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Background: Neoadjuvant immunotherapy has shown promising
short-term outcomes of perioperative treatments for resectable non-
small cell lung cancer (NSCLC) and is expected to release long-term
survival benefits. Here, we reported the long-term prognostic value
of 18F-FDG PET/CT over ∼a 5-year follow-up.

Patients and Methods: A total of 35 patients with NSCLC (29 males
and 6 females; median age, 62 y) received 2 doses of sintilimab,
followed by complete tumor resection and PET/CT scans at baseline
and post-neoadjuvant stages. We investigated the prognostic value
of PET/CT for overall survival (OS) and progression-free survival
(PFS), focusing on metabolic parameters of primary tumors,
mediastinal lymph nodes, lymphoid organs, and immune-related
adverse events on imaging.

Results: During a median follow-up of 62.6 months, patients with
low primary tumor metabolism (SULmax ≤ 6.6, SULpeak ≤ 4.0/3.9,
or SULmean ≤ 2.7) at post-neoadjuvant scan were alive and disease-
free, demonstrating improved OS (P = 0.07, 0.07, and 0.09) and
significantly enhanced PFS (P = 0.01, 0.02, and 0.02); those with
low metabolic tumor volume ≤ 49.3 or total lesion glycolysis ≤ 41.0
at post-neoadjuvant scan also had significantly improved OS (P =
0.03 and 0.05). Patients with low lymph node metabolism (SULmax

≤ 4.6) at baseline scan had significantly improved PFS (P = 0.04).

Conclusions: This is the first study to report the long-term prog-
nostic value of 18F-FDG PET/CT for resectable NSCLC after
neoadjuvant immunotherapy. Low primary tumor metabolism at
post-neoadjuvant scan and low lymph node metabolism at baseline
scan are promising prognostic markers for improved clinical
outcomes.
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R ecent advancements in immune checkpoint inhibitors
have revolutionized the treatment landscape and out-

comes for metastatic non-small cell lung cancer (NSCLC)
lacking oncogenic driver mutations. For patients with
resectable early-stage and locally advanced NSCLC,
including most stage I–II and part of stage III cases, ∼30%–
55% of patients develop recurrence or die of disease despite
radical surgery,1 highlighting the critical need for therapy
innovation. Ongoing neoadjuvant immunotherapy trials
have shown promising short-term outcomes, including
safety, tolerability, and achieving major pathologic
response.2–5 The potential benefits of neoadjuvant immu-
notherapy include presurgical tumor reduction, improved
operability, early micrometastases elimination, prevention
of distant disease, and enhanced antigen-specific T-cell
response.6 Despite these promising short-term outcomes,
long-term data and prognostic biomarkers for optimal
clinical outcomes are still awaited.

To date, studies evaluating the efficacy of biomarkers
for immunotherapy have focused on tumor or micro-
environmental biological parameters. Despite the limita-
tions of invasive procedures and intratumoral heterogeneity,
programmed death ligand 1 expression and tumor muta-
tional burden are important predictive and prognostic
biomarkers.7,8 Imaging biomarkers are sometimes challeng-
ing. 18F-FDG PET/CT is considered to overcome the
limitations of morphologic differences and is suitable for
evaluating immunotherapy efficacy.9 Significant associa-
tions have been observed between tumor metabolic param-
eters (particularly SUVmax or SULmax) with programmed
death ligand 1 expression and tumor mutational burden.10,11
PET/CT has also demonstrated a remarkable predictive and
prognostic role for advanced NSCLC undergoing
immunotherapy.12,13 However, the prognostic value of
PET/CT in the neoadjuvant immunotherapy setting has
not yet been reported.DOI: 10.1097/RLU.0000000000005910
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The safety and short-term efficacy of neoadjuvant
sintilimab for resectable NSCLC have been confirmed.3 The
results particularly highlighted that metabolic parameters of
PET/CT can predict the major pathologic response,14 which
is considered a vital short-term endpoint with the potential
to replace survival outcomes. In the current study, we
investigated the prognostic value of 18F-FDG PET/CT over
a 5-year period, focusing on metabolic parameters of
primary tumors, mediastinal lymph nodes (LNs), lymphoid
organs, and immune-related adverse events (irAEs) on
imaging. To the best of our knowledge, this is the first
study to report the long-term prognostic value of 18F-FDG
PET/CT in patients with NSCLC undergoing neoadjuvant
immunotherapy, providing a promising and imaging-
derived tool for stratifying patient clinical outcomes.

