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Abstract: (1) Background: The purpose of this study is to retrospectively compare CT, MRI, and
PET/CT in detecting lymphadenopathies and extra-nodal lesions in lymphoma and in disease staging.
(2) Methods: Inclusion criteria were the availability of TB (Total Body) CT and/or PET/CT performed
before treatment; MRI performed no later than 2 weeks after TBCT; histological confirmation of
lymphoma; clinical-diagnostic follow-up. Using these criteria, we included 64/353 patients with
TBCT and MRI performed at our hospital; 20/64 had PET/CT performed in other hospitals. Histology
and follow-up were gold standard. (3) Results: The sensitivity, specificity, and accuracy in lymph
nodes detection was 84.5%, 94.4%, and 91% for CT and 95%, 98.9%, and 95.6% for MRI. High
agreement was observed between CT and MRI regarding the number and size of positive lymph
nodes and for disease staging. MRI identified eight more extra-nodal lesions than CT. In the subgroup
of 20 patients, PET/CT did not show a significant superiority in sensitivity, specificity, accuracy, and
staging ability than CT and MRI. (4) Conclusions: Our study demonstrates a mild superiority of MRI
over CT in lymphoma staging. Although PET/CT remains the reference standard, MRI demonstrated
a similar diagnostic accuracy, with the added value of being radiation-free.

Keywords: diffusion weighted imaging; MRI; PET/CT; CT; Hodgkin lymphoma; non-Hodgkin
lymphoma; staging

1. Introduction

Lymphomas include a wide spectrum of pathologies with heterogeneous clinical
manifestations and localizations, with more than 50 subtypes, which differ in terms of
molecular and genetic characteristics, histocytopathology, response to pharmacological
treatment, and autologous transplantation, as well as for prognosis [1]. Worldwide, it
is the most common hematologic malignancy, accounting for approximately 3% of all
malignancies [2]: 14.4% are Hodkin’s lymphomas (HL), while 85.6% are non-Hodgkin’s
lymphomas (NHL) [3]. Despite an overall increasing trend in lymphoma incidence, there is
also an increasing trend in survival rate, due to both the development of targeted therapies
and the evolution of imaging.

For a long time, CT has been the main imaging modality for both staging and fol-
low up during and after therapy [4]. Obtaining a correct estimate of the extension of the
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pathology is fundamental to tailor the proper pharmacological and radiotherapy treatment
to the patient’s needs, thus reducing as much as possible the morbidity associated to the
treatment. However, compared to PET/CT and MRI, CT has a reduced overall sensitivity,
since it cannot provide functional or metabolic information regarding the activity of lymph
nodes or extra nodal localizations of disease [5–7]. CT staging of disease is based on mor-
phological and dimensional criteria only. The most recent guidelines (Lugano classification)
recommend a 15 mm largest diameter cut-off to consider a lymph node as pathological
and 10 mm diameter for extra-nodal lesions. This does not exclude the possibility that
smaller lymph nodes may also be affected by disease, which is a phenomenon that can
be recognized in subsequent CT exams only, if lesions grow in size, or that larger lymph
nodes may be inflammatory and therefore disease free, if unchanged at follow up [8]. In
addition, CT has a particularly low sensitivity for determining the extent of bone marrow
disease [9].

Due to these CT limitations, positron emission tomography (PET) associated with CT
(PET/CT) is currently the method of choice for staging aggressive lymphomas, because
it exploits the high metabolic activity of malignant lymphoproliferative tissue and the
subsequent uptake of marked glucose [10]. PET/CT has a reported staging accuracy of
98% [11]. Since FDG avidity may change in lesions that have responded to treatment,
PET/CT is also critical in the evaluation of lesions response during chemotherapy [12].

The main factor limiting the application of PET/CT is the high radiation doses to
which the patients are exposed [13], especially considering that usually, they must undergo
PET/CTs several times during their treatment; the cost and difficulty of accessing the
equipment; and finally, the non-specific uptake of FDG in some avid tissues that may
reduce the specificity of the examination. Furthermore, PET/CT does not exclude the need
to undergo contrast-enhanced total body CT (TBCT) for most patients, since the morpho-
logical evaluation of most abdominal organs, mediastinal structures, and brain cannot
be achieved with the use of PET/CT without intravenous injection. In addition, some
lymphoma subtypes, such as MALToma, are less FDG avid; in these cases, the functional
assessment of PET/CT becomes less sensitive, making this exam not recommended, as
under-staging could lead to a wrong therapeutic pathway [14]. Therefore, currently, most
of the lymphomas are staged by the association of contrast-enhanced TBCT examinations
and PET/CT scans, which are periodically repeated.

