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Abstract

Background This study aimed the role of volumetric and dissemination features of staging [18F]PSMA-1007 PET/CT in
predicting progression-free survival (PFS) in patients with prostate cancer (PCa) and their relationship with the main clinical
data (ISUP grade groups, number of lesions, PSA).

Methods We included 164 patients with high-risk PCa who underwent baseline [18F]PSMA-1007 PET/CT. With the help
of LIFEx version 7.7, the main volumetric and dissemination PET parameters were semi-automatically extracted: PSMA-
prostate tumor volume (PSMA-TV), PSMA-prostate total lesion (PSMA-TL), PSMA total TV (PSMA-TTV), PSMA total TL
(PSMA-TTL) and Dmax corrected for body-surface-area (Dmax,,). Spearman rank correlations between semiquantitative
PET features and the clinical variables were analyzed. PFS estimates were plotted with the Kaplan—-Meier method.

Results A high correlation was seen between the number of lesions and both PSMA-TTL (r 0.725), and Dmaxbsa (r 0.935).
A moderate correlation was registered between PSA and PSMA-TTV (r 0.333), PSMA-TTL (r 0.441), Dmax,, (r 0.333), as
well as between number of lesions and PSMA-TTV (r 0.342).

After a median follow-up of 17 months (range 2—45), relapse/progression happened in 17 patients (10%). PSA level, presence
of distant metastases at staging, PSMA-TV, PSMA-TL, PSMA-TTL and Dmax,, were significantly associated with PFS at
univariate analysis, but only the presence of distant metastases, PSMA-TTL and Dmax,, were confirmed to be independent
prognostic factors.

Conclusion Volumetric and dissemination features derived by staging [18F]PSMA-1007 PET/CT were significantly cor-
related with PSA and number of lesions. The combination of PSMA-TTL and Dmax,, was the best predictor of PFS and
may help to better stratify PCa patients.

Keywords Prostate cancer - PET/CT - Dmax - PSMA - Nuclear medicine

Introduction

Prostate-specific membrane antigen (PSMA) positron emis-
sion tomography/computed tomography (PET/CT) is a non-
invasive diagnostic tool with superior accuracy over conven-
D' Domenico Albano tional imaging in studying prostate cancer (PCa) [1]. PSMA

doalba87@libero.it PET/CT is an examination exploiting the higher expression
of PSMA by PCa cells compared to healthy prostatic tissue.
Such exams have already been widely explored for staging
purposes [2], both for recurrent [3] and newly diagnosed
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diagnostic performances in the study of local disease, due
to the prevalent non-urinary excretion, but incidental non-
neoplastic bone uptakes reported in the literature, called
unspecific bone uptake (UBU), are quite frequent and their
meaning not yet clear [4, 5].

Beyond qualitative analysis [1], (semi)quantitative param-
eters derived from PET images are emerging as potentially
useful in stratifying better PCa patients. Among them, stand-
ardized uptake value (SUV) is the parameter more com-
monly used due to its velocity and ease of extraction [6],
but also more influenced by external factors, as confirmed
by decades of studies with fluorodeoxyglucose (FDG) PET/
CT. For these reasons, other quantitative features express-
ing tumor burden have been studied, like PSMA tumor vol-
ume (PSMA-TV) and PSMA total lesion (PSMA-TL). The
prognostic role of these parameters was explored in several
researches, especially in metastatic castration-resistant pros-
tate cancer (mCRPC) receiving [177Lu]PSMA-617 therapy
[7-9], second-line chemotherapy with cabazitaxel [10] and
taxane-based chemotherapy (docetaxel) [11, 12]. In these
analyses, high PSMA uptake seems to be associated with
worse outcomes. So far, less data and heterogeneous are
available for locally confined disease and primary staging
of PCa [13, 14]. Recently, a new FDG PET-derived param-
eter was introduced for studying hematological malignancies
and predicting their survival: the maximum tumor dissemi-
nation (Dmax) [15]. Dmax is a simple three-dimensional
variable that represents the maximal distance between the
two farthest PET lesions with increased uptake. Moreover,
only preliminary and scarce findings are available about the
potential role of Dmax in PCa [16, 17].

Therefore, this retrospective study aimed to investigate
the usefulness of volumetric and dissemination [18F]PSMA-
1007 PET/CT features measured at staging in predicting the
outcome in PCa. Second aim was to investigate the correla-
tion between different quantitative PSMA parameters, with
the main clinical factors (such as Gleason grade, number of
lesions, PSA values).

Materials and methods
Patients

This study was a monocentric retrospective study that ana-
lyzed all patients who underwent [18F]JPSMA-1007 PET/CT
between January 2021 and January 2024. Inclusion criteria
were: (1) histologically confirmed PCa; (2) availability of
staging [18F]PSMA-1007 PET/CT; (3) at least 12 months as
follow—up; (4) not having received any treatment for prostate
cancer before PET/CT (not androgen deprivation therapy,
chemotherapy or radiotherapy). Instead, the exclusion cri-
teria were: (1) a history of treatment for prostate cancer; (2)

@ Springer

PSMA not avid primary prostatic tumor; (3) metastatic cas-
tration-resistant prostate cancer (nCRPC) patients. Finally,
164 patients were recruited in this study. For each patient,
the main clinical and epidemiological data were collected,
such as age, PSA value at diagnosis, ISUP grade group
(1-3 considered as early, 4-5 as advanced), ECOG perfor-
mance status, lactate dehydrogenase (LDH) level, alkaline
phosphatase (ALP) level, international society of urologi-
cal pathology (ISUP) grading and clinical stage. The study
adhered to the Declaration of Helsinki and was approved by
the local ethics committee. Written informed consent was
provided by the recruited patients. The patients were treated
according to the institutional protocols at the time of the
diagnosis, following the main international guidelines.

[18F]PSMA-1007 PET/CT imaging and interpretation

[18F]PSMA-1007 PET/CT scans were acquired about
90 min (range, 80—110 min) after the administration of a
median dose of 305 MBq (279-340 MBq) of [18F]PSMA-
1007, according to the current guidelines [1]. All PET/CT
studies were performed using dedicated state-of-the-art
tomographs Discovery ST and 690 (GE Healthcare). CT
images acquisition parameters: 120 kV, 30-400 mA, and
0.984:1/39.37 pitch.

All PET/CT scans were revised for a visual and semiquan-
titative point of view by an experienced nuclear medicine
physician with more than 10 years of experience (DA). who
was blinded to the patient’s outcome. For visual analysis,
every area of increased focal uptake higher than the back-
ground was reported as suspected of malignancy. Images
were evaluated for the detection of the primary tumor,
locoregional and extra-pelvic lymph nodes, bone and vis-
ceral metastases. For semiquantitative analysis, the feature
extraction was performed using LIFEx version 7.7 [18]. By
using the MTV protocol in this software, areas with PSMA
uptake SUVmax > 2.0 were segmented automatically in the
whole body obtaining volumes of interest (VOI). Later, all
VOIs were visually checked to confirm their pathological
meaning or to remove in case of sites of physiologic (such
as kidneys, bladder, intestine...) or benign uptakes accord-
ing to PSMA-rads criteria [19]. To exclude UBU, a frequent
unspecific finding with [18F][PSMA-1007, we applied the
BUMP score as suggested in the literature [4]. The SUVmax
threshold of 41% was applied to all remaining VOIs thought
to be related to prostate cancer. Subsequently, we derived
the PSMA-prostate tumor volume (PSMA-TV) as the vol-
ume measured in the primary prostatic lesion or lesions in
case of multifocality of disease, PSMA-prostate total lesion
(PSMA-TL) determined as PSMA-TV x SUVmean, the
PSMA total tumor volume (PSMA-TTV) as the sum of all
PSMA-TV values of the tumor-associated VOIs (prostatic
lesion, metastatic lymph nodes and distant metastases), and
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PSMA total TL (PSMA-TTL) value was determined as the
sum of all PSMA-TL values. Subsequently for the calcu-
lation of Dmax, LIFEx software applying the Euclidean
formula measured the distance between all pairs of lesions
(including all lesions) recording the greatest lesion distance.
Subsequently, Dmax was normalized by the patient body
surface area (j,¢,) calculated according to the Du Bois method
to get Dmaxbsa. In the case of PET/CT with only prostate
lesion, Dmax was defined as 0. For the calculation of Dmax,
UBUs were excluded.

Statistical analysis

MedCalc version 18 for Windows (Ostend, Belgium) was
the software that we used for our statistical analyses. The
categorical variables were described as simple and relative
frequencies, while the numeric variables were described as
average, median, standard deviations (SD) and range. To
evaluate the correlation between volumetric/dissemination
PET features and the main clinical-epidemiological vari-
ables (PSA, number of lesions, Gleason grade) we utilized
Spearman’s rank correlation coefficient. A p value of 0.05
was considered statistically significant.

Receiver operating characteristic (ROC) curve was plot-
ted to estimate the optimal thresholds values of PSMA-TV,
PSMA-TL, PSMA-TTV, PSMA-TTL, DMAX,, for pre-
dicting PFS. PFS was estimated with the Kaplan—-Meier
method and log-rank test. PFS was defined as the interval
from the date of diagnosis until recurrence or progression
(considered as biochemical if PSA value increased again
after treatment and/or structural defined as enlargement of
original lesion or appearance of new lesions at imaging stud-
ies). Univariate and multivariate analyses were carried out
using the Cox proportional hazard model to evaluate factors
that predict PFS. Confidence interval (CI) was selected as
95% and a two-sided p value of less than 0.05 was accepted
as significant.

To avoid multicollinearity impact between PET metrics,
PSMA-TV and PSMA-TL were considered separately in the
multivariate analysis. The same behavior for PSMA-TVV
and PSMA-TTL.

Results
Population features and PET/CT findings

A total of 164 males (average age 70.4 years) were
enrolled. The main patient’s characteristics are outlined
in Table 1. The mean PSA level was 31.6 ng/ml ranging
from 1.63 to 490 ng/ml, the mean ALP level was 74 U/L
ranging from 39 to 102 U/L, and the mean LDH level was
186 U/L ranging from 125 to 225 U/L. Most patients had

Table 1 Baseline features of our population (164 patients)

Patients n (%) Average+SD Median (range)

Age 70.4+7.872 (48-87)
ISUP grade

1-3 56 (34%)

4-5 108 (66%)

ECOG performance
status

0 131 (80%)

1-2 33 (20%)
M status at staging

MO 116 (81%)

M1 48 (29%)

D'amico risk clas-
sification

19 (12%)
145 (88%)

Low-intermediate

High
PSA level (ng/mL)
ALP level (U/L)
LDH level (U/L)
PSMA-TV (cm®)
PSMA-TTV (cm®)
PSMA-TL
PSMA-TTL
Dmax,, cm)

Therapies after PET/
CT

Local

31.6+52.7 13(1.63-490)
744293  77.5(39-102)
186+43.6 185 (125-225)
8.2+7.85 (1.5-46)
87.9+11949.5 (3.5-880)
35.9+75.79.95 (1.5-511)
232.7 +404 90 (5-2560)
7.7+10.24.6 (0-41.5)

44 (27%)
40 (24%)
32 (20%)

Surgery
Radiotherapy

Radiother-
apy +ADT

Systemic
ADT
ADT + ARPI

ADT + Chemo-
therapy

19 (12%)
20 (12%)
9 (5%)
16+9.5

Follow-up (months) 14 (2-45)

ADT androgen deprivation therapy, ARPI androgen receptor signal-
ing inhibitor, LDH lactate dehydrogenase, ALP alkaline phosphatase,
ISUP international society of urological pathology, PSA prostate spe-
cific antigen, ECOG Eastern cooperative oncology group, PSMA-TV
PSMA-prostate tumor volume, 7L prostate total lesion, 77TV total
tumor volume, TTL total TL

advanced ISUP grade (n=108) and ECOG performance
status was 0 in 80% of cases. [18F]PSMA-1007 PET/CT
revealed no evidence of metastases in 111 patients (67%),
whereas the remaining 53 (33%) patients had PSMA-avid
metastases. Among them, 48 had skeletal metastases and
5 had abdominal lymph nodal metastases. UBUs were reg-
istered in 36 cases (22%) and in 27 patients were the only
bone uptake reported in the scan.
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After PET/CT, patients received local or systemic treat-
ment according to the clinical features and stage: 44 under-
went prostatectomy, 72 radiotherapy (with ADT in 32 cases,
without ADT in 40), 19 only ADT, 20 ADT + androgen
receptor signaling inhibitor and 9 to ADT plus chemother-
apy. The median PSMA-TV was 5 cm® (range 1.5-46 cm?),
median PSMA-TL 9.95 (1.5-511), median PSMA-TTV 49.5
cm?® (3.5-880 cm?), median PSMA-TTL 90 (5-2560) and
median Dmax,, 4.6 (0-41.5).

Correlation between PET-quantitative parameters
and clinical features

Among the quantitative PSMA PET parameters investigated,
several (PSMA-TTV, PSMA-TTL and Dmaxbsa) were sig-
nificantly associated with PSA value and number of lesions
(Fig. 1) (all p value<0.001). A strong correlation was pre-
sent among number of lesions and PSMA-TTL (Spearman
rho 0.725), and among the number of lesions and Dmax,,
(Spearman rho 0.935); instead a moderate correlation was
registered between PSA and PSMA-TTV (Spearman rho
0.333), PSA and PSMA-TTL (Spearman rho 0.441), PSA
and Dmax , (Spearman rho 0.333), number of lesions and
PSMA-TTV (Spearman rho 0.342). Instead other PET fea-
tures, such as PSMA-TV and PSMA-TL, were not associ-
ated with the clinical variables evaluated (p > 0.05). The
same for the association between all PET parameters and
GG (p>0.05).

