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Abstract

Purpose To determine whether, in patients with Hodgkin lymphoma (HL) or non-Hodgkin lymphoma (NHL), ['*F]FDG PET/
MR can capture treatment effects within the first week after treatment initiation, and whether changes in glucose metabolism and
cell density occur simultaneously.

Methods Patients with histologically proven HL or NHL were included in this prospective IRB-approved study. Patients underwent
[ISF]FDG PET/MR before, and then 48—72 h after (follow-up 1, FU-1) and 1 week after (FU-2) initiation of the first cycle of their
respective standard chemotherapy (for HL) or immunochemotherapy (for NHL). Standardized ['*FJFDG uptake values (SUVmax,
SUVmean) and apparent diffusion coefficients (ADCmin, ADCmean) based on diffusion-weighted MRI, and metabolic and morpho-
logical tumour volumes (MTV, VOL) were assessed at each time-point. Multilevel analyses with an unstructured covariance matrix,
and pair-wise post-hoc tests were used to test for significant changes in SUVs, ADCs, MTVs and VOLs between the three time-points.
Results A total of 58 patients (11 with HL and 47 with NHL) with 166 lesions were analysed. Lesion-based mean rates of change in
SUVmax, SUVmean, ADCmin, ADCmean, MTV and VOL between baseline and FU-1 were —46.8%, —33.3%, +20.3%, +14%, —46%
and —12.8%, respectively, and between baseline and FU-2 were —65.1%, —49%, +50.7%, +32.4%, —61.1% and —24.2%, respectively.
These changes were statistically significant (P < 0.01) except for the change in VOL between baseline and FU-1 (P=0.079).
Conclusion In lymphoma patients, ['*FJFDG PET/MR can capture treatment-induced changes in glucose metabolism and cell
density as early as 48-72 h after treatment initiation.
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Positron emission tomography (PET) using the radio-
tracer ['®F]JFDG (2-['®F]fluoro-2-deoxy-D-glucose) is
the current imaging technique of choice to assess treat-
ment response in the majority of lymphoma subtypes
[1-5]. It allows direct assessment of the glycolytic ac-
tivity at the cellular level, which correlates with cell
proliferation [6]. Diffusion-weighted imaging (DWI),
an advanced magnetic resonance imaging (MRI) tech-
nique, can be used to assess tissue diffusivity which is
an indirect measure of cell density. Since extracellular
water movement in tumours is affected by cell density
[7], DWI has recently been suggested as a potent
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alternative to ['*FJFDG PET/CT to assess treatment re-
sponse in lymphoma patients [8—12].

Previous studies have demonstrated that a reduction in gly-
colytic activity (i.e. ['*F]JFDG uptake on PET), and an in-
crease in diffusivity (i.e. reduction of diffusion restriction on
DWI, chiefly reflecting a reduction in cell density) can be
observed after only a small number of therapy cycles [10,
12—15]. Notably, interim PET, which is typically performed
after two to four therapy cycles and is included in the Lugano
classification of the International Conference on Malignant
Lymphoma (ICML) [1, 13], is currently under evaluation as
a prognostic marker for different lymphoma subtypes, treat-
ments and time-points, but so far with mixed results [15-22].
However, little is known about in vivo changes at the onset of
therapy — in particular, to what extent do changes in glycolytic
activity and cell density correlate with each other, and which
method detects the earliest changes. In a murine lymphoma
model, it has been shown that ["*FJFDG PET can capture
changes after treatment with etoposide as early as 16 h after
treatment initiation [23]. So far, no comparable in vivo data in
lymphoma patients are available. DWI has been shown to
capture treatment response in lymphoma in vivo as early as
1 week after therapy initiation, but no earlier time-points were
evaluated [24]. Finally, in a study in patients with Hodgkin
lymphoma (HL) and diffuse large B-cell lymphoma
(DLBCL), no significant changes in apparent diffusion coef-
ficients (ADC) were observed approximately 2 days after ther-
apy initiation, whereas ['*F]JFDG PET revealed treatment re-
sponses after 19 days [25].

Here, we investigated whether standard chemotherapy or
immunochemotherapy led to significant changes in glucose
metabolism, cell density, and lesion volume in lymphoma
patients, at two time-points during the first week after treat-
ment initiation. We particularly aimed to determine whether
such ultra-early effects of treatment on glycolytic activity and
cell density of lymphomas occur simultaneously, and whether
they differ among histological subtypes, therapeutic regimens,
and individuals with the same histology and treatment.

