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Optimized whole-body positron emission tomography magnetic resonance imaging sequence
workflow in pediatric Hodgkin lymphoma patients
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ABSTRACT

Rationale

Fluorodeoxyglucose positron emission tomography (PET)/ magnetic resonance imaging (MRI) might be the
diagnostic method of choice for Hodgkin lymphoma patients, as it combines significant metabolic
information provided by PET with excellent soft tissue contrast in MRI and avoids radiation exposure from
computed tomography (CT). However, a major issue are longer examination times compared to PET/CT,
especially for younger children needing anesthesia. Thus, a targeted selection of suitable whole-body MRI

sequences is important to optimize the PET/MRI workflow.

Methods

Initial PET/MRI scans of 84 EuroNet-PHL-C2 study patients from 13 international PET centers were
evaluated. In each available MRI sequence, a total of five PET-positive lymph nodes were assessed. If
extranodal involvement occurred, two splenic lesions, two skeletal lesions and two lung lesions were also
assessed. A detection rate was calculated dividing the number of visible, anatomically assignable and

measurable lesions in the respective MRI sequence by the number of all lesions.

Results

Transverse relaxation time-weighted (T2w) transverse sequences with fat saturation (fs) yielded the best
result with detection rates of 95% for nodal lesions, 62% for splenic lesions, 94% for skeletal lesions and
83% for lung lesions, followed by T2w transverse sequences without fs (86%, 49%, 16% and 59%,
respectively) and longitudinal relaxation time-weighted (T1w) contrast-enhanced transverse sequences

with fs (74%, 35%, 57% and 55%, respectively).



Conclusion
T2w transverse sequences with fs yielded the highest detection rates and are well-suited for accurate
whole-body PET/MRI in lymphoma patients. There is no evidence to recommend the use of contrast

agents.
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INTRODUCTION

Fluorodeoxyglucose positron emission tomography (PET)/ magnetic resonance imaging (MRI) might be the
diagnostic method of choice for lymphoma patients (1,2), as it combines significant metabolic information
provided by PET with excellent soft tissue contrast in MRI and avoids radiation exposure from computed
tomography (CT) (3,4). Using PET/MRI, a reduction of the radiation dose from diagnostic imaging and,
hence, a reduction in the risk of potential negative radiation effects can be achieved, particularly in
pediatric patients needing several examinations (5,6).

Examination time plays an important role in whole-body PET/MRI. Regionalized MRI sequences
may provide excellent resolution and tissue contrast, among other desired features, but are typically
rather time-consuming. Longer examination times may decrease compliance and will call for higher
amount of anesthetics in younger children (7,8). The application of suitable whole-body MRI sequences
hence represents a trade-off between imaging quality and examination time.

Ten years after introduction into clinical routine, PET/MRI systems are established and different
imaging protocols have been developed for the same indication over time (9).

The EuroNet-PHL-C2 (C2) study (10) was an international multicenter treatment optimization trial
for pediatric Hodgkin lymphoma patients of all stages. PET/MRI was the preferred option for whole-body
imaging in the C2 study, if locally available. Within the C2 study, central reference reading of all imaging
data was mandatory. Imaging data was stored on a central server of the Pediatric Hodgkin Network (11),
enabling comparison of PET/MRI scans from different centers.

Using PET/MRI instead of PET/CT, MRI has to perform at least equivalent compared to CT: First,
lymphoma lesions must be visible in the respective MRI sequence, i.e. sufficient image resolution and
sufficient contrast to background need to be ensured. Second, lesions need to be anatomically assignable
to the different body regions for staging and radiation therapy planning (12). Third, an exact size

measurement of lesions must be possible for staging (13) and response assessment (14).



The aim of our study was to identify the most suitable whole-body MRI sequence for pretreatment
PET/MRI. Therefore, all available MRI sequences were assessed in terms of detection, anatomical

assignment and size measurement of lymphoma lesions.

MATERIALS AND METHODS
Patients

C2 study patients (EudraCT number NCT02684708) with a pretreatment PET/MRI scan acquired
between October 2015 and December 2019 were included in our study. A total of 13 study centers
performed PET/MRI. Ten patients per center were assessed in our evaluation.

C2 study patients and/or their guardians gave written informed consent and acknowledged the
evaluation of imaging data for research purposes. The ethics committee of the University of Leipzig

approved this retrospective study and the requirement to obtain additional informed consent was waived.