Prognostic role of [18FIPSMA-1007 PET/CT
in predicting progression-free survival

For the prognostic evaluation of the role of volumetric
and dissemination features, we dichotomized these vari-
ables applying ROC curve analysis. The best threshold
derived was represented in Table 2. At a median follow-
up of 17 months (range 2—-45), relapse or progression of
disease occurred in 17 patients (10%) with a median time
of 10 months (range: 2-25 months) from the staging [18F]
PSMA-1007 PET/CT. One-year and 3-year PFS were 93%
and 90%, respectively. At univariate analysis, PSA level,
presence of distant metastases at staging, PSMA-TV,
PSMA-TL, PSMA-TTL and Dmax,, were significantly
correlated with the risk of progression/relapse (Table 3,
Fig. 2). The other clinical features and PSMA-TTV were
not associated with PFS. At the multivariate test, only
distant metastases, PSMA-TTL and Dmax, , were con-
firmed to be independent prognostic factors concerning
PFS. We combined PSMA-TTL and Dmax,, to derive
three groups: (1) with low PSMA-TTL(L 140) and low
Dmax, (< 15.66); (2) low PSMA-TTL(<Z 140) + high
Dmax,, (> 15.66) or high PSMA-TTL(> 140) + low
Dmax,, (£15.66); (3) high PSMA-TTL(> 140) and low
Dmax,, (> 15.66). This score stratified better patients
PFS as shown in Fig. 3. Patients with high PSMA-TTL
and high Dmax,, had lower PFS compared to the other
two groups. The median PFS of patients with high PSMA-
TTL and high Dmax, , was 10.3 months, of the patients

L rho=0.333 p<0.001 B w rho=0.441 p<0.001 = rho=0.333 p<0.001
40
500 2500
35
400 2000 30
z g 2 2
< 300 < 1500 =
200 1000 15
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0 0 o | !
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Fig. 1 Correlation between PSA and PSMA-TTV (A), PSMA-TTL (B) and Dmax (C). Correlation between number of lesions (n°) and PSMA-

TTV (D), PSMA-TTL (E) and Dmax (F)
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Table 2 semiquantitative PET/
CT parameters cutoff calculated
using receiver operating
characteristic (ROC) curve
analysis considering the entire
population

Table 3 univariate and
multivariate analyses for PFS

Fig.2 Progression-free survival
curves according to PSMA-TV
(A), PSMA-TL (B), PSMA-
TTV (C), PSMA-TTL (D),
Dmaxy, (E)

with low PSMA-TTL + high Dmax,, or high PSMA-

ROC curve for PFS
Parameter cutoff  AUC (95% CI) p value Sens (95% CI) Spec (95% CI)
PSMA-TV cm’® 13.3 0.697 (0.620-0.766) 0.004 52.9% (27.8-77) 83% (75.9-88.7)
PSMA-TTV cm® 78 0.632 (0.554-0.706) 0.074 52.9% (27.8-77) 70.7% (62.7-78)
PSMA-TL 50 0.841 (0.775-0.893) <0.001 64.7% (38.3-85.8)  89.1% (82.9-93.6)
PSMA-TTL 140 0.819 (0.752-0.875) <0.001 82.4% (56.6-96.2)  70.1% (62-77.3)
Dmax,, cm 15.66  0.856 (0.793-0.906) <0.001 70.6% (44-89.7) 89.1% (82.9-93.6)

PFS progression free survival, AUC area under curve, CI confidence interval, sens: sensibility spec: speci-

ficity

Univariate analysis Multivariate analysis

p value HR (95% CI) p value HR (95% CI)
Age 0.180  1.201 (0.900-2.528)
ECOG performance status 0.445  1.989 (0.728-2.888)
ISUP 0.949  1.038 (0.382-2.787)
PSA 0.018  3.459(1.331-8.989) 0.125 1.528 (0.898-3.669)
LDH 0.568  1.989 (0.700-3.958)
ALP 0.547  2.582 (0.600—4.564)
D'amico risk group high 0.663  1.265 (0.438-3.653)
M + at staging <0.001 7.854 (2.828-21.816) 0.021 3.982 (1.229-12.901)
PSMA-TV cm?* 0.002  5.729 (1.833-17.907) 0.250 2.546 (0.890-4.001)
PSMA-TTV cm’* 0.107  2.281 (0.836-6.227)
PSMA-TL* <0.001  54.519 (14.216-209.085) 0.066 3.102 (0.929-10.374)
PSMA-TTL* <0.001  7.269 (2.702-19.532) 0.022 1.580(1.268-1.892)
Dmaxy,, cm * <0.001  51.148 (14.919-184.340) 0.001 2.078 (1.023-3.136)

PF'S progression-free survival, HR hazard ratio, CI confidence interval

*Variables dichotomized using cutoff values after ROC analysis reported in Table 2

PSMa-TV and PSMA-TL; PSMA-TTV and PSMA-TLL were evaluated separately due to the collinearity

relationship
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Discussion

The research of early and accurate not-invasive biomarkers
to predict treatment response and/or survival are desirable
with the aim to maximize treatment efficacy and improve
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Fig. 3 Progression-free survival curves according to the combination
of PSMA-TTL and Dmaxy,. Blue line represents patients with low
PSMA-TTL and low Dmaxy,; green line patients with low PSMA-

outcome. For PCa patients, PSMA PET/CT had been
emerged as a fundamental imaging tool in the staging of
high-risk patients, due to the ability to detect distant dis-
ease better than conventional imaging including CT and
bone scan. Besides visual analysis, several (semi)quanti-
tative parameters derived by PET images are available in
the literature. The impact of tumor FDG PET volumetric
features on the prognosis of several oncological diseases,
especially lymphoma, had been already described [20-22].
These parameters, known as MTV and TLG, reflect at the
same time tumor morphological and functional activity
of the disease. The same rationale may be applied also
in the PCa setting, of course with PSMA-radiopharma-
ceuticals. First, Schmuck et al. investigated the role of
volumetric PSMA variables (PSMA-TV and PSMA-TL) in
treatment response evaluation demonstrating a useful yield
of these volumetric markers in predicting therapy failure
and a linear correlation between these PET features and
PSA value [23]. Similar findings were subsequently con-
firmed by other studies in patients with biochemical recur-
rence or bone metastases from PCa [24, 25]. But in these
cases, only TV and TL were evaluated and not biomark-
ers expressing global diffuse disease such as PSMA-TTYV,
PSMA-TTL or Dmax. Instead, PSMA-derived volumetric
features calculated at staging PSMA PET/CT were meas-
ured and tested only in a few studies [12, 13], showing in
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all a positive association between PSA and PET features
(Table 4). Particularly, PSMA-TTV and PSMA-TTL were
demonstrated to be the factors with the highest correla-
tions with PSA. This association is logical because PSA is
a protein expressed by cancer cells, thus can be indirectly
considered as the expression of tumor burden disease with
exceptions in cases of disease not producing PSA. Some-
times also association with age and GG was reported but
not confirmed in all papers. This evidence is in agreement
with our analysis, where PSMA-TTV and PSMA-TTL
were showed to be moderately correlated with PSA and
number of the lesions, while no significant correlations
with GG were derived.

The prognostic impact of baseline PET volumetric vari-
ables in not mCRPC patients in terms of PFS was studied
only in one study [13]. In this retrospective work, Zou
et al. recruited 59 newly diagnosed PCa and examined the
prognostic role of several PSMA PET features (SUVmax,
SUVpeak, SUVmean, PSMA-TV, PSMA-TL, PSMA-TTV,
PSMA-TTL) showing that only PSMA-TTL was an inde-
pendent prognostic factor together with GG.

However, volumetric features did not include in their
definition the pattern of distribution of disease and
the number of lesions PSMA-positive. High-risk PCa
patients may have extraprostatic disease and plural distant
localizations. On the other hand, Dmax is a feature that
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Table 4 the summary of the main studies about the role of semiquantitative PSMA parameters measured at baseline PET/CT

First author Year Number of Radiotracer Main results
patients

Aksu A 2021 88 %8 Ga-PSMA PSMA-TTV and PSMA-TTL correlated with PSA. PSMA-TV
and PSMA-TL correlated with extension of disease, GG and
risk-group

Santos A 2021 46 8 Ga-PSMA PSMA-TTV and PSMA-TTL not correlated with PSA, age, GG

Zschaeck S 2022 135% % Ga-PSMA PSMA-TV moderately correlated with PSA and GG

Zou Q 2020 59 %8 Ga-PSMA PSMA-TTV and PSMA-TTL correlated with PSA and GG

PSMA-TTL independently correlated with PFS
Telli TA 2022 S54* %8 Ga-PSMA PSMA-TTV and PSMA-TTL correlated with PSA

PSMA-TTYV independently correlated with OS

GG gleason grade, PSMA-TV PSMA prostate tumor volume, PSMA-TL PSMA prostate total lesion, PSMA-TTV PSMA whole body total vol-

ume, PSMA-TTL PSMA whole-body total lesion
*not metastatic patients
**mCRPC patients

symbolizes the distribution and dissemination of disease
with increased uptake. The possible advantages of Dmax
compared to tumor burden variables are the simpleness,
speed of extraction (now automated) and clinical meaning
expression of patient-based spatial migration of disease
[15]. Furthermore, this parameter is less influenced by
technical characteristics such as kind of scanners or acqui-
sition-reconstruction protocols. In this study, we decided
to evaluate Dmax normalized by BSA to take into account
the size and height of each patient. This normalization was
suggested previously by other colleagues in not PCa [20,
21], but it is not yet universally shared. Previous articles
[20, 21] that investigated Dmax role in PCa patients con-
sidered it as an absolute value without body correction. In
the first study [16], Dmax was shown to be strongly cor-
related with PSA values (rho=0.793, p <0.001), PSMA-
TV (rho=0.797, p <0.001) and PSMA-TTL (rho=0.763,
p <0.001) and was also influenced by Gleason score grade.
Instead, in another research [17] the potential prognostic
role of Dmax was tested and compared with PSMA-TV
and PSMA-TL demonstrating to be the only independent
prognostic factor at multivariate analysis in predicting bio-
chemical recurrence. This finding was concordant with
our analysis where we revealed Dmaxy, as a strong pre-
dictor of PFS and moderately correlated with PSA value.
In our opinion, considering Dmax without normalization
for body composition is potentially a limitation because
not really representative of disease distribution that is for
definition affected by anthropometric characteristics. Par-
ticularly, we believe that body composition can affect the
effective measurement of Dmax with a potential impact on
the extraction of specific thresholds. In our analysis, the
combination of PSMA-TTL and Dmax , showed to be the
better combination to predict survival. Patients with both
elevated PSMA-TTL and Dmax,,, demonstrated worse

survival than others as shown in Fig. 3. This combina-
tion could perhaps be helpful to predict prognosis after
first-line treatment identifying patients with a higher risk
of relapse/recurrence. In the clinical scenario, this model
might anticipate the imaging follow-up or associate a more
aggressive therapeutic plan. Of course, this score needs to
be validated in a more solid population, in more events and
with a longer follow-up period.

A difference of our research between previous is the eval-
uation of [18F]PSMA-1007 than [Ga68]Ga-PSMA PET/CT,
the radiotracer used in all studies that previously investigated
semiquantitative parameters. [18F]PSMA-1007 and [Ga68]
Ga-PSMA had different radiotracer biodistribution: [Ga68]
Ga-PSMA PET/CT is characterized by a high urinary clear-
ance that potentially reduces the accuracy in the evaluation
of primary/local disease due to the vicinity to radioactive
urine. This issue may affect the calculation of TV and TL,
which now is automatic but deserves a strong manual check
to be sure to avoid to surround not malignant tissues. Of
course, the add of a manual modification is for definition
operator-dependent and may increase the risk of error. On
the other hand, [18F]PSMA-1007 had a hepatic elimina-
tion causing a higher easiness to evaluate prostatic disease
and pelvic nodes and consequentially to extract TV and TL.
However, one of the main limitations of [18F]PSMA-1007
is the risk to have incidental bone uptakes without radiologi-
cal equivalent, called UBU [5]. To overcome this limit, we
applied the BUMP score that showed a good diagnostic per-
formance to distinguish between malignant and non-malig-
nant bone uptake in large populations [4]. However, from
a diagnostic point of view different PSMA-tracers do not
seem to have statistically different performances in recurrent
prostate cancer [26]. However, it is not clear if the calcula-
tion of volumetric and dissemination PET features may be
significantly affected by the kind of radiotracer.
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Larger studies are needed to find the best combination
of prognostic variables and the factors most readily used in
clinical practice for PCa.

Our research presents several limitations: first, the retro-
spective nature of the investigation with its known limita-
tions. Second, the relatively short follow-up time due to the
recent diffusion in the clinical practice of PSMA PET/CT in
our country. Third, the lack of prostatectomy as a procedure
in all patients causing the presence of GG derived by biopsy
results. Despite this, so far, the present study represents the
largest series of PCa patients investigated with volumetric
and dissemination parameters derived from staging [18F]
PSMA-1007 PET/ CT and their prognostic role.