Materials and methods

Patients with histologically proven, previously untreated ma-
lignant lymphoma who were referred to our institution for
routine pretherapy ['*FJFDG PET/MR were eligible for par-
ticipation in our prospective exploratory study. Ethics com-
mittee approval and written informed consent from all patients
were obtained prior to imaging. Inclusion criteria were the
presence of one of the following histological lymphoma sub-
types, as verified by a reference pathologist who analysed
tissue samples (obtained by biopsy or during surgery) accord-
ing to the current WHO classification of haematological and
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lymphoid malignancies, in combination with the following
specified treatment schemes:

— Patients with HL scheduled for treatment with escalated
BEACOPP

—  Patients with DLBCL scheduled for treatment with either
R-CHOP in those with an International Prognostic Index
(IPI) of 1-3, or dose-adjusted (DA) EPOCH-R in those
with an IPI >3 or double-hit lymphomas

— Patients with follicular lymphoma (FL) scheduled for
treatment with R-BENDA

—  Patients with mantle cell lymphoma (MCL) scheduled for
treatment with R-BENDA

Patients with any of the following were excluded: women
with a positive pregnancy test or clinically confirmed preg-
nancy; inability to understand the study goals or outline, or to
consent to participation; age below the specified minimum of
18 years; known contraindication to MRI (e.g. implantable
medical device according to the MRI Safety Guidelines, or
conditions such as claustrophobia); or a blood glucose level
>150 mg/dL. Patients who fulfilled the above requirements for
participation underwent ['*F]FDG PET/MR at three time-
points:

1. Baseline: before treatment (with a specified range of 1—
7 days before the first therapy cycle)

2. Follow-up 1 (FU-1): 48-72 h after initiation of the first
therapy cycle

3. Follow-up 2 (FU-2): 1 week after initiation of the first
therapy cycle

Imaging protocols

All pretherapy and follow-up ['*FJFDG PET/MR examina-
tions were performed using a commercially available fully
CE-certified integrated simultaneous PET/MR system
(Biograph mMR; Siemens, Erlangen, Germany). This PET/
MR system comprises a PET detector system inserted into a
3-T MRI system with high-performance gradient systems (45
mT/m) and a slew rate of 200 T/m/s. It is equipped with Total
Imaging Matrix coil technology (Siemens) covering the body
(from the vertex to the upper thighs) with multiple integrated
radiofrequency surface coils that do not require repositioning.
The PET system offers an axial field of view (FOV) of
258 mm, and a sensitivity of 13.2 cps/kBq.

["®F]JFDG PET was performed 60 min after intravenous
administration of a target dose of 3 MBq/kg (minimum
injected dose 200 MBq) ['*F]FDG with 5 min per bed posi-
tion, three iterations and 21 subsets, a 4.2-mm slice thickness,
and a 172 x 172 matrix, using the point spread function-based
reconstruction algorithm HD-PET (Siemens). A coronal two-
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point Dixon T1-weighted VIBE 3D sequence was used for
PET attenuation correction (i.e. separation into air, lungs, fat,
and soft tissue) with a repetition time (TR) of 3.6 ms and echo
times (TE) of 1.23 and 2.46 ms, one average, a 10° flip angle,
a 79 x 192 matrix with a 328 x 500 mm FOV, and a 3-mm
slice thickness with a 0.6-mm gap. An axial two-point
Dixon T1-weighted VIBE 3D sequence was used for anatom-
ic evaluation with a TR of 4.02 ms and TEs of 1.23 and
2.46 ms, a 10° flip angle, a 296 x 430 mm FOV and an image
matrix of 154 x 320 with a 3-mm slice thickness with a 20%
gap. In addition, an axial echoplanar DWI sequence with
spectral adiabatic inversion recovery (SPAIR) was used dur-
ing free-breathing for the entire anatomy, using b-values of 50
and 800, a TR of 6,800 ms and a TE of 63 ms, six averages
and one echo, a 180° flip angle, a 168 x 104 matrix with a
440 x 340 mm FOV; and a 6-mm slice thickness with a 1.2-
mm gap. ADC maps were generated automatically by the
operational software supplied with the PET/MR scanner.

