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Simple Summary: Richter transformation (RT) is a phenomenon characterized by the transformation
of B cell chronic lymphocytic leukemia (CLL) into a more aggressive lymphoma and it is considered a
diagnostic challenge. In this review, we analyzed the published articles about the potential usefulness
of 2-deoxy-2-[18F]-fluoro-D-glucose positron emission tomography/computed tomography (2-[18F]-FDG
PET/CT) in detecting RT. Using evidence from 13 published studies, including 1336 CLL patients, we
showed that 2-[18F]-FDG uptake expressed as maximum standardized uptake value (SUVmax) has a high
negative predictive value. An SUVmax of 5 is the most frequent threshold used in the literature to detect RT.

Abstract: Richter transformation (RT) is a condition wherein B cell chronic lymphocytic leukemia
(CLL) transforms into a more aggressive lymphoma variant. The incidence and the significance of RT
detected by 2-[18F]-FDG PET/CT is a clinical challenge and it is not widely investigated in the literature.
The aim of this systematic review was to analyze published data about the potential role of 2-[18F]-FDG
PET/CT in detecting RT. A comprehensive computer literature search of the PubMed/MEDLINE,
Embase and Cochrane library databases was conducted up to December 2020. Thirteen studies
(1336 patients with CLL) were selected. The maximum standardized uptake value (SUVmax) was
the most common metabolic parameter used to detect RT. An SUVmax of 5 had an average overall
sensitivity of 87% (range: 71–96%), an average overall specificity of 49% (range: 4–80%), an average
positive predictive value of 41% (range: 16–53%) and an average negative predictive value of 84%
(range: 33–97%). Other metabolic variables were only marginally investigated, with promising results.
2-[18F]-FDG PET/CT imaging may play an important role in the detection of RT in CLL, based on the
high metabolic activity of the nodal lesions that transformed into aggressive lymphomas. 2-[18F]-FDG
PET/CT has high negative predictive value for evaluating RT.
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1. Introduction

Chronic lymphocytic leukemia (CLL) is an indolent, low-grade B cell lymphoproliferative disease,
characterized by the presence of high lymphocytosis, associated with nodal and splenic involvement,
and irregular blood counts [1]. CLL derived from a clonal proliferation and accumulation of mature B
cells (usually with a coexpression of CD5, CD19, CD20(dim) and CD23) in the bone marrow, blood,
spleen and lymph nodes, and it is classified using to the Rai and Binet staging system [2]. In most cases,
CLL is a lymphoproliferative disorder with good prognosis; however, in a small number of cases (about
2–10%), the patients developed a more aggressive condition called Richter transformation (RT) [3].
RT was first described by a pathologist, Maurice Richter, in 1928, and this definition was applied later
to describe a subset of patients with CLL who developed large-cell lymphoma [4]. Nowadays, RT is
defined when CLL or small lymphocytic lymphoma evolved into an aggressive lymphoma variant,
more frequently diffuse large B-cell lymphoma (DLBCL) and less frequently Hodgkin lymphoma
(HL) [5–7]. The prognosis of patients with RT is lower than CLL, with a median overall survival (OS)
ranging from 2.5 to 10 months [5–7], also due to the absence of a shared gold standard efficient therapy
for these kind of patients despite recent therapeutic improvements [8,9]. To confirm RT, histological
diagnosis remains the gold standard and typically it is done by a core needle biopsy or excisional
node biopsy, which are invasive procedures with potential side effects [9,10]. Several different clinical
and pathological features, such as the LDH level, B symptoms, the asymmetric growth of bulky
lymph nodes and some molecular factors, such as immunoglobulin heavy chain variable (IGHV)
somatic hypermutation and TP53 interruption, have been studied, demonstrating significant roles
in detecting RT; but, a strong debate is still present [10]. In this scenario, the potential usefulness of
2-deoxy-2-[18F]-fluoro-D-glucose positron emission tomography/computed tomography (2-[18F]-FDG
PET/CT) in detecting RT is not completely understood, but with promising initial evidence [11,12].
For this reason, the aim of our systematic review was to investigate the published data about the role
of 2-[18F]-FDG PET or PET/CT in detecting RT in patients affected by CLL.

