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Hypoxia predicts favorable response to carbon ion radiotherapy in
non-small cell lung cancer (NSCLC) defined by "*F-FMISO positron
emission tomography/computed tomography (PET/CT) imaging
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Background: Hypoxia is the bottleneck that affects the response of conventional photon radiotherapy, but
it does not seem to have much effect on carbon ion radiotherapy (CIRT). This study aimed to evaluate the
changes of hypoxia before and after CIRT in patients with non-small cell lung cancer (NSCLC) and whether
"F-fluoromisonidazole (*F-FMISO) positron emission tomography/computed tomography (PET/CT)
imaging could predict the response to CIRT in NSCLC patients.

Methods: A total of 29 patients with NSCLC who received CIRT were retrospectively included.
"F-FMISO PET/CT imaging was performed before and after treatment, and chest CT was performed after
radiotherapy. Radiation response within 1 week after radiotherapy and at the initial follow-up were defined
as the immediate response (IR) and early response (ER), respectively. The tumor-to-muscle ratio (TMR),
hypoxia volume (HV), and the ATMR and AHV values of *F-FMISO uptake were collected. Fisher’s exact
test, Mann-Whitney U test, Wilcoxon signed-rank test, and binary logistic regression were used to analyze
data.

Results: (I) Baseline TMR could predict the IR to CIRT with a baseline TMR cut-off value of 2.35, an area
under the curve (AUC) of 0.85 [95% confidence interval (CI): 0.62-1.00], a sensitivity of 80.0%, a specificity
of 87.5%, and an accuracy of 85.7%. Taking the baseline TMR =2.35 as the cut-off value of high-hypoxia
and low-hypoxia group, the IR rate of the high-hypoxia group [66.7% (4/6)] and the low-hypoxia group [6.7%
(1/15)] was statistically different (P=0.01). (II) ATMR could predict early treatment response after CIRT at
initial follow-up, with a cut-off value of ATMR =36.6%, AUC of 0.80 (95% CI: 0.61-1.00), sensitivity of
72.7%, specificity of 90.0% and accuracy of 71.4%.
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Conclusions: A higher degree of tumor hypoxia may be associated with a better IR to CIRT. ATMR could

predict early treatment response after CIRT.
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Introduction

Lung cancer is the leading cause of cancer-related deaths
worldwide. Approximately 80-85% of lung cancer patients
are classified as non-small cell lung cancer (NSCLC) (1).
Oxygen deprivation (hypoxia) is related to poor prognosis
and indicates a poor response to tumor treatments in
NSCLC, including photon radiotherapy (2). Thus, hypoxia
is a promising treatment target in the setting of photon
radiotherapy, which is delivered to over 50% of patients
with NSCLC (3). However, trials of hypoxia-targeted
therapies for NSCLC have not yet translated to benefits
for patients. A variety of approaches have been undertaken
to overcome or reverse tumor hypoxia but failed due to
restricted efficacy and/or unwanted side effects (4).

Carbon ion radiotherapy (CIRT) acts independently
of the oxygen concentration and triggers complex and
clustered DNA double strand breaks (DSBs) difficult to
repair (5). With low-linear energy transfer (LET) radiation
such as X-ray radiation, the radiation resistance of tumor
cells under hypoxic conditions is 2 to 3 times higher than
that under normoxic conditions (6). As for high-LET
radiation such as carbon ion, the oxygen enhancement ratio
(OER) can reach 1 (7). Thus, CIRT is considered more
efficient than X-ray and proton therapy for hypoxic tumors
and could eradicate radioresistant tumors in clinic (8,9).

The most direct way used to detect tumor hypoxia is the
Eppendorf O, polarographic needle electrode. However,
it has never been adopted into a clinical routine because
of its invasive nature and lack of spatial and temporal
resolution (10). Instead, hypoxia positron emission
tomography (PET) tracers such as ""F-fluoromisonidazole
(""F-FMISO) have been extensively studied to monitor
tumor hypoxia non-invasively (11). ""F-FMISO PET/
computed tomography (CT) has also been reported
suitable for monitoring therapeutic efficiency in NSCLC
patients (12), thereby providing information for the design
of response-adapted therapy strategies.
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Hence, we used ""F-FMISO as a PET probe to
monitor the changes of hypoxia before and after CIRT in
NSCLC patients in this study. Moreover, the capability
of ""F-FMISO PET/CT to predict the response to
CIRT in NSCLC patients was also analyzed. We present
this article in accordance with the STROBE reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-1685/rc).

