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[18F]FDG PET/CT: Current status in PTLD

Adoption of 2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography/ com-
puted tomography ([18F]FDG PET/CT) as a diagnostic tool in patients with post-
transplant lymphoproliferative disorder (PTLD) has been a gradual process, as 
research efforts have mainly been devoted to other more prominent lymphoma clas-
sifications. By 2007, the International Harmonization Project on Lymphoma had pu-
blished a set of recommendations for implementation and interpretation of [18F]FDG 
PET/CT in classical Hodgkin’s lymphoma (cHL) and diffuse large B-cell lymphoma 
(DLBCL) [1,2]. In 2014, these recommendations were further revised and incorpo-
rated into standard clinical care for staging and response assessment in [18F]FDG-
avid lymphomas under the Lugano Classification recommendations [3]. Although it 
may be argued that PTLD is considered an [18F]FDG-avid malignancy, characteris-
tics inherent to PTLD pathophysiology, clinical presentation and response to the-
rapy prevent direct extrapolation from these recommendations. Because published 
literature on imaging techniques for the diagnosis of PTLD has been limited, PTLD 
specific guidelines and recommendations often relied on research performed in im-
munocompetent lymphoma patients. Historically, PTLD guidelines from the National 
Comprehensive Cancer Network (NCCN), the British Committee for Standards in 
Haematology (BCSH) and the British Transplantation Society (BTS) have limited the 
use of [18F]FDG PET/CT in PTLD to selected cases [4–6]. In recent years and as 
more research on this topic becomes available, there has been a paradigm shift to 
[18F]FDG PET/CT inclusion in the diagnosis and staging of patients with PTLD. The 
guidelines from the Sixth European Conference on Infections in Leukemia (ECIL-6) 
and the American Society of Transplantation have acknowledged the utility of [18F]
FDG PET/CT during diagnostic work-up of PTLD, particularly in detecting extrano-
dal lesions (ECIL-6) [7,8]. Moreover, the most recent guidelines published in 2021 by 
the British Society for Hematology (BSH) have recommended that, when available, 
[18F]FDG PET/CT should be used for PTLD staging in adults [9]. 

In chapter 2, we identified a growing body of literature supporting the use of [18F]
FDG PET/CT in patients with PTLD, aligned with the increased research interest 
in this topic [10]. Although limited by its retrospective nature, the current evidence 
suggests that [18F]FDG PET/CT has good sensitivity and specificity in the detec-
tion of PTLD, with a diagnostic performance similar to that observed in other [18F]
FDG-avid lymphomas [11–20]. Particularly, [18F]FDG PET/CT may detect additional 
extranodal lesions when compared to other imaging modalities such as computed 
tomography (CT) or magnetic resonance imaging (MRI). As PTLD is characterized 
by a high incidence of extranodal involvement, the use of [18F]FDG PET/CT for dia-
gnosis and staging of patients with PTLD may allow better visualization of extent 
of disease and a more accurate staging. When considering [18F]FDG PET/CT as a 
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diagnostic work-up tool in patients with PTLD, nuclear medicine physicians and 
radiologists should be aware of not only the pitfalls of this technique, but also the 
inherent differences between clinical presentation of PTLD in adults versus chil-
dren. Although these differences may be subtle, they may influence the diagnostic 
performance of [18F]FDG PET/CT as demonstrated in chapters 3 & 4 [21,22]. Com-
pared to the adult population, PTLD lesion location in children has been reported 
to occur more frequently in the tonsils, the adenoids and the gastrointestinal tract 
[23–27]. As these are areas of physiological [18F]FDG uptake, it is important to con-
sider the degree of clinical suspicion for PTLD when interpreting [18F]FDG PET/CT 
findings. In order to achieve optimal management of patients with PTLD, commu-
nication between nuclear medicine physicians, radiologists, hemato-oncologists, 
transplant physicians, hematopathologists and radiation‐oncologists should be fa-
cilitated with emphasis on decision-making in a multidisciplinary team [28]. 

In essence, there has been gradual acceptance and clinical implementation of [18F]
FDG PET/CT into the management of patients with PTLD. Although limited, the 
current body of evidence has led to the adoption of [18F]FDG PET/CT for the dia-
gnosis and staging of PTLD in current guidelines [7–9]. Nevertheless, in order to 
consolidate the utility of [18F]FDG PET/CT, larger multi-center trials are needed to 
validate its impact.

