meier curves of progression-free survival of four subgroups according 

to low/high MTV and DS 1-3 vs. 4-5  

MTV: metabolic tumour volume; DS: Deauville-score 
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Figure 5b. Kaplan-Meier curves of progression-free survival of four subgroups according 

to low/high MTV and low vs. high ΔSUVmax 

MTV: metabolic tumour volume; SUVmax: maximum standardised uptake value 
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4.2. Volumetric and textural analysis of PET/CT in patients with DLBCL, 

introducing the importance of novel MTVrate feature 

 

4.2.1. Clinical and volumetric data 

The investigated group consisted of 50 DLBCL NOS patients with the majority (78%) 

suffering from advanced (stage III and IV) disease. According to the R-IPI classification, 

no patient had very good prognostic score while good and poor prognostic estimations 

were nearly even (48% and 52%, respectively). Table 14 presents further demographic 

and clinical data.  

 

4.2.2. Prognostic ability of clinical and volumetric features 

Patients with early vs. advanced stage disease did not show significantly different PFS on 

log-rank analysis (91% vs. 72%; p=0.185), despite this dichotomic classification 

presenting an AUC of 0.60. 

However, the phenotypic status of the DLBCL showed a significant impact on PFS as 

patients with GC phenotype had better prognosis than the non-GC group (PFS: 94% vs. 

67%; p=0.038). 

Among the investigated clinicopathological and volumetric parameters, relatively high 

prognostic performance on ROC analyses were observed with LDH levels (AUC=0.68), 

MTV (AUC=0.63), and TLG (AUC=0.63).  

Patients with MTV values below or above the ROC-analysis-based optimal cut-off of 

378.5 cm3 showed significantly different 24-month PFS (94% for low-MTV vs. 68% for 

high-MTV groups; p=0.036). 

Remarkably, the newly introduced parameter of MTVrate provided the highest AUC 

value at 0.74 on ROC analysis among the investigated clinical and volumetric parameters 

and could divide patients into low- and high-risk groups at log-rank analysis along its 

ROC-based optimum cut-off of 0.60 (PFS 91% vs. 50%; p<0.001) as seen in Figure 6. 
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Combining MTV and MTVrate data, a subgroup with particularly low PFS at 38% could 

be identified where patients had high MTV and low MTVrate (Figure 6).  

 

Table 14. Patient characteristics and clinical data 

Characteristic n= 50 (100%) 

Sex Male 27 (54%) 

 Female 23 (46%) 

Age Range 20-83 years 

 Median 67 years 

 > 60 years 35 (70%) 

Histopathologic status GC 17 (34%) 

 non-GC 33 (66%) 

Stage I 3 (6%) 

 II 8 (16%) 

 III 8 (16%) 

 IV 31 (62%) 

R-IPI Very good (score: 0) 0 (0%) 

 Good (score: 1-2) 24 (48%) 

 Poor (score: 3-5) 26 (52%) 

LDH Normal 17 (34%) 

 Elevated 33 (66%) 

GC: germinal centre B-cell; R-IPI: Revised International Prognostic Index: LDH, lactate-dehydrogenase 

 

4.2.3. Textural features 

Excluding the skewness parameter, which had an AUC of 0.55 on ROC-analysis and 

enabled stratification of two patient groups with significantly different PFS (68% vs. 

94%; p=0.046) on log-rank analysis, the other first-, second-, and higher-order textural 

features did not show significant prognostic value when investigated individually.  
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A set of both OSEM and Q.Clear PET-reconstructions were available for 29 of the 50 

included patients and comparing data acquired by the two different reconstructions 

showed that all first-order textural features had an ICC over 0.9 while second- and higher-

order textural features showed greater variance in ICC values, but were mainly above 0.8. 

Detailed values of second- and higher-order textural features by different reconstructions 

are presented in Table 15.   

 

4.2.4. Combined analysis with machine learning 

The machine learning-based model, which incorporated clinical, volumetric, and textural 

values, assigned the greatest relative significance to the textural features contrast, long-

zone low grey-level emphasis (LZLGE), zone percentage, skewness, and maximum 

lesion diameter (Dmax). Regarding volumetric features, both MTV and MTVrate were 

retained in the model as significant predictors of 24-month PFS.  

Among clinical parameters, LDH levels, spleen involvement, and patient age were found 

to have lesser importance in the model.  

