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Background: Positron emission tomography–computed  tomography  (PET–CT)  and bone  marrow  biopsy

are  currently the  common  clinical examination  of lymphoma infiltration. The aim of this  research  is to

evaluate  the  value of PET–CT in diagnosis  of bone marrow  infiltration,  clinical  staging and pathological

typing of lymphoma.

Methods: 153 cases  were  analyzed  retrospectively to  compare  the  consistency  of PET–CT  and  bone mar-

row biopsy. We  analyzed  the  sensitivity,  accuracy  and  specificity of  PET–CT  in  different  clinical pathology

of lymphoma.

Results:  The PET–CT sensitivity in detecting  bone marrow  infiltration  is  54.3%  with  a specificity of 80.5%

and accuracy  of 74.5%. In  aggressive  B-cell  lymphoma  (DLBCL,  HG-BL)  and  MZL,  PET–CT  results  of bone

marrow infiltration  showed  high  accuracy  of 88.1% and  83.3% respectively.  The median value  of SUVmax

in the patients  detected  to  have  bone marrow  infiltration  by  BMB was significantly  higher than  patients

with  BMB negative  results among  subgroups  of aggressive  B-cell lymphoma, MZL  and  T-NHL (p  <  .05).

Conclusion:  PET–CT is  significant  in detecting  bone  marrow  infiltration  in certain  pathological  types  of

lymphoma.  However  pathological  inconsistencies still exist between bone marrow  biopsy and PET–CT,

thus  PET–CT cannot  completely  replace  biopsy.

©  2019 The Authors.  Published  by Elsevier España,  S.L.U. This  is an open  access  article under  the  CC

BY-NC-ND license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Antecedentes:  La  tomografía computarizada  por  emisión  de  positrones (PET/TC) y  la  biopsia de  médula

ósea  (BMB)  son actualmente  los  exámenes  clínicos  comunes  para  valorar  la  infiltración  linfomatosa. El

objetivo de este  estudio  es evaluar  el valor  de  la PET/TC  en  el  diagnóstico  de  la  infiltración  de  la médula

ósea,  la  estadificación  clínica  y la tipificación patológica del  linfoma.

Métodos: Se analizaron  retrospectivamente  153 casos para comparar la consistencia  de  la PET/TC  y  la BMB.

Analizamos  la sensibilidad, la fiabilidad  y la especificidad  de  la PET/TC  en  las diferentes  enfermedades

clínicas  del linfoma.

Resultados: La sensibilidad de la PET/TC  para detectar infiltración  de  la médula ósea  es del 54,3%,  con

una  especificidad  del  80,5% y  una  precisión  del 74,5%.  En  los casos de  linfoma  agresivo  de  células B

(DLBCL,  HG-BL) y MZL,  los resultados  de  la PET/TC  para la  infiltración  de  la  médula ósea  reflejaron  una

alta  precisión  del  88,1  y  83,3%,  respectivamente. El valor  medio  SUVmáx  en  los pacientes  en  los que  se

detectó infiltración  de  la médula ósea mediante  BMB  fue  significativamente superior  al de  los pacientes

con  resultados  negativos  de  BMB  entre  los subgrupos  de  linfoma agresivo  de  células  B,  MZL  y T-NHL

(p  <  0,05).
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Conclusión:  La PET/TC  es significativa  a la hora de  detectar infiltración  de  la médula  ósea  en  ciertos tipos

patológicos  de  linfoma.  Sin  embargo,  siguen  existiendo inconsistencias  patológicas  entre  la  biopsia  de

médula  ósea  y  la PET/TC,  aunque  esta  técnica  no puede sustituir por completo  a  la  biopsia.

©  2019  Los  Autores. Publicado por  Elsevier  España,  S.L.U. Este  es  un  artı́culo Open Access bajo  la licencia

CC  BY-NC-ND  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Lymphoma is a common malignant tumor origin from the lym-

phatic hematopoietic system. It is usually accompanied by bone

marrow infiltration thus affecting the Ann Arbor staging. Therefore,

the evaluation of lymphoma bone marrow infiltration is particu-

larly important. Bone marrow biopsy is the most direct method

of detecting lymphoma infiltration, but it is an invasive procedure

which is accompanied by several complications such as pain and

hemorrhage.1 On the other hand, PET–CT is a  non-invasive exami-

nation that can comprehensively evaluate the state of bone marrow

with extremely high sensitivity in detecting bone marrow infil-

tration of lymphoma.2–4 Therefore, many clinical institutions put

forward the idea of replacing bone marrow biopsy with PET–CT

as the first choice in the diagnosing of lymphoma bone marrow

infiltration.

Meanwhile, many other researchers share different opinions.

