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To the Editor,

Non-Hodgkin lymphomas encompass a histologically 
heterogeneous group of cancers, ranging from the 
more indolent follicular lymphoma, to the more aggres-
sive diffuse large b-cell and burkitt lymphomas [1]. 
The availability of a non-invasive whole body imaging 
modality for lymphoma grading would be of advantage 
because it may be helpful to steer the diagnosis, guide 
biopsies (to the lymphomatous site that is presumed 
to be most aggressive at imaging), assess intra-individual 
tumor heterogeneity, and to detect high-grade trans-
formation in patients with indolent lymphoma.

18F-fluoro-2-deoxy-D-glucose positron emission 
tomography/computed tomography (FDg-PET/
CT) is a standard method for pre- and post-treatment 
evaluation of lymphoma [2]. with the exception  
of extranodal marginal zone lymphoma and small 
lymphocytic lymphoma, most lymphoma subtypes 
have high FDg avidity [3]. Previous studies reported 
FDg uptake of aggressive lymphomas to be higher 
than that of indolent lymphomas [4–6]. However, 
although these studies included around 100 or more 
patients [5–7], in one study the time interval between 
PET scanning and biopsy was up to 90 days and the 
FDg uptake measurement was discordant from the 
location of biopsy in some patients [4], and in two stud-
ies the time interval between PET scanning and biopsy 
was not mentioned and the FDg uptake measurement 
was not reported to match the site of biopsy [5,6].  

As a result of the important methodological short-
comings of these studies [4–6], the true value of 
FDg-PET/CT for lymphoma grading is still 
unknown.

The purpose of this study was therefore to assess 
the diagnostic value of FDg-PET/CT for lymphoma 
grading, using direct (site-matched) and timely 
(within one month) histopathological correlation.

Material and methods

inclusion criteria for this study were: histologically 
proven lymphoma (either Hodgkin or non-Hodgkin 
lymphoma) and availability of pretreatment FDg-
PET/CT within one month before diagnostic  
(excisional or needle) biopsy of at least one extramed-
ullary (i.e. non-bone marrow) lymphomatous site. 
Exclusion criteria for this study were: FDg-PET/CT 
not performed within one month before diagnostic 
biopsy, inability to determine the lymphoma subtype 
on the basis of the biopsy, lack of sufficient informa-
tion to determine the exact location of the diagnostic 
biopsy, diagnosis of lymphoma solely based on bone 
marrow biopsy findings, and usage of chemotherapy, 
immunotherapy, radiotherapy or systemic corticos-
teroids within three months before FDg-PET/CT.

FDg-PET/CT was performed using a 40-detector 
row PET/CT scanner (biograph 40 TruePoint  
PET/CT, siemens Healthcare, Malvern, PA, UsA). 
Patients fasted for at least six hours. blood glucose 
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levels were checked to be less than 11 mmol/l before 
3 Mbq/kg body weight of FDg was administered. 
sixty minutes after FDg injection, PET/CT images 
were acquired from mid-thigh to skull base.

An experienced reader (H.J.A.A.) used the  
Region of interest visualization, evaluation, and image 
registration (RoVER) software (AbX advanced bio-
chemical compounds gmbH, Radeberg, germany) 
for FDg uptake measurements of all biopsied sites. 
The location of FDg uptake measurement was deter-
mined based on radiological and surgical reports. 
However, the reader was blinded to other clinical, 
laboratory, histopathological (including lymphoma 
subtype) and follow-up information at the time of 
FDg uptake measurements. Using a threshold setting 
of 40% of the maximum sUV (sUVmax) a delineated 
tumor volume of interest (Voi) was created at the site 
that was biopsied after the FDg-PET/CT acquisition. 
The software then automatically calculated 3D partial 
volume corrected mean sUV (csUVmean), sUVmax, 
and peak sUV (sUVpeak) of this Voi.

All tissue specimens were examined by experi-
enced hematopathologists, subtyped and subse-
quently classified into major groups as either 
aggressive non-Hodgkin lymphoma, indolent non-
Hodgkin lymphoma or Hodgkin lymphoma, accord-
ing to the 2008 wHo classification of tumours of 
haematopoietic and lymphoid tissues [7]. Mantle cell 
lymphoma was regarded as an intermediate form of 
non-Hodgkin lymphoma and was not classified as 
indolent or aggressive [7].