2. Materials and Methods

2.1. Search Strategy

A comprehensive literature search of the PubMed/MEDLINE, Embase and Cochrane library
databases was performed to find relevant published manuscripts about the role of 2-[18F]-FDG PET or
PET/CT in detecting RT of CLL. We have created and used a search algorithm based on a combination
of the terms (a) “chronic lymphocytic leukemia” OR “CLL” OR “Richter transformation” OR “Richter
syndrome” AND (b) “positron emission tomography” OR “PET”. No beginning date limit was used;
the search was updated until December 31, 2020. To expand our analysis, the references of the retrieved
publications were also screened to search for additional articles related to the topic of interest. All the
literature manuscripts collected were managed using EndNote®Basic (ClarivateTM).

2.2. Study Selection and Quality Assessment

Studies or subsets in studies focused on detecting RT in patients with CLL by using 2-[18F]-FDG
PET/CT PET or PET/CT were included. Exclusion criteria were (a) studies not in the field of interest of
this systematic review; and (b) case reports or small case series (less than 5 patients with RT), review
articles, meta-analyses, editorials, letters and conference proceedings. No language restriction was
used. Two researchers (D.A. and F.B.) independently reviewed the titles and abstracts of the retrieved
articles, applying the abovementioned inclusion and exclusion criteria. Articles were excluded in case
of clear ineligibility. The same two researchers then independently reviewed the full-text version of
the remaining publications to evaluate their suitability and performed the quality assessment of the
included studies. Disagreements were discussed among the co-authors in a consensus meeting.

A quality assessment of the included articles was performed. This assessment included both the
risk of bias assessment and applicability concerns by using the QUADAS-2 tool [13].
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2.3. Data Extraction and Collection

For each included study, two researchers (DA and FB) collected data concerning the studies’
characteristics (author names, year of publication, country and study design), scanner-related features
(type of scanner used, radiotracer injected activity, uptake time and image analysis), number of patients
evaluated and number of cases with RT. Data about the sensitivity, specificity, positive predictive value
(PPV) and negative predictive value (NPV) of 2-[18F]-FDG PET or PET/CT in detecting RT in patients
with CLL were also extracted. The main findings of the articles included in this review are reported in
the Results section.

3. Results

3.1. Literature Search

The comprehensive computer literature search from the selected databases revealed
147 manuscripts. After the revision of the titles and abstracts, 90 records were eliminated because they
were not within the field of interest of the research of this review and 44 records were eliminated because
they were editorials, comments, case reports, small case series, reviews or conference proceedings.
Finally, 13 studies (for a total of 1336 patients affected by CLL who performed 2-[18F]-FDG PET or
PET/CT) were screened in their full-text version and included in this systematic review [14–26] (Figure 1).
No additional manuscripts were discovered while checking the references of the selected articles.

1 

 

 

Figure 1. Literature search flowchart.

3.2. Qualitative Analysis

Tables 1–3 contain the main characteristics and results of the studies included. Of the 13 studies,
10 were of retrospective nature [14–16,19–21,23–26] and only 3 were prospective [17,18,22]. In two
papers the scanner utilized was PET only [15,24], while in the other 10 cases the scanner used was
hybrid PET/CT [14,16–18,20–23,25,26]; only in one manuscript both techniques were considered [19].
In all the included studies, PET or PET/CT images were analyzed visually and semi-quantitatively.
Regarding the semi-quantitative analysis, the maximum standardized uptake value (SUVmax) was
the most frequent metabolic parameter investigated. Metabolic tumor volume (MTV) and total lesion
glycolysis (TLG) were analyzed only in two articles [23,26]. All 13 studies were evaluated qualitatively
using the QUADAS-2 tool (Figure 2).
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Table 1. Basic study and patient characteristics of the articles included in this systematic review.