Relevant research indicates that PET–CT cannot replace bone biopsy

in the diagnosing of bone marrow infiltration in DLBCL and FL,5

and the accuracy of PET–CT in  detecting bone marrow infiltration

is dissatisfactory.6,7 Some researchers came to the conclusion that

the clinical significance of diffuse infiltration of bone marrow in

PET–CT remains uncertain because the high uptake focus of FDG in

PET–CT cannot represent the bone marrow infiltration very well.8,9

It is not objective to do  a comparison between whole body PET–CT

and one sample point bone marrow biopsy.10

At this moment, there is no clear international guideline

between the indications of PET–CT and bone marrow biopsy. The

aim of this research is to discuss the significance of PET–CT in

detecting lymphoma bone marrow infiltration and clinical staging.

Data and methods

Inclusion criteria and exclusion criteria of patients

Inclusion criteria includes: specific histological type; accepted

PET–CT and bone marrow biopsy before treatment; the interval

between PET–CT and bone marrow biopsy is  less than 2 weeks;

detailed and believable clinical information.

Exclusion criteria includes: undefined histological type;

accepted PET–CT and bone marrow biopsy after treatment; the

interval between PET–CT and bone marrow biopsy is more than 2

weeks; missing or suspicious clinical information.

Data collection

Collected clinical information includes name, age, sex, patholog-

ical type, specific PET–CT description, bone marrow biopsy report,

serum LDH level, etc. Patients were categorized based on the Ann

Arbor Staging Criteria. Patients are then scored based on the IPI

index.

Methods

PET–CT image collection and analysis

Patients were imaged with equipment MCT31067. After a  4-h

fasting period, patients were intravenous injected with imaging

agent and rested for 1 h before CT was performed. After atten-

uation correction and iterative reconstruction, multifaceted and

multi-piece PET imaging was  performed and fused with CT images.

Grayscale was used to compare the imaging agent uptake level of

liver and bone marrow. If a  high-uptake focus in bone marrow was

observed and the uptake level of the focus was higher than liver (or

the mean SUV of bone marrow was  higher than 2.7), the patient was

defined abnormal bone marrow glucose metabolism. If no high-

uptake focus in bone marrow was  observed and the mean uptake

level of bone marrow was  lower than liver (or lower than 1.7), the

patient was  defined normal bone marrow glucose metabolism. We

acquired the SUVmax of the bone marrow focuses in patients with

abnormal bone glucose metabolism.

Bone marrow biopsy and pathological analysis

Unilateral iliac crest biopsies were performed before treatment.

BMB  specimens were evaluated morphologically by hematopathol-

ogists. Immunohistochemistry of the bone marrow were carried

out to determine the immunophenotype of the lymphoma and to

quantify marrow involvement.

Statistical analysis

We  used SPSS 19.0 to  analyze continuous variables with non-

parametric tests and grouping variables with Chi-square test or

Fisher’s exact test.

Results

General data

Our research included 153 patients who were diagnosed with

lymphoma in the First Affiliated Hospital of China Medical Uni-

versity between September 2016 and October 2017. The basic

information of the patients can be found in  Table 1.

Consistency analysis of bone marrow biopsy and PET–CT

Among the 153 patients, 42 patients were reported bone mar-

row infiltration by PET–CT (27.5%), 35 patients were reported bone

marrow infiltration by bone marrow biopsy (22.9%). Setting bone

marrow biopsy as golden standard, the sensitivity, specificity and

accuracy of PET–CT in  detecting bone marrow infiltration are 54.3%,

80.5% and 74.5% respectively (Table 2).

Correlation analysis of bone marrow biopsy and PET–CT in

various pathological types of lymphoma

Setting bone marrow biopsy as golden standard, we analyzed

the sensitivity, specificity and accuracy of PET–CT in detecting bone

marrow infiltration of different pathological types of lymphoma.

The sensitivity of PET–CT is 0%, specificity and accuracy are both

46.7% in HL patients due to no bone marrow infiltration detection by

bone marrow biopsy. In  aggressive B-cell lymphoma (DLBCL, HG-

BL) and MZL, PET–CT results of bone marrow infiltration showed

high accuracy of 88.1% and 83.3% respectively. In other patholog-

ical types, PET–CT showed lower consistency with bone marrow
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Table 1

Patient characteristics.

Characteristics N (%)

Median age (year) [range] 52 [19–78]

Sex

Male 73 (47.7%)

Female 80 (52.3%)

Subtypes

Hodgkin’s lymphoma 15 (9.8%)

Diffuse large B cell lymphoma 55 (35.9%)

High grade B-cell lymphoma 4 (2.6%)

Follicular lymphoma 24 (15.7%)

Mantle cell lymphoma 9 (5.9%)

Mucosa associated lymphoid tissue lymphoma 7 (4.6%)

Marginal zone lymphoma 5 (3.3%)

Peripheral T  cell  lymphoma 15 (9.8%)

NK/T cell lymphoma 6 (3.9%)

Anaplastic large cell  lymphoma 7 (4.6%)

Angioimmunoblastic T cell lymphoma 6 (3.9%)

Performance score

0–1 102 (66.7%)

2–4 51  (33.3%)

Ann Arbor staging

I–II 68 (44.4%)

III–IV 85 (55.6%)

International Prognostic Index

0–2 87 (56.9%)

3–5 66 (43.1%)

Table 2

Consistency analysis of bone marrow biopsy and PET–CT.

