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1   |   INTRODUCTION

In the setting of follicular lymphoma (FL), bone marrow 
involvement (BMI) is frequently observed and its assess-
ment in the upfront staging is relevant as it might influ-
ence patient management.1–8 Until recently, bone marrow 
biopsy (BMB) has been undoubtedly the gold standard for 
this purpose and is a key variable included in the FLIPI, 
FLIPI2 and PRIMA-PI indexes.5–7 However, a role for pos-
itron emission tomography (PET) and PET/computed to-
mography (PET/CT) in this framework has been proposed 
by recent studies.9–11

PET and PET/CT have become essential tools for the 
management of lymphoma. The outstanding role of PET/
CT in Hodgkin lymphoma (HL) has been extensively 
proved.12,13 Regarding diffuse large B-cell lymphoma 
(DLBCL), though PET/CT is recommended for staging 
and evaluation of response,14–16 it has some potential 
limitations, particularly concerning BMI analysis.17,18 
However, its value in FL is more actively discussed: While 

the 2015 ESMO clinical guidelines favored the routine use 
of PET/CT in the initial staging,19 others did not make it 
mandatory.20

In the FL setting, 18F-fluorodeoxyglucose (18FDG) 
nodal avidity has been demonstrated in >95% of cases.21,22 
Even more, both the PET/CT after induction therapy 
and the gradient in 18FDG nodal uptake between initial 
staging and response evaluation have been related with 
outcome.23–26 In contrast, a number of studies have re-
ported an uneven role of this procedure for routine bone 
marrow (BM) pretreatment staging,10,11,27–29 with some 
groups pointing out a different 18FDG uptake profile 
between lymph nodes and BM.30 To this regard, a wide 
range of sensitivities have been reported for the assess-
ment of bone marrow infiltration using PET or PET/CT 
in FL.10,11,21,25,28–31

With the aim of further evaluating the role of both 
PET/CT and BMB in detecting BMI in the upfront workup 
of FL, we have recruited a nation-wide cohort of 299 pa-
tients. We have focused on analyzing the accuracy of both 
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Abstract
Backgound: In the workup of follicular lymphoma (FL), bone marrow biopsy 
(BMB) assessment is a key component of FLIPI and FLIPI2, the most widely used 
outcome scores. During the previous decade, several studies explored the role 
of FDG-PET/CT for detecting nodal and extranodal disease, with only one large 
study comparing both techniques.
Methods: The aim of our study was to evaluate the diagnostic accuracy and the 
prognostic impact of both procedures in a retrospective cohort of 299 FL patients 
with both tests performed at diagnosis. In order to avoid a collinearity bias, FLIPI2 
was deconstructed in its founding parameters, and the bone marrow involvement 
(BMI) parameter separately included as: a positive BMB, a positive PET/CT, the 
combined “PET/CT and BMB positive” or “PET/CT or BMB positive”. These vari-
ables were also confronted independently with the POD24 in 233 patients treated 
with intensive regimens.
Results: In the total cohort, bone marrow was involved in 124 and 60 patients 
by BMB and PET/CT, respectively. In terms of overall survival, age > 60 y.o. and 
the combined “PET/CT or BMB positive” achieved statistical independence as a 
prognostic factor. In patients treated with an intensive regimen, only the com-
bined “PET/CT or BMB positive” added prognostic value for a shorter overall 
survival, when confronted with the POD24.
Conclusion: Our results show that in FL both BMB and PET/CT should be con-
sidered at diagnosis, as their combined assessment provides independent prog-
nostic value in the context of the most widely use clinical scores.
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tests in the evaluation of BMI in the initial staging and the 
impact of both procedures on prognosis, with an emphasis 
to avoid collinearity biases in the multivariate models.

2   |   PATIENTS AND METHODS

2.1  |  Patients

Patients ≥18 years old (y.o.) with a diagnosis of FL grade 1 
to 3a according to the WHO classification, between June 
2005 and December 2018, with both a BMB and PET/
CT performed at baseline were included, from 10 tertiary 
centers of Spain. Patients had not received either chemo-
therapy or corticosteroids, and no concomitant malignancy 
was known to be present at the time of both procedures. 
Pathology and PET/CT results were unknown to each 
other specialist.