Imaging Protocol for C2 Study Patients

For staging of C2 study patients, a whole-body PET/MRI or PET/CT scan ranging from skull base to
mid-thigh, a chest CT in end-inspiration for lung assessment and an abdominal ultrasound for liver and
spleen assessment were required. All imaging had to be performed according to the C2 trial
recommendations, which nevertheless allowed a variance in chosen sequences and imaging parameters

according to local standards.

Assessment
PET/MRI scans were assessed in random order by a radiologist and a nuclear physician. Both
experienced in lymphoma assessment with 15 and ten years expertise, respectively. Decisions were made

by consensus.



For each scan, PET/MRI device and software data, patient data and examination parameters were

recorded. The HERMES 3D viewer (version 2.2.0.104) was used for PET/MRI assessment.

MRI Sequences
All available MRI sequences in coronal or transverse orientation were analyzed. Each MRI
sequence was assigned to one of the following sequence categories:
1) Longitudinal relaxation time-weighted (T1w) with contrast enhancement (ce) and fat saturation (fs)
2) Tlw without contrast enhancement (non-ce), with fs
3) T1w non-ce, without fat saturation (non-fs)
4) Transverse relaxation time-weighted (T2w) with fs
5) T2w non-fs
6) Diffusion-weighted imaging (DWI)
7) Dixon in-phase
8) Dixon out-of-phase
9) Dixon relative water fraction
10) Dixon relative fat fraction
Each category was subdivided into transverse and coronal orientation.

The Dixon sequences were based mainly on a T1w 3D turbo multi-gradient echo sequence.

Evaluation of Lymphoma Lesions
The reference in our study were PET-positive lymphoma lesions (15). To exclude false-positive
lesions, only PET-positive lesions confirmed by the central review board of the C2 study were considered

for evaluation.



To avoid overemphasizing patients with an extensive lymphoma involvement, we decided to limit
the number of reference lesions. Five lymph nodes and two extranodal lesions per organ (spleen, skeleton
and lung) were assessed per patient. Reference lesions had to be between 0.5 and 2.0 cm in diameter. This
range was chosen since lymph nodes smaller than 0.5 cm are not considered in any staging protocol and
are difficult to identify in PET and MRI. On the other hand, lymphoma lesions larger than 2.0 cm are well
detectable, even in less-suited MRI sequences.

The reference lesions were assessed if they were visible, anatomically assignable and measurable
in the respective MRI sequence. Visibility was defined as sufficient image resolution and contrast to
background for lesion detection. Anatomical assignment meant that body region boundaries were visible
and lymphoma lesions could clearly be assigned to a specific body region, e.g. the clavicle was visible for
differentiation between supraclavicular and infraclavicular lymph nodes. Measurable meant that
reference lesions could be delineated for exact size measurement in two perpendicular planes.

For each MRI sequence, a detection rate was calculated, dividing the number of visible, assignable
and measurable lesions by the number of all lesions.

For lung assessment two different conditions were applied. Reference lesions were lymphoma
lesions detected in chest CT in end-inspiration and they had to be between 0.2 and 1.0 cm in diameter.
These conditions were chosen since lung involvement in the C2 study was defined as at least three lung
lesions > 0.2 cm detected in CT.

To estimate the influence of artifacts on lung assessment, MRI sequences were assessed for false-

positive lung lesions. Lesions visible in MRI without a correlat in the CT were considered false-positive.



RESULTS
Patient Data

210 C2 study patients from 13 PET centers underwent pretreatment PET/MRI between October
2015 and December 2019. 84 patients were assessed in our study, i.e. up to ten patients per center. A total
of 390 PET-positive lymph node lesions were analyzed. 66 patients had extra-nodal involvement, splenic,
skeletal and lung lesions were seen in 42, 23 and 32 patients, respectively. A total of 76 splenic, 44 skeletal
and 61 lung lesions were assessed (Figure 1 and 2).

All 13 study centers conducted the examinations on dedicated three Tesla PET/MRI scanners.
Eleven centers used a Biograph® mMR scanner (Siemens Healthineers, Erlangen, Germany), one center a
Signa® PET/MR scanner (GE Healthcare, Waukesha, WI, USA) and one center an Ingenuity® TF PET/MR
scanner (Philips Healthcare, Best, the Netherlands).

The mean and the median examination time for a PET/MRI scan ranging from skull base to mid-
thigh was 47 minutes (18 minutes) and 44 minutes, respectively.

On average, eight different MRI sequences were available per patient (Supplement Table 1).