Conclusions

In conclusion, in this study we demonstrated that volumet-
ric and dissemination features derived by [18F]PSMA-1007
PET/CT are significantly correlated with clinical features
(PSA and number of lesions) and represent useful predic-
tors of PFS.
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Abstract

This retrospective study investigated the prognostic role of disease dissemination features (Dmax and Dmax, ) measured
by 2-["®F]JFDG PET/CT in newly diagnosed Burkitt Lymphoma (BL) patients, comparing their performance with other
metabolic parameters. We included 78 patients diagnosed with BL between 2010 and 2022 with an available baseline
PET, interim PET/CT (iPET) and end of treatment PET/CT (eotPET) and with a minimum of two 2-['*F]FDG avid lesions
present at the baseline scan. Dmax was calculated from the three-dimensional coordinates of the baseline metabolic tumor
volume (MTV) by using LIFEx software; Dmax, , was calculated as Dmax normalized for body surface area according
to the Du Bois method. We evaluated their effect on metabolic treatment response evaluated by PET, on progression free
survival (PFS) and on overall survival (OS). Dmax,, was significantly associated with tumor stage, bulky and extranodal
disease, MTV and TLG. At a median follow-up of 49 months, the median PFS and OS were 45 and 48 months. Dmax
and Dmax, , were significantly higher in not complete metabolic response than complete metabolic response group at
iPET and eotPET.As far as PFS, parameters including iPET/CT, eotPET/CT outcomes, MTV and TLG showed to be
independent prognostic factors while Dmax and Dmax,,, were not significantly associated with the outcome. Dissemina-
tion features, together with eotPET/CT results, MTV and TLG, demonstrated to be significantly correlated with OS. In
conclusion, in this study we demonstrated that dissemination features derived by 2['®F]-FDG PET/CT were significantly
correlated with response to treatment and long-term outcome, independently from other PET features.

Keywords Burkitt lymphoma - PET/CT - Dmax - 18F-FDG - Nuclear medicine - Lymphoma

Introduction

Burkitt’s lymphoma (BL) is a highly aggressive B-cell lym-
phoma that especially affects children and adolescents but
accounts for only 1 to 2% of non-Hodgkin’s lymphomas
(NHL) in adults [1, 2]. BL typically has a dramatic clinical
presentation, which warrants immediate evaluation, given
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the characteristically rapid growth of the lymphoma and
spread to extranodal anatomical sites, including intraab-
dominal organs and the central nervous system. A high index
of clinical suspicion is required for prompt diagnosis and
early initiation of supportive care. Several studies demon-
strated the viral role in tumor development and the hallmark
translocation of the MYC oncogene, while genomic stud-
ies have shown the presence of mutations in p53 and along
the phosphatidylinositol 3-kinase (PI3K) signaling pathway
that contribute to oncogenesis [3, 4]. Although most patients
are cured with intensive combination chemotherapy, given
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the paucity of randomized trials, optimal therapy has not
been defined. Furthermore, treatment of elderly patients,
patients with central nervous system involvement, or those
with relapsed disease remains an unmet need. Adults are
more susceptible to toxic effects but are effectively treated
with chemotherapy, including modified versions of paedi-
atric regimens. The outcomes in patients with BL are good
in high-income countries with low mortality and few late
effects, but in low-income and middle-income countries, BL
is diagnosed late and is usually treated with less-effective
regimens affecting the overall good outcome in patients
with this lymphoma [5, 6].

Considering the high cell turnover and high aggressive-
ness of BL, it can be considered a fluorine-18-fluorodeoxy-
glucose (2-['*F]JFDG)-avid NHL subtype [7]. However, the
effective potential usefulness of fluorine-18-fluorodeoxy-
glucose positron emission tomography/computed tomogra-
phy (2-['"*F]FDG PET/CT) in the evaluation of BL patients
is still under debate with promising evidence about staging
and restaging [8—11], but not enough evidence on prognos-
tic evaluation [12—14]. For these reasons, the identification
of new prognostic not-invasive biomarkers seems to be cru-
cial. Recently, a new PET-derived parameter was introduced
for studying lymphomas and predicting their outcome: the
maximum tumor dissemination (Dmax) [15, 16]. It was
defined as the maximum distance between the two farthest
hypermetabolic lesions using 2-['*F]JFDG PET/CT [15].

However, to the best of our knowledge, no previous stud-
ies have investigated the role of disease dissemination PET
features in predicting treatment response and prognostica-
tion in BL.

Therefore, this retrospective study aimed to investigate
the usefulness of dissemination PET features in predicting
the outcome in adult patients affected by BL and to compare
their performance with the other metabolic parameters.

Materials and methods
Patients

This research was a monocentric retrospective study. We
included patients with histologically confirmed BL diag-
nosed in our hospital between January 2010 and January
2022, who had available baseline 2-['*F]JFDG PET/CT
(bPET/CT), interim 2-['*F]JFDG PET/CT (iPET/CT) and
end of treatment 2-['*F]FDG PET/CT (eotPET/CT) with
a minimum follow-up of 12 months from diagnosis. Only
patients with a minimum of two hypermetabolic lesions
at PET/CT were included. IPET was performed after 2-3
cycles of chemotherapy, while eotPET was performed after
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6 cycles or prior to that if patients developed side effects that
suggested interrupting the chemotherapy regimen.

For each patient, the main epidemiological (gender, age,
immune system status), clinical (IPI score, Ann Arbor stage,
presence of B symptoms, LDH level at diagnosis, type of
treatment), morphological (presence of bulky discase)
and PET/CT features were recorded. To define bulky dis-
ease, we considered any mass measuring 10 cm or more in
diameter by any imaging study, or with a diameter equal or
greater than one third of the internal transverse diameter of
the thorax.

All patients were treated according to the institution’s
standard protocol with a chemotherapy regimen in use at the
time of diagnosis. Sixty-four patients were treated accord-
ing to the GMALL-B-ALL/NHL 2002 protocol [17] which
includes six cycles of immunochemotherapy including
methotrexate, cytosine arabinoside, cyclophosphamide, eto-
poside, ifosphamide, vincristine, adriamycin and rituximab-
corticosteroids alternating every 3 or 4 weeks followed by
two additional courses of rituximab afterwards. Six patients
were treated with R-CHOP (rituximab plus cyclophospha-
mide, doxorubicin, vincristine, and prednisone) regimen.
The remaining 2 patients received short-term intensified
chemo-immunotherapy (rituximab, vincristine, etoposide,
doxorubicin, methotrexate, cytarabine, prednisone) accord-
ing to CARMEN regimen [18]. Six patients passed away
before performing iPET.

2-['®F]FDG PET/CT imaging and interpretation

2-["®FIFDG PET/CT scanning was performed accord-
ing to international guidelines [19]. The Lv. injection of
2-['8F]FDG (activity: 3.5-4.5 Mbq/Kg) was performed after
a minimum of 6 h fasting period and with blood glucose
levels lower than 150 mg/dL. PET/CT was acquired about
60 min after the radiopharmaceutical injection. Acquisi-
tion was done from the skull basis to the mid-thigh. The
tomographs available during patient’s recruitment were a
Discovery ST and a Discovery 690 (General Electric Com-
pany—GE®—Milwaukee, WI, USA) with standard param-
eters (CT: 80 mA, 120 Kv without contrast; 2.5—4 min per
bed-PET-step of 15 cm; matrix of 128 X 128 or 256 X256
and a field of view of 60 cm). bPET/CT was performed prior
to any treatment and not earlier than 7 days prior to the first
cycle of chemotherapy; iPET/CT was executed during the
week before the third or fourth cycle (range 1-7 days) and
eotPET/CT was performed at least 3 weeks after the com-
pletion of the last cycle of chemotherapy.

2-['®F]FDG PET/CT scans for all patients were visually
and semiquantitatively revised by two expert nuclear medi-
cine physicians (DA; FD) who were blinded to the patient
outcome.
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2-["®FIFDG PET/CT analysis

For qualitative analysis, every focal radiotracer uptake dif-
ferent from physiological distribution and background was
considered 2-["®F]JFDG-avid and suggestive of disease.
IPET and eotPET scans were classified according to Deau-
ville Score (DS) and interpreted according to Lugano crite-
ria [20, 21].

For semiquantitative analysis, we derived the maxi-
mum standardized uptake value body weight (SUVbw),
maximum standardized uptake value lean body mass (SUV-
Ibm), maximum standardized uptake value body surface
area (SUVbsa), metabolic tumor volume (MTV), total
lesion glycolysis (TLG), and Dmax. MTV was calculated
in bPET using LIFEx software [22] and defined using the
41% SUVmax threshold. TLG was subsequently calcu-
lated mathematically as the sum of MTV*SUVmean for
each lesion. Bone marrow involvement was included in
the volume measurement only if there was focal uptake. To
calculate Dmax, LIFEx software applying the Euclidean
formula measured the distance between all pairs of lesions
(including both nodal and extra nodal) recording the great-
est lesion distance. Subsequently, Dmax was normalized by
the patient body surface area (BSA) calculated according to
the Du Bois method to get Dmaxy, [23].

Statistical analysis

The software used for the statistical analysis was MedCalc
version 18 for Windows (Ostend, Belgium). The categorical
variables were described as simple and relative frequencies,
the numeric variables were described as average, standard
deviations (SD) and range.

The relationship between Dmax, , and the other clini-
cal, pathological and metabolic parameters were calculated
using the Kruskal-Wallis test and the Mann—Whitney U
test. Variables for which p-value <0.05 in univariate analy-
sis were subjected to multiple linear regression analysis to
determine those that were independently associated with
semi-quantitatively features.

The optimal metabolic variables cut-off values for PFS
and OS were determined using receiver operating curve
(ROC) analysis. The cut-off values were chosen as the val-
ues maximizing the Youden index defined as the sum of sen-
sitivity and specificity minus one (Supplemental Table 1).

Overall survival (OS) and progression free survival (PFS)
were estimated with Kaplan-Meier curves and log-rank test
was used to assess statistical significance. Coxproportional-
hazards model was used for univariate and multivariate sur-
vival analysis.

OS was calculated from the date of baseline 2-['*F]JFDG
PET/CT to the date of death from any cause or to the date

of last follow-up. PFS was calculated from the date of base-
line PET/CT to the date of first disease progression, relapse,
death or the date of last follow-up.

Results
Patients and 2-['®F]FDG PET/CT findings

Among 78 patients with histologically proven BL, 51 (65%)
were male and 27 (35%) were female; average age was 52.8
years (range: 18—80 years). Patients were staged according
to the Ann Arbor system as follows: stage Il (n=22), stage
III (n=7) and stage IV (n=49). B-symptoms, bulky dis-
ease and extranodal localizations of lymphoma were pres-
ent in 37, 27 and 44 cases, respectively. Most patients were
immunocompetent (n=>58), while a state of immunodefi-
ciency was described in 20 patients (HIV in 13 cases and
post-transplant lymphoproliferative disease in 7 cases). IPI
score was greater than 2 in 55 patients and LDH levels were
higher than normal in 58 patients.

bPET/CT scans showed the presence of at least one lesion
with increased 2-['®F]FDG uptake in all 78 patients. Mean
SUVbw of the hypermetabolic lesion was 16.6 (range 3.3—
62); mean SUVIbm was 12.6 (range 2.4-41), mean SUVbsa
4.8 (range 0.9—17) mean MTV 387 cm® (6.1-3000 cm?) and
mean TLG was 408 (18-22,222) (Table 1).

Correlation between Dmax, and other variables

Average Dmax and Dmax,, of the lesion with the high-
est uptake were 39.9 cm (range 3-92) and 22.3 cm (range
1.9-529) respectively (Fig. 1). In the univariate analysis,
Dmax,, was significantly correlated with tumor stage, LDH
levels, age, bulky disease, presence of extranodal disease,
IPI score, MTV and TLG and no other features (Table 2). In
the multivariate analysis, tumor stage, bulky disease, extra-
nodal disease, MTV and TLG were confirmed to be sig-
nificantly associated with Dmax,, (p <0.001, 0.015, 0.003,
<0.001 and 0.002, respectively) (Table 2).

Role of 2-["®F]FDG PET/CT in predicting treatment
response

Based on Lugano classification metabolic response catego-
ries [21, 22], at iPET/CT 46 patients had complete meta-
bolic response and 26 patients had not complete metabolic
response (25 partial metabolic response and one progres-
sion of disease), whereas at eotPET/CT 49 had complete
response and 23 not complete metabolic response (14 par-
tial response, 8 progression of disease and 1 stable disease).
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Table 1 characteristics of the whole population
Patients n (%)

Gender
Female 27 (35%)
Male 51 (65%)

Age, mean + SD (range) 52.8+17 (18-80)

Tumor stage at diagnosis (Ann arbor)

I 22 (28%)
11 7 (9%)

v 49 (63%)
Presence of B-symptoms 37 (48%)
LDH level increased 58 (74%)
Presence of bulky disease 27 (35%)
Presence of extranodal disease 44 (56%)
Immunocompromised patients 20 (26%)
IPI score >2 55 (70%)

16.6+10.9 (3.3-62)
12.6+8 (2.4-41)
4.8+2.9(0.9-17)

387 +586 (6.1-3000)
4208 +5320 (18-22222)
39.9+24.9 (3-92)
Dmaxy,, cm, mean + SD (range) 22.3+13.7(1.9-52)

SD: standard deviation; LDH lactate dehydrogenase, /P Interna-
tional Prognostic Score; SUV: standardized uptake value; bw: body
weight; /bm: lean body mass; bsa: body surface area; MTV: metabolic
tumor volume; TLG: total lesion glycolysis; Dmax: maximum tumor
dissemination

SUVbw, mean + SD (range)
SUVIbm, mean =+ SD (range)
SUVbsa, mean + SD (range)
MTV em?®, mean + SD (range)
TLG, mean =+ SD (range)
Dmax cm, mean + SD (range)

Fig.1 An example of two —
patients with similar MTV A

values, but different Dmax and

Dmax,,. (A) Stage I patient with

MTV =580 cm?, Dmax =16.4 cm

and Dmax, = 9.16 cm. (B) Stage

III patient with MTV =550 cm®,

Dmax =73.8 cm and Dmax =

429 cm
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Dmax and Dmax,, were significantly higher in not com-
plete metabolic response than complete metabolic response
group at interim (p=0.009 and p=0.004), while no other
metabolic variables (SUVbw, SUVIbm, SUVbsa, MTV and
TLG) were significantly related with interim PET response
(Table 3).