This study was approved by the University Hospital 
Morales Meseguer IRB (EST:05/18) and performed in ac-
cordance with the Declaration of Helsinki.

2.2  |  Bone marrow biopsy

In Spain, unguided unilateral posterior iliac crest biopsy 
and marrow aspirate are recommended in patients diag-
nosed with non-Hodgkin lymphoma (NHL) according to 
GELTAMO guidelines, though there is no consensus for 
FL. Following National Pathology Guidelines, CD20 and 
CD3 were used to confirm B-infiltration and rule out reac-
tive mixed nodules.

BMBs were evaluated by experienced hematopatholo-
gists in each center. Results were obtained from the in-
dividual reports and were not reviewed thereafter. Data 
from bone marrow aspirate, and either flow cytometry or 
molecular tests were not used in the present work.

2.3  |  PET/CT imaging and analysis

PET/CT studies were obtained by the following PET/CT 
devices: Gemini TF64, Gemini GXL and Gemini TF16 
(Gemini devices from Philips), Discovery LS, Discovery 
ST, Discovery STE and Discovery IQ (Discovery devices 
from GE Healthcare), and either Biograph mCT 20 Flow, 
Biograph TP16 and Biograph 6 (Biograph devices from 
Siemens). Procedure, quality control and interpreta-
tion guidelines are commented in detail in our previous 
works.13,17 BMI by PET/CT was considered positive with 
the presence of unifocal (single lesion), bifocal, multifo-
cal (≥3 lesions) or focal lesions with diffuse uptake. Purely 
diffuse FDG uptake was not considered BMI.

2.4  |  Statistics

We used the Kaplan–Meier and the Cox method to ana-
lyze overall survival (OS) and progression free survival 
(PFS), with a two-sided p value ≤0.15 for a factor in the 
univariate analysis to be included in the multivariate re-
gression, where a p value ≤0.05 was considered statisti-
cally significant. To avoid collinearity in the multivariate 
regressions, we deconstructed the FLIPI2 composite in its 
foundational factors, considering BMI by mean of differ-
ent measures in four models: BMB+, PET/CT+, “BMB+ 
and PET/CT+” and “BMB+ or PET/CT+”. In Cox regres-
sions, examination of log (−log) survival plots and partial 
residuals was performed to assess that the underlying as-
sumption of proportional hazards was met.

In addition, we tested whether the defined BMI variables 
added independent prognostic value to the POD24, regard-
ing OS, in the subset of patients intensively treated (immu-
nochemotherapy regimens aimed for remission) in first 
line. In this group we included either patients treated with 
Rituximab, Cyclophosphamide, Doxorubicin, Vincristine, 
Prednisone (R-CHOP), Rituximab-Bendamustine (R-B) and 
Rituximab, Cyclophosphamide, Vincristine and Prednisone 
(R-CVP) and those treated with different high intensity regi-
mens including a number of distinct clinical trials (Table 1).

Accuracy of tests was assessed as previously described.13 
We used a combined positivity “PET-CT and BMB” as our 
gold standard. Statistical analysis was performed using 
SPSS software (IBM SPSS Statistics 21, IBM Corporation, 
Chicago, IL) and Epidat (http://dxsp.sergas.es).

3   |   RESULTS

3.1  |  Patient characteristics

A total of 299 FL patients were included. Main charac-
teristics at baseline are shown in Table 1. With a median 
age at diagnosis of 59 y.o. (interquartile range, 49–68), and 
a balanced gender distribution (150 females/149 males), 
the majority of patients (53.8%) had Ann Arbor stage IV. 
Ninety (30.1%) and 50 (16.7%) patients were included in 
the low risk category of FLIPI and FLIPI2 indexes, re-
spectively. Most patients had histological grade 1–2 dis-
ease (71.5%). Two hundred and thirty-three patients were 
treated upfront with immunochemotherapy.