PET–CT BMB Total

Positive Negative

Positive 19 23  42

Negative 16 95  111

Total  35 118 153

BMB = bone marrow biopsy, PET–CT = positron emission tomography/computed

tomography.

biopsy. The median value of SUVmax in the patients detected bone

marrow infiltration by BMB  was significant higher than patients

with BMB  negative results among subgroups of aggressive B-cell

lymphoma, MZL  and T-NHL (Table 3). Detailed information for

each histological subgroups can be found in  supplementary Table

1.

Discussion

Bone marrow biopsy and PET–CT are two kinds of  common

examinations in  detecting bone marrow infiltration of lymphoma.

The former is an invasive examination which has high true positive

rate (sensitivity) and false negative rate (rate of missed diagnosis).

The latter is a  noninvasive examination which has high true neg-

ative rate (specificity) and false positive rate (misdiagnosis rate).

Consequently, the clinical value of bone marrow biopsy and PET–CT

needed to  be reevaluated.

Lymphoma is a common malignant proliferative disease in

which bone marrow infiltration may alters Ann Arbor staging of

patients, and thus affects the prognosis of the disease. Therefore,

the evaluation of lymphoma bone marrow infiltration is particu-

larly important.3,4,11 In our research, twenty patients from the Ann

Arbor stage directed by PET–CT differ from the Ann Arbor stage

directed by bone marrow biopsy. Among them, 13 patients were

upgraded by PET–CT and 7 patients were downgraded. Except for

the 8 patients with HL, the change of stage did not  affect the clinical

treatment of other types of lymphoma which is similar to related

literature reports. Also, as expected, The SUVmax value of bone

marrow in PET–CT showed significant correlation with bone mar-

row infiltration among patients with aggressive B-cell lymphoma

and T-NHL (p <  0.05), which may  be associated with a  highly aggres-

sive nature of the disease.12,13

There are several recent research that have discussed the clin-

ical status of PET–CT in detecting bone marrow infiltration of

lymphoma with different pathological types, however, no unified

conclusion has been drawn to guide the clinic so far.

For patients with HL, most investigators put forward that

PET–CT is very precise in detecting bone marrow infiltration thus

may  replace bone marrow biopsy as the preferred examination.14,15

As for HL, Ujjani et al. reported that PET–CT detected over 90% bone

marrow infiltration including the ones escaped from bone mar-

row biopsy.16–18 Subocz et al. believed that PET–CT is the most

valuable imagological examination in  lymphoma, and may even

replace bone marrow biopsy now and then.19 Chen-Liang et al.

recommended PET–CT as the first choice examination in detecting

bone marrow infiltration of HL as well.11 However, our research

Table 3

Correlation analysis of bone marrow biopsy and PET–CT in various pathological types of lymphoma.

Pathological subtype PET–CT positive PET–CT negative Sensitivity Specificity Accuracy Median and range of SUVmax p

HL (N = 15)

BMB  positive 0 0 0% 46.7% 46.7% – –

BMB  negative 8 7 2.9  (0–4.7)

Aggressive B-cell lymphoma (N =  59)

BMB  positive 8 2 80% 90.0% 88.1% 10.4  (1.2–18.9) <0.05

BMB  negative 5 44 1.9  (0–5.3)

FL  (N = 24)

BMB  positive 3 5 37.5% 87.5% 70.8% 1.52  (0–3.7) 0.62

BMB  negative 2 14 1.44 (0–2.9)

MCL  (N = 9)

BMB  positive 2 3 40% 50% 44.4% 1.49  (0–9.3) 0.47

BMB  negative 2 2 1.98 (0–5.5)

MZL  (N = 12)

BMB  positive 3 2 60% 100% 83.3% 6.5  (0–7.4) <0.05

BMB  negative 0 7 1.3  (0.1.6)

T-NHL  (N = 34)

BMB  positive 4 3 57.1% 81.5% 76.5% 7.8  (1.3–17.9) <0.05

BMB  negative 5 22 1.7  (0–4.8)

BMB = bone marrow biopsy, HL =  Hodgkin’s lymphoma, FL = follicular lymphoma, MCL =  mantle cell lymphoma, MZL  = marginal zone lymphoma, T-NHL = T cell non-Hodgkin’s

lymphoma.
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does not include HL which has positive bone marrow biopsy result

due to rare bone marrow infiltration in  early HL.  Among all the 15

patients with HL, 8 had positive PET–CT results about bone marrow

infiltration, thus the sensitivity of PET–CT bone marrow infiltration

detection of HL is 0% and the specificity and accuracy are both  46.7%.