Treatment protocols

Escalated BEACOPP was administered to patients with ad-
vanced stage HL and the presence of risk factors, according to
the guidelines of the German and Austrian societies of
haematology and oncology (DGHO and OeGHO; https://
www.onkopedia.com). A 21-day cycle consisted of
bleomycin 10 mg/m? intravenously (i.v.) on day 8, etoposide
200 mg/m? i.v. on days 1-3, doxorubicin 35 mg/m? i.v. on day
1, cyclophosphamide 1,250 mg i.v. on day 1, vincristine 1.
4 mg/m? i.v. on day 8, procarbazine 100 mg/m? orally (p.o.)
on days 1-7, prednisone 100 mg/m? p.o. on days 1-14. In
these patients, FU-1 PET/MR was performed on day 3 follow-
ing administration of the third BEACOPP dose.

In DLBCL patients, the choice between R-CHOP and DA-
EPOCH-R treatments was based on each patient’s risk profile.
High-risk patients with an IPI of >3 and patients with double-
hit lymphomas were assigned to treatment with DA-EPOCH-
R, whereas patients with an IPI of 1-3 were treated with R-
CHOP. An R-CHOP cycle consisted of rituximab 375 mg/m?
i.v. on day 1, and cyclophosphamide 750 mg/m? i.v., doxoru-
bicin 50 mg/m? i.v. and a vincristine 2 mg i.v. bolus on day 1
along with prednisone 50 mg/m2 p.o. on days 1-5. These
patients had already received the full immunochemotherapy
cycle (with the exception of prednisone, which was continued
until day 5). In these patients, FU-1 PET/MR was performed
on day 3. A DA-EPOCH-R cycle consisted of rituximab
375 mg/m® i.v. on day 1, continuous infusion of etoposide
50 mg/m?, doxorubicin 10 mg/m? and vincristine 0.4 mg/m?
on days 1-4, and cyclophosphamide 750 mg/m? i.v. on day 5,
along with 60 mg/m? prednisone p.o. twice daily on days 1-5.
In these patients, FU-1 PET/MR was performed on day 3
following administration of the third chemotherapy dose.

In patients with FL and MCL, an R-BENDA cycle
consisted of rituximab 375 mg/m? on day 1 and bendamustine
90 mg/m? on days 2 and 3. In these patients, FU-1 PET/MR
was performed on day 3 following administration of the sec-
ond bendamustine dose.

Image analysis

All ["®F]FDG PET/MR examinations were evaluated by a
board-certified radiologist and a board-certified nuclear med-
icine physician side-by-side to ensure that the same lesions
were chosen for the quantitative analysis on ['*FJFDG PET
and DWI. The largest nodal or extranodal lymphoma mani-
festations of each involved anatomic region (with a specified
maximum of five regions) that were visible on both ['*F]FDG
PET images (with a clear, focal, nonphysiological tracer accu-
mulation) and DWI images (with a clear diffusion restriction,
according to previously published criteria for malignancy
[11]) were defined as target lesions on pretherapy ['*F]JFDG
PET/MR, provided that they showed a long-axis lesion diam-
eter of >1.0 cm for extranodal manifestations, or >1.5 cm for
nodal manifestations on the T1-weighted or DWI images, as
recommended in the Lugano/ICML guidelines [1]. Only for
diffuse bone marrow involvement, for which histological ver-
ification prior to baseline imaging was required, could no size
criteria be applied due to the lack of clear margins.