3.2  |  Performance of PET-CT and BMB 
findings on staging

The PET/CT was positive for BMI in 58 patients and nega-
tive in 241. Among those positive, 37 had also a positive 
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BMB, whereas 87 patients had a positive BMB with a neg-
ative PET/CT. The BMB was positive in 124 patients and 
negative in 175. Among those negative, 21 had a positive 
PET/CT (Table S1, Appendix S1).

Focusing on the performance by PET/CT, the sensi-
tivity was 40% (95% confidence interval [CI]; 31.6–48.3), 
negative predictive value (NPV) was 63.9% (95% CI; 57.6–
70.1) and accuracy 70.9% (95% CI: 65.5–76.2). Regarding 
BMB, the sensitivity was 85.5% (95% CI; 79.4–91.5), NPV 
was 88% (95% CI; 82.9–93.1) and accuracy was 92.8% (95% 
CI: 89.9–96.0) (Table S2, Appendix S1). Considering BMB 
as gold standard, the use of PET/CT upstaged 11 patients 
(3.7%) to Ann Arbor IV. On the other hand, should we 

considered PET/CT as gold standard, BMB would have 
upstaged 65 patients (21.7%) to Ann Arbor IV.

We next wanted to check whether those cases with 
high grade histology behave in a different manner. 
Among 85 grade 3a FL patients, the PET/CT was positive 
in 13 patients and negative in 72. Among those positive, 7 
also had a positive BMB, whereas 29 patients had a posi-
tive BMB with a negative PET/CT. The BMB was positive 
in 36 patients and negative in 49. Among those nega-
tive, 6 had a positive PET/CT (Table S3, Appendix S1). 
Focusing on the performance by PET/CT, the sensitiv-
ity was 26.5% (95% confidence interval (CI; 13.1–39.9)), 
NPV was 50% (95% CI; 37.7–62.2), accuracy 57.6% (95% 
CI: 46.5–68.7). Regarding BMB, the sensitivity was 73.4% 
(95% CI; 60.0–86.8), NPV was 73.4% (95% CI; 60.0–86.8) 
and accuracy was 84.7% (95% CI: 76.4–92.9) (Table S4, 
Appendix S1).

3.3  |  Impact of PET-CT and BMB 
findings on survival

3.3.1  |  Whole cohort: deconstructed FLIPI2

With a median (range) follow-up of 57 months (3–185), 85 
patients (28.4%) progressed and 39 (13%) died. Univariate 
analysis of OS and PFS is shown in Table S5, Appendix S1. 
A beta2-microglobulin over the upper normal limit 
(ULN), a diameter of the largest involved node (LoDLIN) 
exceeding 6  cm and a hemoglobin lower than 120 g/L, 
were significantly associated with a shorter PFS in the 
univariate analysis. From the four different definitions of 
BMI, a positive BMB and the combined “PET/CT or BMB 
positive”, were significantly associated with a shorter PFS 
in univariate analysis. Two multivariate models were cre-
ated (one for each of the two BMI significant measures) 
(Table 2). Neither BMI positive or the combined “PET/CT 
or BMB positive”, could add an independent prognostic 
value to the two factors than remained significant: beta2-
microglobulin higher than ULN and a LoDLIN over 6 cm 
(Figure 1).

Regarding OS, an elevated beta2-microglobulin, a 
LoDLIN over 6 cm, a hemoglobin lower than 120 g/L and 
an age older than 60 y.o., were significantly associated 
with a shorter OS in the univariate analysis. Of the four 
different definitions of BMI, a positive result by BMB, a 
positive PET/CT and the combined “PET/CT or BMB pos-
itive” result, were significantly associated with a shorter 
OS in univariate regression. Three multivariate models 
were created (one for each of the two BMI significant 
measures) (Table 2). The combined “PET/CT or BMB pos-
itive” and an age older than 60 y.o. remained significant 
for a shorter OS (Figure 2).