[18F]FDG PET/CT: More than just images 

PTLD semiquantification
In nuclear medicine, and particularly in [18F]FDG PET/CT imaging, standardized 
uptake value (SUV) is the most recognized and investigated semiquantitative pa-
rameter. In chapter 5, we evaluated the utility of SUV to differentiate between PTLD 
morphological classifications according to World Health Organization (WHO). We 
observed that SUV at the biopsy site was significantly higher in monomorphic 
PTLD than in polymorphic and nondestructive subtypes, but that a considerable 
SUV overlap across subtypes limited its clinical applicability. These results high-
light the heterogenous nature of PTLD and the limitations of semiquantitative pa-
rameters as clinically relevant biomarkers. Although studies evaluating the role of 
SUV in PTLD are limited, the utility of SUV in the diagnosis, prognosis and therapy 
response of immunocompetent patients with lymphoma (IC-lymphoma) has been 
more frequently investigated [29–31]. However, results obtained have been often 
contradictory. Multiple studies have suggested that SUV may identify aggressive 
B-cell lymphomas, predict follicular lymphoma (FL) transformation and (particu-
larly change in SUV) may predict therapy response and prognosis [29,32–39]. Yet, 
these hypotheses have been refuted by other groups [40–44]. 
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Volumetric semiquantitative parameters such as metabolic tumor value (MTV) and 
total lesion glycolysis (TLG) are commonly investigated in IC-lymphoma, but not 
in PTLD. In chapter 6, we presented the first study investigating the utility of these 
parameters in the prognostication of patients with PTLD. We concluded that, unlike 
the International Prognostic Index (IPI), Epstein-Barr virus (EBV) tumor status and 
type of transplanted organ, volumetric parameters were not predictors of overall 
survival. Although some contradictory results have been published, several studies 
in IC-lymphomas have reported high baseline MTV and TLG to be associated with 
worse overall survival [45–49]. The differences observed regarding the utility of 
volumetric parameters in IC-lymphoma and PTLD further emphasizes the distinct 
pathophysiology and clinical manifestations between these two disease identities. 

Limitations of semiquantitative parameters 
The conflicting results obtained from these commonly investigated [18F]FDG PET/
CT semiquantitative parameters (SUV, MTV and TLG), not only highlight the he-
terogeneity of lymphoma biology and study populations but also our incomplete 
understanding of the mechanisms influencing tumor glycolysis. Historically, SUV 
intensity has been associated with glucose-transporter (GLUT) expression in tu-
mors. Yet, GLUT expression has been recently found to be only moderately associ-
ated with SUV, suggesting that other factors are at play in tumor glycolysis as visu-
alized by [18F]FDG PET/CT [50]. It is possible that different genomic abnormalities, 
independent of GLUT expression, may also influence [18F]FDG radiotracer uptake. 
Particularly, abnormalities in the TP53 tumor suppressor gene have been associa-
ted with higher SUVmax [51,52]. The tumor microenvironment may also influence 
SUV intensity, not only due to infiltration of T-cells, plasma cells, macrophages, 
and dendritic cells but also due to architectural changes in the tumor vasculature 
(including hypoxic mechanisms) [53]. Chapter 7 highlights the complex interplay 
of semiquantitative parameters with other biological factors [43]. In a cHL cohort, 
we observed that necrosis was associated with bulky disease (tumor mass >10 cm 
diameter) and TLG, but not with MTV nor SUVmax. As MTV represents the meta-
bolically active volume of the tumor, it would be expected to be highly correlated 
with tumor diameter. However, while bulky disease was found to be associated 
with tumor necrosis, MTV was not. Similarly, while TLG is the product of MTV and 
SUVmax, these parameters separately were not associated with necrosis. Because 
PTLD and other lymphoproliferative disorders are heterogenous identities with a 
complex genomic landscape and tumor microenvironment, it is necessary to bet-
ter understand how these factors affect [18F]FDG uptake in the tumor and how they 
may influence clinical manifestations of the disease. 