MRI has an enormous advantage over the other imaging methods described, as it
is the only one that does not use ionizing radiation, which is why it is gaining more and
more clinical interest. The standard protocol of an MRI examination for lymphoma consists
of T1 and T2 weighted morphological sequences, with and without suppression of fat
tissue signals, with subsequent injection of intravenous paramagnetic contrast agents. The
disease-staging ability of morphological and dynamic MRI sequences is comparable to that
of a standard CT examination [7]. Recently, the addition of Diffusion Weighted Imaging
(DWI) sequences to this protocol allows the non-invasive study of the natural diffusion of
water molecules in body tissues, which is usually highly reduced in high cellularity tissues,
such as lymphomas, including indolent non-FDG avid lymphomas [15,16]. Furthermore,
DWI results can be quantified with the ADC (Apparent Diffusion Coefficient) map, similarly
to the SUV max (Standard Uptake Value) in PET/CT; as opposed to SEV values, low (rather
than high) ADC values are indicative of high cellularity and high lymphomas activity.

In the literature, there is emerging evidence that an increase in ADC values after and
during treatment is an objective indicator of complete response, even in lesions that do
not present morphological changes [17–19]. Despite these preliminary promising results,
PET/CT still remains the gold standard in lymphoma staging.

The purpose of this study is to compare the diagnostic performance DWI-MRI versus
contrast-enhanced TBCT and PET/CT in the staging of lymphomas including both HL
and NHL.
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2. Materials and Methods

A total of 353 CT and MRI examinations performed at the Department of Radiological
Sciences of our institution for the diagnosis and staging of lymphoma between January
2014 and June 2020 were retrospectively reviewed. Inclusion criteria were the following:
(a) contrast-enhanced TBCT and/or PET/CT before treatment; (b) MRI performed no later
than 2 weeks after TBCT; (c) MRI performed at the level of the same body regions of TBCT
(total body MRI); (d) histological analysis and contrast-enhanced TBCT and/or PET/CT
follow-ups.

This is a retrospective observational study; only existing information collected from
human participants was used, and there are no identifiers linking individuals to the
data/samples. Institutional Review Board approval was obtained. All methods and proce-
dures complied with institutional and research committee ethical standards and the 1964
Declaration of Helsinki and its subsequent amendments or comparable ethical standards.

A total of 64 patients were finally included in the study, and their contrast-enhanced
TBCT and MRI examinations were reviewed retrospectively. Of the 64 patients included in
the study, 20/64 patients underwent 18 F-FDG PET/CT examinations in other hospitals,
which were performed with a standard technique and included in the retrospective review.

2.1. Imaging Protocols

CT and MRI images were retrieved from the Hospital Picture Archiving and Com-
munication System (PACS). CT scans of the skull, neck, chest, abdomen, and pelvis were
performed on 32- (Optima CT520; GE Healthcare, Milwaukee, WI, USA), 64- (Somatom
Definition; Siemens Medical Systems, Erlangen, Germany), and 128-slice (Ingenuity CT;
Philips Healthcare, Best, The Netherlands) CT scanners. Scans were performed both be-
fore and after the administration of an intravenous iodinated contrast agent (70–130 mL);
13 patients ingested an oral contrast agent before performing the examination (Diatrizoate
Meglumine, Gastrografin®). Layer thickness was 1–2 mm in all exams, and multiplanar
3-mm axial, coronal, and sagittal reconstructions were obtained in all patients. Automatic
care dose systems were used, and only post-contrast images (portal venous phase) were
acquired in all patients for radiation protection purposes. In adults, the X-ray tube voltage
and tube current ranges were 100–120 kV and 130–200 mAs, respectively; in pediatric
patients, the X-ray tube voltage and tube current ranges were 80–100 kV and 50–80 mAs,
respectively, depending on the patient’s weight and height.

MRI examinations were performed with a 3 Tesla (Discovery 750; GE Healthcare,
Milwaukee, WI, USA) or 1.5 Tesla (Magnetom Avanto; Siemens Medical Systems, Erlangen,
Germany) system. In patients with lymphomas, the MRI protocol routinely included
evaluation of the neck, chest, abdomen, and pelvis (Total Body MRI). The brain was
scanned only in selected cases, upon clinical request. After localization scans, images were
acquired in three orthogonal planes, using the following protocol:

• Axial and coronal T2-weighted single shot fast spin echo sequence before and after
fat suppression;

• Axial single shot fat suppressed echo-planar diffusion-weighted sequence with diffusion-
sensitizing gradient applied along the x, y, and z axes and with a b-value of 50, 500, and
1000 s/mm2. Using DWI sequences, parametric ADC maps were automatically generated.

• Axial T1-weighted 3D dynamic gradient echo fat suppressed sequence, before and
after contrast administration (at 60–180 s delay). The contrast medium used was
always a cyclic chelate of gadolinium, including gadoteridol (Prohance®), gadoter-
ate (Dotarem®), and gadobutrol (Gadovist®) administered in a concentration of
0.1 mmol/kg and injected through a 20 G intravenous cannula at the rate of 2 mL/s
using an automatic injector, followed by infusion of 15 mL saline solution at the
same speed.

• Coronal T1-weighted gradient echo fat suppressed sequence.