Maximum and mean standardized [ *F]JFDG uptake values
(SUVmax, SUVmean) and metabolic tumour volumes (MTV,
cm’) of these lesions were measured on the pretherapy
(baseline)and the two follow-up (FU-1, FU-2) ['FIFDG
PET/MR examinations, based on isocontour volumes of inter-
est (VOIs) constructed using a 41% SUVmax threshold (as
recommended by the European Association of Nuclear
Medicine, and applied in previous studies [26—28]), using
the syngo Multimodality Workplace environment (Siemens).
Similarly, minimum and mean ADCs (ADCmin, ADCmean,
x10" mm?/s) of the target lesions were measured on
pretherapy and follow-up ADC maps, based on manually de-
fined three-dimensional VOlIs, using the syngo environment
(Siemens). Finally, manually defined VOIs were constructed
on the T1-weighted images (guided, if necessary, by DWI),
again using the syngo environment, to measure the morpho-
logical volumes (VOL, cm3) of the target lesions at baseline,
FU-1 and FU-2. For focal bone and bone marrow lesions,
which frequently remain visible as structural defects even in
the absence of viable disease, MTVs were calculated, but not
VOLs; whereas for diffuse bone marrow involvement, neither
MTVs nor VOLs could be obtained due to the lack of clearly
defined margins. For diffuse bone marrow involvement,
SUVs and ADCs were extracted from spherical VOIs with a
I-cm diameter that were placed in pelvic bone marrow,
avoiding the site of the biopsy, where reactive changes are
known to occur.
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If a lesion was no longer visible on the follow-up ['*FIFDG
PET images or ADC map, but was still visible as a residual
mass/lesion on the respective T1-weighted MRI images, the
latter were used for VOI definition and then copied. If a lesion
was no longer visible on follow-up ['*FJFDG PET images, the
ADC map, or T1-weighted MRI images, SUVs, MTVs and
VOLs were set to zero, whereas for ADCs for which no ab-
solute maximum value existed, a spherical VOI with a 1-cm
diameter was placed in the region where the lesion was ob-
served at baseline taking care not to include areas of physio-
logically low ADCs (e.g. bowel contents).

Statistical analysis

Mean rates of change in SUV, ADC, MTV and VOL between
baseline and follow-up examinations (ASUVmax,
ASUVmean, AADCmin, AADCmean, AMTV and AVOL)
were determined for the target lesions, and also on a per-
patient basis, using estimated marginal means of the patients’
target lesions. Lesion-based Pearson correlation coefficients
(r) between ASUV and AADC were calculated. Multilevel
analyses with an unstructured covariance matrix which
showed the best model fit according to the Akaike information
criterion were performed on a per-lesion basis; descriptive
statistics were based on model estimates. Bonferroni-
corrected post-hoc tests were used for pair-wise lesion-based
comparisons of SUV, ADC, MTV and VOL among the three
time-points (baseline, FU-1, and FU-2) based on pooled data
from all lymphoma subgroups. Repeated-measures analysis of
variance with post-hoc tests was used to compare baseline and
FU-1 and FU-2 patient-based SUVs, ADCs, MTVs and VOLs
using pooled data from all lymphoma subgroups. In the
DLBCL subgroup, patient-based rates of change of the imag-
ing parameters between baseline and FU-1 and between base-
line and FU-2 were compared between the two treatment arms
(R-CHOP vs. DA-EPOCH-R). The specified level of signifi-
cance was P <0.05 for all tests. All statistical tests were per-
formed using IBM SPSS Statistics 21.0 (IBM Corp., Armonk,
NY).

Results

Of 65 patients who fulfilled the inclusion criteria, seven were
excluded at baseline due to elevated blood glucose levels
(>150 mg/dL). Thus, a total of 58 patients (28 women and
30 men; mean age 58.9 = 17.6 years, range, 25-92 years) ful-
filled the criteria for participation in the study. Of these 58
patients, 11 were diagnosed with HL, 25 with DLBCL (15
in the R-CHOP arm, and 10 in the DA-EPOCH-R arm), 12
with FL, and 10 with MCL. One patient with FL and one
patient with MCL underwent ['*FJFDG PET/MR at baseline
and FU-1, but not at FU-2; whereas one patient with DLBCL
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(R-CHOP arm) underwent ['*FJFDG PET/MR at baseline and
FU-2, but not at FU-1. A total of 166 target lesions (134 nodal,
32 extranodal; Table 1) were analysed.

On a per-lesion basis, pooled SUVmax, SUVmean,
ADCmin and ADCmean values from all lymphoma subtypes
differed significantly between baseline and FU-1 (—46.8%,
—33.3%, +20.3% and +14%, respectively; P <0.001), be-
tween baseline and FU-2 (—65.1%, —49%, +50.7% and
+32.4%, respectively; P<0.001), and between FU-1 and
FU-2 (—34.5%, —23.5%, +24.2% and +15.2%, respectively;
P <0.001). MTV also differed significantly between baseline
and FU-1 (—46%; P =0.002), and between baseline and FU-2
(=61.1%; P <0.001), but not between FU-1 and FU-2 (—28%;
P =0.79) whereas VOL differed significantly only between
baseline and FU-2 (—24.2%; P<0.001), and not between
baseline and FU-1 (=12.8%; P =0.079), or between FU-1
and FU-2 (—13.1%; P =0.154; Table 2, Figs. 1 and 2).