Kolmogorov-smirnov tests were used to check 
whether csUVmean, sUVmax, and sUVpeak of the 
major lymphoma classification groups (i.e. aggressive 
non-Hodgkin lymphoma, indolent non-Hodgkin 
lymphoma, and Hodgkin lymphoma) were normally 
distributed. Differences in mean csUVmean, sUVmax, 
and sUVpeak among the major lymphoma classifica-
tion groups were assessed by using one-way analysis 
of variance (ANoVA) with student-Newman-Keuls 
post-hoc testing. in case of a significant difference in 
any of the FDg uptake metrics between two of the 
aforementioned groups, additional receiver operating 
characteristic (RoC) analysis was performed to 
determine the area under the RoC curve (AUC) and 
optimal cut-off value with corresponding sensitivity 
and specificity. The level of statistically significant 
difference was set at p  0.05. statistical analyses 
were executed using MedCalc version 10.4.5.0  
software (MedCalc, ostend, belgium).

Results

A total of 121 patients (68 men and 53 women,  
mean age: 60.9 years, age range: 16–90 years) were 
finally included. The mean time interval between 

FDg-PET/CT and diagnostic biopsy was 7.7 days 
[standard deviation (sD): 7.4 days, range 0–31 days]. 
Number of patients included with specific lymphoma 
subtypes are displayed in Table i.

Kolmogorov-smirnov tests confirmed that csU-
Vmean, sUVmax, and sUVpeak in each of the major 
lymphoma classification group (i.e. aggressive non-
Hodgkin lymphoma, indolent non-Hodgkin lym-
phoma, and Hodgkin lymphoma) were normally 
distributed, justifying the use of the one-way ANoVA. 
The one-way ANoVA revealed a significant overall 
effect of the major lymphoma classification group on 
the measured mean csUVmean (p  0.001), sUVmax 
(p  0.001), and sUVpeak (p  0.001). Pairwise com-
parisons revealed that aggressive non-Hodgkin lym-
phomas had significantly higher (p  0.05) csUVmean, 
sUVmax, and sUVpeak than indolent non-Hodgkin 
lymphomas, and that aggressive non-Hodgkin lym-
phomas had significantly higher (p  0.05) csUVmean, 
sUVmax, and sUVpeak than Hodgkin lymphomas 
(Figure 1). However, there were no significant differ-
ences (p  0.05) in csUVmean, sUVmax, and sUVpeak 
between indolent non-Hodgkin lymphomas and 
Hodgkin lymphomas. AUCs of csUVmean, sUVmax, 
and sUVpeak for the discrimination between aggres-
sive non-Hodgkin lymphoma and indolent non-
Hodgkin lymphoma were 0.892 (95% Ci 
0.814–0.946), 0.889 (95% Ci 0.810– 0.944), and 
0.867 (95% Ci 0.784–0.927), respectively (Figure 2). 
optimal cut-off values for csUVmean, sUVmax, and 
sUVpeak for the discrimination between aggressive 
non-Hodgkin lymphoma and indolent non-Hodgkin 
lymphoma were 9.4, 10.8, and 9.9, and yielded sen-
sitivity and specificity combinations of 80.4% and 
89.4%, 82.4% and 89.4%, and 70.6% and 93.6%, 
respectively. AUCs of csUVmean, sUVmax, and sUVpeak 
for the discrimination between aggressive non- 
Hodgkin lymphoma and Hodgkin lymphoma were 
0.753 (95% Ci 0.637–0.847), 0.777 (95% Ci 0.663– 
0.866), and 0.763 (95% Ci 0.648–0.855), respec-
tively (Figure 2). optimal cut-off values for csUVmean, 
sUVmax, and sUVpeak for the discrimination between 
aggressive lymphoma and Hodgkin lymphoma were 
9.2, 12.3, and 8.8, which yielded sensitivity and spec-
ificity combinations of 80.4% and 66.7%, 70.6% and 
76.2%, and 78.4% and 66.7%, respectively.

Discussion

The results of this study, in which a direct (site-
matched) and timely (within one month) histopatho-
logical correlation was used, show that FDg uptake 
measurements have a high diagnostic value in dif-
ferentiating aggressive from indolent non-Hodgkin 
lymphoma, and a moderately high diagnostic value 
in differentiating aggressive non-Hodgkin lymphoma 
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in aggressive non-Hodgkin lymphoma. Unlike in 
aggressive non-Hodgkin lymphomas, csUVmean, 
sUVmax, and sUVpeak in indolent non-Hodgkin lym-
phomas never exceeded 12.3, 16.4, and 13.9. simi-
larly, csUVmean, sUVmax, and sUVpeak in Hodgkin 
lymphomas never exceeded 17.5, 18.8, and 16.3. 

from Hodgkin lymphoma. The reported FDg uptake 
thresholds may be helpful in clinical practice for 
separating these entities. However, this method is  
not useful in distinguishing indolent non-Hodgkin 
lymphoma from Hodgkin lymphoma. of interest, 
relatively high FDg uptake metrics were only found 

Table i. Mean, sD, and range of csUVmean, sUVmax, and sUVpeak for each individual lymphoma subtype.

