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Abstract

Objective: To evaluate changes in metabolic activity in lymphoma adenopathy and other reticuloendo-
thelial organs-bone marrow, spleen, and liver, in patients with diffuse large B-cell lymphoma (DLBCL) follow-
ing Tisagenlecleucel therapy, using fluorine-18-fluorodeoxyglucse (*F-FDG) positron emission tomogra-
phy/computed tomography (PET/CT). Materials and Methods: Fluorine-18-FDG-PET/CT scans from 41
DLBCL patients (25 males, 16 females; age: 59.15+13.78, range: 29-81 years) treated with Tisagenlecleucel
were retrospectively analyzed. Metabolic activity was quantified in lymphoma adenopathy, bone marrow,
spleen, and liver at baseline and post-treatment, with a mean interval of 121.2+63.9 days (range: 35-437 da-
ys) between scans. The partial volume-corrected total lesion glycolysis (pvcTLG) and total metabolic tumor
volume (TMTYV) for lymphoma adenopathy, and average mean standardized uptake value (SUVmean) for
bone marrow before and after treatment, were compared using the Wilcoxon signed-rank test, whereas the
average SUVmean of spleen and liver was compared using a two-tailed paired t-test. Results: Fluorine-18-
FDG PET/CT showed significant reductions in metabolic activity of lymphoma adenopathy, bone marrow,
and spleen after treatment. For lymphoma adenopathy, pvcTLG decreased from 539.22+831.00 to 491.
27+1068.35 (P<0.001), with reduction observed in 80.5% of patients,and TMTV decreased from 46.06+ 63.07
to 30.40+41.62 (P<0.001). Mean SUV of bone marrow and spleen decreased significantly from 1.31+0.37 to
1.16+0.33 (P=0.002), and from 1.96+0.68 to 1.77+0.45 (P=0.017), respectively. However, hepatic SUVmean
showed no statistically significant changes from 2.30+0.42 to 2.31+0.40 (P=0.21). Conclusion: Fluorine-18-
FDG PET/CT demonstrated a decrease in metabolic activity of lymphoma adenopathy, bone marrow, and
spleen, after Tisagenlecleucel therapy. However, changes in the liver were not statistically significant. These
findings suggest that Tisagenlecleucel chimeric antigen receptor T cell (CAR-T) therapy induces a broad sys-
temic metabolic response within the reticuloendothelial system.
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Introduction

isagenlecleucel, a CD19-directed chimericantigen receptor T (CAR-T) cell therapy,

has demonstrated encouraging results in treating refractory diffuse large B-cell

lymphoma (DLBCL),acommon subtype of non-Hodgkin lymphoma (NHL) [1]. This
autologous therapy employs T-cells genetically engineered to express a CAR construct
containing a single-chain variable fragment targeting CD19, a transmembrane protein
highly expressed on B cells. The construct includes a 4-1BB co-stimulatory domain that
enhances T-cell persistence and anti-tumor activity [2]. The pivotal JULIET trial and sub-
sequent real-world studies have established Tisagenlecleucel as a standard care option
for patients with aggressive B-cell lymphomaswho have failed two or more lines of syste-
mictherapy [1].

Fluorine-18-fluorodeoxyglucose (*F-FDG) positron emission tomography (PET)/com-
puted tomography (CT) imaging has been widely used for disease staging, restaging,
and therapeutic monitoring in patients with lymphoma [3-5]. Fluorine-18-FDG PET/CT
has demonstrated utility in quantitatively assessing treatment response following Tisa-
genlecleucel therapy by evaluating changes in tumor burden pre- and post-therapy
using standardized metabolic imaging metrics [5]. However, metabolic changes due to
CAR-T cell therapy may occur not only in lymphoma-involved lymph nodes (lymphoma
adenopathy) but also in other reticuloendothelial organs, such as the bone marrow, sple-
en, and liver, following CAR-T cell therapy [6-8]. The changes in metabolic activity within
these organs following Tisagenlecleucel therapy remain understudied. This study aims to
evaluate changes in metabolic activity in both lymphoma adenopathy and other reticu-
loendothelial organs, such as the bone marrow, spleen, and liver, following Tisagenlecle-
ucel therapy, in patients with DLBCL, using *F-FDG-PET/CT.
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Materials and Methods