Based on our data, it is not appropriate to take PET positivity as an

unequivocal sign of BM involvement in HL, since treatment options

may  be changed in some of the patients in this event. Sometimes,

PET–CT may  be too sensitive and detect small degrees of BMI  that

are clinically irrelevant. It is questionable to pursue high sensitivity

blindly.

Some guidelines indicated that PET–CT is  now recommended

as the gold standard for staging DLBCL patients. Thus, biopsy is  no

longer required when a  PET/CT scan demonstrates bone or marrow

involvement indicating advanced-stage disease but is  appropriate

in case of negative PET–CT results.20 Teagle and El Karak et al.

revealed that as for DLBCL, the sensitivity and specificity of PET–CT

are higher than bone marrow biopsy.16,21,22 However, low-volume

involvement (<10–20%) and discordant lymphoma may  be missed

by PET/CT imaging.23 Our study showed that the sensitivity, speci-

ficity and accuracy of PET–CT in  detecting bone marrow infiltration

of DLBCL were 80%, 90.0% and 88.1% respectively. As  for HG-BL,

Chen-Liang et al. recommended to check PET–CT first. Bone marrow

biopsy is necessary only in  cases where PET–CT showed no bone

marrow infiltration.11 The consistency of bone marrow biopsy and

PET–CT is relatively convincing thus it was concluded that PET–CT

can be used as a first line examination in  detecting bone marrow

infiltration of DLBCL and HG-BL.

As for FL, PET–CT seems to be less precise in detecting bone

marrow infiltration thus cannot replace bone marrow biopsy as

the golden standard in clinic. According to study conducted by Gal-

lamini et al., PET–CT can stage and evaluate the prognosis of FL

precisely.24 However, Ujjani and Teagle reported that the sensitiv-

ity and specificity of PET–CT in  detecting bone marrow infiltration

of FL are unsatisfactory.16,21 The sensitivity, specificity and accu-

racy of PET–CT in detecting bone marrow infiltration of FL  in our

research were 37.5%, 87.5% and 70.8%. The consistency of bone mar-

row biopsy and PET–CT is not ideal, so we believe PET–CT have less

value in detecting bone marrow infiltration of FL.

A recent study conducted by  Koh et al.25 analyzed 109 (63 PTCL

and 46 NKTCL) patients. Biopsy revealed BM involvement in  35.8%

of cases. Sensitivity and specificity of PET for diagnosing positive BM

biopsy were 61.5% and 75.7% respectively. Despite fair correlation

with BM biopsy result, PET may  not  replace BM biopsy in  PTCL and

NKTCL. However, the BM finding on PET is  an independent prog-

nostic factor, suggesting additional biological implication of PET

findings. Abe et al.26 revealed that  PET/CT exhibited a higher sensi-

tivity for BM involvement than BMB. Furthermore, BM assessment

using PET/CT identified patients at high risk  of disease progression

and mortality. Shao puts forward that PET–CT is of vital importance

in AITL.27 The sensitivity, specificity and accuracy of PET–CT in

detecting bone marrow infiltration of AITL and ALCL in our  research

were relatively high. Due to the fact that there was only 1 patient

with bone marrow infiltration for each pathological type, we can-

not draw any convincing conclusion for ALCL and AITL from our

research.

There is no report discussing the correlation between bone mar-

row biopsy and PET–CT in  MCL, MALT, and MZL  for the time being.

Still, our research had certain limitations. First of all, our sample

was not large enough so that our conclusion may  not represent the

total population. Secondly, the pathological types included in  our

research were not comprehensive enough; the distribution among

each type was not well-proportioned. As a consequence, we cannot

draw conclusions for each type of lymphoma. Thirdly, our sam-

ple was collected only from our  own hospital, thus our conclusion

has regional limitation. Lastly, this retrospective study omitted the

blind method in clinical information such as PET–CT and B symp-

tom. As  a  result, the information bias may  affect the results of our

research.

PET–CT has many other functions besides diagnosing and stag-

ing of lymphoma. PET–CT can distinguish invasive lymphoma

from noninvasive lymphoma.12,13,28 PET–CT is  also an important

evidence for differential diagnosis in  many diseases.29–33 Fur-

thermore, PET–CT can detect lymphoma infiltration in different

locations.34–41

In  addition, a  delayed PET–CT may  have high clinical value.42,43

Recent studies on PET-MRI stated that the combination of PET–CT

with MRI  resulted in a  reduction of radiation from CT,  thus giving

it a  promising future development.44 More future researches with

larger sample size are needed to determine if delayed PET–CT is

better than the standard PET–CT and whether PET-MRI can replace

PET–CT in the evaluation of bone marrow condition without radi-

ation.