Baseline Dmax and Dmax, in patients with complete
metabolic response at iPET were 35.1 and 18.83 c¢m, while
in patients without complete metabolic response were 45.5
and 25.4 cm, respectively.

Dmax and Dmax,, were also significantly correlated
with eotPET response. Baseline Dmax and Dmax,g, in
patients with complete metabolic response at iPET were
32.07 and 17.43 cm, while in patients without complete
metabolic response were 52.84 and 29.2 cm, respectively
(»p<0.001). MTV and TLG were significantly lower in
patients with complete metabolic response.

Other metabolic PET/CT features, as SUVbw, SUV-
Ibm, SUVbsa, showed no statistically significant difference
among complete response and not complete response group
at end of treatment.

Role of 2-['®F]FDG PET/CT in predicting progression
free survival and overall survival

At a median follow-up of 49 months, relapse or progression
of disease occurred in 23 patients with an average time of

B -
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Table 2 comparison between Dmaxy,, and clinical-pathological vari-
ables in BL patients

Dmaxy,, p value p value
average (univariate)  (multivariate)
Gender 0.315
Male 21.7
Female 24.1
Age 0.009 0.125
Stage acc Ann Arbor <0.001 <0.001
I 10.6
11 22.6
v 27.6
B symptoms 0.319
Present 25.1
Not present 20.2
LDH level 0.329
Normal 22.5
Increased 24.8
Bulky disease 0.008 0.015
Present 19.3
Not present 253
Extranodal disease <0.001 0.003
Present 27.4
Not present 16.2
Immunocompromised 0.797
Yes 24.4
No 21.8
IPI score 0.042 0.096
<2 19
>2 26.9
MTV <0.001 <0.001
<228 15.4
>228 31.4
TLG <0.001 0.002
<1263 15.8
>1263 27.5
SUVbw 0.353
<9.2 19.5
>9.2 233
SUVIbm 0.549
<7.8 20.5
>7.8 233
SUBbsa 0.522
<3.1 20.3
>3.1 23.6

LDH lactate dehydrogenase, /P/ International Prognostic Score,
SUV: standardized uptake value; bw: body weight; /bm: lean body
mass; bsa: body surface area; MTV: metabolic tumor volume; 7LG:
total lesion glycolysis; Dmax: maximum tumor dissemination

19 months (range: 3—82 months) from bPET/CT and death
occurred in 27 patients with an average time of 25.2 months
(range 4-145 months). The median PFS was 45 months
(range 2-154 months) and the median OS was 48.4 months
(range 2—-154 months). The estimated 3-year PFS and OS
rates were 67% and 66%, respectively, while 5-year PFS

and OS rates were 54% and 52%, respectively.Concerning
PES, iPET/CT, eotPET/CT results, MTV, TLG, Dmax and
Dmax,, were significantly correlated with the risk of pro-
gression/relapse at univariate analysis., iPET/CT, eotPET/
CT results, MTV and TLG were confirmed to be indepen-
dent prognostic factors at multivariate analysis while Dmax
and Dmaxy, resulted no significantly associated with the
outcome (Table 4) (Fig. 2).

Concerning OS, only eotPET/CT results, MTV, TLG,
Dmax and Dmax,, were significantly associated with
outcome at univariate analysis. All these variables were
confirmed to be independent prognostic factors at multi-
variate analysis (p=0.041, p=0.001, p=0.047, p=0.001,
p<0.001, respectively) (Table 4) (Fig. 3).

Discussion

The early and accurate identification of patients who failed
to be cured is a milestone to enable testing of alternative
treatments in BL. This requires a reliable risk stratification
model and 2-['®F]FDG PET/CT and its features may have a
key-role. The prognostic role of MTV and TLG in predict-
ing treatment response and prognosis in lymphomas, and
also in BL, has already been demonstrated [ 14, 24], but sev-
eral methodological concerns are still at play.

Moreover, the heterogeneity of the distribution, the
distance between lesions and the number of lesions is not
considered with MTV and TLG measurements. BL usually
involves multiple disseminated nodal sites often associ-
ated with extranodal sites (such as central nervous system
and bone tissue), sometimes with mutational heterogeneity
impacting outcome. For these reasons, the introduction of a
parameter that describes the tumor distribution and dissemi-
nation could be interesting and of clinical impact. Several
studies demonstrated that a high Dmax was significantly
correlated with poor prognosis, independently of MTYV;
the combination of MTV and Dmax seemed to increase the
prognostic performance of 2-['F]FDG PET/CT even more
[16].

First, Cottereau et al. [15] studied a cohort of 95 patients
with an advanced stage DLBCL and showed that Dmax
was an independent prognostic factor for PFS and OS, and
the model combining MTV and Dmax was demonstrated
to be effective at stratifying patients with higher accuracy
than Ann Arbor classification. In our research, Dmax,
and MTV showed to be superior than Ann Arbor stage
in the prognostic field. In fact, Ann Arbor stage, resulted
not significantly associated with both PFS and OS. Thus,
Dmaxyg, which intuitively reflects the dissemination of the
disease, outperformed Ann Arbor stage for prognostication
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Table 3 Comparison of metabolic PET/CT features between partial response and complete response groups at interim and end-of-treatment

Parameter (mean) Interim response p value End of treatment response p value
Complete response Not complete response Complete response Not complete response
SUVbw 15.85 18.85 0.281 14.97 20.94 0.093
SUVIbm 11.88 14.56 0.199 11.76 14.93 0.132
SUVbsa 4.60 5.48 0.280 4.46 5.85 0.060
MTV 353.6 461 0.478 321 538.3 0.015
TLG 4040 4775 0.592 3535 5892 0.008
Dmax 35.1 455 0.009 32.07 52.84 <0.001
Dmax, 18.83 254 0.004 17.43 29.2 <0.001

SUV: standardized uptake value; bw: body wheight; /bm:lean body mass; bsa: body surface area; MTV: total metabolic tumor volume; 7LG: total

lesion glycolysis; Dmax: maximum tumor dissemination
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Fig.2 Progression-free survival curves of interim PET/CT response (A), end of treatment PET/CT response (B), MTV (C), TLG (D), Dmax (E)

and Dmaxy, (F)

and therefore remained relevant even among patients with

advanced disease.

In this study we decided to also evaluate Dmax normal-
ized by BSA in order to take into account the size and height
of each patient, yielding the Dmax,,. This normalization
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was suggested previously by other groups [25, 26], but it is
not yet globally shared. We believed that body composition
features may influence the effective measurement of Dmax
affecting the potential extraction of thresholds.
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Table 4 univariate and multivari-
ate analyses for PFS and OS

Univariate analysis

Multivariate analysis

p value
PFS
Sex 0.350
Tumor Stage 0.222
IPI score 0.555
LDH level 0.601
Bulky disease 0.099
Immune system condition ~ 0.380
Interim PET response 0.001
Eot PET response <0.001
SUVbw 0.056
SUVIbm 0.251
SUVbsa 0.127
MTV <0.001
TLG <0.001
Dmax 0.003
Dmaxg, 0.002
oS
Sex 0.358
Tumor Stage 0.250
IPI score 0.658
PFS: progression free survival; LDH level 0.787
OS: overall survival; HR: hazard Bulky discase 0.150
ratio; CI: confidence interval, Immune system condition  0.888
SUV: standard uptake value; bw: .
body weight; /bm: lean body Interim PET response 0.304
mass; bsa: body surface area; Eot PET response 0.014
MTV: metabolic tumor volume; SUVbw 0.113
TLG: total lesion glycolysis; SUVIbm 0.146
LDH lactate dehydrogenase, /P SUVbsa 0.076
International Prognostic Score MTV <0.001
*Variables dichotomized using TLG <0.001
thresholds values after ROC
analysis reported in Supplemen- Dmax <0.001
tal Table 1 Dmax, <0.001

HR (95% CI)

1.600 (0.696-3.999)
0.670 (0.234-1.299)
1.567 (0.500-2.001)
0.879(0.256-3.301)
0.489 (0.401-1.125)
0.600 (0.303-2.580)
4.538 (1.829-11.254)
11.927 (4.418-32.195)
2.317(0.219-1.408)
1.769 (0.976-5.500)
1.956 (0.825-4.634)
9.813 (3.876-24.843)
4.739 (2.046-10.974)
3.511 (1.499-8.221)
4.268 (1.687-10.780)

1.958 (0.401-5.859)
0.348 (0.158-1.255)
0.698 (0.505-3.125)
2.0250 (0.401-4.150)
0.448 (0.303-2.268)
1.250 (0.199-2.590)
1.659 (0.631-4.360)
3.817 (1.304-11.168)
1.894 (0.589-4.176)
1.805 (0.813-4.018)
2.032 (0.926-4.457)
10.287 (4.325-24.466)
4.878 (2.230-10.669)
4.487 (2.061-9.769)
7.847 (3.375-18.261)

p value

0.030
0.024

0.001
0.018
0.290
0.526

0.041

0.001
0.047
0.001
<0.001

HR (95% CI)

3.033 (1.110-8.288)
2.822 (1.023-7.806)

6.017 (1.946-18.607)
3.963 (1.262-12.439)
2.130 (0.524-8.653)
0.626 (0.147-2.662)

2.121 (1.333-3.356)

5.698 (1.023-9.857)
2.250 (1.120-4.021)
3.176 (1.146-8.795)
5.000 (1.500-10.201)

An advantage of Dmax measure compared to other
PET variables (MTV and TLQG) is the relative simplicity
and speed of measurement, now automated, and the clini-
cal meaning of this parameter expression of patient-based
spatial migration of disease.This metric is deeply different
from complex radiological features that are usually difficult
to explain from a biological perspective, such as radiomics
features. Moreover, this parameter does not seem to be
affected by PET/CT scanner performanceand scanning pro-
tocols, like SUV.

Larger studies are needed to determine the best combina-
tion of prognostic factors and the factors most readily used
in clinical practice for lymphoma.

In other words, dissemination features are parameters
that may express the dissemination/spread of disease in the
whole body. However, despite promising results, a shared
consensus about the best way to measure Dmax is unclear.
In several studies, it was considered as absolute value

without any correction related to the body composition of
the patient [16].

In our study, Dmax, Dmax,, MTV and TLG had an
independent predictive value. We could hypothesize a prog-
nostic scoring system based on these features extracted
from the baseline PET/CT scan that are complementary as
they characterize two different features of the disease: tumor
burden and its dissemination. This score could potentially
be more beneficial for patient risk stratification in guiding
therapy than the current Ann Arbor staging system, which
failed to predict outcome in this cohort, or the current prog-
nostic indices such as IPI. We did not test this score in our
population due to the low sample of patients included.

Of course, further studies on larger cohorts would be use-
ful in supporting or challenging our preliminary findings.

Another fundamental finding of our paper is the con-
firmation of the prognostic role of metabolic response at
interim and end of treatment. IPET and eotPET results are
significantly associated with PFS, while only eotPET is
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related to OS. These results are concordant with previous
evidence [26, 27]. The Lugano recommendations routinely
recommend 2-['®F]FDG PET/CT before and after treatment
in tracer avid lymphomas, like HL and DLBCL [20, 21], but
the definition of 2-['®F]FDG -avid lymphomas is constantly
evolving. Despite the low number of available scans, also
BL seems to be 2-['®F]FDG-avid in most cases probably
due to the aggressiveness of the disease [28-30].

This study had the following limitations: first, its ret-
rospective nature; second, the patients small sample size;
third, the long period of inclusion of patients; fourth, the
heterogeneity of treatments regimen.

Conclusion
In conclusion, in this study we demonstrated that dissemina-
tion features derived by 2-['*F]JFDG PET/CT were signifi-

cantly correlated with response to treatment and long-term
outcome, independently from other PET features.
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Abstract: Different insights into the connection between kidney ['®F]fluorodesoxyglucose (['*F]JFDG)
uptake at positron emission tomography/computed tomography (PET/CT) and renal function have
been proposed in the past. The aim of this study was therefore to assess the presence of a correlation
between these two parameters. Kidney uptakes were assessed and compared to the creatinine (Cr)
values and estimated glomerular filtration rate (EGFR) among different classes of renal functional
impairment or kidney status. A total of 339 patients and 385 different PET/CT scans were included
in this study. Significant correlations between kidney uptakes and renal function parameters were
reported in most of the groups studied, with the exception of patients with Cr < 1.2 mg/dL and
subjects with a kidney transplantation. Strong concordance in the assessment of renal parenchymal
uptakes between the different readers was reported. To conclude, strong correlations for renal
['8FIFDG uptake with Cr levels and the EGFR were reported, with the exception of the group of
patients with a Cr value < 1.2 mg/dL and for the group with a kidney transplantation.

Keywords: CKD; chronic kidney disease; PET/CT; positron emission tomography; [\8F]FDG

1. Introduction

Chronic kidney disease (CKD) is a clinical syndrome caused by an irreversible change
in renal function usually characterized by a slowly progressive evolution [1]. This condition
has a higher prevalence in the adult population and is associated with different other
pathological entities, such as an increased risk of cardiovascular disease and death [1]. Many
different causes can contribute to the development of CKD; however, the most frequent
are hypertension and diabetes, chronic glomerulonephritis or pyelonephritis, polycystic
kidney disease, Alport’s disease, autoimmune diseases, congenital malformations and the
use of anti-inflammatory drugs [1,2].