Lymph Node Involvement

T2w fs transverse sequences yielded the best result of all MRI sequence categories for the
detection of lymph node lesions with a detection rate of 95% (155/164), followed by T2w non-fs transverse
sequences (186/217 = 86%), Tlw ce fs transverse sequences (126/171 = 74%) and T2w fs coronal
sequences (111/201 = 55%) (Table 1) (Figure 3).

Regarding the MRI sequence level, the T2 TSE fs transverse sequence achieved detection rates
above 90% in all six centers performing this sequence. Overall, 145/150 lesions (97%) were visible,

assignable and measurable. The second best result was seen for the T2 HASTE non-fs transverse sequence



with detection rates above 90% in six out of eight centers as well as rates of 80% and 62% in the other two

centers. Overall, 186/217 lesions (86%) were visible, assighable and measurable.

Extra-nodal Involvement

The highest detection rate for splenic lesions was observed for T2w fs transverse sequences with
62% (23/37), followed by T2w non-fs transverse sequences (25/51 = 49%) and DWI transverse sequences
(10/27 = 37%) (Table 1) (Figure 4).

For skeletal lesions, the highest detection rate was seen for T2w fs transverse sequences with 94%
(17/18), followed by T2w fs coronal sequences (26/28 = 93%) and DWI transverse sequences (10/14 =
71%). T2w non-fs transverse sequences yielded a detection rate of only 16% (6/38) (Table 1).

100% of all lung lesions were detected in T2w non-fs coronal (5/5) and T1w ce fs coronal sequences
(8/8). However, the small number of lesions in both sequences limits the meaningfulness of this result.
Next best ratios were seen for T2w fs transverse (19/23 = 83%) and T2w non-fs transverse sequences
(30/51 =59%) (Table 1) (Supplement Figure 1). False-positive lung lesions were seen in the majority of MRI
sequences. T2w fs transverse and T2w non-fs transverse sequences demonstrated false-positive lung
lesions in 10/12 and 18/27 patients, respectively. Only four MRI sequence categories were free of false-

positive lung lesions: DWI transverse, T1w ce fs coronal, T2w fs coronal and T2w non-fs coronal.

Overall, the highest detection rates were achieved by T2w fs transverse sequences with 95%, 62%,
94% and 83% for lymphatic, splenic, skeletal and lung lesions, respectively. In this sequence, 18 out of the
242 lesions assessed were not visible (two lymphatic, twelve splenic and four lung lesions). Twelve out of
these 18 lesions were also not visible in any other MRI sequence. Six lesions (two lymphatic, two splenic

and two lung lesions) were visible in at least one other sequence.



The next best sequences were T2w non-fs transverse (86%, 49%, 16% and 59%, respectively) and
Tlw ce fs transverse (74%, 35%, 57% and 55%, respectively). The best coronal sequence was a T2w fs

sequence with detection rates of 55%, 24%, 93% and 50%, respectively.

DISCUSSION

PET/MRI examination time in pediatric patients should be as short as reasonably achievable to
decrease anesthesia time in younger children (16) and increase compliance in adolescents. On the other
hand, MRI sequences need to provide all information for a qualified assessment (17,18).

Whole-body PET/MRI is well-suited for a fast overview, used e.g. in lymphoma patients or for the
search of an inflammation focus. The full potential of MRI is far from being exhausted in this procedure,
but regionalized MRI sequences of individual body parts are time-consuming. Whole-body PET/MRI is a
compromise between short examination time and adequate image quality.

In our study, the mean examination time for a PET/MRI scan ranging from skull base to mid-thigh
was 47 minutes, and examination times of more than one hour were not uncommon. Faster PET
acquisition protocols reporting a duration of two minutes per bed position have been published (19,20).

Thus, a purposeful choice of MRI sequences is important to decrease PET/MRI examination time.

In our study, the optimal whole-body MRI sequence category for PET/MRI were T2w fs transverse
sequences. Almost all lymphatic, skeletal and lung lesions were visible, assignable and measurable. Splenic
lesions had a moderate detection rate of 62%, which was, however, the best result of all MRI sequences
available in our study. T2w fs transverse sequences were performed only in seven out of the 13 centers
participating in our study. The second best result was seen for T2w non-fs transverse sequences. The good

performance of T2w transverse sequences in whole-body PET/MRI are in line with published results
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(3,16,19). However, an issue of T2w transverse sequences was the high false-positive rate of lung lesions

influencing the accuracy of lung evaluation.