Methods
Patient characteristics and treatment

We retrospectively analyzed stage II-II1 NSCLC patients
treated with CIRT who were previously enrolled in a
prospective trial comparing photon radiation therapy with
CIRT. The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study was
approved by the institutional review board of the Shanghai
Proton and Heavy lon Center (SPHIC) (ethical code:
1707-16-03-1804A) and the requirement for individual
consent for this retrospective analysis was waived. A total
of 29 patients with NSCLC who were treated with CIRT
in SPHIC from April 2018 to November 2021 were
retrospectively enrolled, including stage T'1-4NO0-3MO0
(7 cases in stage II and 22 cases in stage III). All of the
29 patients met the following criteria: (I) primary lesions
were confirmed by pathology; (II) inoperable or refusal of
surgery; (IIT) the target lung lesions can be measured; (IV)
PF-FMISO PET/CT scans were performed within 1 week
before and after radiotherapy; (V) informed consent was
provided by patients who underwent CIRT. The exclusion
criteria included the following: (I) inability to cooperate
with "*F-FMISO PET/CT examination; (IT) poor PET/CT
image quality or small lung lesions (diameter <1.0 cm)
affecting tumor segmentation; (III) interruption of
radiotherapy by various factors.

All patients were treated with CIRT alone, with no
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concurrent chemotherapy. Systemic therapies were
administered sequentially in most of the patients (26/29)
at the physicians’ discretion in or out of SPHIC. The
carbon ion dose was a relative biological effectiveness-
weighted dose (DRBE) in units of Gray (Gy). We delivered
72.0-83.6 Gy/20-22 Fx in nearly all of the patients, except
for 3 of them, who received 60 Gy/10 Fx, 63 Gy/18 Fx,
and 64 Gy/16 Fx, respectively. We delivered carbon ion
beams for NSCLC with different dose fractionation based
on the position of the tumor. Furthermore, the biological
effective doses were all close to or more than 100 Gy, which
has been shown to produce excellent clinical outcomes for
NSCLC (13). The pencil beam scanning (PBS) technology
was used for CIRT with the Siemens IONTRIS system
(Siemens, Erlangen, Germany), and treatment planning
was conducted using the Siemens Syngo treatment
planning system (versions VC 11 & 13). The PBS plan was
implemented by multi-field optimization with 2-3 fields.
The respiratory gating system (AZ-773V; Anzai Medical,
Tokyo, Japan) was utilized to detect the external respiratory
motion in real-time during CT scan and beam delivery.
After radiotherapy, the immediate radiotherapy response
and early response (ER) were evaluated using enhanced
chest CT examination with the response evaluation criteria
in solid tumors 1.1 (RECIST 1.1) (14). Immediate response
(IR) refers to the evaluation within 1 week after the
completion of all radiotherapy. ER refers to the evaluation
at the first follow-up visit after radiotherapy (3—4 months
after the completion of CIRT). Patients with complete
response (CR) or partial response (PR) were ascribed
to responders, and those with stable disease (SD) or
progressive disease (PD) were ascribed to non-responders.

BF_FMISO PET/CT scan

"F-FMISO was produced by a cyclotron (RDS Eclips
ST; Siemens CTI) and GN (Siemens) module using
1-(2'-nitro-1'-imidazolyl)-2-O-tetrahydropyranyl-3-
O-tosyl-propanediol as a labeling precursor. Radio-
high-performance liquid chromatography (HPLC) test
showed good stability of the "F-FMISO injection with
radiochemical purity exceeding 99% in 3 half-lives. All
PET/CT scans were acquired on a Biograph 16 HR PET/
CT (Siemens) operating in 3-dimensional, high-resolution
mode. No fasting was required before imaging. All patients
were injected intravenously with 370 MBq (4.81 mSv)
of ""F-FMISO. At 4 hours after injection, static emission
scans were obtained. The data acquisition procedure
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was as follows: The respiratory-gated CT scans were
performed first (a slice thickness of 3.0 mm) with 120 kVp,
150 mAs, and 0.33 s per rotation and reconstructed to a
512x512 matrix (voxel size: 0.98x0.98x3.0 mm”).
Immediately after CT, a 10-minute PET scan in 2-bed
position was performed. A TrueX algorithm (2 iterations,
24 subsets, and 2 mm full width at half maximum) with
time-of-flight information was used to reconstruct the
PET images. For all PET reconstructions, the anisotropic
voxels were 4.07x4.07x3.0 mm’® because the matrix size was
200x200. The PET images were converted into standard
uptake value (SUV) units by normalizing the activity
concentration to the dosage of injected "F-FMISO and
patient body weight.