PATIENTS AND METHODS

Patients
Patients in a prospective, single-center, single-arm,

phase Ib trial from March 6, 2018 to March 8, 2019 were
included. Among 40 patients with resectable NSCLC, 35
patients who underwent complete tumor resection and
18F-FDG PET/CT scans at baseline and post-neoadjuvant
were included in the present study. Five patients were
excluded; 2 of them underwent baseline PET/CT in other
hospitals, and 3 did not have tumor resection after
neoadjuvant therapy. The trial included treatment-naive
NSCLC at stage IA–IIIB (AJCC 8th edition) with a primary
tumor diameter ≥ 2 cm. The key exclusion criteria were
epidermal growth factor receptor–sensitive mutation, active
autoimmune diseases, ongoing systemic immunosuppressive
therapy, active and uncontrolled infection, and any other
known malignant tumor. The patients received 2 doses of
200 mg intravenous sintilimab on days 1 and 22, followed by
complete tumor resection and LN dissection within
29–43 days after neoadjuvant sintilimab. Consistent across
all patients, PET/CT was performed at baseline scan (before
neoadjuvant sintilimab administration) and post-neoadju-
vant scan (following the second dose of sintilimab and
within 1 week before surgery). Three adjuvant therapies
were administered based on the clinical condition post-
surgery and multidisciplinary committee discussions (Sup-
plemental Table S1, Supplemental Digital Content 1, http://
links.lww.com/CNM/A554 and Supplemental Table S2,
Supplemental Digital Content 1, http://links.lww.com/
CNM/A554): (1) sintilimab monotherapy, (2) chemotherapy
combined with sintilimab, or (3) conventional chemo-
therapy or chemoradiation therapy. The study flowchart is
presented in Figure 1. This clinical trial was conducted in
accordance with the Declaration of Helsinki and approved
by the Ethics Committee and Institutional Review Board.
All patients provided informed consent before PET/CT
examinations.

18F-FDG PET/CT Acquisition and Image Analysis
Patients underwent whole-body PET/CT after intra-

venous administration of 18F-FDG (3.70–4.44 MBq/kg),
and images were obtained ∼50–70 minutes later. The
difference in 18F-FDG dose between the baseline and
post-neoadjuvant PET/CT scans was < 20%, and the uptake
time was < 15 minutes. PET/CT was performed using an
integrated PET/CT device (Discovery 690; GE Healthcare)
with spiral CT (tube voltage, 120 kV; tube current, 150 mA;
slice thickness, 3.75 mm; and rotation speed, 0.8 s) in three-

dimensional mode. Images from head to thigh were
obtained at 2 minutes per frame and reconstructed using
the VPFX-S algorithm (2 iterations, 24 subsets, 4 mm
Gaussian post-filter). A breath-hold thoracic spiral CT scan
(tube voltage, 120 kV; tube current using the automatic
milliampere-second technology; slice thickness, 5 mm; and
rotation speed, 0.5 s) was performed after PET/CT scan.

PET/CT images were analyzed on an Advantage
Workstation (version 4.6; GE Healthcare) using PETVCAR
(PET Volume Computerized Assisted Reporting), an
automated segmentation software system with an iterative
adaptive algorithm for detecting threshold levels. Images
were retrospectively interpreted together by 2 radiologists
(with 6 and 20 y of experience in thoracic tumor imaging,
respectively) who were blinded to clinical data. In case of
inconsistency between the 2 radiologists, a third radiologist
(with more than 40 y of experience in thoracic tumor
imaging) independently reviewed the images and made the
final decision. Any disagreements were resolved by
consensus.

Primary Tumor Metabolism and Treatment Response
to Neoadjuvant Sintilimab

The volume-of-interest (VOI) of the primary tumor
was auto-contoured using a three-dimensional cube that
contained all FDG PET-positive areas in the axial, coronal,
and sagittal planes. The following standardized uptake
value lean body mass (SUL) was calculated: SULmax,
SULmean, SULpeak, metabolic tumor volume (MTV), and
total lesion glycolysis (TLG). SUL, calculated using lean
body mass rather than total body weight, provides a more
consistent and accurate measurement by avoiding the bias
from adipose tissue, as adipose tissue metabolizes far less
18F-FDG than other tissues. It also facilitates the evaluation
of treatment response according to PERCIST criteria,15
where SUL has been recommended to replace SUV.
Metabolic parameters were measured by PETVCAR, which
is an automated segmentation software that uses an
adaptive iterative algorithm to detect the threshold level of
the target volume. This adaptive iterative algorithm
automatically separated the target volume from the back-
ground tissue by weighting the SULmax and the SULmean
with a weighting factor as a Boolean variable (0 ≤ω ≤ 1,
where 0 = background and 1 = voxel of interest). Each
voxel was assigned 0 or 1 to include or exclude it from the
defined volume. The weighting factor was set at 0.5.16

The treatment response to neoadjuvant sintilimab was
divided into complete metabolic response (CMR), partial
metabolic response (PMR), stable metabolic disease (SMD),
and progressive metabolic disease (PMD) according to the
PERCIST criteria.15 Patients were classified as responders
(CMR + PMR) or nonresponders (SMD + PMD).

Mediastinal Lymph Nodes Metabolism
LNs were identified in a binary manner as either

positive or negative, which was clinically feasible. PET/CT-
positive LNs (PET/CT-LN+) were identified as LNs with
short-axis diameters ≥ 10 mm on CT component images
and SULmax ≥ 2.5 on PET component images combing
morphologic and functional information, which was con-
sistent with the optimal threshold and was applied in
previous studies.17–20 LNs with the following benign
features were excluded:21,22 (1) lymphatic hilum, (2) benign
calcification, and (3) high attenuation (nodes with higher
attenuation than those of the mediastinal vascular structures
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on unenhanced CT images). Radiologists visually count the
number of PET/CT-LN+ to avoid confusion caused by
noise, physiological uptake, and inaccurate matching
between PET and CT morphology. The number and
SULmax of PET/CT-LN+ for each patient were recorded.
For patients who had more than one PET/CT-LN+, the
highest nodal SULmax was carefully measured and recorded.
Unrecognizable LNs were considered as PET/CT-negative
LNs (PET/CT-LN−), with the SUL values considered 0 for
the analysis.