First Author Year Country Study Design CLL Patients M:F Ratio Mean Age (Range) Patients with RT

Bruzzi J.F. [14] 2006 USA Retrospective 37 26:11 61 (40–82) 11 (30%)

Karam M. [15] 2006 USA Retrospective 15 nr nr 1 (7%)

Taralli S. [16] 2012 Italy Retrospective 9 8:1 57.7 (49–70) 1 (11%)

Papajik T. [17] 2014 Czech Republic Prospective 44 nr nr 8 (18%)

Conte M.J. [18] 2014 USA Prospective 272 197:75 61.5 * (21–91) 25 (9%)

Falchi L. [19] 2014 USA Retrospective 332 218:114 68 * (31–85) 95 (29%)

Mauro F.R. [20] 2015 Italy Retrospective 90 65:25 61.2 * (31–81) 17 (19%)

Michallet A.S. [21] 2016 France Retrospective 240 94:146 62 (21–91) 24 (10%)

Mato A.R. [22] 2019 USA Prospective 57 nr 67 * (28–85) 8 (14%)

Pontoizeau C. [23] 2020 France Retrospective 28 22:6 71 * (36–89) 28 (100%)

Wang Y. [24] 2020 USA Retrospective 92 69:23 68 * (43–89) 25 (27%)

Porrazzo M. [25] 2020 Italy Retrospective 40 31:9 62 * (35–92) 5 (13%)

Albano D. [26] 2020 Italy Retrospective 80 58:22 61 (27–83) 18 (22.5%)

Legend: M = male; F = female; CLL = chronic lymphocytic leukemia; RT = Richter’s transformation; nr: not reported; * = median.
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Table 2. Main technical features of the articles included in this systematic review.

First Author Device Mean Radiopharmaceutical
Injected Activity Uptake Time (min) Image Analysis PET Semi-Quantitative

Parameters

Bruzzi J.F. [14] PET/CT 555 MBq 60 Visual and
semiquantitative SUVmax

Karam M. [15] PET 592–700 MBq 45 Visual and
semiquantitative SUVmax

Taralli S. [16] PET/CT 166–318 MBq 60 Visual and
semiquantitative SUVmax

Papajik T. [17] PET/CT 400 MBq 60 ± 3 Visual and
semiquantitative SUVmax

Conte M.J. [18] PET/CT nr nr Visual and
semiquantitative SUVmax

Falchi L. [19] PET & PET/CT nr nr Visual and
semiquantitative SUVmax

Mauro F.R. [20] PET/CT nr nr Visual and
semiquantitative SUVmax

Michallet A.S. [21] PET/CT nr nr Visual and
semiquantitative SUVmax

Mato A.R. [22] PET/CT nr nr Visual and
semiquantitative SUVmax

Pontoizeau C. [23] PET/CT nr nr Visual and
semiquantitative SUVmax, MTV, TLG

Wang Y. [24] PET nr nr Visual and
semiquantitative SUVmax

Porrazzo M. [25] PET/CT 4 MBq/Kg 60 ± 10 Visual and
semiquantitative SUVmax

Albano D. [26] PET/CT 3.5–4.5 MBq/Kg 60 Visual and
semiquantitative

SUVbw, SUVlbm, SUVbsa,
L-L SUV R, L-BP SUV R,
MTV, TLG

Legend: PET = positron emission tomography; CT = computed tomography; MBq = MegaBecquerel; SUV = standardized uptake value; max = maximum; bw = body weight; lbm = lean
body mass; bsa = body surface area; L-L SUV R = lesion to liver SUV ratio, L-BP SUV R = lesion to blood pool SUV ratio; MTV = metabolic tumor volume; TLG = total lesion glycolysis; nr
= not reported.
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Table 3. Diagnostic accuracy of 2-[18F]-FDG PET or PET/CT in detecting Richter transformation.