Another aspect that deserves attention is the lack of [18F]FDG PET/CT acquisition 
harmonization and the diversity of methodologies employed [54]. Semiquantitative 
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parameters are dependent on a whole array of factors, including technical factors 
(calibration between PET scanner and dose calibrator, residual activity in the sy-
ringe, synchronization of clocks in PET scanner and dose calibrator), biological 
factors (blood glucose level, uptake period, patient discomfort, patient motion) and 
physical factors (scan acquisition parameters, image reconstruction parameters, 
region of interest definition, normalization factor for SUV, use of contrast agents, 
blood glucose level correction) [55]. Several efforts have been made to achieve 
standardization of [18F]FDG PET/CT imaging and semiquantification with the Eu-
ropean Association of Nuclear Medicine (EANM) procedure guidelines for tumor 
imaging and the European Association of Nuclear Medicine Research (EARL) pro-
gram [55–57]. These guidelines provide a set of suggestions for standardization of 
diagnostic quality and quantitative measurement precision, allowing for inter-re-
peatability, exchangeability and pooling of quantitative results across multiple cen-
ters. Without these procedure guidelines, variations in SUV may be as high as 50% 
across centers [58,59]. On the other hand, with EANM/EARL compliant [18F]FDG 
PET/CT imaging, variability has been shown to be limited to 6-8% [60]. Equally 
important is the need for methodological standardization post [18F]FDG PET/CT 
acquisition, regarding correction of SUV, lesion selection, lesion segmentation and 
statistical analysis. Guidelines aiding researchers in post-acquisition methodology 
are lacking or incomplete. The PET response criteria in solid tumors (PERCIST) 
and the European Organization for Research and Treatment of Cancer (EORTC) 
criteria are not lymphoma specific and differ considerably [61,62]. The PERCIST  
criteria have been shown to be less influenced by reconstruction inconsistencies 
and has key differences compared to EORTC criteria [63]. It suggests the use of 
SUVpeak, calculation of SUV normalized for lean body mass and selection of five 
lesions (maximum of two per organ) for semiquantification. SUVpeak and its imple-
mentation in clinical trials may represent a step towards better standardization of 
semiquantification as it has been shown to be less operator dependent and less 
sensitive to noise, compared to the more commonly used SUVmax [64]. However, 
application of SUV normalized for lean body mass is not always practical in re-
trospective studies (due to the lack of height data) and selection limited to five 
lesions may not accurately represent the heterogenous nature of lymphoma, which 
may have dozens of lesions in multiple organ systems. Furthermore, no method 
has been defined to accurately measure volumetric parameters. In DLBCL, Ilyas 
and colleagues have shown that volume definition of MTV based on SUV ≥2.5, 
SUV ≥41% of maximum SUV (EANM) and SUV ≥ mean liver uptake (PERCIST) may 
all be predictive of overall survival and progression free survival. Nonetheless, all 
derived thresholds for ‘low’ versus ‘high’ MTV groups, were different across all 
methods, particularly in the SUV ≥41% [65]. Regarding statistical analysis, deter-
mination of threshold values from receiver operator curves (ROCs) may impair va-
lidation and comparison of results across centers. Particularly in studies evaluating 
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volumetric semiquantitative parameters, this methodology is frequently employed 
to determine cut-off  points between ‘low’ and ‘high’ groups [48,66]. Yet, in small 
studies without multicenter validation cohorts, such thresholds may overestimate 
the prognostic value of the parameter being studied. 

For semiquantitative parameters to achieve clinical validity in PTLD and other 
types of lymphoproliferative disorders, nuclear medicine societies should aim to 
further increase awareness of harmonization around [18F]FDG PET/CT acquisi-
tion and study methodology. Introduction of fast and reliable lesion segmentation 
with machine learning algorithms may speed up the semiquantification process, 
translating it into a clinical reality [67]. Multicenter collaboration, particularly in 
rare disorders such as PTLD, is essential for large patient cohorts and validation 
of results.

Radiomics
The idea of textural analysis of images processed through mathematical algo-
rithms dates back to the 1970s [68]. More recently, the field of radiomics in medical 
imaging has seen an exponential growth and increased clinical interest, owing to 
developments in medical imaging software, hardware and quantification (Figure 1) 
[69]. In radiomics, large amounts of quantitative data contained in the digital image 
files can be extracted from a segmented volume of interest. It is hypothesized that 

Figure 1. Radiomics research over the years
Number of articles published between 2012-2020 matching the search term “radiomics” on PubMed
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these quantitative features may contain information about disease-specific pro-
cesses which are undetectable through qualitative evaluation [70,71]. Unlike his-
topathological confirmation, which is limited by geographic tumor heterogeneity, 
radiomics have been suggested to capture heterogeneity across the entire tumor 
volume [72,73]. These features have also been shown to be associated to tumor 
aggressiveness and predict survival endpoints [74,75]. 

Commonly investigated semiquantitative parameters such as SUVmax, SUVpeak and 
SUVmean are first order radiomics, which rely on the distribution of individual voxel 
values without concern for spatial relationships [76]. Yet, SUVs are limited in their 
capability to characterize microenvironment and tumor phenotype, as they omit 
intratumoral [18F]FDG spatial distribution. SUVmax in particular is susceptible to noi-
se artifacts as it relies on a single voxel representation within the lesion [77,78]. 
Parameters such as second order or higher order  radiomics are more complex and 
take into consideration the inter-relationships between neighboring voxels with 
possible mathematical transformation of the images [71,76,79]. These radiomic fea-
tures may therefore be more suitable to evaluate tumor heterogeneity and tumor 
phenotype [72,73].