T A B L E  1   Patient characteristics

Characteristic
Total cohort 
(n = 299)

Age, median (IQR), y.o. 59 (49–68)

Gender, Female/male, n (%) 150 (50.2)/149 (49.8)

Ann Arbor Stage at diagnosis, n (%)

I 28 (9.4)

II 37 (12.4)

III 73 (24.4)

IV 161 (53.8)

FLIPI, n (%)

Low 90 (30.1)

Intermediate 108 (36.1)

High 101 (33.8)

FLIPI2, n (%)

Low 50 (16.7)

Intermediate 159 (53.2)

High 90 (30.1)

Grade, n (%)

I–II 214 (71.5)

III 85 (28.4)

Treatment, n (%)

Rituximab-CHOP 152 (50.8)

Rituximab-Bendamustina 37 (12.4)

Rituximab/Obinutuzumab-CVP 21 (7.0)

Observation, Rituximab, Radiation 53 (17.7)

Othersb 36 (12.0)

Time to first treatmenta, median 
(range), months

1.1 (0–57)

Follow-up, median (range), months 57.3 (3.6–185.8)

Abbreviations: CHOP, cyclophosphamide, doxorubicin, vincristine, and 
prednisone; CVP, cyclophosphamide, vincristine, and prednisone; y.o, years 
old; FLIPI, Follicular Lymphomas International Prognostic Index.
a287 treated patients.
bIncluding 23 out of 36 patients treated with high intensity schedules 
distinct from R-CHOP, R-B, R/O-CVP or/and enrolled in clinical trials.
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3.4  |  Intensively treated FL cohort: 
FLIPI2 and PRIMA-PI

3.4.1  |  Deconstructed FLIPI2

We analyzed the cohort of 233 patients treated with 
immunochemotherapy. Each of the non-BMI factors 
of the FLIPI2 and the four different definitions of BMI 
were tested in univariate analysis for OS and PFS (Table 

S6, Appendix  S1). In the univariate model, a beta2-
microglobulin above ULN, a LoDLIN larger than 6 cm, 
a hemoglobin lower than 120 g/L, a positive BMB and 
the combined “PET/CT or BMB positive”, were sig-
nificantly associated with a shorter PFS. Two multi-
variate models were created (Table S7, Appendix S1). A 
LoDLIN over 6 cm, a positive BMB result and the com-
bined “PET/CT or BMB positive”, remained significant 
for a shorter PFS.

F I G U R E  1   Kaplan–Meier estimate curves of the two factors, within the FLIPI2 score, that remained significant in the multivariate Cox 
model for PFS. (A) LoDLIN over 6 cm, (B) B2M higher than ULN. B2M, B2-microglobulin; FLIPI, Follicular Lymphomas International 
Prognostic Index; LoDLIN, longest diameter of the largest involved nodes; PFS, Progression-free survival; ULN, upper limit of normal.

F I G U R E  2   Kaplan–Meier estimate curves of the two factors, within the FLIPI2 score, that remained significant in the multivariate Cox 
model for OS. (A) Age older than 60 y.o., (B) The combined “PET/CT or BMB positive”. BMB, bone marrow biopsy; BMI, Bone marrow 
involvement; FLIPI, Follicular Lymphomas International Prognostic Index; OS, overall survival; PET/CT, PET/computed tomography; y.o, 
years old.
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Regarding OS, an elevated beta2-microglobulin, a 
LoDLIN over 6  cm, a hemoglobin lower than 120 g/L, a 
positive BMB, a positive PET/CT and the combined “PET/
CT or BMB positive” were significantly associated with a 
shorter OS in the univariate analysis. Three multivariate 
models were created (Table S7, Appendix S1). A positive 
BMB and the combined “PET/CT or BMB positive”, re-
mained significant for a shorter OS.