First Author CLL Patients RT Patients SUVmax Cut-Off Used Sensitivity Specificity PPV NPV

Bruzzi J.F. [14] 37 11 (30%) 5 91% 80% 53% 97%

Karam M. [15] 15 1 (7%) na na na na na

Taralli S. [16] 9 1 (11%) na na na na na

Papajik T. [17] 44 8 (18%) na na na na na

Conte M.J. [18] 272 25 (9%) 5 na na na na

Falchi L. [19] 332 95 (29%) 5 88% 47% 38% 92%

Mauro F.R. [20] 90 17 (19%) 5 87% 71% 51% 94%

Michallet A.S. [21] 240 24 (10%) 10 91% 95% 29% 99%

Mato A.R. [22] 57 8 (14%)

5 71% 4% 16% 33%
10 71% 50% 26% 88%
11 71% 61% 31% 89%
12 57% 68% 31% 86%

Pontoizeau C. [23] 28 28 (100%) na na na na na

Wang Y. [24] 92 25 (27%)

5 96% 21% 51% 86%
6 92% 28% 52% 80%
7 84% 45% 57% 76%
8 76% 62% 63% 75%
9 72% 72% 69% 75%
10 56% 76% 67% 67%
11 52% 83% 72% 67%
12 44% 86% 73% 64%
13 40% 93% 83% 64%
14 28% 93% 78% 63%
15 28% 93% 78% 60%

Porrazzo M. [25] 40 5 (13%) 5 80% 74% 31% 96%

Albano D. [26] 80 18 (22.5%) 9 67% 90% 67% 90%

Legend: na = not available; CLL = chronic lymphocytic leukemia; RT = Richter’s transformation; PPV = positive predictive value; NPV = negative predictive value.
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Figure 2. QUADAS 2 score of all included studies.

Among the 1336 patients included in these 13 studies, RT happened in 266 patients with a mean
prevalence of 20% (ranging from 7% to 100%) (Table 1). The range is very wide, due to the high
heterogeneity of the populations studied. In 2006, firstly Bruzzi et al. [14] analyzed the possible
usefulness of 2-[18F]-FDG PET/CT in 37 patients who performed a total of 57 PET/CT scans and derived
a threshold of an SUVmax of 5 with an overall good accuracy to detect RT (sensitivity 91%, specificity
80%, PPV 53% and NPV 97%). In three studies [15–17], only visual analysis of PET was used to detect
RT and SUVmax was not applied. In the other 6 studies [18–20,22,24,25], an SUVmax of 5 was used to
detect RT with an average overall sensitivity of 87% (range 71–96%), an average overall specificity of
49% (range 4–80%), an average overall PPV of 41% (range 16–53%) and an average overall NPV of 84%
(range 33–97%). Albano et al. [26] and Michallet et al. [21] proposed a different SUVmax threshold
as the best predictor for RT: an SUVmax of 9 and of 10, respectively, with a sensitivity, specificity,
PPV and NPV of 67%, 90%, 67% and 90%, respectively, in the first case [26], and 91%, 95%, 29% and
99%, respectively, in the second one [21]. In two studies [22,24], different SUVmax cutoff values were
directly compared in the same population. Notably, increasing the SUVmax threshold, the sensitivity
of 2-[18F]-FDG PET/CT in detecting RT in patients with CLL usually decreased whereas the specificity
increased (Table 3).

Other metabolic variables (such as the SUV corrected for lean body mass (SUVlbm), for body
surface area (SUVbsa), lesion-to-blood-pool SUV ratio (L-BP SUV R), lesion-to-liver SUV ratio (L-L
SUV R), total lesion glycolysis (TLG) and metabolic tumor volume (MTV)) were investigated only by
Albano et al. [26], identifying as the best threshold 5.3 for SUVlbm (with a sensitivity and specificity
of 72% and 83%, respectively), 1.7 for SUVbsa (with a sensitivity and specificity of 72% and 78%,
respectively), 2 for L-L SUV R (with a sensitivity and specificity of 94% and 63%, respectively) and
4.8 for L-BP SUV (with a sensitivity and specificity of 72% and 92%, respectively). For these metabolic
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measures, there was a significant difference between RT patients and non RT patients applying the
aforementioned thresholds. Instead, the cutoff values derived from MTV (14.5 cm3) and TLG (40) were
not a significant predictor for RT [26].