By applying the model for prognosis evaluation, the AUC on ROC analysis achieved a 

value of 0.83 (Figure 7). By maximising the combined sensitivity and specificity on the 

ROC curve, a cut-off point was identified that provided a sensitivity of 66.7% and 

specificity of 100%.  

The majority of above results was published in Nuclear Medicine Communications in 

2024 (156).  
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Figure 6a-b. Receiver operating characteristic curves for 24-month progression-free 

survival (PFS) for a) metabolic tumour volume (MTV) and total lesion glycolysis (TLG); 

b) MTVrate, maximum lesion volume (Largest VOI), and maximum lesion diameter 

(Dmax).  
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Figure 6c-e. Kaplan-Meier curves of progression-free survival between low- and high-

risk patient groups divided according to c) MTV; d) MTVrate; e) MTV and MTVrate 

combined. 
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Table 15. Intraclass correlation coefficients (ICCs) of second- and higher-order textural 

features between two different PET-reconstructions 

Textural feature ICC 95% CI Textural feature ICC 95% CI 

Entropy 0.96 0.91-0.98 Correlation 0.83 0.67-0.92 

Homogeneity 0.96 0.93-0.98 Contrast 0.87 0.73-0.93 

Intensity variance 0.90 0.81-0.95 Size variance 0.80 0.61-0.90 

Skewness 0.91 0.82-0.96 Kurtosis 0.74 0.51-0.87 

Coarseness 0.92 0.83-0.96 Complexity 0.77 0.56-0.88 

Busyness 0.98 0.96-0.99 Short-zone emphasis 0.89 0.80-0.95 

High grey-level zone 

emphasis 

0.94 0.87-0.97 Low grey-level zone 

emphasis 

0.81 0.63-0.91 

Short-zone high grey-

level emphasis 

0.93 0.85-0.96 Short-zone low grey-

level emphasis 

0.73 0.50-0.86 

Zone-length non-

uniformity 

0.90 0.81-0.95 Long-zone low grey-

level emphasis 

0.73 0.50-0.86 

Short-run emphasis 0.95 0.89-0.97 Run percentage 0.74 0.53-0.87 

Long-run emphasis 0.94 0.88-0.97 Long-zone emphasis 0.55 0.28-0.76 

Low grey-level run 

emphasis 

0.92 0.83-0.96 Long-zone high 

grey-level emphasis 

0.72 0.49-0.86 

High grey-level run 

emphasis 

0.94 0.87-0.97 Grey-level non-

uniformity 

0.80 0.61-0.90 

Short-run high grey-

level emphasis 

0.91 0.81-0.95 Zone percentage 0.81 0.64-0.91 

Long-run high grey-

level emphasis 

0.94 0.89-0.97 Short-run low grey-

level emphasis 

0.66 0.39-0.82 

Run length non-

uniformity 

0.93 0.86-0.97 Long-run low grey-

level emphasis 

0.88 0.77-0.94 

 

CI: confidence interval 
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Figure 7. Results of the machine learning-based model for prognostic analysis: a) 

importance of different parameters within the model; b) receiver operating characteristic 

curve for 24-month progression-free survival. 
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5. DISCUSSION 

 

5.1. Prognostic parameters on baseline and interim FDG-PET/CT in DLBCL 

patients 

 

In the present study, analysis of homogenous, prospectively collected data was performed 

with the investigation of biomarkers from baseline and interim PET/CT scans in DLBCL 

patients.  

 

5.1.1. Different segmentations of MTV 

Several different methods have been described for the segmentation of MTV as shown in 

Table 5.  The dependency of MTV values on the segmentation method has been 

investigated by Zhuang et al. in 10 non-small cell lung cancer patients, as well as by 

Tutino et al. in 121 and by Kanoun et al. in 59 Hodgkin’s lymphoma patients, respectively 

(157-159). The latter two studies highlighted some slight variability not only between 

segmentation methods but also between softwares using the same threshold and also 

suggested an excellent inter-observer reproducibility across the utilised methods (158, 

159). It has been suggested that the 41% isocontour-based method (referred to as 41pc in 

my own research) is prone to tumour FDG-uptake heterogeneity while fixed SUV-based 

methods (e.g. SUV≥4.0; glob4 in my research) are influenced by the variability of liver- 

and blood-pool SUV in multicentre setting (159-161). 