The 18 F-FDG PET/CT exam was performed following EANM guidelines [20]. A CT
contrast agent was not administered.
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2.2. Imaging Data Analysis

The selected examinations were retrospectively reviewed by two radiologists, one
(F.M.) with more than 20 years of experience in CT-MRI, one (M.L.) with five years’ experi-
ence, and by a third-year resident (A.Ca.). The reading was performed without access to
the other examinations or original reports, and with random distribution of examinations
among the three readers. The inter-observer agreement among the three readers was
calculated for both CT and MRI examinations; the intra-observer agreement between the
new report of the senior radiologist and the previous original report was also evaluated.
Discordant cases were reviewed, and a final agreement was reached by consensus.

PET/CT examinations were interpreted by a nuclear medicine physician with more
than 15 years of experience (G.C.), independently of the radiologists, without knowing the
other diagnostic imaging results or bone marrow (BM) biopsy data but having information
regarding the morphological type of lymphoma.

MRI and CT reading criteria: based on the Lugano classification, lymph nodes with the
longest diameter greater than 15 mm and extra-nodal lesions greater than 10 mm were con-
sidered pathologic. Lymph nodes with the longest diameter greater than 15 mm but with
non-suspicious morphology (presence of fatty hilum, thin cortex) were excluded. Lymph
nodes with the longest diameter shorter than 15 mm but with suspicious morphology
(round shape, absence of fatty hilum or grouped) or localized in atypical regions were
included. We considered 13 lymph node stations (reported on Table 1) and 5 extra-nodal ar-
eas of interest (spleen, liver, intestine, bone marrow, lung). For each patient, we assessed on
CT and MR: patient stage, the overall number of positive and negative lesions per-patient,
the diameter of the largest lymph node and extra-nodal lesions, and the corresponding
anatomic region.

Table 1. Pathological lymph nodes detected by CT, and MRI classified by anatomic region.

Anatomic Region CT MRI

Waldeyer’s Ring 4 6

Laterocervical 45 66

Infraclavicular 13 14

Axillary/Pectoral 36 42

Mediastinal 124 134

Hilar 34 26

Epitrochlear 0 0

Paraortic 87 93

Spleen 12 12

Mesenteric 45 47

Iliac 23 20

Inguinal–Femoral 15 18

Popliteal 0 0

438 478

When available, biopsy results were used as a gold standard to define the positivity
of lymph nodes and extra-nodal sites. Since lymph nodes biopsy was available in a very
limited number of lesions, whenever the diagnosis was doubtful, PET/CT scans or follow-
up studies were used as the gold standard. Disease sites that decreased in size during or at
the end of chemo- or radiotherapy, or that increased in size, as well as those that remained
stable during or after treatment, were defined as true positive. Lymph nodes of normal
size remaining stable during and after treatment were considered as negative. Lesions that
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were stable or increased in size during treatment were followed up for at least 12 months
to exclude different diseases.

PET reading criteria: Both attenuation-corrected (AC) and non-attenuation-corrected
(NAC) PET images were analyzed for interpretation and abnormal focality identified on
AC-PET images were evaluated on the NAC-PET images, particularly when adjacent to
highly attenuating materials. Images were evaluated using software capable of merging
and displaying PET and CT data and using an SUV scale. To interpret the PET/CT image,
the LNs were considered involved when FDG uptake was greater than the background or
mediastinal pool radioactivity; instead, spleen and BM were involved when their uptake
was greater than the liver. SUV-bw were calculated automatically using VOI analysis and
the Deauville score.

2.3. Statistical Analysis

Sensitivity, specificity, and accuracy values were calculated for TBCT and MRI, taking
into account the reference standards described above. An exact McNemar’s test deter-
mined that there was a statistically significant difference for both modalities (p < 0.01).
Correlation of lesion size and number of lesions obtained in CT and MRI were calcu-
lated with the Spearman’s correlation test. Cohen’s κ was used to determine intermodal
agreement regarding Ann Arbor stage (CT vs. MRI). Intraclass coefficient (ICC), two-way
mixed, absolute agreement was used to determine inter-observer agreement between the
three radiology readers (CT and MRI) and between the nuclear physician’s reports and
those performed in other hospitals, and intra-observer agreement for the senior radiol-
ogy reader. Referring to Cicchetti’s interpretation guidelines, a Cohen’s κ value or ICC
value in the range 0.60–0.74 indicates good agreement, while the range 0.75–1.0 indicates
excellent agreement.

Sensitivity, specificity, and accuracy for CT vs. MRI vs. PET/CT were calculated in a
subgroup of 20 patients.

Statistical significance was set at p < 0.05. All data analyses were processed using SPSS
(IBM statistical software program), version 25.0.

3. Results
3.1. Patients’ Data

CT and MRI scans were retrospectively reviewed and compared in 64 Patients. The
mean age of the study group was 45.3 years (range: 9–85); 36 were male, and 28 were
female. Lymphoma types included were 15 Hodgkin’s lymphomas, 40 diffuse large B-
cell lymphoma (DLBCL), 2 follicular lymphomas, 2 nasal-type lymphomas, 2 Burkitt’s
lymphomas, and 1 mixed DLBCL and follicular lymphoma.