lymphoma subtype
Mean 

csUVmeansD
Range 

csUVmean

Mean 
sUVmaxsD

Range 
sUVmax

Mean 
sUVpeaksD

Range 
sUVpeak

Aggressive non-Hodgkin 
lymphoma (n  51)

14.5  7.1 2.8–36.6 17.1  8.1 4.0–38.7 14.2  7.3 3.6–36.4

Diffuse large b-cell lymphoma 
(n  38)

15.5  7.0 3.7–36.6 18.5  7.8 4.4–38.7 15.4  7.5 3.7–36.4

High-grade (3b) follicular 
lymphoma (n  5)

14.4  8.9 5.7–29.0 14.4  7.0 7.3–24.6 12.2  6.2 6.3–21.4

Anaplastic large cell lymphoma 
(n  2)

8.2  4.6 4.9–11.4 9.8  5.3 6.0–13.5 7.9  5.0 4.3–11.4

burkitt lymphoma (n  2) 14.9  7.0 9.9–19.8 22.8  12.2 14.1–31.4 17.2  5.9 13.0–21.3
Peripheral T-cell lymphoma 

not otherwise specified 
(n  2)

9.9  2.0 8.5–11.3 9.3  2.5 7.5–11.1 7.7  2.5 5.9–9.5

Angioimmunoblastic T-cell 
lymphoma (n  1)

9.1 - 11.2 - 10.1 -

T-cell lymphoblastic 
lymphoma (n  1)

2.8 - 4.0 - 3.6 -

indolent non-Hodgkin 
lymphoma (n  47)

6.2  2.7 1.2–12.3 7.4  3.3 1.8–16.4 6.3  2.8 1.3– 13.9

low-grade (1–3a) follicular 
lymphoma (n  33)

7.2  2.6 2.5–12.3 8.5  3.1 3.1–16.4 7.1  2.7 2.2–13.9

small lymphocytic lymphoma 
(n  5)

4.5  1.8 2.5–7.1 6.0  1.9 4.3–8.8 5.2  1.8 3.6–7.8

lymphoplasmacytic lymphoma 
(n  4)

2.8  1.7 1.2–4.3 3.7  2.3 1.8–6.5 3.4  2.5 1.3–6.6

Extranodal marginal zone 
lymphoma (n  3)

4.2  0.4 3.8–4.6 5.0  0.4 4.7–5.4 4.1  0.4 3.8–4.5

Nodal marginal zone 
lymphoma (n  2)

4.6  3.5 2.1–7.0 5.0  3.8 2.3–7.7 4.4  3.7 1.8–7.0

Mantle cell lymphoma (n  2) 8.6  1.1 7.8–9.4 9.9  1.8 8.6–11.1 8.9  2.0 7.5–10.3
Hodgkin lymphoma (n  21) 8.9  3.9 3.8–17.5 10.1  3.9 5.3–18.8 8.4  3.6 4.1–16.3

A B C

Figure 1. box-and-whisker plots show median (middle line of box), quartiles (top and bottom lines of box), upper extreme value (upper 
whisker), lower extreme value (lower whisker), and outliers (circles) for csUVmean (a), sUVmax (b), and sUVpeak (c) according to major 
lymphoma classification group. csUVmean, sUVmax, and sUVpeak of aggressive non-Hodgkin lymphoma were significantly higher than those 
of indolent non-Hodgkin lymphoma and Hodgkin lymphoma (p  0.05). However, there were no significant differences (p  0.05) in 
csUVmean , sUVmax, and sUVpeak between indolent non-Hodgkin lymphomas and Hodgkin lymphomas.
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Awareness that relatively high FDg uptake is specific 
for aggressive disease is crucial when interpreting 
FDg-PET/CT scans because it can suggest the diag-
nosis of aggressive non-Hodgkin lymphoma and 
high-grade transformation in indolent lymphoma. 
Although histological confirmation of high-grade 
transformation remains obligatory, FDg-PET/CT 
may guide biopsies to the lymphomatous site that is 
likely most aggressive.