Regarding DLBCL, Ilyas et al. investigated MTV segmented by the SUV≥2.5, the 41% 

isocontour, and the ‘PERCIST’ (≥1.5 x mean SUV + 2 standard deviations in a 3 cm3 

right liver lobe VOI) methods in 147 baseline PET/CT scans and found that all three 

segmentation methods were able to predict PFS and OS with similar accuracy but yielded 

different optimal cut-off points, as for predicting PFS, ranging 166-400 cm3 (76). More 

recently, Burggraaff et al. suggested to use the SUV≥4.0 method after excluding all 

volumes less than 3.0 cm3 in their analysis of 12 baseline PET/CT scans of DLBCL 

patients (77). The SUV≥4.0 method was also endorsed by a study investigating the 

PET/CT scans of a cohort of 140 DLBCL patients by six different methods, alongside the 
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‘majority vote 2’ algorithm segmenting voxels detected by at least two methods (81). 

Introducing a novel prognostic index including MTV, Mikhaeel et al. investigated 

PET/CT scans of a pooled cohort of 1241 DLBCL patients from five prospective research 

studies (84). MTV segmentation was also performed by the SUV≥4.0 method and the 

median MTV was 307.9 cm3 which served as the knot of a linear spline model 

determining survival risk (84).  

In our study, the comparison of lymphoma MTV segmentation by three different methods 

showed different individual volumes as presented in Table 11 and optimal cut-off points 

for predicting PFS with the latter value ranging 123-345 cm3, which are comparable to 

those of described by Ilyas et al. (76). Our data showed the best agreement between the 

41pc and the grad methods and the highest discrepancy between the glob4 and the 41pc 

segmentations (Table 10). Interestingly, these differences disappeared at the TLG values 

by different segmentations, most likely due to the added multiplication factor of lesion 

SUVmean.  

In addition to the variation of optimal cut-off points within the same group of patients, 

MTV also exhibits sample-dependency which is evident from the markedly different 

values obtained in studies that use the same or very similar segmentation methods, as 

demonstrated in the meta-analyses conducted by Xie et al. and Guo et al. where the 

optimal cut-off points for the SUV≥2.5 method ranged from 66 to 601.2 cm3, while for 

the 40-41% methods, the range was between 16.1 and 550 cm3 (72, 83, 85, 102, 162-168). 

This sample-dependency may partly explain the only moderately promising prognostic 

performance on ROC analyses of MTV and TLG in our data. Among the three 

investigated segmentation methods in our study, the gradient-based (grad) one yielded the 

best values, especially in terms of sensitivity and diagnostic accuracy (Table 11). 

However, as this latter algorithm is vendor-specific, its widespread use might be limited. 

Furthermore, TLG did not have better prognostic performance than MTV with the 

corresponding segmentation methods (Tables 11-12). 
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5.1.2. Body weight-adjusted MTV and TLG 

The study reported in this thesis was the first to introduce body weight-adjusted (bwa) 

MTV and TLG values. The purpose of implementing this normalisation was to facilitate 

a personalised and more precise assessment of the influence of tumour burden. While 

normalising to body surface area or lean body mass could also be considered, our existing 

dataset lacked patient height information in some cases, rendering such calculations 

unattainable. Although bwaMTV and bwaTLG did not provide better prognostic values 

compared to MTV and TLG, respectively, there were a few specific cases where bwaMTV 

correctly categorised the patient into the appropriate risk group, unlike regular MTV 

(Figure 8). These novel values could be further investigated in larger cohorts as their 

calculation can be easily carried out. 

 

5.1.3. Interim PET parameters 

The prognostic significance of ΔSUVmax has been prominent in recent years, with most 

research identifying optimal cut-off points around 66% at I-PET2 to which our finding of 

71.22% (in absolute value) is in close proximity (99, 106, 110). Curiously, our 

investigation found that ΔSUVmax did not yield more accurate prognostic information 

compared to the visual Deauville-score approach which supports the findings of 

prospective studies by Mikhaeel et al. and Mamot et al. (103, 111), but contradicts the 

similarly prospectively gained results of Dührsen et al., Casasnovas et al., and Schöder 

et al. (112, 169, 170). This latter controversy highlights the dependence on study sample, 

albeit two of the three above studies favouring ΔSUVmax to DS involved a considerably 

higher proportion of advanced stage patients (112, 170) than this present study or the ones 

by Mikhaeel et al. and Mamot et al. (103, 111).  