4. Discussion

2-[18F]-FDG PET/CT is a non-invasive diagnostic tool useful for the study of different oncological
diseases and with different purposes (e.g., staging, treatment response evaluation and restaging).
The role of this imaging method for the study of lymphoma is well known with strong evidence,
especially in those lymphoma histotypes considered 2-[18F]-FDG avid by definition, like Hodgkin
lymphoma (HL), diffuse large B-cell lymphoma (DLBCL) and follicular lymphoma [27,28]. Recent
publications have described a high 2-[18F]-FDG avidity also in other non-Hodgkin lymphoma variants
(Burkitt lymphoma, mantle cell lymphoma) [29–32]. Instead, some lymphoma variants, such as
mucosa-associated lymphoid tissue (MALT) and splenic marginal zone lymphomas (SMZL), present the
usual low to moderate 2-[18F]-FDG uptake [33,34]. CLL also seems to be a lymphoproliferative disease
with variable metabolic behavior and its 2-[18F]-FDG avidity is directly related to the aggressiveness
and the risk of transformation into aggressive lymphoma [11,12]. The detection of patients that will
develop RT seems to be fundamental because RT significantly influences the outcome and is associated
with a lower efficacy of treatments [9]. Moreover, to date, the epidemiological, clinical and biological
features considered as surely indicative of RT are not available [9].

2-[18F]-FDG PET/CT may help to define the disease status with the aim to detect the cases with a high
risk of transformation in CLL patients and to choose the best personalized approach [11,12]. With this
review, we underline that 2-[18F]-FDG PET/CT is helpful in evaluating CLL with the risk of transformation
into aggressive lymphomas. Nevertheless, it is essential not to consider RT in all cases of hypermetabolic
lesions at 2-[18F]-FDG PET/CT (for example, when SUVmax ≥ 10). The final confirmation of the RT
remains to the prerogative of tissue biopsy and the PET/CT should only guide towards the choice of node
to biopsy [14–26]. This is due to the low specificity and PPV of PET/CT in this field.

Our analysis shows a good NPV of PET/CT and its parameter in detecting RT, while PPV was
shown to be less accurate despite the high heterogeneity of the results.

In this regard, another potential use of 2-[18F]-FDG PET/CT is to recognize the site with highest
metabolic rate to identify sites for biopsy (to confirm the clinic suspicion of RT) as well as for CLL
prognostication. The SUVmax at 2-[18F]-FDG PET may be considered a surrogate marker of metabolic
activity, and a high value of SUVmax usually reflects aggressiveness and risk of transformation of CLL
into more aggressive lymphomas [35]. First, Bruzzi et al. arbitrary proposed an SUVmax of 5 as a
threshold to discriminate cases of RT, reporting good global accuracy [14]. This value was chosen
on the basis of the institutional experience of that center and suggested as suspected for aggressive
metabolic behavior. The cutoff of 5 was the most used in the literature, but other cutoffs are also
suggested [21,22,24,26].

From a clinician’s point of view, the main aim is to obtain a high sensitivity by 2-[18F]-FDG
PET/CT in detecting RT and in selecting sites for biopsy to confirm the suspicion of RT of CLL [11,12].
Based on the available data, when different SUVmax thresholds of 2-[18F]-FDG PET/CT are compared,
the threshold value of 5 seems to guarantee the best sensitivity for detecting RT but with increased false
positive results (lower specificity) compared to higher SUVmax thresholds [14–21,23–26]. Only one
study was partially in contradiction to this evidence: Mato et al. [22] compared different threshold in a
small population (n = 57), finding the best accuracy with an SUVmax value of 11, while applying 5 as
the threshold NPV was very low (33%) and inferior to other SUVmax values.