Lymphoid Organ Metabolism: Spleen and Bone
Marrow Metabolism

Spleen and bone marrow metabolism were normalized
using the spleen-to-liver ratio (SLR) and the bone marrow-
to-liver ratio (BLR). They were calculated as the spleen
SULmean divided by liver SULmean and the bone marrow
SULmean divided by liver SULmean.23 A spherical VOI of
30 mm diameter was placed on the right liver lobe, and a
spherical VOI of 20 mm diameter was placed at the center of
the spleen. Four spherical VOIs of 15 mm diameter were
placed in the center of the L1–L4 (lumbar) vertebral bodies,
whereas VOIs with vertebral fractures, metastatic lesions,
hemangiomas, severe lumbar osteoarthritis, or a history of
lumbar spine surgery were excluded. SULmean of the bone
marrow was defined as the average SULmean of all the
vertebral bodies.

Immune-related Adverse Events on PET/CT
IrAEs on PET/CT refer to immunotherapy-induced

organ inflammation detected on PET/CT, defined as diffuse
and homogeneous organ uptake that was newly emerging or
markedly increased compared with the baseline image
(quantitatively, SULpeak increased by > 30%).24 Diffuse
uptake of thyroiditis, pneumonitis, mediastinal granuloma-
tous reaction, hepatitis, pancreatitis, gastritis, colitis, cuta-
neous inflammation, pleuritis, osteoarticular inflammation,
and other organ inflammations were collected separately.
Notably, there was no correspondence between clinically
reported irAEs and irAEs on PET/CT. Clinical irAEs were
not the focus of the present study.

Follow-up and outcomes: Overall Survival and
Progression-free Survival

Patients were followed for radiographic tumor evaluation
every 3 months using contrast-enhanced CT after treatment
discontinuation. Patients who did not undergo imaging at our
hospital were followed up by telephone. All patients were
followed up for ∼5 years or until death, and the last follow-up
date was December 31, 2023. In addition, MRI or contrast-
enhanced CT was performed at baseline to rule out baseline
brain metastases. Overall survival (OS) was defined as the time
from the first sintilimab administration to the date of death
from any cause. Progression-free survival (PFS) was defined as
the time from the first sintilimab administration to tumor
recurrence after surgery or death from any cause.

Statistical Analysis
Metabolic parameters of primary tumor, LNs, lymphoid

organs, and irAEs on imaging were investigated for OS and
PFS over a 5-year follow-up to determine the prognostic role
of PET/CT. Surv_cutpoint function of the “survminer”
package in R software was used to calculate the optimal
cutoff value for quantitative metabolic parameters at base-
line, post-neoadjuvant, and percentage variation. The meta-
bolic parameters were dichotomized into “high” and “low”
subgroups based on the optimal cutoff values. Subgroups
comprising less than a quarter of patients (< 8 patients) were
not analyzed because unbalanced. Survival curves were
generated by the Kaplan-Meier method and compared using
the log-rank test. All reported P values were 2-sided, and P
≤ 0.05 was considered statistically significant. Statistical
analyses were performed using R software (version 4.0.3;
packages: survival, survminer, prodlim).

RESULTS

Patient Characteristics
Among the 35 enrolled patients (29 males and 6

females; median age, 62 y), 28 (80.0%) had a history of
smoking, and 29 (82.9%) were pathologically diagnosed
with squamous cell carcinoma. All patients underwent
surgery after neoadjuvant therapy, resulting in R0 resection

FIGURE 1. The flowchart of this study. NSCLC indicates non-small cell lung cancer.
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in 34 patients and R2 resection (due to mediastinal lymph
node invasion) in 1 patient. Overall, 20 (57.1%) patients had
pathologic stage I and II disease, 15 (42.9%) had pathologic
stage III disease, 17 (48.6%) had pathologic N0, 7 (20.0%)
had pathologic N1, and 11 (31.4%) had pathologic N2 after
neoadjuvant therapy. In addition, 15 (42.9%) patients
received sintilimab monotherapy, 10 (28.6%) received
chemotherapy combined with sintilimab, and 6 (17.1%)
received conventional chemotherapy or chemoradiation
therapy as adjuvant treatment after surgery. Patient
characteristics are summarized in Table 1.

Descriptive statistics of the quantitative parameters
derived from PET/CT of the primary tumor, LNs, and
lymphoid organs metabolism are summarized in Supple-
mental Figure S1 (Supplemental Digital Content 1, http://
links.lww.com/CNM/A554).