Study subjects

This retrospective study analyzed "*F-FDG PET/CT scans from
41 DLBCL patients (25 males, 16 females; mean age: 59.15+
13.78 years, range: 29-81 years) who underwent Tisagenle-
cleucel therapy for relapsed or refractory disease between
2018 and 2024 at the Hospital of the University of Pennsylva-
nia (Table 1). For each patient, we evaluated baseline scans
obtained prior to initiation of therapy and the first follow-up
scans after infusion, with intervals averaging 121.2+63.9 da-
ys (range: 35-437 days). This study was approved by the Insti-
tutional Review Board and conducted in accordance with
the ethical guidelines of the institutional clinical research
committee. Informed consent was waived by the IRB due to
the retrospective nature of the study.

"F-FDG PET/CT imaging protocol

Positron emission tomography/CT scans were performed 60
minutes after intravenous administration of *F-FDG (4MBg/
kg) in patients with serum glucose levels below 200mg/dL.
Images were acquired from the base of the skull to mid-thigh
using a 16-detector row LYSO PET/CT scanner with time-of-
flight (Gemini TF; Philips Healthcare, Bothell, WA), with 3-mi-
nute bed positions. Image reconstruction employed a list-
mode maximum-likelihood expectation-maximizing algo-
rithm with 33 ordered subsets and three iterations. Positron
emission tomography images underwent attenuation cor-
rection using low-dose CT images, as well as corrections for
random coincidences and scatter.

Image analysis

This study assessed global metabolic disease activity by cal-
culating partial volume-corrected total lesion glycolysis
(pvc-TLG) in diseased lymph nodes, both before and after
treatment. We also measured the average mean standar-
dized uptake value (SUVmean) of bone marrow, spleen, and
liver to assess changes due to tisagenlecleucel therapy. Lym-
ph node analysis was performed primarily using ROVER soft-
ware (ABX GmbH, Radeberg, Germany) for PET image quan-
tification, while OsiriX MD software v. 12.5.2 (Pixmeo SARL,
Bernex, Sweden) was used as needed to confirm anatomical
details on "F-FDG PET/CT images (Figure 1a). ROVER's seg-
mentation algorithm delineated metabolically active lesi-
ons, generating PET parameters such as pvcTLG and total
metabolic tumor volume (TMTV). This comprehensive ap-
proach accounts for potential underestimation in smaller or
heterogeneouslesions, providing a more accurate represen-
tation of the total ymphoma burden by combining volume-
tric and partial volume-corrected metrics with traditional
measurements.

For assessment of other organs, we used OsiriX software
on fused "F-FDG PET/CT images. For bone marrow, we em-
ployed an iterative thresholding algorithm that delineated
continuous regions based on Hounsfield units (HU)
(1500HU upperbound, 150HU lower bound) to segment the
entire skeleton, enabling quantification of global bone mar-
row "“F-FDG uptake (Figure 1band 1c).Forthe spleen, CT-ba-

sed regions of interest (ROI) were manually drawn on fused
"F-FDG PET/CT coronal sections to measure average
SUVmean for global splenic uptake at baseline and post-
CAR-T infusion (Figure 1d). A similar manual approach was
used for liver assessment to measure global average
SUVmean, carefully excluding bile duct, portal vein, and gal-
Ibladder (Figure 1e).

Response evaluation

Response assessment in our patient population was based
on the Lugano criteria (JCO 2014), which utilizes the Deauvil-
le five-point scale for *F-FDG PET/CT interpretation. This sca-
le is scored relative to reference activity in the mediastinal
blood pool and liver. A score of 1 means no uptake or no resi-
dual uptake. A score of 2 means uptake less than or equal to
the mediastinum. A score of 3 means uptake greater than the
mediastinum but less than or equal to the liver. A score of 4
means uptake is moderately higher thanin the liver. Finally, a
score of 5 means markedly increased uptake or the presence
of new "“F-FDG-avid lesions.