CKD is diagnosed when an estimated glomerular filtration rate (EGFR) lower than
60 mL/min/1.73 m? has been present for at least three months or in the presence of an
alteration in the renal structure. The disease can be classified into five different stages
according to the impairment of the EGFR, which represents the rate at which the glomerulus
filters plasma to produce urine and it is used to diagnose, stage and manage CKD [3]. These
parameters cannot be measured directly so it is estimated based on the blood concentration
of an endogenous filtration marker that is usually represented by creatinine (Cr), the most
commonly used for this purpose [3]. Cr originates from muscle mass and diet through meat
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proteins, is freely filtered by the glomerulus and also secreted by the renal tubules [3]. The
Kidney Disease: Improving Global Outcomes (KDIGO) CKD guidelines recommend the
use of the EGFR for the determination of the disease because of its simplicity, availability,
cost-effectiveness and accuracy in predicting renal function in standard conditions. The
estimating equation recommended by the KDIGO work group for the assessment of the
EGEFR in adults is the CKD Epidemiology Collaboration (CKD-EPI) [3,4].

[*®F]fluorodesoxyglucose (['®F]FDG) positron emission tomography/computed to-
mography (PET/CT) is a hybrid imaging modality that in the last few years has been
gaining more and more attention, due to its ability to evaluate a high amount of different
conditions, both neoplastic or benign [5-7]. ['8F]FDG is a glucose analog able to identify
tissues with high glycolytic activity and it is excreted by the kidneys with incomplete
reabsorption in the proximal renal tubules [8]. Nevertheless, the usefulness of ['8FIFDG
PET/CT for the assessment and the evaluation of different renal conditions has been
reported in the past. Interestingly, it has been underlined that renal tissue is able to con-
centrate ["®F]FDG and that this uptake is related to the degree of sensitivity to insulin [9].
Moreover, a theoric model has been proposed that showed that the more severe the renal
failure is, the more overestimated the standardized uptake value (SUV) is, unless the renal
failure indirectly impairs tissue sensitivity to insulin and hence glucose metabolism [10].
Furthermore, some insights on the role of PET/CT imaging for the evaluation and the
follow-up of renal allograft rejection and early evaluation of treatment response have been
proposed in the literature [11-14]. PET/magnetic resonance (PET/MR) performed with
['8F]FDG also revealed a possible role to estimate renal function in terms of the EGFR
and effective renal plasma flow (ERPF) [15]. Moreover, given the fact that, as mentioned,
a higher cardiovascular risk is present in patients with CKD and that CKD is associated
with myocardial metabolic changes, it has been reported that ['®F]FDG PET/CT could
have the ability to investigate preclinical myocardial abnormalities in these patients [16].
Similarly, PET/CT was proposed as a valuable diagnostic tool for verifying and quantifying
accelerated atherosclerosis secondary to CKD in patients on hemodialysis, with changes
in tracer uptake that appeared to be accelerated in these subjects [17]. Interestingly, it
has also been reported that ['®FJFDG PET/CT could assess the presence of inflammation
in the carotid arteries, revealing therefore that renal transplantation may confer an anti-
inflammatory effect on carotid atherosclerosis [18]. In addition, hybrid molecular imaging
with ['8F]FDG is known to have high sensitivity for the evaluation of a wide range of
inflammatory diseases and in this setting, it demonstrated its role for the diagnosis of the
cause of fever of unknown origin (FUO) in CKD subjects on hemodialysis [19-21]. Simi-
larly, PET/CT has also demonstrated its role for the evaluation of patients with autosomal
dominant polycystic kidney disease and suspected cyst infection, with high diagnostic
performances [22].

Some studies on the ability of CKD to modify the uptake of ['®F]JFDG during a PET/CT
scan have also been published with heterogeneous results. In some cases, it has been
reported that the impairment of renal function does not significantly compromise the
clearance of the background activity of ['®F]JFDG in PET imaging [23]. In contrast, other
papers instead observed that patients with CKD have a higher physiological tracer uptake
in the liver and blood pool [24]. However, it has been demonstrated that CKD patients on
hemodialysis show a significantly higher physiological [\*F]JFDG uptake in the soft tissues,
spleen and the blood pool compared to normal subjects [25]. Despite that, it was, however,
suggested that CKD and subsequent renal failure do not require an adjustment in PET/CT
protocols and that the standard protocol times should also be used in patients with renal
failure [26].

The main purpose of our study was therefore to search for a possible correlation
between renal uptake at ['"8F][FDG PET/CT and renal functional parameters in both normal
subjects and patients with CKD.
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2. Materials and Methods
2.1. Patients Selection

In order to select patients suitable for inclusion in the present study, we retrospectively
analyzed our databases to find subjects with CKD submitted to our center to undergo
['8F]JFDG PET/CT for any reason. The interval time of this study was between January 2011
and May 2023. The exclusion criteria were as follows: (1) age under 18 years, (2) presence
of pathological conditions affecting kidneys (e.g., cancers, inflammation, polycystic kidney
disease) that made it impossible to assess kidney ['8F]FDG uptake, (3) absence of serum
Cr values in the 7 days before or after the PET/CT scan and (4) presence of liver disease,
affecting the value of the SUVmax. After applying such criteria, 224 patients with CKD
were included. Moreover, 115 subjects without CKD who underwent [\8F]FDG PET/CT
in our institution for various conditions were arbitrarily selected as the controls, with the
same exclusion criteria mentioned before applied.

Ethical review and approval were waived for this study due to its retrospective design,
according to local laws and to the ethics committees of our center. Informed consent was
obtained from all individual participants included in this study. Information about gender
and age was collected for all the subjects.

For all the patients included in this study, data about serum Cr levels and estimated
glomerular filtration rate (EGFR) calculated with the CKD-EPI formula [3] were collected.
Based on the EGFR, patients were also classified between the 5 stages of CKD. Moreover, in
the case of patients undergoing different PET/CT scans, the evolution of these values at the
time of the scan was also assessed and, in particular, dCr was calculated as the difference
between the value of Cr at the second evaluation and the value at the first evaluation.
Similarly, dEGFR was calculated as the difference between the EGFR at the time of the
second PET/CT scan and the value at the first scan.

2.2. ['8FJFDG PET/CT Acquisition and Interpretation Protocol

A blood glucose level lower than 150 mg/dL was required for all the patients before
undergoing ['®F]JFDG PET/CT and they fasted for at least 6 hours before tracer injection.
Patients voided before imaging acquisition, no oral or intravenous contrast agents were
administrated or bowel preparation used for any patient. Blood glucose levels and the use
of insulin replacement therapy at the moment of the scan were collected. An activity of
3.5-4.5 MBq/Kg of ['®8F]FDG was intravenously administered and images were acquired
at least 60 £ 10 min after injection from the skull basis to the mid-thigh on a Discovery
ST or Discovery 690 PET/CT tomograph (General Electric Company, GE, Milwaukee,
Wisconsin) with standard parameters (CT: 80 mA, 120 kV; PET: 2.5-4 min per bed position,
PET step of 15 cm). Reconstructions were performed with a 256 x 256 matrix and a 60 cm
field of view. On the Discovery 690 tomograph, time of flight (TOF) and point spread
function (PSF) algorithm were used for the reconstruction of images, with filter cut-off
5 mm, 18 subsets and 3 iterations. For the Discovery ST tomograph, an ordered subset
expectation maximization (OSEM) algorithm with filter cut-off 5 mm, 21 subsets and
2 iterations was applied.

PET/CT images were visually and semiquantitatively analyzed by two experienced
nuclear medicine physicians. First of all, renal uptake for each kidney was calculated as the
average of the SUVmax of 5 spheric volumes of interest (VOI) for each kidney, as presented
in Figure 1. To obtain the total kidney uptake of a single patient (K), a mean of all its renal
average uptakes was calculated. Moreover, the SUVmax of the liver was calculated using a
spheric VOI with 1 cm diameter placed at the VIII hepatic segment from transaxial PET
images. A similar VOI was used to obtain the SUVmax of the blood pool at the aortic
arch from transaxial PET images, paying attention to not involve the vessel’s walls. These
two values were used to calculate a ratio with K (KL and KBP, respectively). Again, in
the case of subjects with multiple PET/CT scans, dK, dKL and dKBP were calculated as
the difference between the value at the second imaging evaluation and the value at the
first scan.
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Figure 1. Representative and schematic figures in coronal (A—C) and axial (D-F) projection of the
5 VOIs used for the assessment of kidney uptake at ['8F]JFDG PET/CT.

2.3. Statistical Analysis

Statistical analyses were performed using SPSS Software version 29.0.1.0 for Macintosh
(New York, NY, USA). The descriptive analysis of categorical variables was carried out
comprising the calculation of simple and relative frequencies. Numeric variables were
described as mean, SD, minimum and maximum values (range).

Firstly, intraclass correlation coefficient (ICC) was used to calculate concordance and
to evaluate the reproducibility of the assessment of renal uptakes at PET/CT between the
two readers. To assess the correlation between Cr levels and PET/CT parameters, Pearson’s
test was applied. The same analysis was also performed to search for a correlation between
eGFR levels and PET/CT parameters. Similarly, the search for the presence of a possible
correlation between dCr and dEGFR with PET/CT uptakes, the same statistic test was
applied. The aforementioned analyses were performed considering all the cohort of the
study, only patients without a kidney transplantation, the group of transplanted patients
and also considering cut-off values of 1.2 mg/dL for Cr (the upper limit of normal Cr value
in our institution) and of 60 mL/min/1.73 m? for the EGFR. For all the aforementioned
statistics, a p-value < 0.05 was considered significant.

Renal PET/CT semiquantitative parameters were also compared between patients, divid-
ing them on the basis of the aforementioned values of 1.2 mg/dL for Cr and 60 mL/min/1.73 m?
for the EGFR. These analyses were performed using T-test and were applied to the total
cohort of patients and to the group of patients without kidney transplantation. No analyses
were taken into account for transplanted subjects, since most of them had Cr > 1.2 mg/dL
and/or EGFR > 60 mL/min/1.73 m2. Moreover, ANOVA test was used to search for
significant differences in terms of renal uptakes at PET/CT between the different classes
of renal impairment based on the EGFR. T-test and Chi-square test were used to compare
blood glucose levels and the use of insulin replacement therapy between the different
classes of patients included in the study. Again, a p-value < 0.05 was considered significant
for all these statistics.

3. Results

A total of 339 patients were included in our study (190 male, 56%). The mean age
was 65, standard deviation (SD) 14 and range 18-92 years. Some patients underwent more
than a single ['8F]FDG PET/CT study and therefore the total number of scans included in
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this study were 385. Most of the subjects had 2 functioning kidneys (303, 89.4%), 17 (5.0%)
patients were functional monokidney, while 19 (5.6%) had a kidney transplantation. In
particular, 17 subjects (5.0%) had renal tracer uptake only on the transplanted kidney, while

2 (0.6%) had uptake on both native and transplanted kidneys (Table 1).

Table 1. Characteristics of the 339 patients included in the study.

Characteristics

Number (%)

Age (mean £ SD, range)
Gender
Male
Female
Kidneys Status
Functional monokidney
Two functioning kidneys
Transplanted
Only transplanted kidney uptake
Uptake on transplanted and native kidneys
Cr (mg/dL) (mean £ SD, range)
Cr at the time of PET/CT
<1.2mg/dL
>1.2mg/dL
EGFR (mL/min/1.73m2) (mean =+ SD, range)
EGEFR at the time of PET/CT
>60 mL/min/1.73 m?
<60 mL/min/1.73 m?
CKD stage
1
2
3
4
5

65 + 14, 18-92

190 (56.0%)
149 (44.0%)

17 (5.0%)

303 (89.4%)

19 (5.6%)

17 (5.0%)

2 (0.6%)

2.1 +2.35,0.36-11.1

231 (60.0%)
154 (40.0%)
63.8 £ 38.5,4.2-139.7

226 (58.7%)
159 (41.3%)

133 (39.2%)
85 (25.1%)
33 (9.7%)
27 (8.0%)
61 (18.0%)

SD: standard deviation; Cr: creatinine; EGFR: estimated glomerular filtration rate; PET/CT: positron emission
tomography /computed tomography; CKD: chronic kidney disease.

The mean Cr value of our cohort was 2.1 (SD 2.35, range 0.36-11.1) and at the moment
of the PET/CT scans, 231 patients (60.0%) had a Cr < 1.2 mg/dL, while the remain-
ing 154 (40.0%) subjects had a Cr > 1.2 mg/dL. In terms of the EGFR, the mean value
of all the cohort was 63.8 (SD 38.5, range 4.2-139.7), with 226 (58.7%) subjects with a
value > 60 mL/min/1.73 m? at the time of PET/CT and the remaining 159 (41.3%) patients
with an EGFR < 60 mL/min/1.73 m?.

After classifying the patients based on CKD stage, 133 (39.2%) of them had a stage I
disease, 85 (25.1%) had a stage II disease, 33 (9.7%) had a stage III disease, 27 (8.0%) had a
stage IV disease and, lastly, 61 (18.0%) subjects had a stage V disease.

Blood glucose levels were collected at the moment of the PET/CT scan; the mean
value was 113 mg/dL, range was 73-147 and SD was 21. No significant differences were
reported for this parameter between patients with CKD and the controls (p-value 0.079),
between subjects with a Cr value below and above 1.2 mg/dL (p-value 0.077) and between
subjects with an EGFR below and above 60 mL/min/1.73 m? (p-value 0.098). Furthermore,
at the moment of the PET/CT scan, 133 patients were using insulin replacement therapy;
no significant differences in terms of the use of this therapy were underlined between
patients with CKD and the controls (p-value 0.773), between subjects with a Cr value below
and above 1.2 mg/dL (p-value 0.913) and between subjects with an EGFR below and above
60 mL/min/1.73 m? (p-value 0.676).