Conclusion

PET–CT may  be sometime useful in the diagnosis of bone mar-

row infiltration in  lymphoma. At some point it may  show influence

on Ann Arbor staging of lymphoma even lead to  changes of clin-

ical treatment. However, the clinical significance of PET in the

diagnosis of bone marrow infiltration remains uncertain in certain

pathological types. So, PET–CT cannot replace bone marrow biopsy

completely.

Conflict of interest

The authors declare no conflicts of interest.

Acknowledgement

This work was  supported by Demonstration of Regional Applica-

tion of innovative diagnosis and treatment equipment in Liaoning

Province (2017YFC0114200) and the National Natural Science

Foundation of China (NSFC, 81900153).

Appendix A. Supplementary data

Supplementary data associated with this article can be

found, in the online version, at http://dx.doi.org/10.1016/j.medcli.

2019.07.022.

References

1. Liden Y, Landgren O,  Arner S, Sjolund KF, Johansson E. Procedure-related pain
among adult patients with hematologic malignancies. Acta Anaesthesiol Scand.
2009;53:354–63, http://dx.doi.org/10.1111/j.1399-6576.2008.01874.x.

2. Tang HJ. [PET/CT image values in clinical staging of the patients with non-
Hodgkin’s lymphoma]. Zhongguo Shi Yan Xue Ye Xue Za  Zhi. 2015;23:1030–3,
http://dx.doi.org/10.7534/j.issn.1009-2137.2015.04.024.

3. Metser U, Dudebout J, Baetz T, Hodgson DC, Langer DL, MacCrostie P,
et al. [(18) F]-FDG PET/CT in the staging and management of indolent lym-
phoma:  a  prospective multicenter PET registry study. Cancer. 2017;123:2860–6,
http://dx.doi.org/10.1002/cncr.30672.

4. Angelopoulou MK,  Mosa E, Pangalis GA, Rondogianni P, Chatziioannou S, Pras-
sopoulos V, et al. The significance of PET/CT in the initial staging of Hodgkin
lymphoma: experience outside clinical trials. Anticancer Res.  2017;37:5727–36,
http://dx.doi.org/10.21873/anticanres.12011.

5.  Adams HJ, Nievelstein RA, Kwee TC. Opportunities and limitations of bone
marrow biopsy and bone marrow FDG-PET in lymphoma. Blood Rev.
2015;29:417–25, http://dx.doi.org/10.1016/j.blre.2015.06.003.

6.  Lee EY, Gill H, Wang Y, Kwong YL, Khong PL. Bone marrow
uptake of indolent non-Hodgkin lymphoma on  PET/CT with
histopathological correlation. Nucl Med  Commun. 2015;36:1035–41,
http://dx.doi.org/10.1097/MNM.0000000000000361.

7. Adams HJ, Kwee TC. Is  FDG-PET/CT a  sensitive and specific method for the detec-
tion of extranodal involvement in diffuse large B-cell lymphoma? Am J  Hematol.
2016;91:E1–2, http://dx.doi.org/10.1002/ajh.24241.

http://dx.doi.org/10.1016/j.medcli.2019.07.022
http://dx.doi.org/10.1016/j.medcli.2019.07.022
dx.doi.org/10.1111/j.1399-6576.2008.01874.x
dx.doi.org/10.7534/j.issn.1009-2137.2015.04.024
dx.doi.org/10.1002/cncr.30672
dx.doi.org/10.21873/anticanres.12011
dx.doi.org/10.1016/j.blre.2015.06.003
dx.doi.org/10.1097/MNM.0000000000000361
dx.doi.org/10.1002/ajh.24241


W.  Xiao-Xue et al. / Med Clin (Barc). 2020;154(2):61–65 65

8.  Adams HJ, Kwee TC. Increased bone marrow FDG uptake at PET/CT is not a suffi-
cient proof of bone marrow involvement in diffuse large B-cell lymphoma. Am
J  Hematol. 2015;90:E182–3, http://dx.doi.org/10.1002/ajh.24061.

9.  Adams HJA, Kwee TC. Overestimated value of FDG-PET based bone
marrow evaluation in  lymphoma. Br J  Haematol. 2017;179:336–7,
http://dx.doi.org/10.1111/bjh.14217.

10. Adams HJ, Kwee TC,  Fijnheer R, Dubois SV, Nievelstein RA, Klerk de JM.  Direct
comparison of visual and quantitative bone  marrow FDG-PET/CT findings with
bone marrow biopsy results in diffuse large B-cell lymphoma: does bone
marrow  FDG-PET/CT live up to  its  promise? Acta Radiol. 2015;56:1230–5,
http://dx.doi.org/10.1177/0284185114554824.