3.2. CT vs. MRI: Lymph Nodes

CT identified 438 lymph node stations as suspicious for disease out of a total of
1282 lymph nodes identified (34.1%), whereas MRI identified 478 out of a total of 1316 lymph
nodes (36.3%). The inter-observer agreement among the three readers for CT and MRI
studies was 0.825 and 0.898, respectively (p < 0.001); intra-observer agreement was greater
than 0.9 for both modalities (p < 0.001).

Pathological lymph nodes were classified by anatomic region as reported in Table 1.
The number of false positives and false negatives was 12 and 78 for CT and 9 and 23 for MRI,
respectively. The resulting sensitivities, specificities, and accuracies were 84.5%, 94.4%, and
91% for CT and 95%, 98.9%, and 95.6% for MRI. The intermodality agreement between CT
and MRI in the assessment of positive lymph nodes was high (rs = 0.951, p < 0.001) as well
as the assessment of the size of lymph nodes assigned as positive (rs = 0.984, p < 0.001).

3.3. CT vs. MRI: Extra-Nodal Lesions

MRI proved to be more accurate in identifying extra-nodal localizations, allowing the
identification of 92 extra-nodal lesions compared with 84 extra-nodal lesions visualized by
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CT (as reported in Table 2). The standard reference system (biopsy, PET/CT, and follow up)
allowed the identification of a total of 98 extra-nodal lesions. The most common anatomic
site of extra-nodal disease involvement was bone/bone marrow, which was observed in
14 cases, including eight in which bone marrow was the only site of disease. There were
two cases of primary hepatic lymphoma and six in which liver involvement was secondary
(including two with spleen disease). In six cases, there was involvement of the the gastro-
intestinal tract, including two gastric Burkitt’s lymphomas, two small bowel lymphomas,
and two large bowel lymphomas. There was an excellent intermodality agreement between
CT and MRI in the number (rs = 0.995, p < 0.001) and size assessment of extra-nodal lesions
(rs = 0.972, p < 0.001). The inter-observer agreement among the three readers for CT and
MRI studies was 0.876 and 0.915, respectively (p < 0.001); intra-observer agreement was
greater than 0.9 for both modalities (p < 0.001).

Table 2. Extra-nodal lesion detected by CT and MRI classified by localization.

Anatomic Region CT MRI

Lung 0 0

Liver 28 29

Spleen 16 17

Focal bone/bone marrow 32 38

Intestine 8 8

84 92

3.4. CT vs. MRI: Staging

MRI and CT stages were assessed and compared for all patients according to Ann
Arbor criteria. Of the 64 patients, CT assigned the correct stage in 62 (97%) and MRI in
64 (100%).

CT and MRI were assigned to the same stage in 62 patients. The Cohen’s κ agreement
was excellent between CT and MRI (κ = 0.955, p < 0.05). One case was discordant between
the two modalities because of the presence of a positive lymph node station not recognized
by CT and detectable only by DWI-MRI, bringing the stage from 2 to 3. Another case was
discordant because CT did not detect bone disease, while MRI revealed a diffuse bone
marrow involvement.

3.5. CT vs. MRI vs. PET/CT

In the subgroup of 20 patients where a direct comparison between CT, MRI, and
PET/CT was available, CT identified 128 lymph node stations as suspicious for disease
out of a total of 365 identified lymph nodes. Meanwhile, MRI identified 152 out of a total
of 394 lymph nodes, and PET/CT identified 160 out of a total of 398. The number of false
positives and false negatives were eight and 25 for CT, seven and six for MRI, and two and
four for PET/CT, respectively. The resulting sensitivities, specificities, and accuracies were
83.7%, 96.2%, and 90.6% for CT, 96.2%, 97.0%, and 96.7% for MRI, and 97.6%, 99.2%, and
98.5% for PET/CT (see Table 3).

Table 3. Diagnostic performance for the detection of pathological lymph nodes in CT vs. MRI vs. PET/CT.

Modality Sensitivity Specificity Accuracy

CT 83.7% (95% CI [76.8%, 89.1%]) 96.2% (95% CI [92.7%, 98.4%]) 90.6% (95% CI [87.5%, 93.7%])

MRI 96.2% (95% CI [91.9%, 98.6%]) 97.0% (95% CI [94.0%, 98.8%]) 96.7% (95% CI [94.4%, 98.2%])

PET/CT 97.6% (95% CI [93.9%, 99.3%]) 99.2% (95% CI [97.0%, 99.9%]) 98.5% (95% CI [96.8%, 99.4%])
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MRI, CT, and PET/CT stages were assessed and compared according to Ann Arbor
criteria. Of the 20 PET/CT examinations available, the stage was correct in all 20 patients
(100%); no patients received an incorrect higher or lower stage after PET/CT. CT assigned
the correct stage in 19 (95%) and MRI assigned the correct stage in 20 (100%). CT incorrectly
assigned a lower stage in one exam (5%).