3.4.2  |  Deconstructed PRIMA-PI

PRIMA-PI score was useful for predicting PFS in pa-
tients receiving immunochemotherapy. It involves three 
groups, the one with the highest risk defined, exclusively, 
by a beta2-microglobulin over 3  mg/L. The intermedi-
ate and low risk groups required two factors: a beta2-
microglobulin ≤3 mg/L and/or the presence or absence of 
BMI by BMB, respectively.

We confirmed the prognostic value of presenting a 
beta2-microglobulin above 3 mg/L in our series of patients 
treated with an intensive regimen (n = 233) (p < 0.01, HR 
2.59 (95% CI 1.56–4.30)).

In order to determine which of the four different 
definitions of BMI provided the best predictive value in 
PRIMA-PI score, we selected 171 patients who belonged 
to the intermediate and low risk groups of this score 
(those in which BMI is included as a variable). The results 
of each of the univariate analysis are shown in Table S8, 
Appendix S1. Only the combined “PET/CT or BMB posi-
tive” achieved a statistical significance for predicting PFS.

3.5  |  Intensively treated FL 
cohort: POD24

In the subset of 233 patients treated with an intensive regi-
men, we tested whether each of the four variables that we 
had previously defined for BMI could retain independ-
ent prognostic value when confronted with the POD24. 
Table 3 shows how the only bivariate model in which both 
the POD24 and a BMI variable kept a significant value was 
when using the combined “PET/CT or BMB positive”. 
Though the relative risk of POD24 was 5.4, the presence 
of a positive result of the combined “PET/CT or BMB posi-
tive” represented a three-fold increased risk of death inde-
pendently from POD24.

4   |   DISCUSSION

We present the largest series so far comparing BMB and 
PET/CT in the initial staging of FL. Our results show a 

greater accuracy for BMB over PET/CT both in the whole 
series and when only 3A histologic grade was considered. 
Regarding prognosis our data found that the combination 
“PET/CT or BMB” was the only BMI parameter who kept 
either a prognostic independent value when considering 
deconstructed FLIPI-2 and PRIMA-PI, or progression 
considered out with POD24.

During the last decade, a plethora of small series ad-
dressed the value of FDG-PET/CT in FL. In addition, a 
number of reviews summarized previous reports and 
focused on both the superiority of the two procedures 
over conventional CT in detecting nodal and eventually 
extra nodal disease, and the added value of response as-
sessment through successive studies. Interestingly, those 
reviews put also into the light a number of methodolog-
ical errors, notably the lack of direct comparison with 
BMB, and the poor performance of PET/CT in evaluat-
ing BMI.21,24,27,28,32–39 Some of the studies used a different 
methodological approach, which precludes a straight for-
ward contrast with our results.40

St-Pierre et al., have reported a large series regarding 
PET/CT in the FL setting.10,11 In their work, focused on 
accuracy, they report a clinically relevant upstage of 16% 
when considering PET/CT results.10 Our data show a su-
perior sensitivity of BMB over PET/CT and, of note, these 
data do translate into a better accuracy. Focusing on BM 
evaluation by BMB, only 11 of our patients (3.7%) would 
have been upstaged to Ann Arbor IV by PET/CT. In the 
opposite, with PET/CT as the gold standard, 65 (21.7%) 
would have been upstaged by BMB. Higher percentages of 
upstaging with the use of PET/CT have been reported by 
Luminari et al., (7.5%), Le Dortz et al., (18%) and St Pierre 
et al., (16%). Nakajima et al., focusing on the performance 
by PET/CT, reported a sensitivity of 69%, and an accuracy 
of 87%, while in their work BMB showed a sensitivity of 
72% and an accuracy of 88%. PET/CT upstaged 24 patients 
(9.2%) to stage IV.9 As we have previously debated, diag-
nostic performance studies (including ours) comparing 
BMB vs PET-CT in this setting inevitably suffer a bias de-
rived from the lack of an independent gold-standard.41,42 
Thus, the prognostic value of each technique emerges as a 
better surrogate marker for clinical utility.