At baseline scan, 14 (40.0%) patients were PET/CT-LN
+ and 21 (60.0%) patients were PET/CT-LN−. There were

1, 2, and > 2 PET/CT-LN+ in 8 (22.9%), 4 (11.4%), and 2
(5.7%) patients, respectively. The median SULmax of PET/
CT-LN+ was 6.5 (range: 2.9−23.0). At post-neoadjuvant
scan, 11 (31.4%) patients were PET/CT-LN+ and 24
(68.6%) patients were PET/CT-LN−. There were 1, 2, and
> 2 PET/CT-LN+ in 6 (17.1%), 3 (8.6%), and 2 (5.7%)
patients, respectively. The median SULmax of PET/CT-LN+
was 5.8 (range: 2.8−8.7). Detailed information on PET/CT-
LNs+ and pathologic metastatic LNs are summarized in
Supplemental Table S3 (Supplemental Digital Content 1,
http://links.lww.com/CNM/A554). At baseline scan, patho-
logic metastatic LNs were detected in 78.6% (11/14) of PET/
CT-LN+ cases. At post-neoadjuvant scan, pathologic
metastatic LNs were identified in 81.8% (9/11) of PET/CT-
LN+ cases. The number of pathologic metastatic LNs after
neoadjuvant immunotherapy was significantly correlated
with the PET/CT-LN+ counts at baseline scan (r = 0.525,
P = 0.001) and post-neoadjuvant scan (r = 0.462, P =
0.005; Supplemental Fig. S2, Supplemental Digital Content
1, http://links.lww.com/CNM/A554 ).

The metabolic responses to sintilimab according to
PERCIST criteria were classified as CMR, PMR, SMD,
and PMD in 0 (0%), 13 (37.1%), 21 (60.0%), and one (2.9%)
of 35 patients, respectively. In addition, 37.1% (13/35) and
62.9% (22/35) patients were classified as responders and
nonresponders, respectively.

Overall, 23 (65.7%) patients displayed at least one site of
irAEs on PET/CT, including 9 (25.7%) with pneumonitis, 9
(25.7%) with thyroiditis, 8 (22.9%) with mediastinal gran-
ulomatous reaction, 4 (11.4%) with gastritis, 5 (14.3%) with
colitis, 2 (5.7%) with cutaneous inflammation, 1 (2.9%) with
osteoarticular inflammation, and 1 (2.9%) with pleuritis.

Survival Time
No patients were lost to follow-up. The median follow-

up for 35 patients was 62.6 months (95% CI: 62.2–63.0), and
the mean follow-up was 63.0 months (range: 1.73–70.8 mo).
At the 5-year follow-up, 8 (22.9%) patients had died, with 2
deaths shortly after the surgery due to serious adverse
events: disturbance of consciousness or immune-related
pneumonia. Nine (25.7%) patients had tumor recurrences
after surgery: 1 with local recurrence, 1 with lymph node
metastasis, 1 with bone metastasis, 3 with brain metastasis,
and 3 with lung metastasis. The 5-year OS rate was 76.7%
(95% CI: 63.7%–92.3%), and the 5-year PFS rate was 62.3%
(95% CI: 47.9%–80.9%; Fig. 2). The median OS and PFS
were not reached.

PET/CT Metabolic Parameters With 5-year
Overall Survival and Progression-free Survival

The prognostic value of primary tumor metabolism on
PET/CT at baseline scan, post-neoadjuvant scan, and
changes between the two scans were detailed based on the
5-year OS and PFS (Tables 2 and 3). The results
demonstrated that only primary tumor metabolism at
post-neoadjuvant scan had significant differences. All
patients with low primary tumor metabolism (based on
SULmax ≤ 6.6, SULpeak ≤ 4.0/3.9, or SULmean ≤ 2.7) at
post-neoadjuvant scan survived and did not undergo tumor
recurrence, showing improved OS (P = 0.07, 0.07, and 0.09;
Figs. 3A–C) and significantly improved PFS (P = 0.01,
0.02, and 0.02; Figs. 3D–F). Patients with low primary
tumor metabolism (based on MTV ≤ 49.3 or TLG ≤ 41.0)
at post-neoadjuvant scan had significantly improved OS (P
= 0.03 and 0.05; Figs. 4A and B).

TABLE 1. Baseline Patient Characteristics (N=35)

Clinical Characteristics Median (Range), n (%)

Age (y) 62 (48–70)
Sex
Male 29 (82.9)
Female 6 (17.1)

Histology
Adenocarcinoma 5 (14.3)
Squamous cell carcinoma 29 (82.9)
Mixed 1 (2.9)

Smoking history
Never 7 (20.0)
Former or current 28 (80.0)
Pack-years 25 (0–100)

Clinical stage at baseline*
cT (T1/2/3/4) 7 (20.0)/9 (25.7)/13

(37.1)/6 (17.1)
cN (N0/1/2) 13 (37.1)/10 (28.6)/12

(34.3)
cStage (I/II/III) 7 (20.0)/11 (31.4)/17

(48.6)
Surgical
R0 resection 34 (97.1)
R2 resection 1 (2.9)

Surgical type
VATS 4 (11.4)
UVATS 6 (17.1)
Open 25 (71.4)

Pathologic stage after neoadjuvant sintilimab*
ypT (T0-1/2/3/4) 15 (42.9)/10 (28.6)/9

(25.7)/1 (2.9)
ypN (N0/1/2) 17 (48.6)/7 (20.0)/11

(31.4)
ypStage (I/II/III) 11 (31.4)/9 (25.7)/15

(42.9)
Adjuvant therapy
Sintilimab monotherapy 15 (42.9)
Sintilimab + chemotherapy 10 (28.6)
Conventional chemotherapy ±

radiotherapy
6 (17.1)

None and NA† 4 (11.4)

*Based on the criteria of the American Joint Committee on Cancer,
eighth edition.