Inter-observer agreement between the nuclear physician’s reports and those per-
formed in other hospitals was excellent (0.915, p < 0.001).

4. Discussion

Determining the correct pre-treatment stage of lymphoma is critical for therapeutic
planning. For many years, CT has been the only reliable imaging modality for staging
lymphoma. Advances in nuclear medicine technologies have allowed PET/CT to supplant
CT as the diagnostic modality of choice for staging and assessment of ongoing and post-
treatment response. The main limitation affecting both methods is the significant patient
exposure to ionizing radiation. The increasing use of diagnostic modalities associated
with ionizing radiation exposure has corresponded to a more than seven-fold increase in
the average radiation dose of the general population over the past three decades. When
considering that lymphomas currently have an excellent 5-year survival rate (>80%) with a
long life expectancy; that lymphomas frequently occur in pediatric or young adult patients;
that CT and PET/CT are the imaging modalities of choice for diagnosis, staging, and
follow-up and therefore these examinations are repeated several times a year; it emerges
that the total radiation dose accumulated by patients and the risk of overexposure to
radiation is an issue that must be strongly addressed [21,22]. Moreover, some organs are
particularly radiosensitive, especially in younger patients, such as the breast and thyroid,
and several studies have already shown that overexposure, especially at a young age, is a
strong risk factor for thyroid disorders and breast cancer [23,24].

In contrast, MRI is an ideal diagnostic method since it does not use ionizing radiation.
The main disadvantages of MRI are patient refusal (claustrophobia), the presence of intra-
body devices that are not compatible with MRI, the high cost and low accessibility (similar
to PET/CT), the length of the examination, and the heterogeneity among MRI systems,
MRI software, and examination protocols. Recently, Whole Body Diffusion MRI (WB-DW
MRI) has been proposed as a possible alternative to PET/CT [25,26]. It has also been
demonstrated that WB-DW MRI is less histology dependent than PET/CT and thus is
likely to become the imaging test of choice for staging indolent lymphomas with low FDG
avidity in a short time frame [27–29].

Our retrospective study was conducted on 64 patients to compare the diagnostic and
staging capabilities of CT, MRI, and PET/CT in the evaluation of lymphoma. Our study
demonstrated that CT and MRI have similar efficacy in assessing both lymphadenopathies
and extra-nodal lesions, with great agreement in both assessing the number and size of
lesions. However, MRI showed slightly greater sensitivity, specificity, and accuracy than
CT but substantially overlapping with PET/CT. Our observations confirm the diagnostic
value of MRI already known in the literature, where reported sensitivity and specificity
ranged from 90% to 98% and 94% to 99% for the evaluation of lymph nodes and from 79%
to 100% and 99% to 100% for the evaluation of extra-nodal areas [25].

In our study, MRI allowed the detection of more pathological lymph nodes and extra-
nodal areas than CT, which was mainly due to the use of diffusion-weighted sequences.
As a matter of fact, significant hypercellularity in lymphoproliferative pathologic tissues
results in a very strong reduction in diffusivity in pathologic lesions. Lymph nodes that
were undetectable or more difficult to recognize on MRI than on CT or PET/CT were those
that were located in regions affected by respiratory motion artifacts, such as the hilar lung
region. On the other hand, MRI is more efficient than CT in staging the extent of disease
in the bone marrow, whereas PET/CT is more efficient in diagnosing lymph nodes that
have not increased in size (but have been defined as positive on histological analysis or
in subsequent controls) or in assessing splenic involvement, as described previously by
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Kharuzhyk et al.; MRI is potentially less effective in the diagnosis of spleen involvement
because of the physiologic restriction of DWI in the spleen and the relatively low specificity
of the size criteria (sagittal diameter greater of 13 cm) [25], although in our experience,
no difference between modalities has been noted in the evaluation of splenic lesions, in
part because of the use of endovenous contrast, which facilitates the identification of
splenic lesions.

In this study, we did not analyze or compare quantitative ADC values related to
DWI because there are currently no validated single cut-off values to differentiate positive
from negative lymph nodes, although lower values have been positively correlated with
malignancy, whereas higher values indicate normal histology [25,30]. Future comparative
studies between SUV max and ADC values could clarify the correlation (that we expect
to be negative or inverse) between the quantitative data offered by these two imaging
modalities in the characterization of malignant lymph nodes [31].

Our study has several limitations. The patient’s population size is small because of
restrictive selection criteria. With a small population, in which the majority of cases are,
as per the literature, composed mainly of LH and DLCBLs, it was not possible to divide
the patients into subgroups according to histological type, so we had less information
about the rarer subtypes, some of which (such as small lymphocytic lymphomas) are not
represented in our population. In addition, it was not possible for obvious reasons to obtain
histological analysis of all lymph node stations and extra-nodal lesions examined, so we
considered PET/CT examination, which is not 100% accurate, as one of the main reference
standards. Furthermore, we did not divide the cases between FDG avid and non-FDG avid
lesions, although Mayerhoefer et al. already demonstrated the superiority of DW-MRI over
PET/CT in non-FDG avid lymphomas [15]. Finally, although TBCT and MRI examinations
were available in a relatively large group of patients, PET/CT were available in a smaller
group, approximately one-third of the total.