BF_FMISO PET/CT image analysis

The region of interest (ROI) of the primary tumors
was delineated on PET/CT images by gradient method
(MIM software, PET-Edge tool; MIM Software Inc.,
Cleveland, OH, USA) (15). The PET/CT parameters
involved in this study include tumor volume (TV), tumor-
to-muscle ratio (TMR), hypoxia volume (HV), AX, and
maximum standard uptake value (SUVmax). TV and
SUVmax were automatically calculated by MIM software.
TMR was calculated as follows: TMR=T/M. An elliptic
ROI was drawn manually around the primary lesion to
measure SUVmax for ""F-FMISO uptake which was noted
as T. Additionally, 6 small spheres of 0.5x0.5x0.5 cm
(background) were located at the bilateral triceps brachii
muscles, scapula muscles, and latissimus dorsi muscles.
The average value of SUVmax of the six background ROI
was noted as M. TMR >1.4 was used as the cut-off value
of hypoxia because NSCLC is less hypoxic than other
types of tumors, which may be due to the unique lung
parenchyma structure, namely double blood supply and
abundant oxygen-containing cavities (16,17). The patients
were divided into a hypoxia group and a non-hypoxia group
according to the hypoxia threshold. HV was defined as the
TV with TMR >1.4. The change of HV and TMR after
radiation was designated as AX, and AX = (X,-X,)/X, x
100%, where X, was the parameter just before radiation, X
was the parameter after radiation.

Statistical analysis

The software SPSS 22.0 (IBM Corp., Armonk, NY,
USA) was used for the statistical analysis. A 2-sided
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Figure 1 Study workflow. NSCLC, non-small cell lung cancer;
PF-FMISO, "F-fluoromisonidazole; PET/CT, positron emission
tomography/computed tomography; Gy, Gray.

P<0.05 was considered statistically significant. The
recorded quantitative data that did not conform to normal
distribution were represented by M (Q1, Q3), and the
classified data were expressed as frequency and percentage.
Wilcoxon signed rank test was used to compare the changes
of TV, HV and TMR at baseline and after CIRT. The
difference of radiotherapy response between 2 groups
was compared by Fisher’s exact test. Mann-Whitney U
test was used to compare the difference of parameters
between responders and non-responders. A binary logistic
regression analysis was performed to evaluate the impact of
PET hypoxic parameters on the prediction of radiotherapy
response. The sensitivity and specificity in the predicting
responses were calculated using areas under the receiver

operating characteristic (ROC) curves (AUC).
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Results

Demographic data in 29 stage II-1I1 NSCLC patients
treated with CIRT

Initially, 37 patients with NSCLC who were scheduled to
receive CIRT were retrospectively enrolled in the study, 8
were excluded, and 29 patients were eventually included.
The study flow chart and the reasons for negligibility
are presented in Figure 1. The final 29 NSCLC patients
(25 males and 4 females, mean age 63.8+11.0 years) included
17 squamous cell carcinomas (SCC), 10 adenocarcinoma
(AC), 1 adenosquamous carcinoma (ASC), and 1
sarcomatoid carcinoma (SarC). The patient characteristics
are listed in Table 1. All patients completed CIRT treatment
as planned. At the first follow-up visit, 15 patients (51.7%)
were early responders and the other 14 (48.3%) were non-
responders. The differences of some important clinical
factors such as patient age, gender, tumor location (left
vs. right), pathology (SCC vs. non-SCC), clinic stage, and
history of chemotherapy between the responder and non-
responder group were analyzed, but no significant between-
group difference was detected.