†Two patients did not receive adjuvant therapy after surgery. Two
patients died a short time after the surgery because of serious adverse events.

NA indicates not available; UAVTS, uniportal video-assisted thoraco-
scopic surgery; VTAS, video-assisted thoracoscopic surgery.
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Survival analyses based on the 5-year PFS indicated that
the optimal cutoff of 4.6 for LN SULmax at baseline scan
could stratify clinical outcomes. Patients with low LN
SULmax (≤ 4.6) at baseline scan had significantly improved
PFS (P = 0.04; Fig. 4C). The radiographic LN status
revealed no significant differences between the PET/CT-LN+
and PET/CT-LN− subgroups at baseline scan (5 y OS: P =
0.85; 5 y PFS: P = 0.19; Figs. 5A and F) or post-neoadjuvant
scan (5 y OS: P = 0.18; 5 y PFS: P = 0.49; Figs. 5B and G).

Survival analyses of the pathologic stage after neo-
adjuvant treatment revealed no significant differences between
pathologic stage subgroups (5 y OS: P = 0.84; 5 y PFS: P =
0.75; Figs. 5C and H) and pathologic N stage subgroups (5 y
OS: P = 0.98; 5 y PFS: P = 0.78; Figs. 5D and I).

According to the PERCIST criteria, no significant
differences were observed between responders and non-
responders in terms of 5-year OS and PFS (5 y OS: P =
0.42; 5 y PFS: P = 0.21; Figs. 5E and J). Nevertheless, the
5-year OS and PFS rates were higher in the responders than
in the nonresponders (5 y OS rate: 83.9% vs 72.7%; 5 y PFS
rate: 76.2% vs 54.5%).

No relationship was observed between lymphoid organ
metabolism (SLR and BLR) and clinical outcomes (all P >
0.05 or not available; Tables 2 and 3).

The occurrence of irAEs on PET/CT did not signifi-
cantly affect 5-year OS and PFS in overall and per-organ
analyses (all P > 0.05; Table 4).

DISCUSSION
The safety, tolerability, and promising short-term data of

neoadjuvant immunotherapy have contributed to the develop-
ment of perioperative treatments for resectable NSCLC.2–5
Given the paucity of long-term data and the lack of prognostic
biomarkers for optimal clinical outcomes, our study provides
key insights into the prognostic value of 18F-FDG PET/CT for
resectable NSCLC after neoadjuvant immunotherapy over a 5-
year follow-up. The preliminary results suggest that low
primary tumor metabolism at post-neoadjuvant scan and low
lymph node metabolism at baseline scan are promising
prognostic markers for improved clinical outcomes.

The tumor glucose uptake parameters can quantify
tumor aggressiveness and disease burden by assessing the

metabolic activity (SUL values) and metabolic volume
burden (MTV and TLG).25,26 As PET/CT at post-neo-
adjuvant scan served as a point of reference for residual
metabolic tumor activity and burden before surgery, high
tumor metabolism indicated greater residual tumor activity
and burden, posing a higher risk of recurrence. Conversely,
low tumor metabolism suggested reduced residual tumor
activity and burden, potentially leading to durable benefits.
Previous research has demonstrated the predictive value of
tumor metabolism after neoadjuvant immunotherapy in
relation to pathologic responses.14 Kaira et al27 also
demonstrated that FDG uptake after nivolumab treatment
was an independent prognostic factor for predicting PFS and
OS. Therefore, we revealed the clinical significance of PET/
CT after neoadjuvant therapy, which seemed to be more
valuable for monitoring immune response and prognosis
compared with the baseline scan. Furthermore, the necessity
and strategy for adjuvant therapy after surgery in the
neoadjuvant immunotherapy setting remains uncertain.
Patients with high tumor metabolism at post-neoadjuvant
scans tend to exhibit high residual disease burden and poor
prognosis. Determining whether these patients require addi-
tional adjuvant therapy after surgery is an important clinical
question that requires further investigation. PET/CT merges
as a promising tool for identifying candidates who may
require adjuvant therapy after surgery.

As LN positivity is an important prognostic factor, we
defined PET/CT-LN+ and studied the prognostic significance
at baseline and post-neoadjuvant scans separately. At base-
line scan, we considered that PET/CT-LN+ and FDG avidity
reflected the extent of malignant LN involvement. Results
indicated that the SULmax of LN at baseline scan is a
prognostic factor since patients with low LN SULmax (≤ 4.6)
had significantly improved PFS. Lee et al28 demonstrated that
a cutoff value of 4.0 provided the highest diagnostic ability for
identifying malignant LNs, achieving a specificity of 94.5%.
Therefore, in this study, patients with LN SULmax higher
than 4.6 likely indicated highly malignant LN involvement
and a poor prognosis. Whether these patients require
additional adjuvant therapy after surgery also warrants
further investigation. Our results showed that the pathologic
N stage after neoadjuvant therapy could not stratify
prognosis, consistent with the finding of Endoh et al,29 who

FIGURE 2. Kaplan-Meier curves of OS (A) and PFS (B) in the whole cohort for 5-year follow-up. OS indicates overall survival; PFS,
progression-free survival; NE, not evaluable; NR, not reported.
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indicated that abnormal FDG uptake of LNs is a more
efficient prognostic marker than pathologic N stage. At post-
neoadjuvant scan, the radiologic evaluation of LNs is
challenging owing to unique immunotherapy mechanism.30
Here, radiologically abnormal uptake by LNs may not
indicate a malignant involvement with pathologic
responses,31 but rather may manifest as a phenomenon called
“nodal immune flare,”32 which are deemed cancer-free and
contain non-caseating granulomas. The appearance of nodal
immune flares, attributed to immune activation rather than
true tumor involvement, is relatively common and is not
radiographically distinguishable so far. Our results indicated

that radiographic LN status and FDG avidity at post-
neoadjuvant scan could not stratify patient clinical outcomes,
likely attributed to the complexities in LN responses.