In conclusion, our study demonstrates high agreement in determining the number
and size of lesions between CT and MRI, with a slight superiority of MRI in the evaluation
of bone marrow involvement. Both modalities showed a per-lesion sensitivity and staging
accuracy comparable to PET/CT, which still remains the gold standard in international
diagnostic guidelines. Considering the numerous CT and PET/CT examinations routinely
required in patients with lymphoma, an increasing use of MRI, which has the great advan-
tage of being radiation-free, is therefore highly recommended, particularly in the evaluation
of pediatric and younger patients. This calls for an update of the diagnostic guidelines for
hematologic diseases, which at the time of this study do not consider DWI-MRI yet.

Author Contributions: Conceptualization, F.M. and A.C. (Alessandro Calabrese); formal analysis,
F.M. and A.C. (Alessandro Calabrese); investigation, F.M., G.C., A.C. (Alessandro Calabrese) and
M.L.; writing—original draft preparation, A.C. (Alessandro Calabrese), S.C., M.L. and A.C. (Arianna
Cleri); writing—review and editing, F.M., C.d.F., L.M., L.P. and A.P.; supervision, F.M., C.d.F., L.M.,
C.C., L.P. and A.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of the Department od Radio-
logical Sciences, Oncology and Pathology of Sapienza University (date of approval: 11 August 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.



Hemato 2021, 2 643

References
1. Swerdlow, S.H.; Campo, E.; Harris, N.L.; Jaffe, E.S.; Pileri, S.A.; Stein, H.; Thiele, J.; Vardiman, J.W. WHO Classification of Tumours

of Haematopoietic and Lymphoid Tissues, 4th ed.; IARC: Lyon, France, 2008.
2. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.; Piñeros, M.; Znaor, A.; Bray, F. Estimating the global cancer

incidence and mortality in 2018: GLOBOCAN sources and methods. Int. J. Cancer 2019, 144, 1941–1953. [CrossRef]
3. Smith, A.; Crouch, S.; Lax, S.; Li, J.; Painter, D.; Howell, D.; Patmore, R.; Jack, A.S.; Roman, E. Lymphoma incidence, survival and

prevalence 2004–2014: Sub-type analyses from the UK’s Haematological Malignancy Research Network. Br. J. Cancer 2015, 112,
1575–1584. [CrossRef]

4. Fishman, E.K.; Kuhlman, J.E.; Jones, R.J. CT of lymphoma: Spectrum of disease. Radiographics 1991, 11, 647–669. [CrossRef]
5. Zytoon, A.A.; Mohamed, H.H.; Mostafa, B.A.A.E.; Houseni, M.M. PET/CT and contrast-enhanced CT: Making a difference in

assessment and staging of patients with lymphoma. Egypt. J. Radiol. Nucl. Med. 2020, 51, 213. [CrossRef]
6. Kwee, T.C.; Kwee, R.M.; Nievelstein, R.A. Imaging in staging of malignant lymphoma: A systematic review. Blood 2008, 111,

504–516. [CrossRef]
7. Brennan, D.D.; Gleeson, T.; Coate, L.E.; Cronin, C.; Carney, D.; Eustace, S.J. A comparison of whole-body MRI and CT for the

staging of lymphoma. AJR Am. J. Roentgenol. 2005, 185, 711–716. [CrossRef] [PubMed]
8. Cheson, B.D.; Fisher, R.I.; Barrington, S.F.; Cavalli, F.; Schwartz, L.H.; Zucca, E.; Lister, T.A. Recommendations for initial

evaluation, staging, and response assessment of Hodgkin and non-Hodgkin lymphoma: The Lugano classification. J. Clin. Oncol.
2014, 32, 3059–3068. [CrossRef]

9. Vinnicombe, S.J.; Reznek, R.H. Computerised tomography in the staging of Hodgkin’s disease and non-Hodgkin’s lymphoma.
Eur. J. Nucl. Med. Mol. Imaging 2003, 30 (Suppl. 1), S42–S55. [CrossRef] [PubMed]

10. Gallamini, A.; Hutchings, M.; Rigacci, L.; Specht, L.; Merli, F.; Hansen, M.; Patti, C.; Loft, A.; Di Raimondo, F.; D’Amore, F.;
et al. Early interim 2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography is prognostically superior to international
prognostic score in advanced-stage Hodgkin’s lymphoma: A report from a joint Italian-Danish study. J. Clin. Oncol. 2007, 25,
3746–3752. [CrossRef]

11. Pinilla, I.; Gómez-León, N.; Del Campo-Del Val, L.; Hernandez-Maraver, D.; Rodríguez-Vigil, B.; Jover-Díaz, R.; Coya, J. Diagnostic
value of CT, PET and combined PET/CT performed with low-dose unenhanced CT and full-dose enhanced CT in the initial
staging of lymphoma. Q. J. Nucl. Med. Mol. Imaging 2011, 55, 567–575. [PubMed]

12. Brix, G.; Lechel, U.; Glatting, G.; Ziegler, S.I.; Münzing, W.; Müller, S.P.; Beyer, T. Radiation exposure of patients undergoing
whole-body dual-modality 18F-FDG PET/CT examinations. J. Nucl. Med. 2005, 46, 608–613.