In our analysis of patients with DLBCL, we found that the best cut-off threshold for 

mqPET, using a 1 cm3 SUVpeak measurement, was 1.32. This value is quite comparable 

to the established qPET cut-off of 1.3 in paediatric Hodgkin’s lymphoma patients (115), 

which was based on a 4-voxel-SUVpeak measurement and was also utilised in a large 

retrospective review of DLBCL patients in Germany (119). 
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The optimal cut-off for rPET in the present study was determined to be 1.54, which is 

higher than the values of 1.14 and 1.4 reported by Annunziata et al. and Toledano et al., 

respectively (120, 121), however, it is similar to the finding of 1.6 reported by Fan et al. 

(100).  

 

Figure 8. 3D MIP PET images with fused MTV VOIs. a) 92 kg patient with MTVglob4 

of 189 cm3 and bwaMTVglob4 of 1.76 who showed no progression during 51 months of 

follow-up. b) 54 kg patient with MTVglob4 of 292 cm3 and bwaMTVglob4 of 3.16 who 

relapsed 7 months after baseline PET (n.b.: radiopharmaceutical skin contamination is 

present in the right cubital area). PET data are from the International Atomic Energy 

Agency Coordinated Research Project E1.50.20, display is own work.  

MIP: maximum intensity projection; PET: positron emission tomography; VOI: volume 

of interest; MTV: metabolic tumour volume; bwaMTV: body weight-adjusted metabolic 

tumour volume; glob4: >SUV4 method 
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In the present study, univariate Cox-regression analyses underlined the excellent 

prognostic performance of interim parameters which markedly exceeded the hazard ratios 

provided by the baseline volumetric parameters and multivariate Cox-regression analysis 

yielded rPET as the only independent predictor of PFS.  

 

5.1.4. Limitations of Deauville-score 

DS, despite being robust and established in guidelines, is limited in full prognostic 

effectiveness by its inherent categorical nature as opposed to the possibilities of 

continuous metrics. Literature data also shows that in spite of being considered as 

inadequate response, DS4 often results in similar survival rates as DS1-3 in DLBCL 

patients at I-PET (111, 119). Based on this, it is feasible to consider a cut-off between 

DS4 and DS5 more appropriate, as suggested by Kurch et al. in the validation of qPET in 

DLBCL (119). The visual definition of DS4 – residual lymphoma lesion intensity 

exceeding the uptake of the liver parenchyma – would, in theory, translate to the 

continuous interim parameters as qPET, mqPET or rPET > 1.0. Data from the present 

study support existing findings that lower echelons of the DS4 category yield good 

survival rates and only residual lymphoma activity above 130%-160% of the liver uptake 

should be considered as inadequate treatment response, although more validation studies 

are required to establish a similarly robust evaluation platform as DS.  

Another circumvention of the lesser prognostic effectivity of DS4 – especially to define 

nonresponder patients in need of treatment escalation – is to consider only DS5 as I-PET 

positivity (111, 119). However, the difference between DS4 and DS5 is not well 

circumscribed – current guidelines recommend that DS5 is applied to lesion uptake two 

to three times the uptake in normal liver (20, 54). In the present study, DS5 was defined 

as lesion SUVmax three times over liver SUVmax, as in the United Kingdom (UK) National 

Cancer Research Institute (NCRI) trial and thus, similarly low proportion of patients (less 

than 10%) showed DS5 on I-PET with these criteria (111). Mikhaeel et al. in a post-hoc 

analysis changed their DS5 criterion to residual lymphoma uptake at least twice higher 

than normal liver and/or new lesions, but encountered a reduction in discriminatory power 

(111). The value of rPET-based stratification was highlighted in the present study, as in 

the DS4 subgroup (n=20; 18.7% of the cohort), only 1 patient relapsed below the optimal 
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cut-off of 1.54 and all but one patient above the threshold showed progression, resulting 

in a NPV of 87.5% and a PPV of 90.9%. However, despite calls for further validation, no 

major DLBCL study investigated rPET so far apart from this research (171).  