In our study, despite extensive collaboration with
pathologists and thoracic surgeons, node-by-node matching
between PET/CT-LNs and pathologic LNs proved unfeasible.
This limitation stemmed from several factors: PET/CT cannot
visualize all LNs, particularly smaller ones or those adjacent to
tumor tissue and interlobar (eg, stations 10–14), leading to a
higher number of positive LNs on pathology compared with
imaging. During surgery, LNs are resected regionally by
stations as a mass, rather than individually located.

TABLE 2. Prognostic Significance of PET/CT Parameters for 5-year OS

PET/CT Parameters Cutoff Events for High Events for Low HR (95% CI) P

Baseline scan
Primary tumor

SULmax 16.1 1/11 7/24 0.3 (0.1–1.1) 0.18
SULpeak 8.4 7/25 1/10 3.3 (0.8–14.6) 0.23
SULmean 5.5 7/23 1/12 4.3 (1.0–18.0) 0.13
MTV 57.2 4/7 4/28 — NA*
TLG 608.6 3/4 5/31 — NA*

LNs
SULmax 4.6 3/10 5/25 1.6 (0.3–7.3) 0.54

Lymphoid organs
SLR 0.9 4/5 4/30 — NA*
BLR 1.1 3/4 5/31 — NA*

Post-neoadjuvant scan
Primary tumor

SULmax 6.6 8/26 0/9 NA 0.07
SULpeak 4.0 8/26 0/9 NA 0.07
SULmean 2.7 8/27 0/8 NA 0.09
MTV 49.3 4/8 4/27 4.1 (0.7–23.9) 0.03
TLG 41.0 8/25 0/10 NA 0.05

LNs
SULmax 0 1/11 7/24 0.3 (0.1–1.1) 0.18

Lymphoid organs
SLR 0.8 7/24 1/11 3.8 (0.9–16.0) 0.18
BLR 0.7 7/23 1/12 4.1 (1.0–17.3) 0.15

Percentage variation (Δ%)
Primary tumor (%)

ΔSULmax% −18.9 6/18 2/17 3.3 (0.8–13.1) 0.12
ΔSULpeak% 10.5 0/5 8/30 NA*
ΔSULmean% −3.9 4/10 4/25 2.9 (0.6–14.4) 0.11
ΔMTV% 4.0 0/7 8/28 NA*
ΔTLG% −23 5/14 3/21 2.9 (0.7–12.3) 0.12

LNs (%)
ΔSULmax% −100 6/32 2/3 — NA*

Lymphoid organs (%)
ΔSLR% −9.0 4/29 4/6 — NA*
ΔBLR% −23.1 5/31 3/4 — NA*

Absolute metabolism change
Primary tumor

ΔSULmax −2.4 6/19 2/16 2.9 (0.7–11.4) 0.18
ΔSULpeak 0.9 0/4 8/31 — NA*
ΔSULmean −0.1 4/11 4/24 2.6 (0.5–11.9) 0.17
ΔMTV −36.0 6/32 2/3 — NA*
ΔTLG −694.1 6/32 2/3 — NA*

LNs
ΔSULmax −6.1 6/30 2/5 — NA*

Lymphoid organs
ΔSLR −0.08 4/29 4/6 — NA*
ΔBLR −0.23 5/31 3/4 — NA*

*Unbalanced subgroups with less than one-quarter of patients (< 8 patients) were not analyzed.
BLR indicates bone marrow-to-liver ratio; HR, hazard ratio; LNs, lymph nodes; MTV, metabolic tumor volume; NA, not available; OS, overall survival;

SLR, spleen-to-liver ratio; SUL, the standardized uptake value corrected by lean body mass; TLG, total lesion glycolysis.
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Neoadjuvant therapy increases the difficulty of diagnosing LNs
through both pathology and imaging. Discrepancies also arise
from variations in surgical resection scope, patient positioning,
and breathing motion. Consequently, we established a radio-
logic definition of PET/CT-LNs+ to identify target LNs for
clinical focus. Our analysis revealed significant positive
correlations between PET/CT-LNs+ and pathologic metastatic
LNs. Though not perfect, the significant positive correlations
suggest that PET/CT-LNs+ are strongly associated with
pathologic metastasis, whereas PET/CT-LNs− are more likely
benign. Nevertheless, efforts still need to explore objective and
precise node-by-node matching between preoperative imaging
and postoperative pathologic evaluation in future studies.