In chapter 8, we performed the first study to evaluate whether radiomic analysis 
of clinical baseline [18F]FDG PET/CT may be used to discriminate between pa-
tients with FL and DLBCL. We observed that selected radiomic features performed 
better than SUVmax in differentiating FL from DLBCL. To date, no [18F]FDG PET/
CT radiomic studies in PTLD have been performed and applications in lymphoma 
cohorts have focused primarily on therapy response and outcome prediction. A 
recent review identified 18 retrospective studies with extracted radiomics features 
from [18F]FDG PET images and only 5 studies with combined [18F]FDG PET/CT 
features [80]. Although with some mixed results, these studies demonstrated an 
association between radiomic features and therapy response in Hodgkin’s and 
non-Hodgkin’s lymphoma [80]. Unfortunately, and similar to what occurs with ot-
her semiquantitative parameters, the large heterogeneity in methodologies bet-
ween studies limits interpretation and comparison of results. In addition to har-
monization procedures applicable to semiquantitative parameters, including [18F]
FDG PET/CT acquisition, lesion selection and segmentation, radiomic analysis 
adds a new layer of methodological complexity [81,82]. Radiomic analysis requires 
complex steps, often unfamiliar to clinicians, around feature processing, statistics/
modeling and possible machine learning. The optimal method for data processing 
in radiomic analysis remains undefined, with ongoing research in this topic. Mean-
while, clinicians should familiarize themselves with the strengths and limitations of 
such methodologies to better interpret the results. 

11
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As we find ourselves in the early research stages of radiomic applications in PTLD 
and lymphoma, it is necessary to standardize procedures to facilitate its trans-
lation into clinical use. International guidelines need to be put in place to assure 
standardization across centers and comparison of results. The Image Biomarker 
Standardisation Initiative (IBSI) has conceived a reference manual for image bio-
marker nomenclature and definitions, general image processing workflows, tools 
for verifying radiomics software implementations and reporting guidelines for ra-
diomic studies [83,84]. This manual represents a benchmark effort to standardize 
semiquantitative image analysis and radiomics, facilitating their validation and cli-
nical translation. 

PET imaging: The future

Besides [18F]FDG
[18F]FDG PET/CT has become an integral imaging modality in the management 
of lymphoproliferative disorders with great potential for lesion semiquantification. 
Nonetheless, [18F]FDG PET/CT has several limitations, among those the nonspeci-
fic nature of the radiotracer with reduced sensitivity in areas of high physiological 
glucose uptake. Considering the recent developments towards targeted therapy 
in the treatment of lymphomas, [18F]FDG PET/CT is not suitable to visualize tar-
get distribution. In chapter 9, we observed that production of stable radiotracers 
with high yield and high specific activity for selected targets is feasible within the 
current context of molecular imaging expertise [85]. Hence, molecular imaging 
has the potential to provide whole-body target-specific information, essential for 
patient selection and follow-up under the new targeted therapies. In lymphoma, 
non-[18F]FDG related research has focused predominantly on the applications of 
molecular imaging for radioimmunotherapy pharmacokinetics, radiation dosime-
try and prediction of off-target effects with SPECT based radiotracers. From solid 
oncology, several examples highlight the potential value of imaging therapeutic 
targets. [68Ga]Ga-PSMA-11 is a PET radiotracer which has been recently appro-
ved by US Food and Drug Administration (FDA) for prostate-specific membrane 
antigen positive lesions in men with prostate cancer. This radiotracer has shown 
good specificity for disease detection in patients with high risk of prostate cancer 
and may impact management in up to 50% of patient with biochemical recurren-
ce [86,87]. Another recently FDA approved PET/CT radiotracer is the 16α-[18F]
fluoro-17β-oestradiol ([18F]FES) for the detection of estrogen receptor (ER)-posi-
tive lesions as an adjunct to biopsy in patients with recurrent or metastatic breast 
cancer. [18F]FES has been shown to correlate with ER expression by immunohisto-
chemistry and add additional diagnostic information when standard work-up is in-
conclusive [88,89]. Other radiotracers being currently investigated in solid tumors 
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with clinical potential include: 89Zr-trastuzumab (HER2-positive in breast cancer), 
89Zr-atezolizumab (programmed cell death ligand-1 (PD-L1) in metastatic bladder 
cancer, non-small cell lung cancer and triple-negative breast cancer) and 89Zr-be-
vacizumab (vascular endothelial growth factor A (VEGF-A) in renal cell carcinoma, 
breast cancer and non-small cell lung cancer) [90–94]. 