These scores were then translated into response catego-
ries, where complete metabolic response (CMR) was defined
asascore of 1-3in nodal or extranodal sites with or without
a residual mass. Partial metabolic response (PMR) was defi-
ned as a score of 4 or 5 with decreased uptake compared to
baseline and residual masses of any size. Stable disease (SD)
was defined as a score of 4 or 5 with no significant change in
uptake. Finally, progressive disease (PD) was defined as a
score of 4 or 5 with increased uptake compared to baseline
and or new sites of "F-FDG uptake consistent with lym-
phoma.

Statistical analysis

The pvcTLG and TMTYV for lymph nodes and global SUVmean
for bone marrow before and after the initiation of treatment
were compared using the Wilcoxon signed-rank test. For the
spleen and hepatic assessment, the average SUVmean before
and after initiation of treatment was compared using a two-
tailed paired t-test.

Results

The characteristics, response parameters, and complications
of the involved subjects are summarized in Tables 1, 2, and 3,
respectively.

"*F-FDG PET/CT image analysis results of various struc-
tures

Changes inlymphoma adenopathy

The average pvcTLG before and after treatment were 539.
22+831.00 (range: 5.20 to 3194.50) and 491.27+£1068.35
(range: 9.80 to 4671.10), respectively. pvcTLG decreased
after CAR-T therapy in 33 (80.5%) cases and increased in 8
(19.5%) patients. This difference was statistically significant
(P<0.001) (Figures 2 and 3). The average TMTV before treat-
mentwas 46.06+63.07 (range: 0.80to 262.70) and after treat-
ment was 30.40+41.62 (range: 1.10 to 159.10), demonstra-
ting an average percent change of -40% between the gro-
ups. This difference was statistically significant (P<0.001).
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Figure 1. Segmentation method of structures analysed in this study. a) Lymph node active lesions were covered with spherical or cylindrical masks, and lesion bo-
undaries were defined using ROVER software's adaptive thresholding technique with a threshold of 40% of the SUVmax. ROVER software automatically computed
pvcTLG, ameasure of global lymphoma burden in lymph nodes. b) The fused “F-FDG PET/CT image shows the method used to assess bone marrow disease, with green co-
lor covering the entire bone marrow, indicating the assigned ROI. This segmentation method was performed for all skeletal structures on the PET/CT scan. ¢) “F-FDG
PET/CT, and fused "F-FDG PET/CT images demonstrate (T-based segmentation of bone marrow activity using an iterative Hounsfield unit threshold followed by amor-
phological closing algorithm. The global SUVmean of bone marrow activity was calculated as the average SUVmean of all voxels within the ROI. d) A fused "“F-FDG PET/CT
image shows amanually drawn ROl over the spleen in the coronal section. The entire spleen was similarly segmented using Osirix software to calculate the global splenic
SUVmean. e) A fused "F-FDG PET/CT scan displays the hepatic ROI, where the entire liver was segmented while carefully excluding the bile duct, portal vein, and gal-
Ibladder.

Hellenic Journal of Nuclear Medicine * January-April 2026 www.nuclmed.gr



Original Article

Table 1. Characteristics: A summary of demographic and clinical characteristics of the subjects included in this study.

Total (N=41)
Age 59.2+13.8 years
Race 40
1
Gender 25
16
g.lnal Iymphoma Diffuse large B-cell lymphoma (DLBCL) 41
iagnosis
Chemotherapy and 2
immunotherapy
Bendamustine 7
Fludarabine/Cyclophosphamide 2
30
Timeline # of days between first infusion of CAR-T therapy  Average interval of 77.59+29.89 (range:
and interim scan 26-179)

# of days between baseline scan and first CAR-T  Average interval of 43.56+53.98 (range:
therapy infusion 3-332)

Average interval of 121.15+63.89 days

# of days between baseline and interim scan (range: 35-437 days)

Data expressed as meantstandard deviation or numbers.