A strong concordance in the assessment of renal uptakes between the two readers
was revealed by ICC analysis (r 0.848, p-value < 0.001). In the total cohort of the patients
included in this study, we reported significant negative correlations for Cr values with K,
KL and KBP. Significant positive correlations were instead underlined for the EGFR with K,
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KL and KBP. Significant negative correlations were also demonstrated for dCr and dEGFR
with dK, dKL and dKBP. When focusing only on the group of subjects without kidney
transplantation, the same insights were confirmed and, again, Cr, dCr and dEGEFR revealed
a significant negative correlation with the PET/CT semiquantitative parameters, while the
EGEFR confirmed its positive correlation with K, KL and KBP. Moreover, when considering
only transplanted patients, no significant correlations were underlined between the renal
function parameters and PET/CT results. Similarly, no significant correlations between
these data were reported in the group of subjects with a Cr < 1.2 mg/dL at the time of
PET/CT. In contrast, when performing these analyses for subjects with a Cr > 1.2 mg/dL
at the time of PET/CT, negative significant correlations for Cr with K, KL and KBP, for
dCr with dK, dKL and dKBP and for dEGFR with dK, dKL and dKBP were confirmed.
Significant positive correlations were confirmed for the EGFR and PET/CT semiquantitative
parameters. These findings on the presence of significant negative correlations for Cr, dCR
and dEGFR and on the presence of a positive correlation for the EGFR with the PET/CT
semiquantitative parameters were also confirmed when dividing the patients on the basis
of an EGFR value of 60 mL/min/1.73 m? (Table 2; Figure 2).

Table 2. Correlation between renal functional parameters and PET/CT parameters.

p-Value Rho
All patients (n = 339)
Cr-K <0.001 —0.33
Cr-KL <0.001 —0.34
Cr-KBP <0.001 —0.38
EGFR-K <0.001 0.32
EGFR-KL <0.001 0.35
EGFR-KBP <0.001 0.42
dCr-dK <0.001 —0.50
dCr-dKL 0.005 —0.41
dCr-dKBP 0.005 —0.42
dEGFR-dK <0.001 —0.54
dEGFR-dKL <0.001 —0.61
dEGFR-dKBP <0.001 —0.59
Non-transplanted patients (1 = 320)
Cr-K <0.001 —0.33
Cr-KL <0.001 —0.34
Cr-KBP <0.001 —0.39
EGFR-K <0.001 0.34
EGFR-KL <0.001 0.38
EGFR-KBP <0.001 0.45
dCr-dK <0.001 —0.53
dCr-dKL 0.005 —0.46
dCr-dKBP <0.001 —0.54
dEGFR-dK <0.001 —0.56
dEGFR-dKL <0.001 —0.65
dEGFR-dKBP <0.001 —0.72
Transplanted patients (n = 19)
Cr-K 0.095 —0.32
Cr-KL 0.111 —0.31
Cr-KBP 0.114 —0.31
EGFR-K 0.867 —0.03
EGFR-KL 0.863 0.03
EGFR-KBP 0.562 0.12
dCr-dK 0.528 —0.26
dCr-dKL 0.926 0.04
dCr-dKBP 0.944 —0.03
dEGFR-dK 0.211 —0.49
dEGFR-dKL 0.391 —0.35

dEGFR-dKBP 0.541 —-0.25
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Table 2. Cont.

p-Value Rho
Cr <12 mg/dL (n =231)
Cr-K 0.199 —0.80
Cr-KL 0.119 —0.10
Cr-KBP 0.110 —0.10
EGFR-K 0.635 0.03
EGFR-KL 0.234 0.06
EGFR-KBP 0.128 0.10
dCr-dK 0.793 0.16
dCr-dKL 0.663 —0.26
dCr-dKBP 0.879 0.09
dEGFR-dK 0.638 0.28
dEGFR-dKL 0.981 —0.01
dEGFR-dKBP 0.731 —0.21
Cr > 1.2mg/dL (n = 154)
Cr-K <0.001 —0.46
Cr-KL <0.001 —0.49
Cr-KBP <0.001 —0.47
EGFR-K <0.001 0.56
EGFR-KL <0.001 0.54
EGFR-KBP <0.001 0.56
dCr-dK <0.001 —0.55
dCr-dKL 0.007 —0.43
dCr-dKBP 0.006 —0.44
dEGFR-dK <0.001 —0.59
dEGFR-dKL <0.001 —0.64
dEGFR-dKBP <0.001 —0.60
EGFR > 60(mL/min/1.73 m?) (1 = 226)
Cr-K <0.001 —0.33
Cr-KL <0.001 —0.34
Cr-KBP <0.001 —0.38
EGFR-K <0.001 0.32
EGFR-KL <0.001 0.46
EGFR-KBP <0.001 0.42
dCr-dK <0.001 —0.50
dCr-dKL 0.005 —0.41
dCr-dKBP 0.005 —0.42
dEGFR-dK <0.001 —0.54
dEGFR-dKL <0.001 —0.61
dEGFR-dKBP <0.001 —0.59
EGFR < 60(mL/min/1.73 m?)(n = 159)
Cr-K <0.001 —0.44
Cr-KL <0.001 —0.49
Cr-KBP <0.001 —0.46
EGFR-K <0.001 0.51
EGFR-KL <0.001 0.53
EGFR-KBP <0.001 0.56
dCr-dK <0.001 —0.55
dCr-dKL 0.007 —0.42
dCr-dKBP 0.006 —0.44
dEGFR-dK <0.001 —0.59
dEGFR-dKL <0.001 —0.64
dEGFR-dKBP <0.001 —0.60

Cr: creatinine; K: kidney uptake; KL: kidney to liver ratio; KBP: kidney to blood pool ratio; EGFR: estimated
glomerular filtration rate; dCr: differential Cr value; dK: differential kidney uptake; dKL: differential kidney to
liver ratio; dKBP: differential kidney to blood pool ratio; dEGFR: differential estimated glomerular filtration rate;
n = number.

Statistically significant differences in K, KL and KBP values were reported in all the co-
hort of our study, when dividing the patients based on a Cr value of 1.2 mg/dL. These find-
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ings were confirmed when dividing them based on an EGFR value of 60 mL/min/1.73 m?2.
Again, the same analysis performed in the cohort of transplanted patients confirmed the
aforementioned findings. No analyses were performed in the group of subjects with a
transplanted kidney, since it was a limited sample and most of them had Cr > 1.2 mg/dL
and/or EGFR > 60 mL/min/1.73 m2. Lastly, statistically significant differences in terms
of K, KL and KBP were underlined between the different classes of EGFR impairment
(Table 3).

Figure 2. (A) Coronal fused ['8F]FDG PET/CT images of a patient with a Cr value of 1.41 mg/dL
and an EGFR of 56.9 mL/min/1.73 m? at the moment of the scan. Stage of CKD was 3 and K, KL
and KBP values were 8.85, 1.97 and 3.69, respectively. (B) Four years later, the same subjects again
underwent a PET/CT scan: Cr raised to 9.12 mg/dL, EGFR dropped to 5.80 mL/min/1.73 m? and
the stage of CKD was 5. K, KL and KBP were 1.82, 0.79 and 1.01, respectively.

Table 3. Correlation between class of renal impairment, creatinine and EGFR with PET/CT parameters.

K p-Value KL p-Value KBP  p-Value
All patients (n = 339)

Cr <0.001 <0.001 <0.001
<1.2mg/dL (n = 231) 4.63 1.78 2.36
>1.2mg/dL (n = 154) 3.35 1.13 1.44

EGFR <0.001 <0.001 <0.001
>60 (mL/min/1.73 m?) (n = 226)  4.66 1.79 2.38
<60 (mL/min/1.73 m?) (n =159)  3.33 1.14 1.44

Non-transplanted patients (1 = 320)

Cr <0.001 <0.001 <0.001
<1.2mg/dL (n =231) 4.66 1.79 2.37
>1.2mg/dL (n = 154) 3.16 1.03 1.32

EGFR <0.001 <0.001 <0.001
>60 (mL/min/1.73 m?) (n=226) 4.69 1.79 2.39
<60 (mL/min/1.73 m?) (n =159)  3.15 1.04 1.32

EGEFR (n =339) <0.001 <0.001 <0.001

>90 (mL/min/1.73 m?) (n=133) 4.76 1.85 2.49

60-89 (mL/min/1.73 m?) (n=85) 4.51 1.68 2.21

30-59 (mL/min/1.73 m?) (n=33) 4.36 1.46 1.90

15-29 (mL/min/1.73 m?) (n=27) 3.14 1.16 141

<15 (mL/min/1.73 m?) (n =61))  2.69 0.91 1.14

Cr: creatinine; K: kidney uptake; KL: kidney to liver ratio; KBP: kidney to blood pool ratio; EGFR: estimated
glomerular filtration rate; n = number.
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4. Discussion

It is known that kidney function is one of the main determinants of ['8F]FDG ex-
cretion and, as mentioned before, different studies have tried to investigate a possible
influence of renal failure on the interpretation of PET/CT imaging and on renal uptake
with heterogeneous results [8,23,27].

Our findings revealed statistically significant K, KL and KBP values between different
classes of renal impairment, between groups with different Cr values and between different
EGEFR values for the total cohort of patients and in the case of subjects without kidney
transplantation. These analyses could not be performed for transplanted patients since most
of them had a significant impairment of renal function. Moreover, statistically significant
negative correlations between Cr values and renal [\8F]FDG uptake in the total cohort of
patients included in this study and in most of the subgroups evaluated during the analyses
were reported. Similarly, in most of the cases, statistically significant positive correlations
between the EGFR and renal uptakes were reported. A possible explanation for these
findings is the fact that an impairment of renal function, related to an increase in Cr values,
could determine a reduction in glucose metabolic activity in the kidneys and therefore a
reduction in tracer uptake. Interestingly, these insights were also confirmed when analyzing
the temporal evolution of Cr blood levels and the evolution of renal uptakes in the case of
patients with multiple PET/CT scans. In contrast, a significant negative correlation was
reported between dEGFR and the evolution of renal PET uptakes; however, in order to
interpret this different finding compared to the aforementioned positive correlation of the
EGFR, it is important to consider that only a small sample of patients were studied with
more than a single PET/CT scan.

No significant correlations were reported in the group of patients that had a kidney
transplantation and in the group of subjects with a Cr value < 1.2 mg/dL. The first finding
is in concordance with the findings reported by Jadoul et al. [28], who revealed that the
uptake of [\8F]FDG by renal allografts is not significantly impacted by CKD. The fact that no
significant correlations were underlined for patients with a blood Cr value < 1.2 mg/dL is
an insight that could be taken into account in the day life interpretation of ['* FJFDG PET/CT
scans, since the possible presence of reduced renal uptake could reflect the presence of an
unknown impairment of the renal function of the patient. It is worth underlining that we
reported a significant correlation between kidney uptakes and the EGFR in the group of
patients that had a value > 60 mL/min/1.73 m?2; however, this insight was not confirmed in
the group of subjects that had a Cr value < 1.2 mg/dL. By definition, these two subgroups
should contain most of the same patients as a low Cr and high EGFR are correlated and
since the formula used to calculate the EGFR includes Cr. A possible explanation for this
interesting finding could be the fact that according to the CKD-EPI formula, the calculation
of the EGFR should include other parameters, such as sex and age, resulting therefore
in some differences between Cr and EGFR values. In fact, Cr only expresses a serum
marker and is not used to classify the degree of renal functional impairment; instead, this
partition is based on the EGFR, which represents the estimated function of the kidney and
is therefore a more reliable tool.

As previously mentioned, kidneys are organs that can excrete [{*FJFDG through the
urinary tract; therefore, the assessment of renal tracer uptake could be impaired by the
presence of radioactive urine in the renal pelvis [27,29]. Our findings, however, revealed
a strong concordance in the assessment of renal parenchymal uptakes between the two
readers, a finding that is in concordance with what was previously underlined by Jadoul
et al. [30] when assessing the repeatability and reproducibility of the quantification of
['8F]FDG uptake by kidney allograft. As mentioned, it has also been reported that kidney
[8F]FDG uptake is related to the degree of sensitivity to insulin and that renal failure
indirectly impairs this sensitivity and therefore glucose metabolism [9,10]. We considered
this phenomenon in our study and no significant differences in terms of blood glucose
levels at the moment of the PET/CT scan or the use of insulin replacement therapy were
reported between the different groups of subjects, therefore strengthening our findings.
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Our work is not without limitations; first of all, its retrospective design. Furthermore,
the problem of the quantification of renal uptake, which could be influenced by the presence
of radioactive urine, has been described in the discussion, even if our data underlined a
good concordance between the two readers. Moreover, some analyses have been performed
in a restricted group of patients; therefore, wider samples should be used to confirm
our findings.

5. Conclusions

In conclusion, a strong correlation for renal ['8F]FDG uptake with the Cr levels and
EGEFR was reported, with exceptions for the group of patients with a Cr value < 1.2 mg/dL
and for the group with a kidney transplantation. High agreement between the two readers
in the assessment of renal tracer uptakes was underlined.
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ABSTRACT

Mantle cell lymphoma (MCL) is an aggressive non-Hodgkin lymphoma with poor prognosis. The usefulness of fluorine-18-
fluorodeoxyglucose positron emission tomography/computed tomography (2-[**F]FDG PET/CT) and its parameters in the
evaluation of treatment response and prognosis is not yet clear. The aim of this study was to investigate the prognostic role of
tumor burden and tumor dissemination features derived by 2-[**F]FDG PET/CT in advanced MCL. We retrospectively included
120 patients with advanced MCL who underwent baseline 2- 2-[**F]FDG PET/CT and end-of-treatment (eot) PET/CT. The
baseline-PET images were analyzed visually and semi-quantitatively by measuring the maximum standardized uptake value
body weight (SUVbw), lean body mass (SUVIbm), body surface area (SUVbsa), metabolic tumor volume (MTV), total lesion
glycolysis (TLG) and dissemination features (Dmax and Dmax-bsa). EotPET/CT was judged according to the Lugano classifi-
cation. Progression-free survival (PFS) and overall survival (OS) were plotted according to the Kaplan-Meier method. At a
median follow-up of 59 months, relapse/progression occurred in 68 patients while death in 38 patients with a median PFS and
OS of 27.2 and 57.6 months, respectively. MIPI score, Bulky disease, Ki-67 index, metabolic response, pretreatment MTV and
TLG were significantly associated with PFS at univariate analysis, but only metabolic response, MTV and TLG were confirmed
to be independent prognostic factors. Considering OS, only dissemination features were demonstrated to be prognostic features.
In conclusions, metabolic response and metabolic tumor burden parameters (MTV and TLG) are strongest predictor of PFS,
while dissemination features may have a significant role for predicting OS.