In patients with lymphoma, the growing number of clinical trials (as registered in Cli-
nicaltrials.gov) on molecular radiotracers imaging therapeutic targets epitomize the 
growing clinical interest. A pilot study with 89Zr-rituximab has demonstrated a positive 
correlation with CD20 expression in tumor biopsies [95]. Other ongoing studies on 
selected therapeutic targets include: 124I-PUH71 (heat shock protein 90), 89Zr-DFO-
REGN3767 (LAG-3), 68Ga-pentixafor (CXR4) and 89Zr-atezolizumab (PD-L1) (Table 1). 
In patients with PTLD, the only active non-[18F]FDG molecular imaging clinical trial 

Table 1. Active (targeted) molecular imaging trials in lymphoma (ClinicalTrials.gov)

Identifier Radiotracer Target Status (14-05-2021)

NCT01269593 124I-PUH71 heat shock protein 90 Active, not recruiting

NCT04566978 89Zr-DFO-REGN3767 LAG-3 Recruiting

NCT03850028 89Zr-atezolizumab PD-L1 Recruiting

NCT03436342 68Ga-pentixafor CXR4 Recruiting

evaluates the PET radiotracer 3'-[18F]fluoro-3'-deoxythymidine ([18F]FLT), consi-
dered to reflect tumor proliferation as a function of thymidine salvage pathway 
utilization (NCT00935090). One theoretical advantage of [18F]FLT over [18F]FDG is 
that the former should have less accumulation in inflammatory tissues, decreasing 
false-positive rates [96]. An additional interesting future line of research in patients 
with PTLD is imaging of brentuximab vedotin. Considering that PTLD frequently 
shows CD30 expression, this drug may have a future role in the treatment of ref-
ractory or relapsed PTLD [97]. Another potential research topic would be the use 
of 89Zr-bevacizumab to predict the efficacy of everolimus. Mammalian target of 
rapamycin (mTOR) inhibitors such as everolimus and sirolimus have shown im-
munosuppressive and antiproliferative effect in PTLD cell-lines [98]. Their efficacy 
has only been demonstrated in small patient cohorts, but given the duality of their 
therapeutic effect and the characteristics of PTLD, these drugs represent a poten-
tial new approach in the management of the disease [99,100]. 

Total-body PET/CT
An exciting development in the field of nuclear medicine is the clinical availability 
of the total-body PET/CT. The concept of total-body PET/CT is that, unlike current 
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PET/CT camera systems, it encompasses the entire body within the field of view 
(FOV) and allows simultaneous imaging of all the tissues and organs within the 
body. By extending the current FOV from 20cm to 200cm, expected sensitivity 
gains of approximately 40-fold may be possible for imaging the entire body (head 
to toe) and up to 24-fold for head to mid-thigh (commonly used in PTLD/lympho-
ma) [101]. The increased sensitivity brings significant technical advantages to PET/
CT imaging [102]. Signal to noise ratios can be improved while maintaining current 
protocols (same injected activity, imaging time). Another option would be to main-
tain current signal to noise ratios and scanning times but decrease injected dose. 
Finally, it would be possible to maintain current signal to noise ratios and injected 
dose but significantly shorten time of scanning protocols. From a current whole-
body protocol of 10 to 20 minutes, scanning times could be shortened to as little as 
30-60 seconds with potential less artifacts from patient movement.

Such technical developments broaden the clinical and research possibilities of 
molecular imaging. With an improvement in signal to noise ratios, images can be 
reconstructed at higher spatial resolution, leading to better detection of smaller or 
lower contrast lesions. Multi-tracer studies may become part of clinical routine as 
radiotracers may be followed for additional half-lives with longer time periods before 
signal decay. Better lesion characterization utilizing tracers with different half-lives 
may be conceivable, in which the signal from the first tracer should not interfere 
with that from a second one [103]. Such  improvements may also translate into bet-
ter image quality of therapeutic isotopes with PET/CT. Dosimetry assessment and 
pharmacokinetics based on radiopharmaceuticals provide the basis for a theragnos-
tic approach to patient management [104]. An example to theragnostics may include 
90Y-ibritumomab tiuxetan, which is an FDA approved radiopharmaceutical drug for 
the treatment of relapsed or refractory low-grade, follicular, or transformed B-cell 
non-Hodgkin’s lymphoma. Currently, 90Y-ibritumomab tiuxetan may be visualized 
with PET/CT due to internal pair production, albeit with considerable background 
radioactivity. With increased image sensitivity, therapeutic isotopes with very low 
count rates, such as 90Y-ibritumomab tiuxetan, may be used for simultaneous dia-
gnostic assessment and localization of the therapeutic radioactivity. 