Table 2. Response parameters:Asummary of *F-FDG PET and response parameters for the subjects included in this study.

Total (N=41)
Complete metabolic 24
response
Response based
on Lugano imaging Partial metabolic 7
criteria response
Progressive metabolic 9

disease

Incompletely evaluated

Average pre-

treatment pvcTLG Lymphoma adenopathy

539.22+831.00 (range: 5.20 to 3194.50)

(Continued)
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Average pre-treatment

TMTV Lymphoma adenopathy 46.06+63.07 (range: 0.80 to 262.70)
Average pre-treatment .
SUVmean Bone marrow 1.311£0.37 (range: 0.84 to 2.39)
Spleen 1.96+0.68 (range: 1.32 to 4.37)
Liver 2.30£0.42 (range: 1.65 to 3.52)
Average post-treatment Lymphoma adenopathy 491.27+1068.35 (range: 9.80 to 4671.10)
pvcTLG
%eTr\a/ge post-treatment Lymphoma adenopathy 30.40+41.62 (range: 1.10 to 159.10)
Average post-treatment Bone marrow 1.16+0.33 (range: 0.82 to 2.83)
SUVmean
Spleen 1.77+0.45 (range: 0.87 to 3.28)
Liver 2.3110.40 (range: 1.37 to 3.24)

Dataexpressed as meanztstandard deviation ornumbers.

Table 3. Complications: Asummary of treatment complications subjects included in this study experienced.

Total (N=41)
Complications Cytokine release syndrome (CRS) 19
Neurotoxicity/Immune effector cell associated 1
neurotoxicity (ICANS)
Cytopenias 1
Atrial fibrillation 0
Infection (Methicillin-resistant Staphylococcus 1
aureus (MRSA) bacteremia/L3-L4 spine
osteomyelitis, pneumonia, and shingles)
Acute exacerbation of congestive heart failure 1
(CHF)
Non-specific (Fever, fatigue, muscle cramps, 9
headache, cough, nausea, vomiting, and upper
respiratory symptoms)
None 9

Dataexpressed as meantstandard deviation
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Figure 2. A 68-year-old male patient with diffuse large B-cell ymphoma had a baseline pvcTLG of 273611.3 (a), and 79 days after treatment with Tisagenlecleucel
(Kymriah), his pvcTLG decreased to 0 (b).

Figure 3. A 55-year-old male patient with diffuse large B-cell lymphoma had a baseline pvcTLG of 2540.8 (a), and 137 days after treatment with Tisagenlecleucel
(Kymriah), the pvcTLG decreased to 171.8 (b).
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Changesinbone marrow

The global SUVmean before treatment was 1.31+£0.37 (ran-
ge: 0.84 to 2.39), whereas after treatment, it was 1.16+0.33
(range: 0.82 to 2.83), demonstrating an average percent chan-
ge of -11.45%. Fluorine-18-FDG uptake in the bone marrow
decreased after initiation of treatment in 30 (73.2%) and in-
creased in 11 (26.8%) of the 41 cases. This difference was sta-
tistically significant (P=0.002).

Changesinspleen

The average SUVmean of the spleen before treatment was
1.96+0.68 (range: 1.32 to 4.37) compared to 1.77+0.45 (ran-
ge: 0.87 to 3.28) after treatment. The mean difference betwe-
en the post-treatment and pre-treatment global SUVmean
was 0.22+0.66 (range: -3.17 to 0.65). The global splenic
SUVmean decreased after initiation of treatmentin 25 (61%)
andincreasedin 16 (39%) of 41 cases (P=0.017).

Changesinliver

The global hepatic SUVmean before treatment was 2.30+
0.42 (range: 1.65to 3.52) compared to 2.31+0.40 (range: 1.37
to 3.24) after treatment. Fluorine-18-FDG uptake in the liver
decreased after initiation of treatment in 19 (46.3%) and
increased in 22 (53.65%) of the 41 cases. This difference was
not statistically significant (P=0.21).