1 | Introduction various (ranging from asymptomatic indolent clinical course to

symptomatic appearance). The pathogenesis of MCL is very
Mantle cell lymphoma (MCL) is a rare subtype of aggressive B cell complex including several molecular aberrations, environmental
non-Hodgkin's lymphoma (NHL) representing about 3%-10% of  risk factors, and/or familiar risk [2]. MCL usually has a high risk
all NHLs in Western countries [1]. The median age of diagnosis is of relapse and poor prognosis despite recent improvements in
between 60 and 70 years, while clinical presentations are quite the treatment field [3]. At the moment, several biological,
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pathological, and imaging markers to stratify these patients are
studied with controversial results. A specific prognostic index for
MCL was created and called The Mantle Cell Lymphoma Inter-
national Prognostic Index (MIPI) [4] and demonstrated to be a
strong predictor of outcome. However, also other prognostic
markers, such as blastoid variant, Ki-67 index higher than 30%,
and TP53 mutation/deletion were tested with positive findings
[5-7]. Preliminary evidence about a potential prognostic role of
fluorine-18-fluorodeoxyglucose positron emission tomography/
computed tomography (2-[**F]FDG PET/CT) in MCL has been
emerging, especially concerning metabolic tumor burden fea-
tures and metabolic response after treatment applying Lugano
criteria [8-10]. Lugano treatment response classification is a
system based on the application of the Deauville five-point scale
for reporting response by 2-[**F]FDG PET/CT in HL and several
NHL [11]. Recently, a new PET-derived metabolic variable
describing the dissemination of the hypermetabolic disease in the
body was studied in lymphomas: the maximum tumor dissemi-
nation (Dmax) [12]. Dmax was defined as the maximum distance
between the two farthest lesions with increased uptake on 2-['*F]
FDG PET/CT. In MCL, only one research investigated the role of
Dmax showing no prognostic usefulness of this feature [10]. A
more sophisticated prognostic stratification model is desirable to
identify subgroups who might benefit from more aggressive
therapies, or in whom the prognosis is already sufficiently good to
obviate more conservative treatment plans. For this reason, the
idea to incorporate in this prognostic model also metabolic fea-
tures may be of clinical interest. This study aimed to analyze
whether 2-["®F|FDG PET/CT and its parameters alone or com-
bined with classical clinical and epidemiological variables may
prognosticate outcome in MCL.

2 | Materials and Methods
2.1 | Patients Selection

This research was a monocentric retrospective study. Using our
institutional Radiology Information System (RIS), we have
screened all the patients studied with 2-[**F]FDG PET/CT in
our Nuclear Medicine center from February 2007 until January
2023. Inclusion criteria were (1) histological diagnosis of MCL,
(2) presence of baseline and end-of-treatment (eot) 2-[**F]FDG
PET/CT, (3) intermediate-advanced stage disease (stage II, III,
IV), (4) absence of concomitant malignancy, (4) presence of at
least 12 months of follow-up. Applying these criteria (Figure 1),
120 patients were included in this research. For each patient,
the main epidemiological (sex, age at diagnosis), clinical (MIPI
score, Ann Arbor stage, MCL variant, presence of B symptoms,
presence of bulky disease, LDH and {32-microglobulin level at
diagnosis, Ki-67 level, kind of therapy) were collected. To define
bulky disease, we considered any mass measuring at least 10 cm
or more in diameter by any imaging study, or with a diameter
equal or greater than one-third of the internal transverse
diameter of the thorax. Proliferative activity, measured by Ki-67
score, was available in 106 patients; the Ki-67 expression level
was divided into two groups: < 30% and > 30% as suggested
previously in the literature [6]. All patients were treated ac-
cording to the institution's standard protocol with chemo-
therapy regimen. Fifty-eight patients according to R-CHOP

(Rituximab, Cyclophosphamide, Hydroxydoxorubicine, Onco-
vin and Prednisone) or alternating R-CHOP/R-DHAP (Ritux-
imab, Dexamethasone, high dose Ara-C cytarabine, Cisplatin)
regimen followed by autologous stem cell transplantation; 46
patients were treated according to R-BAC regimen up to six
cycles of immuno-chemotherapy including Rituximab, Bend-
amustine and Cytarabine; 4 patients received R-HyperCVAD
and the remaining 12 patients were treated according to MCL
0208 trial which consisted of high-dose chemotherapy addi-
tional with Rituximab, followed by autologous stem cell trans-
plantation and Lenalidomide as maintenance therapy. Globally
70 patients received autologous stem cell transplantation. Also
elderly patients were treated because in fit status.

2.2 | 2-["®F]FDG PET/CT Imaging and Analysis

Baseline 2-['*F]FDG PET/CT was performed before any kind of
treatment (chemotherapy and/or radiotherapy), eotPET/CT was
performed after 6 cycles of chemotherapy or less in case of con-
ditions that contraindicated further cycles. Median time from
PET/CT and starting treatment was 7 days (range 1-14 days). No
patients received a watch and wait approach.

2-['"®*F|FDG PET/CT was performed after at least 4 h fasting and
with glucose blood level less than 150 mg/dL. Sixty minutes
after the injection by vein of an activity of 3.5-4.5 MBq/Kg of
radiotracer, 2-["*F]FDG PET/CT scans were acquired. Usually,
the field of view was from the skull basis to the mid-thigh.
Tomographs where scans were acquired: a Discovery 690 or a
Discovery ST scanner (General Electric Healthcare, Milwaukee,
WI, USA) with standard CT parameters (80 mA, 120 Kv,
without contrast; 2.5-3.5 min per bed-PET-step of 15 cm); the
reconstruction was performed in a 128 x 128 matrix and 60 cm
field of view. Reconstruction protocol consists of ordered subset
expectation maximization (OSEM), filter cut-off 5 mm, 21 sub-
sets and 2 iterations for both scanners.

2-["®F|]FDG PET/CT scans for all patients were visually and
semiquantitatively revised by an expert nuclear medicine
physician (DA) who was blinded to the patient clinical data and
outcome.

The PET images were analyzed from a qualitative and semi-
quantitative point of view. Concerning qualitative analysis, every
focal uptake different from physiological distribution and back-
ground was considered suggestive of disease. Bone marrow dis-
ease was considered if there was a focal uptake; spleen disease was
considered if there was focal uptake in the spleen or diffuse up-
take higher than 1.5 of the liver background. EotPET were clas-
sified according to Lugano criteria applying Deauville Scores [11].
According to Deauville score 2-[ **F]FDG PET/CT was interpreted
as follows: 1 = no uptake above background, 2 = uptake equal to
or lower than mediastinum, 3 = uptake higher than mediastinum,
and lower than liver, 4 = uptake moderately increased compared
to the liver and 5 = uptake markedly increased compared to the
liver. Concerning the Deauville scores, PET/CT scans were
defined as a complete metabolic response in the presence of
Deauville scores 1-3 and not complete metabolic response in the
presence of Deauville scores 4-5. Concerning semiquantitative
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161 patients assessed for eligibility in
institutional databases

124 patients included

37 patients excluded

Lack of baseline PET/CT (n=9)
Lack of end-of-treatment PET/CT
(n=15)

Lack of digital images (n=8)

No pathological confirmation of
MCL (n=5)

v

120 patients included in the analysis

FIGURE 1 | Flow diagram of patients included in the study.

measurements, we measured the maximum standardized uptake
value corrected for body weight (SUVbw), SUV corrected for body
surface area (SUVbsa), SUV corrected for lean body mass
(SUVIbm), metabolic tumor volume (MTV), total lesion glycolysis
(TLG), Dmax and Dmax corrected for bsa. For these measure-
ments, we used LIFEx software [13].

SUV values were measured in the lesion with the highest uptake
by drawing a region of interest over the area of maximum ac-
tivity and the SUVmax was calculated as the highest SUV of the
pixels within the ROL. MTV was calculated using the 41%
SUVmax threshold as suggested by the European Association of
Nuclear Medicine [14]. TLG was subsequently calculated as the
sum of MTV*SUVmean for each uptake. To calculate Dmax, the
Euclidean formula measured the distance between all pairs of
lesions (including both nodal and extranodal) recording the
greatest lesion distance. For Dmax-bsa, we applied the Du Bois
method [15].

2.3 | Statistical Analysis

The statistical analyses were performed with Statistical Package
for Social Science (SPSS) version 24.0 for Windows (IBM, Chi-
cago, Illinois, USA). The descriptive analysis of categorical
variables included the simple and relative frequencies; the
numeric variables as average, standard deviation, minimum and
maximum.

Receiver operating characteristic (ROC) curve analyses were used
to identify the best thresholds of metabolic parameters in the light
of which interpret the results of progression free survival (PFS)
and overall survival (OS) (Table S1). PFS was calculated from the
date of baseline 2-[**F]JFDG PET/CT to the date of first relapse,

4 patients excluded
* Stagel (n=2)
* Lack of follow-up (n=2)

disease progression, or the date of last follow-up. Progression/
relapse was considered when a dimensional and/or numerical
increase of lesion at CT or PET/CT was demonstrated. OS was
calculated from the date of baseline 2-[**F]FDG PET/CT to the
date of death from any cause or to the date of last follow-up.
Survival curves were plotted according to the Kaplan-Meier
method and differences between groups were analyzed by using
a two-tailed log-rank test. Cox regression was used to estimate
the hazard ratio (HR) and its confidence interval (CI). A p-value
of < 0.05 was considered statistically significant.

3 | Results

3.1 | Tumors Characteristics at Baseline

In our population, there was a prevalence of males (n = 90) and
the average age was 65.6 years (range 30-89). Most patients
were classified as advanced stage (stage IV) with 104 cases,
followed by stage IIT with 11 cases and stage II with 5 cases.
Bulky disease, splenomegaly and B symptoms were described in
16, 49 and 29 patients, respectively. MIPI score was low in 35
cases, intermediate in 45 and high in the remaining 39. Ki-67
index was low (< 30%) in most patients (n = 68). 2-[**F]FDG
PET/CT resulted all positive showing at least two hypermeta-
bolic lesions. The mean SUVbw of the lesion with higher
18F.FDG uptake at the baseline was 10.4 (range 3.5-14.5); mean
SUVIbm 6.9 (range 2.5-9.5), mean SUVbsa 2.5 (range 0.7-6.8),
mean MTV 491 cm® (2-4000 cm®) mean TLG 3060 (6-23000),
mean Dmax 54.6 cm (6-82) and mean Dmax-bsa 29.5 (3.3-49).
All patients had '|F-FDG-avid nodal disease; extranodal
involvement included bone marrow in 34 (28%) patients and
gastrointestinal system in 16 (13%). All the main features of the
patients are summarized in Table 1.
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TABLE 1 | The main clinical characteristics of the entire population included (n = 120 patients).

Patients n (%) Average + SD (range) Median

Sex male 90 (75%)
Sex female 30 (25%)
Age (years) 65.6 + 10 (30-89) 63
Tumor stage at diagnosis (Ann Arbor)

I 0 (0%)

II 5 (4%)

11 11 (9%)

v 104 (87%)

Blastoid variant 16 (13%)

B symptoms 29 (24%)
LDH

Normal 77 (64%)

Increased 43 (36%)
2 microglobulin

Normal 82 (68%)

Increased 38 (32%)

Bulky disease 16 (13%)

Splenomegaly 49 (41%)
Ki-67 score®

< 30% 68 (64%)

> 30% 38 (36%)
MIPI score

Low 36 (30%)

Intermediate 45 (37.5%)

High 39 (32.5%)
SUVbw 10.4 + 6 (3.5-9.7) 9
SUVIlbm 6.9 + 4.1 (2.5-9.5) 6
SUVbsa 2.5-1.5 (0.7-6.8) 2.5
MTV 491 + 696 (2-4000) 358
TLG 3060 + 4625 (6-23000) 2950
Dmax 54.6 + 19.5 (6-82) 48.8
Dmax-bsa 29.5 + 11.1 (3.3-49) 25.9

Abbreviations: LDH, lactate dehydrogenase; MIPI, Mantle international prognostic index; MTV, metabolic tumor volume; SUVbsa, body surface area; SUVbw,
standardized uptake value body weight; SUVIbm, lean body mass; TLG, total lesion glycolysis.

“Not available in 14 patients.
3.2 | Treatment Response Setting

Based on Lugano classification, complete metabolic response
was registered in 83 (70%) patients, and not complete response
in 35 (30%) patients. Two patients died before the execution of
eotPET/CT. Among complete metabolic responses, Deauville
scores 1,2,3 were defined in 62, 12 and 9 patients, respectively.
Among not complete metabolic responses, Deauville scores 4
and 5 were present in 19 and 16 cases. Comparing complete and
not complete response groups, only age and Ki-67 scores were
significantly different (p = 0.011); particularly, age and Ki-67
index were significantly higher in patients that did not reach
complete response. No significant difference was demonstrated

comparing the metabolic PET features between not complete
and complete response groups (Table 2).