St-Pierre et al., also reported a survival analysis of their 
series. They addressed early event free survival (EFS) ana-
lyzing extra nodal involvement by PET/CT. In a multivar-
iate analysis with FLIPI-2 factors, spleen, soft tissue and 
the pattern of bone involvement, independently predicted 
a lower EFS, while none of the PET/CT parameters had an 
independent value for OS prognostication.11

Another large series has been reported recently, in-
cluding 261 patients.9 Their results contrast with ours in 
that PET/CT was the only independent predictor of PFS 
in multivariate analysis, whereas high FLIPI score and 
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PET/CT predicted OS. This is strikingly different from 
our multivariate analysis, where PET/CT alone did not 
achieve independent prognostic value for any clinical 
outcome. One possible explanation of this contradiction 
may be that the efficiency of their multivariate model, 
may be hampered by the bias of collinearity. This bias 
arises when a factor is partially or totally encompassed 
by another factor and both of them are included in a 
multivariate analysis. This overlap of regressors, disrupts 
the correlation architecture among potentially predictive 
variables, leading to biased estimations.43 Considering 
BMI by BMB and/or PET/CT as separate factors in a mul-
tivariate model that already includes them as part of the 
FLIPI2 BMI category, may cause a collinearity effect. In 
our work we tried to overcome this issue, deconstructing 
the FLIPI2 composite in its foundational factors, consid-
ering BMI by means of different measures in four models: 
BMB+, PET/CT+, “BMB+ and PET/CT+” and “BMB+ 
or PET/CT+”. Of note, regarding performance analysis, 
both Nakajima and our conclusion are similar in which 
the combined “PET/CT and BMB” identify BMI more ac-
curately than either BMB or PET alone.

In the last years, the anticipation of an early relapse 
has come to the forefront of interest in the setting of FL. 
For this purpose, several models have been developed to 
further refine the information obtained in the upfront 
prognostic indices. Among them, two have reached suc-
cess and are at present widely used.32,44 Though, neither 
of them have been tested so far with PET/CT. We have 
addressed this issue considering either of the four defini-
tions of BMI as items of a POD24 model and for this anal-
ysis only the combined BMI-BMB or BMI-PET/CT was 
associated with the risk of progression.

We acknowledge that our study design (multicenter se-
ries and retrospective nature) confers both strength and 
weakness and could raise a number of issues. The main 
limitation of this kind of studies in lymphoma is the lack 
of a gold standard for the accuracy comparison. Guided 
repeated biopsies are too invasive. The remission of le-
sions in end of treatment PET-CT could be a surrogate 
marker of baseline involvement of true. Nevertheless, 
some studies have shown that both lymphomatous and 
benign/inflammatory bone marrow lesions may demon-
strate decrease in uptake at follow-up.45,46 Secondly, rela-
tive heterogeneity regarding PET/CT or BMB procedures 
through different centers, could be argued as a confound-
ing factor. However, we consider that our multicenter ap-
proach may be closer to “real life” clinical practice than 
recent single center reports.9–11 Thirdly, as in the recent 
series of Nakajima et al., cases with a diffuse pattern were 
recorded but not considered as positive BMI.9 Diffuse 
18FDG uptake is a controversial issue whose real meaning 
in the setting of FL is unclear: while in some small series 
it has been related with BMI,33 a more recent larger series 
related this pattern with a high false positive rate.40

With a wider perspective, in addition to its added per-
formance and prognosis value, BMB grants both the eval-
uation of histology (allowing for the detection of either a 
discordant histology or transformation). When performed 
with a bone marrow aspirate, it provides suitable material 
for key ancillary techniques (flow cytometry, cytogenetic 
and molecular studies).33

To conclude, in the upfront workup of FL, PET/CT 
gives meaningful information regarding nodal and most 
extranodal areas. In addition, successive studies allow for 
a clinically relevant response assessment.15,23 Our results 
show that in FL both BMB and PET/CT should be carried 
out at diagnosis, as their combined assessment provides 
independent prognostic value in the context of the most 
widely use clinical scores.
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