CIRT could alleviate bypoxia of NSCLC tumors

Taking the baseline TMR value of tumors >1.4 shown by
the ""F-FMISO PET/CT as the hypoxia threshold, 72.4%
lesions (21 of the 29 patients) showed hypoxia, and 27.6%
(8 of the 29 patients) showed non-hypoxia, suggesting
that hypoxia is a frequent feature of NSCLC tumors. In
this study, it was observed that the TV in non-hypoxia
group decreased significantly after radiotherapy [9.16
(3.67, 33.02) vs. 5.61 (1.83, 18.85) mL, Z=-2.100, P=0.03].
Meanwhile, a significant reduction in TV in the hypoxia
group was also found after radiotherapy [55.95 (25.90,
82.47) vs. 29.94 (15.34, 48.14) mL, Z=-2.833, P=0.005]
(Table S1). Both non-hypoxic and hypoxic NSCLC
tumors responded to CIRT. We also observed that the HV
of 52.4% (11/21) patients with hypoxic lesions decreased
to 0 mL after treatment. Therefore, we compared TMR
and HV changes in 21 NSCLC patients with hypoxia
before and after CIRT to demonstrate the control of
tumor hypoxia. The results revealed that after CIRT
treatment, TMR and HV of the hypoxia group decreased
significantly (Z=-3.354, P=0.001; Z=-3.389, P=0.001)
(Table 2). The finding provides clinical evidence that CIRT
could alleviate tumor hypoxia in NSCLC. Based on this
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Table 1 Baseline characteristics of the 29 included patients
Characteristics Total (n=29) Early responders (n=15) Non-responders (n=14) P value*
Age (years), mean + SD 63.8+11.0 63.3+10.4 64.4+12.1 0.68
Sex, n (%) 0.32
Male 25 (86.2) 12 (80.0) 13 (92.9)
Female 4(13.8) 3(20.0) 1(7.1)
Smoking history, n (%) 0.36
Yes 23 (79.3) 11 (73.3) 12 (85.7)
No 6 (20.7) 4(26.7) 2(14.3)
BMI (kg/m?), n (%) 0.16
>24.0 12 (41.4) 8 (53.3) 4 (28.6)
<24.0 17 (58.6) 7 (46.7) 10 (71.4)
Tumor location, n (%) 0.57
Left 11 (27.9) 7 (46.7) 4 (28.6)
Right 18 (62.1) 8 (53.3) 10 (71.4)
Histology, n (%) 0.29
SCC 17 (58.6) 10 (66.7) 7 (50.0)
Non-SCC 12 (41.4) 5(33.3) 7 (50.0)
Clinical stage, n (%) 0.11
I 7 (24.1) 6 (40.0) 1(7.1)
11l 22 (75.9) 9 (60.0) 13 (92.9)
Clinical T status, n (%) 0.60
1 1(3.4) 16.7) 0 (0)
2 6 (20.7) 4 (26.7) 2 (14.3)
3 15 (51.7) 7 (46.7) 8 (57.1)
4 7 (24.1) 3 (20.0) 4 (28.6)
Clinical N status, n (%) 0.44
0 5(17.2) 4(26.7) 1(7.1)
1 7 (24.1) 4 (26.7) 3(21.4)
2 11 (37.9) 5(33.3) 6 (42.9)
3 6 (20.7) 2 (13.3) 4 (28.6)
Clinical M status, n (%) N/A
0 29 (100.0) 15 (100.0) 14 (100.0)
1 0 (0) 0(0) 0(0)
History of chemotherapy, n (%) 0.52
Yes 26 (89.7) 13 (86.7) 13 (92.9)
No 3(10.3) 2(13.3) 1(7.1)

*, comparison between responders and non-responders. SD, standard deviation; BMI, body mass index; SCC, squamous cell carcinoma;

N/A, not applicable.
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result, we further focused on the relationship between
the hypoxic PET image parameters and radiotherapy
response.

Baseline TMR could predict the IR of CIRT in 21 NSCLC
patients with bypoxic tumors

The IR was evaluated in the 21 patients with hypoxic tumors
after radiotherapy, of which 5 were immediate responders
and 16 were non-responders. "*F-FMISO PET/CT
parameters were compared between immediate responders
and non-responders in the 21 patients using Mann-
Whitney U test (Table 3). The differences of HV,, TMR,,
TMR,, and ATMR% between immediate responders
and non-responders were P<0.1 in statistics [14.73 (9.12,
45.05) vs. 5.83 (2.38, 14.20) mL, P=0.07; 3.06 (2.18, 3.51)
vs. 2.05 (1.63, 2.19), P=0.01; 1.26 (1.09, 1.39) vs. 1.44

Table 2 Changes of tumor hypoxia before and after CIRT

Hypoxia group (n=21)

Groups
HV (mL) TMR

Before treatment 9.02 (2.92, 16.29) 2.13(1.81,2.51)

After treatment 0.00 (0.00, 2.51) 1.39 (1.25, 1.69)
Z value -3.389 -3.354
P value 0.001 0.001

Data are presented as median (interquartile range). CIRT, carbon
ion radiation therapy; HV, hypoxia volume; TMR, tumor-to-
muscle ratio.