 

5.1.5. Combined analyses 

Furthermore, combined analyses showed that DS1-3 on interim PET has a higher impact 

on PFS than baseline MTV whereas Mikhaeel et al. in their retrospective study of 147 

DLBCL patients found that MTV≥400 cm3 had a worse prognosis, irrespective of DS on 

interim scans (102). The discrepancy between our findings and the previously published 

results is likely attributed to sample bias. However, the multicentre nature of our study 

enhances the credibility of our findings. This is particularly significant because it has been 

demonstrated that the international diversity of the original IAEA study did not restrict 

the global relevance of its data (104). Also, the study by Mikhaeel et al. (102) contained 

relatively more patients with stage IV DLBCL (58%) than the present report (40%). In a 

wider scope, it has been showed that the majority of published studies investigating 

baseline MTV in DLBCL and HL are retrospective, heterogenous in methodology, 

underpowered, and lack standardisation (70, 78) while DS is more robust and has more 

powerful validation (54, 106, 172). Given the above, our finding of the superior 

prognostic performance of stratification by DS over MTV is feasible in the context of 

current scientific evidence. 

Importantly, in the present study the combination of baseline MTV and ΔSUVmax enabled 

to define a group of patients with high baseline MTV and high ΔSUVmax on interim scan 

who had a particularly poor PFS of 35% which was more emphasised in the cohort 

investigated by Mikhaeel et al. where this cohort (with slightly different cut-off values 

for MTV and ΔSUVmax) had a PFS of 19% (102). 

 

5.1.6. Prognostic values in specific risk groups 

The clinical utility of interim PET-based prognostic evaluation – if sufficiently reliable – 

is to enable early treatment modification (96, 122). In general, high NPV is required to 

properly select candidates for treatment de-escalation and high PPV is the basis of 
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escalation or change in therapeutic regime. In the whole cohort, rPET-based risk 

stratification showed high NPV of 86% and a remarkably good PPV of 71.4% – the 

highest PPV of all examined biomarkers. Relapse or progression is less common among 

patients with early stage DLBCL, thus this cohort is more likely to give candidates for 

de-escalation (24). In that regard, the high NPV of bwaTLG41pc (96.3%) and mqPET 

(97.1%) among early-stage patients can serve as a basis of patient selection for de-

escalation. Similarly, the high PPV of rPET of 76.9% in the advanced stage subgroup can 

help identify candidates for escalation strategies.  

Similarly, among patients with very good and good R-IPI (scores 0-2), NPV was highest 

for bwaTLGgrad and remained above 90% for DS, ΔSUVmax, mqPET, and rPET. 

Interestingly, patients with poor R-IPI classification (scores: 3-5) had a 100% PPV with 

rPET-based classification which has a considerable potential in adequate candidate 

selection for treatment escalation, especially as I-PET2–based treatment escalation has 

not yet been effective in DLBCL (95, 169). So far, the only major, phase 3 trial proving 

the possibility of treatment de-escalation has not included I-PET-based classification 

factors, only conventional risk factors as age<60 years, early stage disease, normal serum 

LDH levels, Eastern Cooperative Oncology Group (ECOG) performance status 0–1, and 

no bulky disease (maximum tumour diameter<7.5 cm) served as the inclusion criteria 

(173).  

 

 

5.2. Volumetric and textural analysis of PET/CT in patients with DLBCL, 

introducing the importance of novel MTVrate feature 

 

A retrospective analysis of baseline PET data was conducted to assess prognosis in 

DLBCL patients, and it was found that individual assessment of various clinical, 

volumetric, and textural biomarkers yielded limited prognostic data, but implementing a 

machine learning-based combined analysis was remarkably effective. 

 



66 
 

5.2.1. Value of MTVrate and conventional volumetric PET parameters 

MTVrate – the quotient of the volume of the greatest lesion and the total body MTV – 

was first described in the scientific literature by our workgroup (156). In our investigated 

group of 50 DLBCL patients, MTVrate had the highest prognostic value among the 

individually investigated volumetric and clinical parameters (AUC=0.74).  

Unexpectedly, lower MTVrates yielded poorer prognosis and, suggesting that the 

presence of multiple, comparatively smaller, dispersed lymphoma lesions was more 

detrimental than a large lesion surrounded by few or no smaller ones. The clinical context 

requires further validation, but one assumption could be a hypothetical association 

between higher stage and more scattered disease. This could not be proven in out cohort, 

as the patients with low MTVrate values (posing high-risk) only encompassed 41% 

(16/39) of the advanced-stage subgroup. 