Discussion

This study evaluated the role of "F-FDG PET/CT using a
global assessment technique to characterize changes in me-
tabolic activity in lymphoma adenopathy and other reticulo-
endothelial organs following tisagenlecleucel therapy in pa-
tients with DLBCL. Our findings revealed significant decre-
ases in post-treatment "“F-FDG uptake in lymphoma adeno-
pathy, bone marrow, and spleen following therapy, while up-
take in the liver remained statistically unchanged from base-
line.These results provide valuable insight into the metabolic
response patterns across multiple reticuloendothelial or-
gans in patients receiving this therapy. To our knowledge,
this is the first study to comprehensively evaluate changesin
the metabolic activity of lymphoma adenopathy and other
reticuloendothelial organs, such as the bone marrow, spleen,
and liver, following CAR-T therapy using “F-FDG PET/CT.
Lymphoma adenopathy assessment revealed a significant
reduction in pvcTLG and TMTV following tisagenlecleucel
therapy. This decline may indicate a metabolic response and
potential tumor regression following therapy. This finding
aligns with other studies [7, 9, 10]. Derlin et al. (2021) found
that achieving remission required early metabolic response
(P=0.0476) and that early metabolic changes in lymphoma
lesions parallel medium-term response to CAR-T therapy [7].
The difference between our findings and those of Derlin et al.
(2021) is that their study focused on early changes at 30- and
90-day post-therapy, whereas our study examined changes
at an average of 121 days, capturing longer-term metabolic
responses. Georgi et al. (2023) found that 42% of all patients
with a complete metabolic response remained in remission 1
year after CAR-T therapy, while a higher total metabolic tu-

mor volume before CAR-T cell infusion was associated with
lower chances of a complete metabolic response [9]. The dif-
ference between our findings and Georgi et al. (2023) is that
their study used axicabtagene ciloleucel in addition to tisa-
genlecleucel, whereas our study focused on Tisagenlecleucel
alone[9].

We found a statistically significant decrease in the global
SUVmean of bone marrow after Tisagenlecleucel therapy.
While our study focused on changes in SUVmean due to tisa-
genlecleucel, a similar decrease in SUVmax of the bone mar-
row has been reported following chemotherapy. Alobthani
et al. found a significant reduction from pre-chemotherapy
to post-chemotherapy SUVmax of *F-FDG in the lumbar bo-
ne marrow. This may suggest that CAR-T agents such as tisa-
genlecleucel exert similar effects to those of chemotherapy
on the bone marrow [11]. Kenkel et al. (2023) found that bo-
ne marrow aplasia could also be a side effect of Tisagenlecle-
ucel, butthe mechanismis unclear whether this stemsfroma
reduction or dysfunction of bone marrow or suppression of
hematopoietic stem cells [12]. On histological examination,
Yeung et al. (2024) found reductions in bone marrow cellu-
larity in 25.5% of patients, approximately 35.5 days after Tisa-
genlecleucel therapy[13].

We found a statistically significant decrease in the
SUVmean of the spleen after therapy. While the decrease in
SUVmean of spleen in patients with DLBCL with splenic in-
volvement may indicate a treatment response, the decrease
in SUVmean of spleen in those without splenic involvement
may suggest a lack of immune response [7]. While assessing
splenic metabolic activity as an off-target lymphoid organ
due to CD19-targeting CAR-T-cell therapy in DLBCL, Derlin et
al. (2021) found that early suppression of metabolic activity in
lymphoid organs such as the spleen was associated with a
poor outcome [7]. This may suggest that decreased splenic
activity may indicate inadequate immune activation rather
than treatment success. The spleen serves as a crucial reticu-
loendothelial organ in both innate and adaptive immune res-
ponses, where dendritic cells and T cells interact to facilitate
antigen processing and become exposed to proinflamma-
tory cytokines. During immune activation, these cells shift to
aerobic glycolysis, which can be detected as increased "F-
FDG uptake. The difference between our findings and Derlin
et al. (2021) is the timing of assessment - their study exami-
ned early changes (30 and 90 days) associated with poor out-
comes [7], while our study evaluated longer-term changes
(average 121 days), where decreased splenic uptake may ref-
lect successful resolution of therapy-related immune activa-
tion and disease-related inflammation.