13. Dreyling, M.; Thieblemont, C.; Gallamini, A.; Arcaini, L.; Campo, E.; Hermine, O.; Kluin-Nelemans, J.C.; Ladetto, M.; Le Gouill,
S.; Iannitto, E.; et al. ESMO Consensus conferences: Guidelines on malignant lymphoma. Part 2: Marginal zone lymphoma,
mantle cell lymphoma, peripheral T-cell lymphoma. Ann. Oncol. 2013, 24, 857–877. [CrossRef]

14. Koh, D.M.; Collins, D.J. Diffusion-weighted MRI in the body: Applications and challenges in oncology. AJR Am. J. Roentgenol.
2007, 188, 1622–1635. [CrossRef]

15. Mayerhoefer, M.E.; Karanikas, G.; Kletter, K.; Prosch, H.; Kiesewetter, B.; Skrabs, C.; Porpaczy, E.; Weber, M.; Pinker-Domenig, K.;
Berzaczy, D.; et al. Evaluation of diffusion-weighted MRI for pretherapeutic assessment and staging of lymphoma: Results of a
prospective study in 140 patients. Clin. Cancer Res. 2014, 20, 2984–2993. [CrossRef]

16. Herrmann, K.; Queiroz, M.; Huellner, M.W.; Barbosa, F.D.G.; Buck, A.; Schaefer, N.; Stolzman, P.; Veit-Haibach, P. Diagnostic
performance of FDG-PET/MRI and WB-DW-MRI in the evaluation of lymphoma: A prospective comparison to standard
FDG-PET/CT. BMC Cancer 2015, 15, 1002. [CrossRef]

17. Lin, C.; Itti, E.; Luciani, A.; Zegai, B.; Lin, S.J.; Kuhnowski, F.; Pigneur, F.; Gaillard, I.; Paone, G.; Meignan, M.; et al. Whole-body
diffusion-weighted imaging with apparent diffusion coefficient mapping for treatment response assessment in patients with
diffuse large B-cell lymphoma: Pilot study. Invest. Radiol. 2011, 46, 341–349. [CrossRef] [PubMed]

18. Chen, Y.; Zhong, J.; Wu, H.; Chen, N. The clinical application of whole-body diffusion-weighted imaging in the early assessment
of chemotherapeutic effects in lymphoma: The initial experience. Magn. Reson. Imaging 2012, 30, 165–170. [CrossRef]

19. Wu, X.; Nerisho, S.; Dastidar, P.; Ryymin, P.; Järvenpää, R.; Pertovaara, H.; Eskola, H.; Kellokumpu-Lehtinen, P.-L. Comparison of
different MRI sequences in lesion detection and early response evaluation of diffuse large B-cell lymphoma—A whole-body MRI
and diffusion-weighted imaging study. NMR Biomed. 2013, 26, 1186–1194. [CrossRef] [PubMed]

20. Boellaard, R.; Delgado-Bolton, R.; Oyen, W.J.; Giammarile, F.; Tatsch, K.; Eschner, W.; Verzijlbergen, F.J.; Barrington, S.F.; Pike,
L.C.; Weber, W.A.; et al. FDG PET/CT: EANM procedure guidelines for tumour imaging: Version 2.0. Eur. J. Nucl. Med. Mol.
Imaging. 2015, 42, 328–354. [CrossRef] [PubMed]

21. Furlow, B. Radiation dose in computed tomography. Radiol. Technol. 2010, 81, 437–450.
22. Paolicchi, F.; Bastiani, L.; Guido, D.; Dore, A.; Aringhieri, G.; Caramella, D. Radiation dose exposure in patients affected by

lymphoma undergoing repeat CT examinations: How to manage the radiation dose variability. Radiol. Med. 2018, 123, 191–201.
[CrossRef]

23. Tipnis, S.V.; Spampinato, M.V.; Hungerford, J.; Huda, W. Thyroid Doses and Risks to Adult Patients Undergoing Neck CT
Examinations. AJR Am. J. Roentgenol. 2015, 204, 1064–1068. [CrossRef] [PubMed]