Inherent to the total-body PET/CT is the possibility for dynamic imaging studies 
with tracer kinetic modeling. Particularly in non-specific tracers such as [18F]FDG, 
improved lesion characterization may allow better differentiation between viable 
tumor tissue and inflammation [103,105]. This distinction may prove essential for 
the role of [18F]FDG PET/CT in the follow-up of lymphoma patients treated with 
immunotherapy, where identification of immune-related inflammatory findings 
versus viable tumor tissue is crucial for patient management [106]. Furthermore, 
better lesion characterization may optimize radiomic analysis of lesions.  
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In populations where radiation exposure is of particular concern (e.g.: pediatric 
and maternal–fetal medicine), applications may be expanded due to the possibility 
of ultra-low administered radiotracer dose. In young children with suspicion of PTLD 
or lymphoma, [18F]FDG PET/CT may be requested for diagnosis and consequent 
follow-up. However, as these children may be followed for several years, it is im-
portant to limit the accumulated radiation dose. Due to the low-dose procedures, 
radionuclides of limited availability and high costs, such as 89Zr, may become more 
widely available, allowing for further development of radiotracers imaging therapeu-
tic targets. Total-body PET/CT may also allow screening of selected populations, for 
example for lung cancer [101,102]. With regard to molecular imaging applications to 
clinical research, low-dose protocols may facilitate the use of molecular imaging in 
drug development studies. This approach bypasses the limitations of animal models 
for pharmacokinetic determination and may accelerate translation of new therapies 
to humans. Finally, a decrease in scanning times may lead to an increase in produc-
tivity, which might help offset the high monetary costs of a total-body PET/CT. 

PET/MRI
The PET/MRI is a hybrid technology which combines the high-resolution and 
functional strengths of MRI imaging with the metabolic activity information of PET. 
[18F]FDG PET/MRI has several technical advantages over [18F]FDG PET/CT, inclu-
ding improved soft tissue contrast, better motion correction and reduced radiation 
exposure. Additional quantification markers may also be obtained from [18F]FDG 
PET/MRI, such as apparent diffusion coefficient (ADC), which has been proposed 
as a potential prognostic marker in lymphoma [107]. Nevertheless, direct compari-
son between [18F]FDG PET/CT and [18F]FDG PET/MRI demonstrates that the two 
technologies have similar diagnostic performance for the detection of [18F]FDG-
avid lymphomas in adults and children [107–111]. Ann Arbor staging, detection of 
nodal disease and, of particularly importance in PTLD patients, detection of extra-
nodal disease were found to be similar [107,109]. SUVs between the two imaging 
modalities were found to be correlated, but were not interchangeable [107–109]. 
With significantly shorter scanning times, familiar international guidelines and pro-
tocols optimized for [18F]FDG PET/CT in the management of patients with lym-
phoma, the use of [18F]FDG PET/MRI may be limited to selected cases. In patients 
with suspected central nervous system (CNS) involvement, which may account for 
5% of PTLD cases, [18F]FDG PET/MRI offers the possibility of CNS imaging and 
whole-body imaging in one visit [112]. In patients with suspected bone marrow 
involvement and skeletal metastases, [18F]FDG PET/MRI has been suggested to 
improve lesion detection and offer higher diagnostic confidence [107,113]. Lastly, 
in oncologic pediatric patients which must undergo multiple examinations and in 
whom radiation exposure is a particular concern, [18F]FDG PET/MRI may offer an 
alternative to [18F]FDG PET/CT.

11
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New diagnostic approaches 