We found no statistically significant change in the
SUVmean of the liver after tisagenlecleucel therapy. This fin-
ding aligns with the established principle that hepatic meta-
bolism remains stable and serves as a reference tissue while
monitoring treatment response in lymphoma. Several studi-
es have demonstrated that liver SUVmean is generally stable
overtime, forming the basis for the Lugano criteria [14-16]. At
the same time, some cancer treatments can alter hepatic me-
tabolism [17, 18]. For example, chemotherapy leads to cycle-
dependent fatty liver changes in lymphoma patients, and
various biological factors, such as body mass index, glucose
levels, and the timing of imaging, can influence the hepatic
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SUVmean [17, 18]. The stability of hepatic “F-FDG uptake
observed in this study supports its role as a reference organ
while evaluating the metabolic response of lymphoma to
Tisagenlecleucel.

Our study has several limitations.The retrospective nature
of this study may have introduced selection and confoun-
ding bias. Our analysis did not account for potential confo-
unding factors such as concurrent medications, previous
treatments, and patient-specific characteristics that might
affect “F-FDG uptake patterns independently of Tisagenle-
cleucel therapy. A significant limitation is the wide variabi-
lity in the follow-up interval between baseline and post-tre-
atment scans (range: 35-437 days, mean: 121.2+63.9 days).
This heterogeneity in imaging timing reflects real-world cli-
nical practice but may influence our ability to accurately dif-
ferentiate early treatment-related inflammatory changes
from longer-term metabolic responses and could affect the
assessment of treatment response and toxicity patterns.
Standardized imaging timepoints in future prospective stu-
dies would better characterize the temporal dynamics of
metabolic changes following tisagenlecleucel therapy. Ad-
ditionally, while *F-FDG PET/CT provides valuable metabo-
lic information, it cannot definitively distinguish between
inflammatory changes and residual disease activity. Our
sample size, though reasonable for this specialized therapy,
limits the statistical power to perform comprehensive sub-
group analyses based on lymphoma subtypes or patient
characteristics. Finally, the absence of long-term follow-up
data restricts our ability to correlate early metabolic res-
ponses with definitive clinical outcomes such as overall sur-
vival and progression-free survival. Future prospective stu-
dies with larger sample sizes and extended follow-up would
help address these limitations.

In conclusion, this study demonstrates that the global as-
sessment technique using "*F-FDG PET/CT can comprehen-
sively and quantitatively evaluate metabolicchangesin reti-
culoendothelial organs following Tisagenlecleucel therapy
in DLBCL patients. Our study revealed significant reductions
in the metabolic activity of lymphoma adenopathy, bone
marrow, and spleen after Tisagenlecleucel therapy. These
findings have important clinicalimplications. The significant
decrease in lymphoma adenopathy metabolic activity, as
measured by pvcTLG and TMTV, demonstrates the utility of
"F-FDG PET/CT in quantitatively monitoring therapeutic
response to Tisagenlecleucel, which may aid in early identifi-
cation of responders versus non-responders. The observed
reduction in bone marrow metabolic activity may reflect
both treatment-related marrow suppression and resolution
of disease involvement, which clinicians should consider
when interpreting post-therapy imaging and managing po-
tential hematologic complications. Similarly, decreased sp-
lenic metabolicactivity in our cohort, assessed atan average
of 121 days post-therapy, may indicate resolution of the-
rapy-related immune activation and disease-related inflam-
mation, though the clinical significance requires careful in-
terpretation in the context of disease involvement and ti-
ming of assessment. Importantly, the preserved stability of
hepatic metabolism after therapy underscores the liver's
utility as a reliable reference organ while evaluating tre-

atment response. Together, these findings suggest that tisa-
genlecleucel induces a broad systemic metabolic response
within the reticuloendothelial system, and comprehensive
assessment of multiple organs beyond tumor sites may pro-
vide valuable information for therapeutic monitoring and
management of patients undergoing CAR-T cell therapy.

The authors declarethat they have no conflicts of interest.
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