11. Chen-Liang TH, Martin-Santos T, Jerez A, Senent L,  Orero MT, Remigia MJ,  et al.
The role of bone marrow biopsy and FDG-PET/CT in identifying bone marrow
infiltration in the initial diagnosis of high grade non-Hodgkin B-cell lymphoma
and  Hodgkin lymphoma. Accuracy in a multicenter series of 372 patients. Am J
Hematol. 2015;90:686–90, http://dx.doi.org/10.1002/ajh.24044.

12. Meignan MVI. FDG-PET as a biomarker in lymphoma: from qualita-
tive  to quantitative analysis. Hematol Oncol. 2015;33 Suppl. 1:38–41,
http://dx.doi.org/10.1002/hon.2214.

13. Mosavi F, Wassberg C,  Selling J, Molin D, Ahlstrom H. Whole-body
diffusion-weighted MRI  and (18)F-FDG PET/CT can discriminate
between different lymphoma subtypes. Clin Radiol. 2015;70:1229–36,
http://dx.doi.org/10.1016/j.crad.2015.06.087.

14.  Barrington SF, Mikhaeel NG, Kostakoglu L, Meignan M,  Hutchings M,
Mueller SP, et al. Role of imaging in the staging and response assess-
ment  of lymphoma: consensus of the International Conference on  Malignant
Lymphomas Imaging Working Group. J  Clin Oncol. 2014;32:3048–58,
http://dx.doi.org/10.1200/JCO.2013.53.5229.

15. Eichenauer DA,  Aleman BMP, Andre M,  Federico M,  Hutchings M,
Illidge  T, et al. Hodgkin lymphoma: ESMO  Clinical Practice Guidelines
for  diagnosis, treatment and follow-up. Ann Oncol. 2018;29:iv19–29,
http://dx.doi.org/10.1093/annonc/mdy080.

16. Ujjani CS, Hill EM, Wang H, Nassif S, Esposito G, Ozdemirli M, et al. (18) F-FDG
PET–CT and trephine biopsy assessment of bone marrow involvement in lym-
phoma. Br J Haematol. 2016;174:410–6, http://dx.doi.org/10.1111/bjh.14071.

17. Hassan A, Siddique M,  Bashir H, Riaz S, Wali R, Mahreen A, et  al.
(18)F-FDG PET–CT imaging versus bone marrow biopsy in pediatric
Hodgkin’s lymphoma: a  quantitative assessment of marrow uptake and
novel insights into clinical implications of marrow involvement. Eur J  Nucl
Med  Mol  Imaging. 2017;44:1198–206, http://dx.doi.org/10.1007/s00259-017-
3647-y.

18. Lakhwani S,  Cabello-Garcia D,  Allende-Riera A, Cardenas-Negro C,  Raya JM,
Hernandez-Garcia MT.  Bone marrow trephine biopsy in Hodgkin’s lym-
phoma. Comparison with PET–CT scan in 65  patients. Med  Clin (Barc). 2017,
http://dx.doi.org/10.1016/j.medcli.2017.06.060.

19.  Subocz E, Halka J, Dziuk M. The role of FDG-PET in Hodgkin lymphoma. Contemp
Oncol (Pozn). 2017;21:104–14, http://dx.doi.org/10.5114/wo.2017.68618.

20. Tilly H, Gomes da Silva M,  Vitolo U, Jack A, Meignan M,  Lopez-Guillermo A,
et  al. Diffuse large B-cell lymphoma (DLBCL): ESMO Clinical Practice Guidelines
for  diagnosis, treatment and follow-up. Ann  Oncol. 2015;26 Suppl. 5:v116–25,
http://dx.doi.org/10.1093/annonc/mdv304.

21.  Teagle AR, Barton H,  Charles-Edwards E, Dizdarevic S, Chevassut T.
Use of FDG PET/CT in identification of bone marrow involvement in
diffuse large B  cell lymphoma and follicular lymphoma: comparison
with iliac crest bone marrow biopsy. Acta Radiol. 2017;58:1476–84,
http://dx.doi.org/10.1177/0284185117701305.

22.  El Karak F, Bou-Orm IR, Ghosn M,  Kattan J, Farhat F, Ibrahim T,  et al.
PET/CT scanner and bone marrow biopsy in detection of bone marrow
involvement in diffuse large B-cell lymphoma. PLOS ONE. 2017;12:e0170299,
http://dx.doi.org/10.1371/journal.pone.0170299.

23. Pelosi E,  Penna D,  Douroukas A, Bello  M,  Amati A, Arena V, et al. Bone marrow
disease detection with FDG-PET/CT and bone marrow biopsy during the staging
of  malignant lymphoma: results from a  large multicentre study. Q J Nucl Med
Mol  Imaging. 2011;55:469–75.

24. Gallamini A, Borra A. FDG-PET scan: a  new paradigm for follicular lym-
phoma management. Mediterr J Hematol Infect Dis. 2017;9:e2017029,
http://dx.doi.org/10.4084/MJHID.2017.029.