Three large studies including around 100 or more 
patients have previously been published on this topic 
[4–6]. schöder et al. [4] performed FDg-PET sUVmax 
measurements in 97 patients with non-Hodgkin  
lymphoma. FDg uptake was reported to be lower in 
indolent than in aggressive non-Hodgkin lymphoma 
for patients with new (sUVmax, 7.0  3.1 vs. 19.6  9.3; 
p  0.01) and relapsed (sUVmax, 6.3  2.7 vs. 
18.1  10.9; p  0.04) disease. RoC analysis for dis-
criminating between aggressive and indolent non-
Hodgkin lymphoma was performed in 69/97 patients 
for whom the site of biopsy was the same as the site 
at which sUVmax was measured and resulted in an 
AUC of 0.847. Using a cut-off sUVmax of 10 pro-
vided a sensitivity of 71% and a specificity of 81% 
to detect aggressive disease. Drawbacks of the study 
by schöder et al. [4] are the large (up to 90 days) 
time interval between FDg-PET and histological 
examination, that it was not reported whether the 
study included patients who underwent FDg-PET/

CT after diagnostic biopsy (which could have affected 
local FDg uptake at the biopsy site), that Hodgkin 
lymphomas were not included and that outdated 
stand-alone PET systems were used [4]. in another 
study, Tsukamoto et al. [5] included 255 patients 
with various subtypes that were classified into four 
groups: Hodgkin lymphoma (mean sUVmax  6.6), 
indolent b-cell lymphoma (mean sUVmax  3.3), 
aggressive b-cell lymphoma (mean sUVmax (mean 
sUVmax  9.9), and natural killer cell/T-cell lympho-
mas (mean sUVmax  9.4). Tsukamoto concluded 
that the sUVmax of Hodgkin lymphoma was signifi-
cantly higher than that of indolent non-Hodgkin 
lymphoma (note that this was not the case in the 
present study), but lower than that in aggressive non-
Hodgkin lymphoma. in addition, the sUVmax in 
indolent non-Hodgkin lymphoma was significantly 
lower than that in aggressive and natural killer cell/T-
cell non-Hodgkin lymphomas. Unfortunately, Tsu-
kamoto et al. [5] did not perform any RoC analysis. 
The most important drawbacks of the study by  
Tsukamoto et al. [5] are that the location of the 
sUVmax measurement was not reported (and thus 
unlikely to be performed at the site of the biopsy) 
and that the interval between FDg-PET and diag-
nostic biopsy was not mentioned. Furthermore, an 
outdated stand-alone PET system was used [5]. 
Finally, Ngeow et al. [6] included 63 patients with 
aggressive and 21 with indolent b-cell non-Hodgkin 
lymphomas for RoC analysis. The AUC of the FDg-
PET sUVmax for discriminating between aggressive 
and indolent non-Hodgkin lymphoma was 0.81, and 
an optimal cut-off value of 10 yielded a sensitivity of 
91% and a specificity of 62%. However, Ngeow et al. 
[6] did not report the location of the FDg uptake 
measurement and the time interval between FDg-
PET and diagnostic biopsy, which introduces an 
important potential bias. Unlike the previous three 
larger studies on this topic that suffered from impor-
tant methodological drawbacks [4–6], the present 
study is essentially different in that it provided a 
direct (site-matched) and timely (within one month) 
correlation between the FDg uptake measurement 
and the histopathological specimen.

This study had several limitations. First, although 
a total of 121 patients was included in this study, the 
number of patients with some specific lymphoma 
subtypes was relatively low. This is due to the fact 
that many of the potentially eligible patients had to 
be excluded because a direct and timely correlation 
between FDg uptake measurements and histopa-
thology could not be achieved, and due to the rela-
tively rare incidence of some lymphoma subtypes. 
second, since only one observer performed the FDg 
uptake measurements once, intra- and interobserver 
agreement were not determined. Third, although a 

Figure 2. RoC curves for csUVmean (a), sUVmax (b), and sUVpeak 
(c) measurements for the discrimination between aggressive and 
non-Hodgkin indolent lymphoma. AUCs of csUVmean, sUVmax, 
and sUVpeak for the discrimination between aggressive and 
indolent non-Hodgkin lymphoma were 0.892 (95% Ci 0.814–
0.946), 0.889 (95% Ci 0.810– 0.944), and 0.867 (95% Ci 0.784–
0.927), respectively. RoC curves for csUVmean (d), sUVmax (e), 
and sUVpeak (f) measurements for the discrimination between 
aggressive non-Hodgkin lymphoma and Hodgkin lymphoma. 
AUCs of csUVmean, sUVmax, and sUVpeak for the discrimination 
between aggressive non-Hodgkin lymphoma and Hodgkin 
lymphoma were 0.753 (95% Ci 0.637–0.847), 0.777 (95% Ci 
0.663–0.866), and 0.763 (95% Ci 0.648–0.855), respectively.
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standard FDg-PET/CT protocol was applied and an 
EANM approved PET/CT system was used for 
image acquisition, it should be realized that the 
reported FDg uptake metrics may vary from those 
obtained in other institutions because of differences 
in technical and patient-related factors.

in conclusion, this direct and timely histopathologi-
cal correlation study provides evidence to confirm that 
FDg-PET/CT is reasonably accurate in differentiating 
aggressive non-Hodgkin lymphoma from indolent  
non-Hodgkin lymphoma and Hodgkin lymphoma.
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