Kaplan-Meier analysis revealed higher 5-year OS and
PFS rates in responders than those in nonresponders,
however, the difference was not statistically significant.
Notably, 2 responders died, neither due to tumor progression.
One patient died of pneumonitis shortly after surgery, and
another did not have tumor recurrence but died unexpectedly
from hypoglycemia for nearly 5-year follow-up. Thus,
survival benefits for responders should be considered,
excluding surgical and accident-related deaths. As random
events could greatly impact the results due to the limited
sample size, we propose that radiologic responders may
derive better survival benefits. Further investigation with a
larger sample size may yield statistically significant results.

TABLE 3. Prognostic Significance of PET/CT Parameters for 5-year PFS

PET/CT Parameters Cutoff Events for High Events for Low HR (95% CI) P

Baseline scan
Primary tumor

SULmax 11.1 11/25 2/10 2.5 (0.8–8.2) 0.21
SULpeak 9.0 10/21 3/14 2.7 (0.9–8.1) 0.11
SULmean 5.5 11/23 2/12 3.6 (1.2–10.9) 0.08
MTV 21.1 10/20 3/15 3.2 (1.1–9.5) 0.06
TLG 30.1 13/31 0/4 — NA*

LNs
SULmax 4.6 6/10 7/25 2.9 (0.8–10.8) 0.04

Lymphoid organs
SLR 0.9 4/5 9/30 — NA*
BLR 0.6 13/30 0/5 — NA*

Post-neoadjuvant scan
Primary tumor

SULmax 6.6 13/26 0/9 NA 0.01
SULpeak 3.9 13/27 0/8 NA 0.02
SULmean 2.7 13/27 0/8 NA 0.02
MTV 11.0 11/23 2/12 3.3 (1.1–10.1) 0.10
TLG 26.3 13/29 0/6 — NA*

LNs
SULmax 4.3 4/7 9/28 — NA*

Lymphoid organs
SLR 0.8 11/26 2/9 2.0 (0.6–6.7) 0.37
BLR 0.6 13/31 0/4 — NA*

Percentage variation (Δ%)
Primary tumor (%)

ΔSULmax% −32.1 10/21 3/14 2.6 (0.9–7.7) 0.14
ΔSULpeak% 10.5 13/30 0/5 — NA*
ΔSULmean% −57.3 11/24 2/11 3.1 (1.0–9.6) 0.12
ΔMTV% 4.0 0/7 13/28 — NA*
ΔTLG% −45.4 9/18 4/17 2.6 (0.9–7.7) 0.10

LNs (%)
ΔSULmax% −77.4 10/31 3/4 — NA*

Lymphoid organs (%)
ΔSLR% −9.0 9/29 4/6 — NA*
ΔBLR% −23.1 10/31 3/4 — NA*

Absolute metabolism change
Primary tumor

ΔSULmax −5.0 10/21 3/14 2.6 (0.9–7.7) 0.14
ΔSULpeak 0.9 0/4 13/31 — NA*
ΔSULmean −2.6 10/21 3/14 2.6 (0.9–7.7) 0.14
ΔMTV 1.7 0/5 13/30 — NA*
ΔTLG 15.2 0/4 13/31 — NA*

LNs
ΔSULmax −9.5 11/32 2/3 — NA*

Lymphoid organs
ΔSLR −0.08 9/29 4/6 — NA*
ΔBLR 0.16 3/4 10/31 — NA*

*Unbalanced subgroups with less than one-quarter of patients (< 8 patients) were not analyzed.
BLR indicates bone marrow-to-liver ratio; HR, hazard ratio; LNs, lymph nodes; MTV, metabolic tumor volume; NA, not available; PFS, progression-free

survival; SLR, spleen-to-liver ratio; SUL, the standardized uptake value corrected by lean body mass; TLG, total lesion glycolysis.
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FIGURE 3. Kaplan-Meier curves of OS and PFS according to the primary tumor metabolism at post-neoadjuvant scan. A–C, Kaplan-Meier
estimated OS according to the primary tumor SULmax (A), SULpeak (B), and SULmean (C) at post-neoadjuvant scan. D–F, Kaplan-Meier
estimated PFS according to the primary tumor SULmax (D), SULpeak (E), and SULmean (F) at post-neoadjuvant scan. OS indicates overall
survival; PFS, progression-free survival; SUL, the standardized uptake value corrected by lean body mass; NA, not available.
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The links between cancer, inflammation, and immunosup-
pression are well recognized.33 The immune response elicited in
cancer-associated lymphoid tissues can be estimated on PET/CT
using bone marrow and spleen FDG uptake measurements as
surrogates.34 Studies have confirmed that lymphoid organ
metabolism, as a prognostic marker, was associated with negative
clinical outcomes and systemic immunosuppression,34,35 as

cancer-related inflammation promotes tumor growth and malig-
nant progression.36 However, the relationship between lymphoid
organ metabolism and clinical outcomes was not observed in this
study, mainly because of the unbalanced subgroups with less than
one-quarter of patients. Whether lymphoid organmetabolism has
prognostic value in neoadjuvant immunotherapy warrants further
investigation.