In our study, Tlw sequences applied after contrast agent admission were not on par with T2w
sequences. Similar findings were also reported by other research groups (21,22). Considering potential
side effects of MRI contrast agents (23,24), we cannot unreservedly recommend their use in pediatric

Hodgkin lymphoma patients.

Attenuation correction is mandatory for PET imaging and usually done with Dixon sequences,
initially providing in-phase and out-of-phase images as well as allowing calculation of distributions of
relative water and fat fractions (25,26). One could argue to use only Dixon sequences for whole-body MRI
in lymphoma patients. However, in our study, Dixon sequences were less suitable for the detection of

lymphoma lesions and clearly inferior to T2w sequences.

The detection rate of transverse DWI sequences was only 34%. DWI relies on detection of the
random Brownian motion of water molecules in the respective tissues (27). The assessment of DWI in our
study probably underestimates their true potential since anatomical boundaries and morphological
landmarks are hardly visible in DWI. Thus, despite their potential to provide additional information for
lesion staging, DWI sequences are not suitable for anatomical assignment of lymphoma lesions. This is a
main reason for the low detection rate of DWI sequences in our study. 68% of all PET-positive lesions were
visible by using DWI technique, which is in line with previously reported rates between 62% and 77%
(2,9,28). This result might be ascribed to the fact, that PET and DWI do not depict the same pathological

mechanism (29,30).
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T2w fs transverse sequences and MRI sequences for attenuation correction of PET imaging
together can be acquired within the two minutes required for PET imaging per bed position. Thus, a
PET/MRI examination from skull base to mid-thigh in less than 20 minutes is possible. Compared to the

average examination time of 47 minutes in our study patients, this is significantly less than half.

Almost all coronal sequences yielded lower detection rates than the corresponding transverse
sequences. Thus, transverse sequences seem to be more suitable for whole-body cross-sectional image

assessment. However, the viewing habits of the readers could also have influenced our results.

Splenic involvement was difficult to assess in MRI, with best detection rates slightly above 60%
achieved with T2w fs sequences. Detection of splenic lesions with whole-body MRI sequences is known to
be challenging, with reported sensitivities ranging between 57% and 86% (31,32). This might be ascribed
to artifacts due to breathing or cardiac motion or anisotropic physiologically restricted diffusion patterns
of normal splenic parenchyma in DWI (33). The additional application of spleen-specific MRI sequences
might be beneficial in lymphoma patients with suspected splenic involvement. The detection of splenic
lesions in CT is challenging as well, with published sensitivities and specificities ranging between 33-94%
and 0-100%, respectively (34,35). Ultrasound is a sensitive method for the detection of splenic
involvement (36). However, the quality of ultrasound examinations is physician-dependent and central

reference evaluation is not possible.

Skeletal lesions were well detectable in T2w fs sequences, in both, transverse and coronal

orientation. These results are in line with published data (37,38). T2w non-fs transverse sequences showed

a low detection rate of only 16%. An explanation could be the increasing fat signal in the bone marrow of

12



adolescents. Thus, edema-like bone marrow changes, as a sign of skeletal involvement, might be masked

by a hyperintense fat signal.

Detection of lung lesions in whole-body MRI is challenging (3,39). Although good detection rates
were observed for two coronal and one transverse MRI sequence, false-positive lung lesions were a main
issue in the majority of sequences. One reason might be artifacts due to cardiac or respiration motion (40).
Another reason is that even small lesions of at least 0.2 cm were considered as lung involvement. Such
small lesions are difficult to detect in MRI. CT is the gold standard for lung evaluation (41). However, lung-

specific MRI sequences have shown promising results (42).

Limitations

T2w fs transverse sequences yielded the best results of all sequences in our study. However, 7%
(18/242) of all lesions were not visible, mainly splenic lesions. Six out of these 18 lesions were visible in at
least one other MRI sequence.

Most study centers used a PET/MRI scanner from one vendor, which might bias our results in terms
of the vendor specific scanner properties and sequences.

Another limitation is the lack of information on false-positive lesions in MRI. Theoretically, MR
sequences with good detection rates could compromise their performance by an increased rate of false-

positive lesions. This effect was observed for T2w transverse sequences in lung assessment.

CONCLUSION
T2w fs transverse sequences yielded the highest detection rates and are well-suited for accurate
whole-body PET/MRI in lymphoma patients. There is no evidence to recommend the use of contrast

agents.
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KEY POINTS

QUESTION: What is the most suitable whole-body MRI sequence for PET/MRI in Hodgkin lymphoma
patients?