MTVrate in itself is a ratio that does not consider the precise size of lymphoma lesions, 

but when coupled with total-body MTV, it could be utilised to reveal a patient subgroup 

with a notably low 24-month PFS of 38%.  

Like many prior trials, ROC-optimised patient risk classification of MTV led to groups 

with markedly varied PFS (83, 85, 162, 163), but within our group of patients, the 

predictive performance of MTV and TLG was only marginally promising and even LDH 

levels yielded higher prognostic values on ROC-analysis. 

 

5.2.2. Impact of textural analysis 

Reconstruction algorithm, among other technical parameters, can influence textural 

feature data (174, 175). In our subanalysis, first-order textural features exhibited strong 

correlation; however, approximately half of the examined second- and higher-order 

radiomic features displayed significant discrepancies in values between PET 

reconstructions utilising either the conventional OSEM method or the relatively novel 

Bayesian penalised likelihood-based algorithm (Q.Clear).  

In the analysis of individual textural features, only skewness demonstrated significant 

differentiating capability in prognostic assessment. The integrated machine learning 
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model primarily included second- and higher-order textural features as significant 

predictive biomarkers, along with MTV and MTVrate, while certain clinical factors held 

lesser importance. This model had excellent prognostic capability, with an AUC of 0.83 

in ROC analysis.  

Importantly, in a multivariate prediction model, correlated variables that provide 

overlapping information do not necessarily contribute additional predictive power. For 

example, R-IPI already incorporates age and LDH, both of which have predictive value 

on their own, so including R-IPI in the same model may not improve prediction further 

(as can be seen in Figure 7b, where R-IPI had virtually no added predictive capability). A 

similar principle applies to MTV and MTVrate: because they are correlated, their relative 

predictive influence can shift when analysed together rather than individually. Moreover, 

univariate ROC curves serve as descriptive statistics, whereas the multivariate model is 

specifically trained on a portion of the data to optimize prediction and then tested on 

unseen data. Consequently, since the purpose of the predictive model differs from that of 

the descriptive ROC curves, the variables’ relative importance can also change. 

In 2020, Aide et al. performed a study involving 132 DLBCL patients, analysing the 

individual prognostic efficacy of conventional and textural measures where patients were 

allocated into teaching and validation groups in a ratio of 105 to 27 (144). In ROC 

analysis, long-zone high grey-level emphasis (LZHGE) emerged as the superior higher-

order variable, achieving the highest AUC of 0.69 and it was the sole independent 

predictor of 24-month PFS in Cox survival analysis (142). Additionally, in log-rank 

analysis, MTV, 4 second-order, and 5 higher-order features (including LZHGE) showed 

differentiating power for 24-month PFS (142). 

In 2021, Coskun et al. employed analogous methods to develop a predictive model for 

estimating patient outcomes based on a sample size comparable to ours (148). A cohort 

of 45 DLBCL patients was analysed using elastic net regularisation logistic regression for 

model development, employing 3-fold cross-validation for training. The fundamental 

distinction between the study and ours was the methodology employed in preparing the 

study sample. VOIs were established based on a threshold of SUVmax > 40%, and the 

parameters for evaluation were derived from the 6 biggest lesions of each patient, or fewer 

if applicable, utilising texture and SUV-based metrics (148). Their research revealed that 
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SUVmax and GLCM dissimilarity were independent predictors of 24-month PFS, with 

their model demonstrating an AUC of 0.81 in ROC analysis (148). It is noteworthy that, 

within a comparable sample size and analogous model design, our prediction accuracy 

was shown to be identical despite the differing data gathering methods. 

Eertink et al. investigated baseline PET scans of 317 newly diagnosed DLBCL patients 

and discovered that a model incorporating tumour-related parameters (MTV, SUVpeak, 

and Dmaxbulk [the distance between the two most distant lymphoma lesions]) and patient-

related factors (WHO performance status and age over 60 years) exhibited the highest 

prognostic capability, achieving an AUC of 0.79 (150). A larger, pooled cohort was later 

used to validate these results (154). 