FIGURE 4. Kaplan-Meier curves of OS according to the primary tumor metabolism at post-neoadjuvant scan and PFS according to the
LN metabolism at baseline scan. A and B, Kaplan-Meier estimated OS according to the primary tumor MTV (A) and TLG (B) at post-
neoadjuvant scan. C, Kaplan-Meier estimated PFS according to the LN SULmax at baseline scan. OS indicates overall survival; PFS,
progression-free survival; MTV, metabolic tumor volume; TLG, total lesion glycolysis; LN, lymph node; SUL, the standardized uptake value
corrected by lean body mass; NA, not available.

FIGURE 5. Kaplan-Meier curves of OS and PFS according to radiographic LN status, pathologic stage, and treatment response. A–E,
Kaplan-Meier estimated OS according to radiographic LN status at baseline and post-neoadjuvant scans (A and B), pathologic stage after
neoadjuvant sintilimab (C and D), and treatment response by PERCIST criteria (E). F–J, Kaplan-Meier estimated PFS according to
radiographically LN status at baseline and post-neoadjuvant scans (F and G), pathologic stage after neoadjuvant sintilimab (H and I), and
treatment response by PERCIST criteria (J). OS indicates overall survival; PFS, progression-free survival; LN, lymph node; LN+, positive
lymph nodes; LN−, negative lymph nodes; NA, not available.
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Immune-related organ inflammatory events are fre-
quently detected using PET/CT in response evaluations with
a relatively high detection rate,37,38 regardless of symptoms
or not. Studies have suggested that clinical irAEs associated
with more favorable efficacy and outcomes of immunother-
apy, however, results remain controversial. Although
inconsistency exists between clinical irAEs and those
detected on PET/CT, imaging findings may precede clinical
symptoms, leading to earlier therapeutic management. The
prognostic value of irAEs on PET/CT has been poorly
investigated. In this study, irAEs on PET/CT did not show
significant prognostic value in the overall and per-organ
analyses. Conversely, Humbert et al24 demonstrated that
immune-related gastritis on PET/CT was a novel and strong
imaging biomarker for improved survival. Notably, 4
patients in the study developed gastritis on PET/CT, and
none of them died. The physio-pathological explanation for
the association between immune-related gastritis and
improved outcomes is unclear. The role of microbiota in
regulating cancer response and toxicity to immune check-
point inhibitors could be interesting findings.39

The influence of adjuvant therapy on patient prognosis
remains a critical issue. In this study, 3 adjuvant therapies
were administered based on multidisciplinary committee
discussions with a primary focus on the postoperative
pathologic staging and pathologic response (Supplemental
Table S2, Supplemental Digital Content 1, http://links.lww.
com/CNM/A554), which introduced bias in the survival
evaluation. Although the preliminary results suggested no
significant differences in clinical outcomes among 3
adjuvant therapies (Supplemental Fig. S3, Supplemental
Digital Content 1, http://links.lww.com/CNM/A554), the
small sample size limited the conclusion. The necessity and
strategy for postoperative adjuvant therapy are currently
uncertain and lack guidelines. There is a need for
prospective clinical trials that formally assess the impact
of various adjuvant therapies on patient outcomes. Besides,
a recent study reported that adjuvant immunotherapy did
not improve survival outcomes and was discouraged for
unselected patients.40 Identifying patient subgroups who are
candidates for benefiting from additional adjuvant therapy
is also unmet clinical need. Personalized treatment decisions
require comprehensive considerations of patient condition,
tumor staging, pathologic response, imaging response,
surgical procedure and tumor margin, tolerability to prior
therapy, and susceptibility to autoimmune toxic effects, as
all these factors significantly influence the choice of adjuvant
therapy strategies and clinical outcomes.

In this study with long-term survival follow-up, we first
provided valuable insight into the prognostic value of
18F-FDG PET/CT in patients with NSCLC receiving neo-
adjuvant immunotherapy. Nevertheless, this preliminary
study has limitations. First, as our study was a phase 1b
study in a single center, the sample size was relatively small
with some inevitable bias. Second, based on the clinical
condition and multidisciplinary committee discussion,
patients have received different adjuvant therapies after
surgery, which influence the survival probability. Third, a
short-axis diameter ≥ 10 mm on CT images and SULmax
≥ 2.5 on PET images were artificially set as the threshold to
identify PET/CT-positive LNs. However, false-positive and
false-negative cases remain inevitable diagnostic challenges.
The threshold requires further investigation through future
large-scale studies. Finally, the optimal cutoff value for
quantitative metabolic parameters was determined post hoc,
and subgroup analysis of less than one-quarter of patients
(< 8 patients) made it difficult to compare the difference.
Although this preliminary study provides valuable insights,
the results should be interpreted with caution. Further studies
with larger sample sizes are recommended to confirm these
preliminary results, and efforts to determine the optimal
cutoff values of metabolic parameters are also warranted.

CONCLUSIONS
Low primary tumor metabolism at post-neoadjuvant

scan and low lymph node metabolism at baseline scan are
promising prognostic markers for improved clinical out-
comes. Questions remain on survival benefits and adjuvant
therapy strategies to further optimize perioperative out-
comes, and a recent study discouraged adjuvant immuno-
therapy after surgery for unselected patients.40 Based on our
findings, PET/CT is a promising tool for stratifying patient
clinical outcomes and screening candidates for additional
adjuvant therapy, which makes this study particularly
valuable and clinical utility. These preliminary findings
inform clinical decisions and provide directions for future
research.
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