24. Preston, D.L.; Mattsson, A.; Holmberg, E.; Shore, R.; Hildreth, N.G.; Boice, J.D., Jr. Radiation effects on breast cancer risk: A
pooled analysis of eight cohorts. Radiat. Res. 2002, 158, 220–235, Correction in 2002, 158, 666. [CrossRef]

http://doi.org/10.1002/ijc.31937
http://doi.org/10.1038/bjc.2015.94
http://doi.org/10.1148/radiographics.11.4.1887120
http://doi.org/10.1186/s43055-020-00320-0
http://doi.org/10.1182/blood-2007-07-101899
http://doi.org/10.2214/ajr.185.3.01850711
http://www.ncbi.nlm.nih.gov/pubmed/16120924
http://doi.org/10.1200/JCO.2013.54.8800
http://doi.org/10.1007/s00259-003-1159-4
http://www.ncbi.nlm.nih.gov/pubmed/12709830
http://doi.org/10.1200/JCO.2007.11.6525
http://www.ncbi.nlm.nih.gov/pubmed/21150860
http://doi.org/10.1093/annonc/mds643
http://doi.org/10.2214/AJR.06.1403
http://doi.org/10.1158/1078-0432.CCR-13-3355
http://doi.org/10.1186/s12885-015-2009-z
http://doi.org/10.1097/RLI.0b013e3182087b03
http://www.ncbi.nlm.nih.gov/pubmed/21263330
http://doi.org/10.1016/j.mri.2011.09.019
http://doi.org/10.1002/nbm.2933
http://www.ncbi.nlm.nih.gov/pubmed/23483722
http://doi.org/10.1007/s00259-014-2961-x
http://www.ncbi.nlm.nih.gov/pubmed/25452219
http://doi.org/10.1007/s11547-017-0826-7
http://doi.org/10.2214/AJR.14.13102
http://www.ncbi.nlm.nih.gov/pubmed/25905942
http://doi.org/10.1667/0033-7587(2002)158[0220:REOBCR]2.0.CO;2


Hemato 2021, 2 644

25. Kharuzhyk, S.; Zhavrid, E.; Dziuban, A.; Sukolinskaja, E.; Kalenik, O. Comparison of whole-body MRI with diffusion-weighted
imaging and PET/CT in lymphoma staging. Eur. Radiol. 2020, 30, 3915–3923. [CrossRef]

26. Littooij, A.S.; Kwee, T.C.; Barber, I.; Granata, C.; Vermoolen, M.A.; Enríquez, G.; Zsíros, J.; Soh, S.Y.; de Keizer, B.; Beek, F.J.A.;
et al. Whole-body MRI for initial staging of paediatric lymphoma: Prospective comparison to an FDG-PET/CT–based reference
standard. Eur. Radiol. 2014, 24, 1153–1165. [CrossRef]

27. Hong, G.S.; Chae, E.J.; Ryu, J.S.; Chae, S.Y.; Lee, H.S.; Yoon, D.H.; Suh, C. Assessment of naive indolent lymphoma using
whole-body diffusion-weighted imaging and T2-weighted MRI: Results of a prospective study in 30 patients. Cancer Imaging
2021, 21, 5. [CrossRef] [PubMed]

28. Galia, M.; Albano, D.; Tarella, C.; Patti, C.; Sconfienza, L.M.; Mulè, A.; Alongi, P.; Midiri, M.; Lagalla, R. Whole body magnetic
resonance in indolent lymphomas under watchful waiting: The time is now. Eur. Radiol. 2018, 28, 1187–1193. [CrossRef]

29. Albano, D.; Bruno, A.; Patti, C.; Micci, G.; Midiri, M.; Tarella, C.; Galia, M. Whole-body magnetic resonance imaging (WB-MRI) in
lymphoma: State of the art. Hematol. Oncol. 2020, 38, 12–21. [CrossRef]

30. De Paepe, K.N.; De Keyzer, F.; Wolter, P.; Bechter, O.; Dierickx, D.; Janssens, A.; Verhoef, G.; Oyen, R.; Vandecaveye, V.
Improving lymph node characterization in staging malignant lymphoma using first-order ADC texture analysis from whole-body
diffusion-weighted MRI. J. Magn. Reson. Imaging 2018, 48, 897–906. [CrossRef] [PubMed]

31. Afaq, A.; Fraioli, F.; Sidhu, H.; Wan, S.; Punwani, S.; Chen, S.-H.; Akin, O.; Linch, D.; Ardeshna, K.; Lambert, J.; et al. Comparison
of PET/MRI With PET/CT in the Evaluation of Disease Status in Lymphoma. Clin. Nucl. Med. 2017, 42, e1–e7. [CrossRef]

http://doi.org/10.1007/s00330-020-06732-w
http://doi.org/10.1007/s00330-014-3114-0
http://doi.org/10.1186/s40644-020-00371-6
http://www.ncbi.nlm.nih.gov/pubmed/33413685
http://doi.org/10.1007/s00330-017-5071-x
http://doi.org/10.1002/hon.2676
http://doi.org/10.1002/jmri.26034
http://www.ncbi.nlm.nih.gov/pubmed/29656584
http://doi.org/10.1097/RLU.0000000000001344

	Introduction 
	Materials and Methods 
	Imaging Protocols 
	Imaging Data Analysis 
	Statistical Analysis 

	Results 
	Patients’ Data 
	CT vs. MRI: Lymph Nodes 
	CT vs. MRI: Extra-Nodal Lesions 
	CT vs. MRI: Staging 
	CT vs. MRI vs. PET/CT 

	Discussion 
	References