The main source of false positive results is non-transformed CLL [14–26]. Conversely, increasing
the SUVmax threshold for 2-[18F]-FDG PET/CT will result in a decrease in sensitivity with a higher risk
of false negative results for RT [14–26].
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The development of new PET/CT scanners and technical features could influence the choice of the
best SUVmax threshold to detect RT and this topic needs to be better analyzed, especially in the future
with the increased availability of digital PET/CT scanners [36].

Only one study [26] focused on the metabolic parameters different from the SUVmax corrected
for body weight, which is the most famous and used metabolic parameter and very easy and
rapid to calculate with modern workstations. However, SUV is a factor that includes intrinsically
some weaknesses and it is affected by several elements, such as the blood glucose level, the uptake
time, the risk of extravasation of the radiotracer, the radiotracer decay, the partial volume effect,
the scanner features, the protocols of acquisition and elaboration and the potential residual activity
in the syringe [37]. For these reasons, other SUV-related parameters were introduced that correct
for a lean body mass and body surface area; but, except for body weight, all the other limitations
persist. Subsequently, other PET parameters related to the metabolic volumes (MTV and TLG) were
derived and were defined as parameters that represent the morphological and metabolic features in the
same feature [37]. In the literature, other manuscripts investigated the potential role of MTV and TLG
in lymphoproliferative diseases, especially in the prognostic field [38–41], but in CLL patients only
two studies [23,26] analyzed these factors, reporting controversial results. For Pontoizeau et al. [23],
baseline MTV was a predictor of overall survival in RT, while in the other paper [26], MTV and TLG
were not related to survival.

New emerging radiotracers, such as [68Ga]Ga-Pentixafor, have been developed and tested in
the study of CLL, showing promising results in the differential diagnosis with other carcinoma and
lymphoma [42]; however, more studies are needed.

Overall, SUVmax remains the most commonly studied metabolic parameter at 2-[18F]-FDG
PET/CT in CLL patients with suspicion of RT. An SUVmax ≥ 5 is the most used threshold in the
literature, associated with a good NPV for RT in CLL patients, despite other SUVmax cut-off values
with significant results that also have been suggested [14–26]. Further large and multicenter studies
are needed to confirm or controvert these results. However, it seems reasonable to suggest to perform
2-[18F]-FDG PET/CT in patients with CLL and suspected RT, considering the good NPV. Instead, in
case of a positive PET/CT (high SUVmax), it remains mandatory to perform biopsy to confirm the
suspicious RT.

Limitations

Several limitations affect the quality of our systematic review on the role of 2-[18F]-FDG PET/CT
in detecting RT in CLL patients, like the absence of multicenter studies and the heterogeneity
among the included studies. In particular, this heterogeneity is due to different patient and study
characteristics, different technical aspects about 2-[18F]-FDG PET/CT, different metabolic measures
and related threshold values and different types of RT (Hodgkin and non-Hodgkin lymphomas).
This heterogeneity prevented us from carrying out a meta-analysis with related pooled values of the
diagnostic performance of 2-[18F]-FDG PET/CT in detecting RT in CLL patients; therefore, a systematic
review only was preferred [43].

Another aspect that should be underlined is the possible selection bias in the included manuscripts.
The prevalence of RT in the included articles is higher compared to that reported in the general
population (2–10% of CLL patients) [1–4].

5. Conclusions

In spite of the heterogeneity of the studies (in most cases of retrospective nature) and the wide
variability in the sample analyzed, with this systematic review we can conclude that 2-[18F]-FDG
PET/CT is an important tool to detect RT in CLL patients with an overall high NPV. SUVmax may be
considered the best metabolic parameter for detecting RT in CLL patients. An SUVmax equal to or
greater than 5 remains the most frequent threshold suggested in the literature for this purpose. Larger
prospective studies on this topic are warranted.
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