Our study has some limitations. Initially, our research was retrospective; however, by 

incorporating consecutive patients undergoing baseline PET/CT in our department, the 

data may reflect real-world practice. Secondly, the limited patient population and the 

plethora of diverse clinical, volumetric, and textural biomarkers presented a risk of 

overfitting in our machine learning model, which we attempted to mitigate through the 

application of elastic net regularisation. Thirdly, additional information accumulates 

about the significance of the molecular heterogeneity of DLBCL, our lack of molecular 

genetic data diminishes the robustness of our combined model (16, 17, 176).  
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6. CONCLUSIONS 

 

6.1. Prognostic parameters on baseline and interim FDG-PET/CT in DLBCL 

patients 

 

The baseline MTV values and optimal cut-off points obtained by various segmentation 

methods exhibited significant variation and demonstrated only minor prognostic 

significance in our multicentric investigation of DLBCL patients. This was the inaugural 

publication of body weight-adjusted MTV and TLG values and although these values did 

not demonstrate significantly enhanced prognostic capability over their conventional 

(non-normalised) counterparts, there were a limited number of instances where body 

weight-adjusted MTV accurately classified the patient into the appropriate risk group, 

unlike standard MTV.  

Interim PET/CT parameters yielded more precise prognostic information compared to 

baseline volumetric data, with semiquantitative "Deauville-like" metrics (most notably, 

rPET) demonstrating superior performance in this trial over conventional visual response 

evaluation (DS). The integration of baseline MTV and ΔSUVmax facilitated the 

differentiation of a patient cohort with notably adverse prognosis.  

 

 

6.2. Volumetric and textural analysis of PET/CT in patients with DLBCL, 

introducing the importance of novel MTVrate feature 

 

Our retrospective analysis of baseline PET data to assess the prognosis of patients with 

DLBCL revealed that the individual assessment of various clinical, volumetric, and 

textural biomarkers provided limited prognostic information, whereas a machine 

learning-based integrated analysis demonstrated high efficacy.  

The newly established MTVrate, calculated as the ratio of the largest lesion's volume to 

total body MTV, had the greatest predictive capability in individual assessments and, 

when paired with MTV, facilitated the identification of a patient cohort with notably 

adverse prognosis.  
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7. SUMMARY 

 

Objective: To investigate potential roles of existing [18F]FDG-PET/CT prognostic 

parameters in DLBCL and to establish new or modified methods which are both easy to 

implement in routine workflows and yield more accurate results than the current ones.  

Methods: First, data of 107 DLBCL NOS patients from a multicentre, prospective trial 

were used for analysis of baseline volumetric values (MTV and TLG, also normalised for 

body weight) segmented with three different methods and interim parameters. Secondly, 

retrospective analysis of 50 baseline PET/CT scans from one centre was performed to 

investigate textural PET features and the newly defined MTVrate value, alongside MTV 

and clinical data, including prognostic model-building utilizing a machine learning 

algorithm. 24-month PFS was the clinical endpoint at both studies and ROC analyses 

were performed to define optimal cut-off points for continuous parameters. The PFS of 

low- and high-risk groups were compared with log-rank and Cox-regression analysis.  

Results: In the analysis of the multicentre data, MTV and TLG calculations showed good 

correlation among the three segmentation methods, however, optimal cut-off points were 

markedly different. Body weight-adjusted MTV and TLG did not provide markedly better 

prognostic values. Highest hazard ratio was shown for rPET (HR=9.09) and it was also 

shown to be an independent predictor of PFS (p=0.041; HR=9.15) in a multivariate Cox-

regression model. A combined analysis showed that patients with high ΔSUVmax and high 

MTV formed a group with distinctly poor PFS (35.3%). Among the single-centre data, 

individual analysis showed the highest AUC on ROC analysis for MTVrate at 0.74, 

followed by LDH, MTV, and skewness, with AUCs of 0.68, 0.63, and 0.55, respectively, 

and these parameters were also able to differentiate the PFS. A combined analysis 

including MTV and MTVrate identified a subgroup with particularly low PFS at 38%. 

The machine learning-based model had an AUC of 0.83 and the highest relative 

importance was attributed to five textural features and both MTV and MTVrate. 

Conclusion: Results from the analysis of both datasets underline the importance of FDG-

PET/CT in the prognostic evaluation of DLBCL patients and indicate PET-based markers 

that are highly effective and easily implementable in routine clinical practice: MTV and 

the novel MTVrate feature at baseline and rPET at interim PET.   
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