3.3 | Role of 2-['"*F]FDG PET/CT in Predicting PFS

At a median follow-up of 59 months, relapse or progression of
disease occurred in 68 patients with an average time of
26 months (range: 2-113 months) from the baseline PET/CT.
Median PFS was 27.2 months. Three-year and 5-year PFS were
50% and 36%, respectively. At univariate analysis, the presence
of bulky disease, Ki-67 level, MIPI score, metabolic response at
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TABLE 2 | Comparison of baseline metabolic PET/CT features between no response and complete/partial response groups at end-of-treatment.

End of treatment response

Parameter Complete metabolic response n 83 Not complete metabolic response n 35 p value
Gender M: F 61:22 29:8 0.680
Age, mean + SD 64.1 + 12 69 + 13 0.011
Stage IV 71 (68%) 33 (94%) 0.553
Blastoid variant 9 (11%) 7 (20%) 0.578
B symptoms 20 (24%) 9 (26%) 0.685
LDH increased 25 (30%) 18 (51%) 0.787
2 microglobulin increased 22 (27%) 16 (46%) 0.459
Bulky disease 11 (13%) 5 (14%) 0.882
Splenomegaly 35 (42%) 14 (40%) 0.828
Ki-67 score > 30% 21 (25%) 17 (49%) 0.011
MIPI score intermediate/high 56 (67%) 28 (80%) 0.172
SUVbw, mean + SD 8.7 +£31 9.7 + 4 0.320
SUVIbm, mean + SD 6.5 + 2.7 7.3 £ 2.8 0.347
SUVbsa, mean + SD 22 +0.8 2.5+ 09 0.195
MTV, mean + SD 486 + 99 530 £+ 121 0.757
TLG, mean £+ SD 2810 + 1450 3831 4+ 1345 0.283
Dmax, mean + SD 55.5 + 19.8 54 + 21.2 0.718
Dmax bsa, mean + SD 29.9 + 10.1 294 + 12 0.835

Abbreviations: bsa, body surface area; bw, body weight; F, female; Ibm, lean body mass; M, male; MIPI, Mantle Cell Lymphoma International Prognostic Index; MTV,
total metabolic tumor volume; SD, standard deviation; SUV, standardized uptake value; TLG, total lesion glycolysis.

eotPET/CT, MTV and TLG were significantly associated with
PFS (Table 3). PFS was statistically significantly longer in pa-
tients with low-to-intermediate MIPI score, complete metabolic
response at eotPET/CT DC, low MTV and low TLG (Figure 2).
At multivariate analysis, eotPET/CT, MTV and TLG were
confirmed to be independent prognostic factors (p < 0.001;
p = 0.003; p = 0.042) (Table 4). Concerning PFS, dissemination
features were not associated with the outcome. The combina-
tion of metabolic response and baseline MTV stratified better
patients PFS (Figure 3). Patients with high MTV and incomplete
response at eotPET/CT had the worse PFS. The median PFS of
patients with low MTV and complete metabolic response was
58.9 months, of the patients with low MTV and incomplete
metabolic response 48 months, of the patients with complete
response and high MTV 29.7 months and of patients with
incomplete metabolic response and high MTV 8 months.

3.4 | Role of 2-["*F]FDG PET/CT in Predicting OS

Death occurred in 38 patients with an average time of
37 months (range 2-151). In most patients (n = 27) the death
was considered directly related to the lymphoma or therapy; in
the remaining 11 cases the causes of death are not related to the
lymphoma. The median OS was 57.6 months. Three-year and 5-
year OS were 78% and 65%, respectively. At univariate analysis,
stage IV, Dmax and Dmax-bsa were significantly correlated with
OS (Table 3). OS was statistically significantly longer in patients
with low Dmax and low Dmax-bsa (Figure 4). At multivariate
analysis, only Dmax bsa was confirmed to be an independent

prognostic variable (p = 0.025) (Table 4). Concerning OS, all the
other metabolic features showed to have no prognostic value.

4 | Discussion

MCL demonstrated to be a lymphoma variant with a high 2-
[**F]FDG PET/CT detection rate concerning nodal diseases,
while the diagnostic performances of PET/CT in the detection of
gastrointestinal involvement and bone marrow (BM) infiltration
are less good [16]. This is the reason why it is suggested to
perform BM biopsy and GI endoscopy in the staging phase to
classify correctly these patients. Both BM and the gastrointes-
tinal tract are hard settings to examine with BE.FDG, due to the
presence of physiologic uptake of this radiopharmaceutical in
several inflammatory/infectious and functional conditions.

On the other hand, in the restaging field, especially in the
evaluation of treatment response, 2-['*F|]FDG PET/CT seems to
be an accurate tool better than morphological examinations
[16]. Another potential advantage of PET/CT is the possibility to
give prognostic information to predict disease aggressiveness
and consequently affect patient management.

The first result of this study was the validation of the prognostic
role of metabolic response categories applying Deauville scores.
Deauville scores is a scale using the liver and blood-pool activity
as the references to classify the degree of uptake of residual
disease after therapy and it has been recommended for reporting
both interim and end-of-treatment PET for HL and several
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TABLE 3 | Univariate analyses for progression free survival and overall survival.
PFS 0OS
p value HR (95% CI) p value HR (95% CI)
Sex 0.483 1.600 (0.586-3.001) 0.610 1.135 (0.705-1.825)
Age 0.353 1.700 (0.666-4.123) 0.522 1.167 (0.736-1.853)
Stage IV 0.765 1.106 (0.569-2.147) 0.070 2.253 (0.607-8.369)
B symptoms 0.320 1.528 (0.652-2.321) 0.218 1.363 (0.795-2.339)
Blastoid variant 0.415 0.850 (0.528-1.859) 0.650 0.863 (0.472-1.578)
LDH increased 0.405 0.444 (0.650-2.006) 0.390 0.609 (0.450-1.890)
2 microglobulin increased 0.601 2.021 (0.555-4.002) 0.777 2.021 (0.555-4.002)
Bulky disease 0.030 2.449 (1.093-5.503) 0.301 0.745 (0.445-1.245)
Splenomegaly 0.858 1.045 (0.640-1.706) 0.266 0.778 (0.503-1.202)
Ki-67 score high 0.014 2.079 (1.156-3.740) 0.761 1.079 (0.655-1.775)
MIPI score high < 0.001 2.626 (1.574-4.384) 0.596 1.130 (0.712-1.793)
Metabolic response < 0.001 5.184 (2.727-9.852) 0.917 1.028 (0.599-1.768)
SUVbw* 0.685 1.105 (0.681-1.792) 0.489 1.165 (0.751-1.809)
SUVIbm? 0.351 1.261 (0.774-2.055) 0.802 1.057 (0.685-1.631)
SUVbsa® 0.218 1.360 (0.833-2.221) 0.465 1.176 (0.762-1.185)
MTV? < 0.001 2.344 (1.431-3.839) 0.308 0.797 (0.509-1.247)
TLG* 0.001 2.220 (1.348-3.655) 0.338 0.800 (0.514-1.247)
Dmax® 0.304 1.299 (0.788-2.143) 0.039 1.590 (1.031-2.452)
Dmax bsa® 0.106 1.489 (0.917-2.416) 0.037 1.587 (1.00-2.467)

Abbreviations: bsa, body surface area; bw, body weight; CI, confidence interval; HR, hazard ratio; Ibm, lean body mass; MTV, total metabolic tumor volume; N°, number;
OS, overall survival; PFS, progression free survival; SUV, standard uptake value; TLG, total lesion glycolysis.

“Dichotomized according to ROC analysis.
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FIGURE 2 | Progression free survival curves according to MIPI score (A), metabolic response (B), MTV (C) and TLG (D).
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TABLE 4 | Multivariate analyses for progression free survival and overall survival.
PFS oS
p value HR (95% CI) p value HR (95% CI)
Stage IV 0.818 0.905 (0.389-1.205)
Bulky disease 0.056 2.143 (0.998-4.550)
Ki-67 score high 0.878 1.047 (0.580-1.890)
MIPI score high 0.074 1.366 (0.970-1.924)
Metabolic response < 0.001 3.462 (1.887-6.349)
MTV? 0.003 2.732 (1.387-5.382)
TLG? 0.042 1.814 (1.019-3.229)
Dmax® 0.134 1.120 (0.890-1.409)
Dmax bsa® 0.025 1.745 (1.070-2.844)

Abbreviations: CI, confidence interval; HR, hazard ratio; MTV, total metabolic tumor volume; OS, overall survival; PFS, progression free survival; TLG, total lesion

glycolysis.
“Dichotomized according to ROC analysis.
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FIGURE 3 | Combination of baseline MTV and metabolic response to predict PFS.
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FIGURE 4 | Overall survival curves according to baseline Dmax (A) and Dmax-bsa (B).

NHL, like FL and DLBCL [11]. Also in MCL
seems to have a strong impact [17, 18].

In our study we demonstrated that patients
metabolic response after first-line therapy

setting, this scale longer PFS than patients with incomplete response; but this

finding was not confirmed for OS.

with a complete
had significantly

In addition to qualitative analysis, also semiquantitative base-
line metabolic parameters were studied for prognostic purposes.
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Previous studies focused on the potential prognostic role of
baseline SUV with controversial results [9, 19-22]. However,
also in the research [20, 22] where SUVmax was demonstrated
to be a good predictor of outcome the thresholds suggested were
very different (i.e. 5 and 10.3). In our analysis, no SUV-related
parameters (corrected for body weight, for lean body mass, for
body surface area) showed to have a prognostic impact. SUV is
the most widely utilized and generally accepted parameter in
the current published literature because it is a feature very easy
to extract, automatic and fast but less reproducible due to the
potentially influence of several variables, like uptake time,
decay of radiotracer, blood glucose level, risk of extravasation of
tracer, lesion size and technical features (scanner-related,
acquisition protocol-related and reconstruction protocol
related).

To overtake these limitations, other metabolic parameters were
introduced with success: MTV and TLG. These features
expressed intrinsically both morphological/volumetric and
metabolic characteristics of the lesions measured and demon-
strated to be strong factors in several lymphoma variants [23].
Concerning MCL, positive evidence are available [9, 22] but
based on low population sample. Our study confirmed the role
of MTV and TLG in the largest cohort size (n = 120). Baseline
MTV and TLG, which represent a combination of tumor volume
and metabolism, were robust predictor of outcome, but only for
PFS. Nevertheless, the application of MTV and TLG in clinical
routine practice could probably be premature, because of the
lack of a standardized method for their measurement. Different
methods are proposed and a wide range of threshold levels have
been used to measure the volume-based PET/CT variables. The
most common method (used also in this research) utilized an
isocontour threshold method based on 41% of the SUVmax, as
suggested by the EANM guideline [14]. But also fixed absolute
threshold (SUVmax 2.5 or SUVmax 4) or adaptive methods are
described in the literature [24].

However, MTV and TLG did not consider in their definition the
distribution of hypermetabolic disease and the number of le-
sions FDG-avid. MCL usually present with advanced stage,
plural nodal localization and frequent extranodal involvement.
Dmax is a parameter that represents the tumor distribution and
dissemination of disease with increased uptake in the body. The
potential advantages of Dmax compared to MTV and TLG are
the simplicity, velocity of extraction (now automatic with
different software) and clinical explanation. Moreover, Dmax is
not directly affected by PET/CT tomograph characteristics or
PET protocols like SUV.

However also Dmax is a variable with unexplored potential and
question marks. For example, Dmax as absolute value did not
consider patient body composition, like height and weight. For
this reason, we decided to calculate both Dmax and Dmax
corrected for body surface area applying DeBois method. This
difference seemed to have an impact in our study, because in the
multivariate analysis of OS only Dmax corrected for bsa showed
to be an independent prognostic element.

More innovative parameters, such as sarcopenia parameters and
radiomics features, are tested in the literature and also in MCL
[25, 26].

Larger studies are required to find the best combination of
prognostic factors and the factors most readily used in clinical
practice for MCL.

Recently, Vergote et al. [10] investigated prognostic role of several
PET variables (SUV, MTV, TLG and dissemination features) in
untreated MCL and demonstrated that among PET features only
MTV was significantly associated with PFS, while dissemination
features (Dmax) had no prognostic impact. These findings were
partially confirmed in our investigation, where Dmax-bsa showed
to be independent prognostic factor only for OS, not for PFS.

Concerning PFS, we hypothesized a prognostic scoring system
based on PET/CT metabolic features derived from the baseline
and eotPET/CT scan that can be complementary and describe two
different attributes of the disease: tumor burden and metabolic
response after treatment. This score might possibly be helpful to
predict prognosis after first-line treatment identifying patients
with higher risk of recurrence/relapse. In the clinical practice,
this model could anticipate the imaging controls or associate a
more aggressive treatment approach after first-line. Of course,
this score needs to be validated in a more robust population and
with a longer follow-up period. However, the combination of both
features (high baseline MTV and incomplete metabolic response)
is associated with worse PFS as shown in Figure 4.

One of the main finding of this manuscript is the prognostic role
of Dmax in OS, but not in PFS. The reason of this discrepancy
remains unclear and deserved deeper evaluation.

The potential limitations of our study are the retrospective na-
ture of the study, the long period of inclusion of patients, and
the heterogeneity of patients (as different therapeutic regimens
and clinical/epidemiological features). Despite this, so far, the
present study represents the largest series of MCL investigated
with a visual and semiquantitative analysis of 2-[**F][FDG PET/
CT and their prognostic role.

5 | Conclusion

In conclusion, with this study, we demonstrated that metabolic
response at eotPET/CT (evaluated according to Deauville
criteria) and the baseline metabolic tumor features (MTV and
TLG) were significantly correlated with PFS. Instead, only
Dmax corrected for-bsa was correlated with OS.
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