25. Koh Y, Lee JM,  Woo  GU, Paeng JC, Youk J, Yoon SS,  et al. FDG PET for evalua-
tion of bone marrow status in T-cell lymphoma. Clin Nucl Med. 2019;44:4–10,
http://dx.doi.org/10.1097/RLU.0000000000002320.

26. Abe Y, Kitadate A, Usui Y, Narita K,  Kobayashi H, Miura D,  et al. Diagnostic and
prognostic value of using 18F-FDG PET/CT for the evaluation of bone marrow
involvement in peripheral T-cell lymphoma. Clin Nucl Med. 2019;44:e336–41,
http://dx.doi.org/10.1097/RLU.0000000000002516.

27.  Shao D,  Gao Q, Liang CH, Wang SX. Discussion of 18F-FDG
PET/CT imaging characteristics and diagnostic values of angioim-
munoblastic T-cell lymphoma. Leuk Lymphoma. 2017;58:1581–8,
http://dx.doi.org/10.1080/10428194.2016.1253834.

28.  Adams HJ, de Klerk JM,  Fijnheer R, Heggelman BG, Dubois SV, Nievel-
stein  RA, et al. Lymphoma grading with FDG-PET/CT readdressed: direct
and  timely histopathological correlation study. Acta Oncol. 2016;55:386–90,
http://dx.doi.org/10.3109/0284186X.2015.1041652.

29.  Kumagai T, Satoh Y, Koshiishi M,  Ooishi S, Sueki Y, Nakajima K, et al.
18F-FDG-PET/CT is effective in distinguishing myelofibrosis due to
bone marrow infiltration of diffuse large B-cell lymphoma from triple-
negative primary myelofibrosis. Rinsho Ketsueki. 2017;58:228–32,
http://dx.doi.org/10.11406/rinketsu.58.228.

30.  Nicolau C, Sala E, Kumar A, Goldman DA, Schoder H, Hricak H, et al. Renal masses
detected on FDG PET/CT in patients with lymphoma: imaging features differenti-
ating primary renal cell carcinomas from renal lymphomatous involvement. AJR
Am J  Roentgenol. 2017;208:849–53, http://dx.doi.org/10.2214/AJR.16.17133.

31.  Mehdikhani H, Heiba S. Successful staging of synchronous gastric cancer and
diffuse large  B-cell lymphoma (Dlbcl) using F-18-fluorodeoxyglucose positron
emission tomography/computed tomography (FDG PET/CT) based on distinctive
levels of metabolic activity between the  two malignancies. Indian J  Nucl Med.
2017;32:85–6, http://dx.doi.org/10.4103/0972-3919.198517.

32.  Li B,  Zhang Y, Hou J, Cai L, Shi H. Synchronous Kikuchi-Fujimoto dis-
ease  and gastric adenocarcinoma mimicking malignant lymphoma
on (18)F-FDG PET/CT. Rev Esp Med  Nucl Imagen Mol. 2016;35:277–8,
http://dx.doi.org/10.1016/j.remn.2015.08.014.

33.  Davis BS, Thompson TA,  Wolin EA. 18F-FDG PET/CT imaging of
primary gastric lymphoma. J  Nucl Med  Technol. 2016;44:263–4,
http://dx.doi.org/10.2967/jnmt.116.176842.

34.  Roy SG, Parida GK, Tripathy S, Singhal A, Shamim SA, Tripathi M. Peritoneal super
scan on (18)F-FDG PET–CT in a  patient of Burkitt’s lymphoma. Indian J Nucl Med.
2017;32:155–6, http://dx.doi.org/10.4103/0972-3919.202250.

35.  Okuda T, Ijichil S, Yamashita S, Yoshioka T, Nishigaki H, Kitawaki J. Diagnos-
tic usefulness of FDG-PET/CT in advanced malignant lymphoma of the uterus:
report of two cases. Eur J  Gynaecol Oncol. 2015;36:737–41.

36. Liu Y.  The role of 18F-FDG PET/CT in staging and restaging pri-
mary bone lymphoma. Nucl Med  Commun. 2017;38:319–24,
http://dx.doi.org/10.1097/MNM.0000000000000652.

37.  Kenny C, Healy GM,  Redmond CE,  Farrell M,  Connaghan G, McGuigan C, et  al. FDG
PET  diagnosis of primary intracranial lymphoma: radiology–pathology correla-
tion. QJM. 2017;110:317–8, http://dx.doi.org/10.1093/qjmed/hcx054.

38.  Higashiyama A, Komori T, Inada Y, Nakajima H, Narumi Y.  Cen-
tral nervous system involvement of intravascular large B-cell
lymphoma on 18F-FDG PET/CT. Clin Nucl Med. 2017;42:e258–60,
http://dx.doi.org/10.1097/RLU.0000000000001559.