On a per-patient basis, pooled SUVmax, SUVmean,
ADCmin and ADCmean values from all lymphoma subtypes
differed significantly between baseline and FU-1 (—54.9%,
—41.7%, +27.8% and +17.8%, respectively; P<0.001), and
between baseline and FU-2 (=70.7%, —55.9%, +58% and
+34.4%, respectively; P<0.001). SUVmean, ADCmin and
ADCmean, but not SUVmax, differed significantly between
FU-1 and FU-2 (—24.6%, +23.6%, +14.1% and —35%,

Table 1
region

Absolute numbers of analysed target lesions by anatomic

Region HL DLBCL FL MCL Total

Nodal
Cervical 1
Infraclavicular

[

Axillary
Mediastinal 14
Hilar

Mesenteric

22
11
15
17
29
17

BN O N = O N

Periaortic

Pelvic

S O = N ®
WL 00 0 0 N A~ NN
Ao A W = N~ O b

(o]

Inguinal
Extranodal

Waldeyer’s ring

Lungs

Spleen

Stomach

Small intestine

—_ = W = W =

Large intestine
Bones 12
Soft tissues

Other

S O~ O O O = O O
N NN = = N = ==
—_ O W O O O O O O
S O O O O = O b~ O

HL Hodgkin lymphoma, DLBCL diffuse large B-cell lymphoma. FL
follicular lymphoma, MCL mantle cell lymphoma
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Table 2

Lesion-based pooled arithmetic means and 95% confidence intervals of standardized uptake values (SUV), apparent diffusion coefficients

(ADC), metabolic tumour volumes (MTV), and morphological volumes (VOL) before (baseline), 48—72 h after, and 1 week after treatment initiation

Baseline

48-72 h 1 week

SUVmax

SUVmean

ADCmin (10> mm?%/s)
ADCmean (<1072 mm?%/s)
MTV (cm®)

VOL (cm?)

10.9 (10.1-11.8)
5.1 (0-13.8)
518.6 (409.5-627.7)
925.0 (898.9-971.1)
75.4 (0-438.4)
103.7 (0-422.2)

5.8 (5.0-6.7)
3.4 (0-12.1)
629.2 (520.1-738.4)
1,054.6 (1,018.5-1,090.8)
40.7 (0-395.2)
90.4 (0-408.9)

3.8 (3.0-4.7)
2.6 (0-11.0)
781.7 (672.4-891.0)
1,215.2 (1,178.6-1,251.7)
29.3 (0-343.8)
78.6 (0-397.1)

respectively; P=0.015, P<0.001, P<0.001 and P=0.094).
MTYV also differed significantly between baseline and FU-1
(—42.9%; P=0.01), and between baseline and FU-2 (—53.9%;
P=0.001), but not between FU-1 and FU-2 (—19.2%; P=
1.0), whereas VOL differed significantly only between base-
line and FU-2 (—18.7%; P = 0.002), and not between baseline
and FU-1 (—12%; P=0.069), or between FU-1 and FU-2
(=7.6%; P=0.62). Line graphs revealed major differences in
treatment response between individual patients, and even be-
tween patients with the same lymphoma subtype and treat-
ment regimen (Online Resource 1).

In the DLBCL group, all patient-based imaging parameter
changes from baseline to FU-1 except for ADCmin differed
significantly between the two treatment arms (R-CHOP vs.
DA-EPOCH-R), whereas only changes in SUVmean and
VOL between baseline and FU-2 differed significantly be-
tween the two treatment arms (Table 3, Online Resource 2).

Weak, statistically significant negative correlations were
observed between lesion-based ASUVmax and AADCmin
(baseline to FU-1 »r=-0.32, P<0.001; baseline to FU-2 r=
—0.32, P<0.001), whereas moderate significant negative cor-
relations were observed between ASUVmean and
AADCmean (baseline to FU-1 »=—0.54, P<0.001; baseline
to FU-2 r=—0.41, P<0.001).