Cell free DNA 
Molecular analysis of cell free DNA (cfDNA) has the potential to revolutionize 
management of oncological patients, including those with PTLD and lymphoma. 
cfDNA isolated from systemic circulation may contain a variable amount of circu-
lating tumor DNA (ctDNA) derived from apoptotic and necrotic tumor cells and re-
presents a novel approach for early detection, diagnosis and follow-up of patients 
with PTLD/lymphoma. Analysis of ctDNA allows for simultaneous identification 
of recurrent single-nucleotide variants, copy number changes and presence of 
EBV DNA, while serial sampling allows for monitoring clonal evolution throughout 
the course of the disease [114]. Because cfDNA is obtained from plasma (or less 
commonly urine), it bypasses tumor biopsy limitation of geographic sampling. In 
chapter 10, we explored the feasibility of plasma cfDNA tumor genotyping with low 
coverage whole genome sequencing (lcWGS) to detect copy number aberrations 
(CNAs) and targeted sequencing to detect EBV DNA in patients with monomor-
phic PTLD. We observed that lcWGS allows the detection of CNAs in diagnostic 
plasma samples of patients with monomorphic PTLD and that targeted sequen-
cing reliably detected EBV reads in EBV-positive PTLD. Considering the variety of 
PTLD oncogenic mechanisms (including somatic mutations, structural aberrati-
ons, epigenetic alterations, and EBV signaling), complementary data analysis for 
this study is currently ongoing [115]. Because CNAs most likely represent a low 
proportion of all genomic aberrations potentially detectable in ctDNA, we are cur-
rently considering a combination of lcWGS for detection of CNAs, in addition to 
targeted next-generation sequencing analysis to detect somatic single nucleotide 
variants and presence of EBV copies to improve comprehensive genomic profiling 
of plasma-derived ctDNA. 

Furthermore, we are participating in an ongoing study from the Stanford University 
School of Medicine to (1) evaluate ctDNA for early detection of PTLD, (2) profile 
oncoviruses in cfDNA and evaluate integration sites as cancer risk predictors and 
(3) quantify associations among immunosuppression, viral infection and cancer 
development (NIH RePORTER Project 5R01CA229766-03). Integration of these 
concepts allow us to envision new ways to prevent, monitor and treat the disease. 
If we can determine the kinetics of emerging somatic variants and achieve the 
most accurate window for early prediction of PTLD, we may employ pre-emptive 
measures to prevent the disease. A strategy currently used in some transplant cen-
ters includes the use of pre-emptive rituximab in high-risk, high PTLD suspicion 
patients [116]. 
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Simultaneous, we may access the degree of immunosuppression of the patient 
(through measurement of circulating Anellovirus load) and adjust it accordingly. 
As degree of immunosuppression has been identified as one of the risk factors of 
PTLD, we may prevent some cases through careful monitoring of the patients’ im-
munosuppression load [112]. Moreover, not only would we be able to adjust current 
immunosuppression regiments but also identify other suitable options, such as 
mTOR inhibitors. Finally, by acquiring new insights into interaction between onco-
virus (including EBV, HHV8 or cytomegalovirus) and PTLD pathogenesis, we may 
employ therapies targeted at infected cells. In chapter 10, we observed that geno-
mic profiling of cfDNA had better detection performance than clinical quantitative 
polymerase chain reaction (qPCR) testing. This finding points toward the possi-
bility for early identification of high-risk EBV-positive patients and more accurate 
patients’ stratification for early treatment with EBV-specific cytotoxic T lympho-
cytes [117]. This therapy has shown promising results with a good safety profile in 
refractory EBV-positive PTLD and is currently being investigated in several clinical 
trials (NCT02973113, NCT03394365, NCT04554914, NCT02822495) [118]. 

Regarding treatment follow-up, no studies have been carried out, but promising re-
sults have been published in immunocompetent patients with DLBCL. Analysis of 
ctDNA in this patient population has been shown to track disease load and monitor 
clonal evolution throughout treatment [114]. ctDNA quantification at interim eva-
luation has shown promising prognostic value by identifying early responders after 
two therapy cycles (R-CHOP or EPOCH-R) [119,120]. We may also employ targeted 
therapy based on emerging somatic variants and adjust therapy accordingly [121]. 
One example may include modulation of the NF-ĸB pathway with target therapy, 
as this signaling cascade has been implicated in the pathogenesis of EBV-negative 
PTLD [122]. Another promising target includes the druggable pathway of phos-
phoinositide 3-kinase (PI3K) which been shown to be expressed in 94% of PTLD 
cases [122].  

In conclusion, cfDNA is a promising, innovative biomarker for early disease identi-
fication and management of patients with PTLD/lymphoma. Standardization and 
harmonization of procedures will be essential for its introduction into clinical work-
up. Considering that chromosomal abnormalities have been shown to be virtually 
absent in non-destructive cases, present in 15-57% of polymorphic PTLD and in 
46-75% of monomorphic PTLD cases, promising results obtained in other lympho-
ma cohorts cannot be directly translated to PTLD [115,123–125]. Therefore, and gi-
ven the rarity of the disease, multicenter trials in PTLD cohorts are necessary. This 
is an exciting area of research suitable for clinical translation. As this technology 
becomes more readily available and some current limitations are addressed (e.g.: 
monetary cost, turnaround time for results, understanding of ctDNA kinetics), pro-

11
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spective trials may focus on the impact of selective mutations on treatment choice 
and prognosis, its role on risk-adapted approaches and how to best integrate this 
technology into current clinical work-up. 