39.  de-Bonilla-Damia A, Fernandez-Lopez R, Capote-Huelva FJ, de la  Cruz-Vicente
F, Egea-Guerrero JJ, Borrego-Dorado I. Role of (18)F-FDG PET/CT in pri-
mary brain lymphoma. Rev  Esp Med  Nucl Imagen Mol. 2017;36:298–303,
http://dx.doi.org/10.1016/j.remn.2017.03.006.

40.  Chaushev B, Micheva I, Mechmed M,  Balev B, Bocheva Y,  Ivanova D, et al. 18F-FDG
PET/CT  in the diagnosis of an extranodal relapse of diffuse large B-cell lymphoma
(DLBCL): a clinical case with a  literature review. Nucl Med Rev Cent East Eur.
2016;19:11–3, http://dx.doi.org/10.5603/NMR.2016.0029.

41.  Albano D,  Bosio G,  Bertoli M,  Giubbini R, Bertagna F. 18F-
FDG PET/CT in primary brain lymphoma. J  Neurooncol. 2017,
http://dx.doi.org/10.1007/s11060-017-2686-3.

42. Mayerhoefer ME, Giraudo C,  Senn D, Hartenbach M, Weber M, Rausch I,
et al. Does delayed-time-point imaging improve 18F-FDG-PET in patients with
MALT  lymphoma? Observations in a  series of 13 patients. Clin Nucl Med.
2016;41:101–5, http://dx.doi.org/10.1097/RLU.0000000000001005.

43. Dong A, Xiao Z, Yang J, Zuo C. CT, MRI, and 18F-FDG PET/CT findings in
untreated pulmonary and hepatic B-cell lymphoma of mucosa-associated lym-
phoid tissue (MALT) over a five-year period: a case report. Medicine (Baltimore).
2016;95:e3197, http://dx.doi.org/10.1097/MD.0000000000003197.

44.  Ferdova E, Ferda J, Baxa J. (18)F-FDG-PET/MRI in lymphoma patients. Eur J  Radiol.
2017;94:A52–63, http://dx.doi.org/10.1016/j.ejrad.2017.01.023.

dx.doi.org/10.1002/ajh.24061
dx.doi.org/10.1111/bjh.14217
dx.doi.org/10.1177/0284185114554824
dx.doi.org/10.1002/ajh.24044
dx.doi.org/10.1002/hon.2214
dx.doi.org/10.1016/j.crad.2015.06.087
dx.doi.org/10.1200/JCO.2013.53.5229
dx.doi.org/10.1093/annonc/mdy080
dx.doi.org/10.1111/bjh.14071
dx.doi.org/10.1007/s00259-017-3647-y
dx.doi.org/10.1007/s00259-017-3647-y
dx.doi.org/10.1016/j.medcli.2017.06.060
dx.doi.org/10.5114/wo.2017.68618
dx.doi.org/10.1093/annonc/mdv304
dx.doi.org/10.1177/0284185117701305
dx.doi.org/10.1371/journal.pone.0170299
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0335
dx.doi.org/10.4084/MJHID.2017.029
dx.doi.org/10.1097/RLU.0000000000002320
dx.doi.org/10.1097/RLU.0000000000002516
dx.doi.org/10.1080/10428194.2016.1253834
dx.doi.org/10.3109/0284186X.2015.1041652
dx.doi.org/10.11406/rinketsu.58.228
dx.doi.org/10.2214/AJR.16.17133
dx.doi.org/10.4103/0972-3919.198517
dx.doi.org/10.1016/j.remn.2015.08.014
dx.doi.org/10.2967/jnmt.116.176842
dx.doi.org/10.4103/0972-3919.202250
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
http://refhub.elsevier.com/S0025-7753(19)30631-1/sbref0395
dx.doi.org/10.1097/MNM.0000000000000652
dx.doi.org/10.1093/qjmed/hcx054
dx.doi.org/10.1097/RLU.0000000000001559
dx.doi.org/10.1016/j.remn.2017.03.006
dx.doi.org/10.5603/NMR.2016.0029
dx.doi.org/10.1007/s11060-017-2686-3
dx.doi.org/10.1097/RLU.0000000000001005
dx.doi.org/10.1097/MD.0000000000003197
dx.doi.org/10.1016/j.ejrad.2017.01.023

	Whole body FDG-PET/CT for the assessment of bone marrow infiltration in patients with newly diagnosed lymphoma
	Introduction
	Data and methods
	Inclusion criteria and exclusion criteria of patients
	Data collection
	Methods
	PET–CT image collection and analysis
	Bone marrow biopsy and pathological analysis

	Statistical analysis

	Results
	General data
	Consistency analysis of bone marrow biopsy and PET–CT
	Correlation analysis of bone marrow biopsy and PET–CT in various pathological types of lymphoma

	Discussion
	Conclusion
	Conflict of interest
	Acknowledgement
	Appendix A Supplementary data
	References