Discussion

The observed decrease in lymphoma glucose metabolism (i.e.
FDG uptake, measured in terms of SUV and MTV) and in-
crease in tissue diffusivity (i.e. ADC, chiefly reflecting cell
density) in our study clearly suggest the presence of treatment
effects, which can be measured in vivo by [! SFJFDG PET/MR
as early as 4872 h after treatment initiation. Further imaging
parameter changes reflecting treatment effects clearly oc-
curred during the first week. Notably, significant changes dur-
ing the first week after treatment initiation were found not only
in SUVs (and the associated MTVs) and ADCs, but also in
morphological volumes, albeit to a lesser degree.

A closer look at the rates of change of the imaging param-
eters clearly suggests that, regardless of histological subtype,
glucose metabolism-based measures (SUV and MTV) show a
more pronounced response to treatment during the first 48—
72 h after treatment initiation, whereas the changes between
72 h and 1 week appeared to be less pronounced. For
diffusivity/cell density, as reflected by ADCs, the opposite
effect was generally observed, with a less pronounced re-
sponse to treatment during the first 48—72 h after treatment
initiation, and a more pronounced response between 72 h and
1 week; only DLBCL, in which changes in ADC over time
more closely resembled those in SUV, differed in this regard.
Significant changes in morphological lesion volumes were
also observed at these early time-points, although they were
only small-to-moderate, particularly during the first 48-72 h
after treatment initiation, when, contrary to changes after
1 week, they did not reach statistical significance. This very
early reduction in lesion size under treatment confirms the
results of Horger et al. [24], who found a significant reduction
in lesion size in a small sample of responding lymphoma
patients 1 week after treatment initiation. The fact that, in
the latter study, lesion shrinkage was less pronounced than
in the present study may possibly be explained by the fact that
transaxial lesion diameters, instead of volumes, were used,
and also the study population of Horger et al. included only
three patients with DLBCL, which was the subtype that
showed by far the largest volume decreases in our study.

Clear differences in treatment responses and associated
changes in imaging parameters were seen among the four
histological lymphoma subtypes in our study. DLBCL
showed the largest changes, followed by HL, followed by
MCL, with FL showing the smallest changes. On the other
hand, only patients with FL and MCL received the same treat-
ment regimen, whereas treatment regimens differed among
those with DLBCL and HL, and hence the latter two subtypes
cannot be directly compared with each other, or with FL and
MCL. Thus, while it is striking that the different degrees of
treatment response among the four histological subtypes ap-
pear to reflect the order of aggressiveness of these lympho-
mas, the main finding on this point is that both glucose
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«Fig. 1 Lesion-based rates of change of standardized ['*FJFDG uptake
values (SUVmax, SUVmean), apparent diffusion coefficients
(ADCmin, ADCmean), metabolic tumour volumes (MTV) and
morphological tumour volumes (VOL) between baseline and 1 week
separately for the four histological lymphoma subtypes

metabolism and cell density of the lesions show a marked
response to their respective standard therapy regimens in all
examined lymphoma subtypes as early as 48—72 h after treat-
ment initiation.

Notably, in DLBCL, for which two different treatment reg-
imens (R-CHOP and DA-EPOCH-R) were used, the observed
differences between the two treatment groups point towards a
stronger and/or more rapid effect of R-CHOP on glucose me-
tabolism and diffusivity/cell density of the lymphomas in this
ecarly phase, which seems plausible because, with R-CHOP,
both rituximab and the chemotherapeutic agents were admin-
istered on day 1, whereas with DA-EPOCH-R, rituximab was
administered on day 1, and the chemotherapeutic agents were
administered over 5 days. Thus, at the first PET/MR follow-
up at 48-72 h after treatment initiation, patients in the DA-
EPOCH-R arm had only received a fraction of the total che-
motherapy dose, and lower peak levels. However, assignment
to the two treatment groups was based on IPI score or the
presence of double-hit lymphomas, i.e. only high-risk patients
were chosen for treatment with DA-EPOCH-R, in accordance
with previous studies [29, 30]. As a consequence, it is quite
possible that the clinical entities in themselves are not compa-
rable, and this led to, or at least contributed to, the observed
differences in ultra-early responses on ['*FJFDG PET/MR.