Dynamic risk profiling
As we reassess the work here presented and the body of ongoing research, we 
can envision exciting new developments for the diagnosis and management of 
patients with PTLD. In chapters 2-7, we demonstrated that [18F]FDG PET/CT has 
a good diagnostic performance for the detection of PTLD (particularly in adults) 
with potential for lesion semiquantification. In chapters 8-10, we proceeded to ex-
plore new avenues of research including: radiomics, identification of radiotracers 
besides [18F]FDG and cfDNA analysis. Integration of these promising tools and 
consequent restructuring of the current clinical framework should facilitate a per-
sonalized therapeutic approach and ultimately lead to better patient management. 
It is possible to envision a new way of dynamic risk profiling which captures cli-
nical, radiographic, histological and molecular features of the tumor. Additionally, 
innovative therapeutic paradigms which allow for therapy adaptation based on on-
going patient/tumor profiling are seemly within our reach. 

The Continuous Individualized Risk Index (CIRI) developed by the Stanford Uni-
versity, utilizes Bayesian statistical analysis to integrate several cancer biomarkers 
over time and dynamically determine the outcome for individual patients [126]. 
Their dynamic model for personalized disease risk in DLBCL included six risk-pre-
dictors: IPI, molecular cell of origin, interim [18F]FDG PET/CT and three ctDNA 
risk factors. When compared to each individual risk-predictor, CIRI significantly 
improved prediction of event free survival at 24 months, with an average predicted 
risk of event by 24 months within 1% from the observed risk when calibrated with 
clinical outcomes. Similarly, CIRI was tested as a personalized predictive model 
not at a fixed time point but at any future time point. The results are equally im-
pressive, with calibration of predictions throughout the disease course of <5% dif-
ference between observed and predicted outcomes. Although a machine learning 
approach would be theoretically possible, CIRI leverages on prior knowledge with 
a selection of established risk factors. This approach is of particularly interest in 
cohorts with limited number of patients, like PTLD, as a significant smaller number 
of training cases are necessary. 

Figure 2 encompasses the developments discussed in this chapter and highlights 
a theoretical framework in the management of patients with PTLD. Based on an 
individualized risk assessment of PTLD development, clinical surveillance after 
transplantation would be tailored to each patient. Surveillance through ctDNA 
would alert physicians for early stage PTLD and immunosuppression would be 
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Figure 2. Framework for management of PTLD 
Schematic illustration highlighting the clinical implications of molecular imaging (including imaging of 
therapeutic targets, total-body PET/CT and PET/MRI) and ctDNA at each management step of a post-
transplant patient with PTLD. Dynamic model for personalized disease risk is employed throughout the 
whole management course. 

tailored according to each individual need. Based on ctDNA tumor genotyping, 
PET/CT would be employed to image anatomical tumor burden and evaluate dis-
tribution of the most suitable therapeutic target. If total-body PET/CT is available, 
multi-tracer imaging including a targeted and a non-targeted radiotracer would 
be possible. Additionally, it would be expected that the availability of a total-body 
PET/CT would decrease the threshold for molecular imaging due to minimal radia-
tion exposure to the patient. In selected cases, where CNS involvement is suspec-
ted, PET/MRI may be employed. Radiomic analysis of lesions may also be used to 
provide additional quantitative data about tumor characteristics. Throughout the-
rapy, ctDNA would allow monitoring of clonal evolution and PET/CT would iden-
tify ongoing expression of therapeutic target in the tumor. During surveillance, the 
patient would periodically be followed with ctDNA with potential use of molecular 
imaging. Throughout management of disease, a dynamic model for personalized 
disease risk, such as CIRI, would aid clinical decision-making and prognostication. 

Concluding remarks 

Sixty years since the first documented case of PTLD, the scientific community has 
made great strides to improve the management of this disorder. This thesis adds 
to the ongoing body of research in this direction. In Part I, we evaluated the role 
of clinical imaging, particularly [18F]FDG PET/CT, for the detection of PTLD and its 
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potential for lesion semiquantification. In Part II, we explored future possibilities 
such as radiomics, targeted molecular imaging and ctDNA which may further im-
prove the management of PTLD. The whole work is contextualized in this discus-
sion, in which we address some limitations of current approaches and the clinical 
implications of the new developments. Overall, there is reason for optimism, with 
ongoing developments in diagnostic methods, therapy, and individualized risk as-
sessment, we move towards the goal of personalized medicine and the hope of 
better care for each and every patient.
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