PERTINENT FINDINGS: Based on our multicenter evaluation of pretreatment PET/MRI scans of 84 EuroNet-
PHL-C2 study patients with Hodgkin lymphoma, T2 weighted transverse sequences with fat saturation are
most suitable for simultaneous whole-body PET/MRI. There was no evidence to recommend the use of
contrast agents.

IMPLICATIONS FOR PATIENT CARE: An optimized PET/MRI acquisition protocol would decrease anesthesia

time in younger children and increase compliance in adolescents and adults.
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FIGURES

All figures are from the same study patient.

Figure 1

0

Maximum intensity projection of the PET image of a study patient with nodal, splenic, skeletal and lung

lesions.
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Figure 2

Corresponding transverse slice positions of PET and fused PET/MR imaging.
A+C) Transverse thoracic slice with a PET-positive right-sided internal mammary lymph node (green
arrow) and a PET-positive right-sided hilar lymph node (red arrow).

B+D) Transverse abdominal slice with two PET-positive splenic lesions (green and red arrow).
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Identical transverse slice positions of different MRI sequences, same slice position as in Figure 2A+C.

A) T1-weighted MRI sequence with contrast enhancement

B) T2-weighted MRI sequence with fat saturation

C) T2-weighted MRI sequence without fat saturation

D) Dixon relative water fraction distribution

The PET-positive right-sided internal mammary lymph node (green arrow) is visible in A, B and C.

The PET-positive right-sided hilar lymph node (red arrow) is visible in A, B and D.
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Identical transverse slice positions of different MRI sequences, same slice position as in Figure 2B+D.

A) T1-weighted MRI sequence with contrast enhancement
B) T2-weighted MRI sequence with fat saturation

C) T2-weighted MRI sequence without fat saturation

D) Dixon relative water fraction distribution

The dorsal splenic lesion (red arrow) is visible in A-D, the ventral lesion only in B (green arrow).
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TABLES

Table 1 Detection rates of MRI sequence categories for lymphatic, splenic, skeletal and lung lesions.

Detection rates of MRI sequence categories

Sequence category Orientation Lymph nodes Spleen | Skeleton Lung

T2 fs Transverse 95% 62% 94% 83%

T2 non-fs Transverse 86% 49% 16% 59%

Tlcefs Transverse 74% 35% 57% 55%

T2 fs Coronal 55% 24% 93% 50%

T1 non-ce non-fs Coronal 47% 33% 25% 14%
Dixon out-of-phase Transverse 42% 0% 16% 56%
Dixon relative water fraction Transverse 42% 7% 33% 49%
Dixon in-phase Transverse 35% 5% 8% 43%

DWI Transverse 34% 37% 71% 33%

T1 non-ce fs Transverse 34% 50% 25% 56%
Tlcefs Coronal 29% 0% - 100%

Dixon relative fat fraction Transverse 23% 0% 7% 8%
Dixon relative water fraction Coronal 19% 0% 14% 21%

Dixon relative fat fraction Coronal 13% 0% 0% 5%

T1 non-ce non-fs Transverse 12% 7% 50% -

Dixon out-of-phase Coronal 11% 0% 4% 22%
Dixon in-phase Coronal 9% 9% 5% 24%
T2 non-fs Coronal 0% 27% 0% 100%
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SUPPLEMENT

Supplement Figure 1

Identical transverse slice positions of cross-sectional imaging in a patient with Hodgkin Lymphoma.

A) T1l-weighted MR sequence with contrast enhancement, B) T2-weighted MRI sequence without fat
saturation, C) T2-weighted MRI sequence with fat saturation, D) Dixon relative water fraction distribution,
E) fused PET/MRI, F) PET only, G+H) CT.

Two lung lesions are visible in CT. The lesion in the right lung is visible in A-D and in PET (red arrow). The

lesion in the left lung is visible only in A, C and D (green arrow).



Supplement Table 1 ~ Number of PET centers that performed the respective MRI sequence category

Number of PET centers that performed the respective MRI sequence category
Sequence category transversal orientation coronal orientation
Tlcefs 6 2
T1 non-ce fs 3 0
T1 non-ce non-fs 2 2
T2 fs 7 10
T2 non-fs 8 1
DWI 7 0
Dixon in-phase 9 5
Dixon out-of-phase 9 5
Dixon relative water fraction 9 7
Dixon relative fat fraction 9 6