Baseline
(before treatment)

[18F]FDG-
PET/MR

DWI (b800)

Fig. 2 A 68-year-old woman with DLBCL of the left adrenal gland (blue
arrows). The lymphoma shows intense glucose metabolism (high
["®FJFDG uptake; high SUVs) at baseline on the axial fused ['*FJFDG
PET/MR image, and a clear diffusion restriction on the DWI image (high
signal) and the ADC map (low signal). The PET/MR image at 48-72 h
after treatment initiation (R-CHOP) shows an almost complete reduction

Table 3  Patient-based mean rates of change (%) of the six imaging
parameters relative to baseline for the two DLBCL treatment arms (R-
CHOP, DA-EPOCH-R)

R-CHOP DA-EPOCH-R P value

ASUVmax

48-72 h —69.9 £27.9 —41.1+£17.2 0.005

1 week —78.7+23.2 —67.7+18.4 0.20
ASUVmean

48-72 h —65.4+£23.6 —34.0+13.2 <0.001

1 week —74.8 £24.4 -57.0+213 0.007
AADCmin

48-72 h 65.9+71.9 50.7+49.9 0.55

1 week 103.8 +83.3 93.5+79.0 0.76
AADCmean

48-72 h 41.8+£28.7 17.0 + 18.0 0.016

1 week 57.9 +£32.7 354+239 0.059
AMTV

48-72 h -732+30.5 —41.2+32.1 0.023

1 week —84.6 +19.8 -755+183 0.25
AVOL

48-72 h —38.1 £28.6 -79+173 0.005

1 week —60.2 £24.0 -30.2+24.2 0.009

As mentioned above, DWI enables (indirect) assessment of
cell density through assessment of tissue diffusivity, based on
the underlying mechanism that in hypercellular tumours such
as lymphoma, the extracellular space is compressed, limiting
the local Brownian motion of water molecules. As a

48-72h 1 week
after treatment initiation

in ["®F]FDG uptake (reduced glucose metabolism) and a clear increase in
tissue diffusivity (increased ADC, indicating reduced cell density) at this
time-point. The PET/MR image at 1 week after treatment initiation shows
an additional moderate decrease in lesion size relative to the baseline
image
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consequence, DWI may be used to capture treatment effects in
terms of cell necrosis [31]. It is highly unlikely that, in our
study, an isolated treatment-induced inflammatory fluid influx
(which might have led to a T2-shine-through effect), rather
than cell necrosis, was responsible for the observed ADC in-
crease after treatment for several reasons. Firstly, a fluid influx
in the absence of cell necrosis would lead to an increase in
lesion size, which we did not observe. On the contrary, there
was a small-to-moderate statistically significant decrease in
morphological lesion volumes, which is indicative of cell ne-
crosis. Secondly, a possible treatment-induced inflammatory
reaction would not explain the obvious differences in ADC
increase among the four histological lymphoma subtypes, as
this would require a histology-dependent or treatment-
dependent degree of inflammation for which there is presently
no evidence; even more so as three of the lymphoma sub-
groups received rituximab-based treatment. Here, it is also
important to note that treatment regimens for HL and
DLBCL included the corticosteroid prednisone, which has
been shown to lead to suppression of ['*F]JFDG uptake caused
by the inflammatory influx early (i.e. on day 9) after cytotoxic
treatment [32]. Thus, the decrease in ['*F]JFDG uptake early
after treatment that was observed at the same time as the in-
crease in diffusivity (i.e. ADCs), also supports our theory that
DWTI does indeed capture treatment-induced cell necrosis,
rather than inflammatory changes. This is also in agreement
with the results of Papaevangelou et al. [31], who observed
significant ADC increases in the presence of necrosis in hu-
man colon carcinoma xenografts on days 3 and 5 after treat-
ment with irinotecan.

Conversely, the decrease in FDG uptake observed at the
ultra-early follow-up in our study was probably also caused, at
least in part, by cell death, as indicated by the simultaneous
increase in diffusivity and lesion shrinkage. Nevertheless, par-
ticularly in the context of HL with its pronounced hyperplastic
lymphoid reaction, the anti-inflammatory and lympholytic ef-
fects of prednisone on [ *FJFDG uptake and on lesion volume
must be taken into account. Furthermore, a previous in vitro
study in breast cancer cells established the concept of
treatment-induced “stunning” (i.e. a discrepancy between
FDG uptake and viable cell number) 24 h after doxorubicin
treatment, and thus before the earliest follow-up at 48-72 h
after treatment initiation in our study [33]. In the latter study,
the stunning effect was explained by declines in GLUT-1 and
HKII levels [33]. Similarly, in a murine lymphoma model, a
reduction in FDG uptake 16 h after initiation of etoposide
treatment was explained by a decrease in the plasma mem-
brane presentation of GLUT-1 and GLUT-3 [23]. It is there-
fore difficult to judge whether, and to what degree, a possible
stunning effect (in combination with the anti-inflammatory
effect of prednisone in HL and DLBCL) may have contributed
to the observed reduction in FDG uptake in our study, and
whether it could partly explain the more pronounced changes
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in SUV and MTV, compared with the changes in ADC, espe-
cially since doxorubicin was also part of the DLBCL and HL
treatment regimens in the present study. However, stunning
would not have affected ADC and lesion volume changes,
which showed the same general trends including differences
in response among lymphoma subtypes. Thus, the observed
reduction in FDG uptake after treatment initiation can at least
not entirely be attributed to stunning and anti-inflammatory
treatment effects. Only in three patients was an atypical be-
haviour observed (initial strong decreases in SUV and MTV
from baseline to 48—72 h, followed by increases in SUV and
MTV from 48-72 h to 1 week). Unfortunately, in these three
patients, we were not able to distinguish between an initial
stunning effect that was captured by ['*F]JFDG PET at 48—
72 h and an inflammatory “flare” reaction that occurred be-
tween 48—72 h and 1 week, as this would have required his-
tological evaluation.

Several studies have demonstrated the prognostic value of
interim ['*F]-FDG PET, typically performed after two to four
therapy cycles, in different lymphoma subtypes, most con-
vincingly in HL [14, 34]. For interim DWI, on the other hand,
relatively few data are presently available with regard to its
possible value for clinical outcome prediction. Based on a
small series of 14 lymphoma patients (12 with DLBCL), De
Paepe et al. found that changes in ADC between baseline and
follow-up after 2 weeks (as well as 4 weeks) of treatment were
significantly correlated with progression-free survival [35]. In
a mixed population of 20 patients, 7 with HL and 13 with
NHL including aggressive and indolent subtypes, Horger
et al. found that changes in ADC after 1 week of treatment
predicted outcome as assessed 6 months after the end of treat-
ment [24]. Finally, in a series of 15 patients with FDG-avid
MALT lymphoma, Mayerhoefer et al. found that changes in
ADC between baseline and interim imaging differed signifi-
cantly between patients with complete remission and those
with residual disease at the end of treatment [10]. To our
knowledge, no long-term data regarding the predictive value
of therapy-induced ADC changes in lymphoma are presently
available.

Our study had several limitations. No posttreatment histo-
logical data were available for comparison with the quantita-
tive imaging parameters of the target lesions, because biopsies
are rarely performed in routine clinical practice, and purely
study-related biopsies were not performed because of ethical
considerations. For calculation of MTVs, we used a 41%
SUVmax cut-off, as previously recommended [26-28].
However, it is well-known that major differences in glucose
metabolism (and the associated ['*F]JFDG uptake) exist be-
tween different lymphoma subtypes [36, 37]. We therefore
cannot rule out the possibility that the use of a 41%
SUVmax threshold led to a small-to-moderate MTV overesti-
mation in patients with indolent lymphomas (i.e. FL, MCL)
which frequently show less-pronounced FDG uptake.
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In conclusion, our preliminary data clearly suggest that
patients with HL and common NHL subtypes may show a
substantial response to standard chemo- or
immunochemotherapy as early as during the first 4872 h
after treatment initiation, which can be captured in vivo by
['®F]JFDG PET/MR. Treatment-induced changes in glucose
metabolism appear to precede changes in diffusivity/cell den-
sity of lymphoma tissue, which in turn precede changes in
lesion volume. Flare reactions that may be detrimental to
['*F]FDG PET appear to be rare events during the investigated
time period early after treatment initiation. The degree of treat-
ment response in this very early treatment phase may be
histology-dependent (with a trend for stronger responses in
more aggressive lymphoma subtypes), but may also depend
on the treatment regimen used. Notably, substantial differ-
ences exist between patients with regard to this very early
treatment response, even between those with the same histo-
logical lymphoma subtype and treatment regimen.
Consequently, follow-up is warranted to investigate the possi-
ble clinical significance of the observed changes in imaging
parameters in terms of prognosis and survival.
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