Liu et al. FMISO predicts carbon ion radiation response

(1.28, 1.85), P=0.07; 58.8 (39.1, 65.2) vs. 12.3 (5.1, 39.3),
P=0.008]. Then, all the parameters with P<0.1 in Mann-
Whitney U test were included in the binary logistic
regression model to analyze the independent parameters
associated with IR prediction. Finally, the data indicated that
baseline TMR was the only significant predictor of the IR to
CIRT. With ROC curve analysis, the optimal cut-off value of
baseline TMR was 2.35 with a sensitivity of 80%, a specificity
of 87.5%, an accuracy of 85.7%, and an AUC of 0.85 [95%
confidence interval (CI): 0.62-1.00] (Figure S1A).

There is a positive correlation between tumor hypoxia and
response to CIRT

Taking the baseline TMR =2.35 as the cut-off value,
21 hypoxic patients were divided into a high-hypoxia group
(n=6) and a low-hypoxia group (n=15). We found that the
decrease of hypoxia degree in the high-hypoxia group after
treatment was more obvious than that in the low-hypoxia
group (Figure 2A4). Thus, we analyzed the difference of IR
between the 2 groups. The analysis found that there were
6 cases in the high-hypoxia group, 4 cases were immediate
responders, 2 cases were non-responders, and the IR rate
was 66.7% (4/6). Among the 15 cases in the low-hypoxia
group, 1 case was an immediate responder, 14 cases were
non-responders, and the IR rate was only 6.7% (1/15).
The immediate radiotherapy responses of the 2 groups
were completely different (P=0.01) (Figure 2B). The higher
the baseline degree of tumor hypoxia, the better the IR
to CIRT.

Table 3 The relationship between*F-FMISO parameters and immediate response by RECIST in 21 hypoxic NSCLC treated by CIRT

Parameters All patients (n=21) Responders (n=5) (immediate) Non-responders (n=16) (immediate) P value*
HV, (ML) 9.02 (2.92, 16.29) 14.73 (9.12, 45.05) 5.83 (2.38, 14.20) 0.07
HV, (mL) 0.00 (0.00, 2.51) 0.00 (0.00, 0.43) 0.15 (0.00, 5.47) 0.20
AHV%' 100.0 (42.7, 100.0) 100.0 (95.5, 100.0) 99.3 (14.9, 100.0) 0.20
TMR, 2.13(1.81,2.51) 3.06 (2.18, 3.51) 2.05 (1.63, 2.19) 0.02
TMR, 1.39 (1.25, 1.69) 1.26 (1.09, 1.39) 1.44 (1.28, 1.85) 0.07
ATMR%" 33.3(8.6,52.7) 58.8 (39.1, 65.2) 12.3 (6.1, 39.3) 0.008

Data are presented as median (interquartile range). *, comparisons between responders and non-responders; ', the change of HV and
TMR after radiation was designated as AX, and AX = (X,—X,)/X, x 100%, where the X, was the parameter just before radiation, X, was the
parameter after radiation. FMISO, fluoromisonidazole; RECIST, Response Evaluation Criteria in Solid Tumors; NSCLC, non-small cell lung
cancer; CIRT, carbon ion radiation therapy; HV, hypoxia volume; TMR, tumor-to-muscle ratio.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Figure 2 TMR changes and immediate response in 21 hypoxic NSCLC patients before and after CIRT. (A) Differences in TMR changes
between high- and low-hypoxia groups. In the high-hypoxia group, TMR decreased obviously from 2.96 (2.54, 3.30) to 1.21 (1.04, 1.33).
In the low-hypoxia group, TMR decreased from 1.94 (1.60, 2.16) to 1.47 (1.30, 1.85). (B) Differences in immediate response between high-

and low-hypoxia groups. The immediate response rate was 66.7% (4/6) in the high-hypoxia group, and the immediate response rate was

only 6.7% (1/15) in the low-hypoxia group. The immediate radiotherapy responses of the two groups were significantly different (P=0.01).
The dashed lines represented the cut-off TMR values of 1.4, 2.35 and 4. TMR, tumor-to-muscle ratio; NSCLC, non-small cell lung cancer;

CIRT, carbon ion radiotherapy.

Table 4 The relationship between '*F-FMISO parameters and early response by RECIST in 21 hypoxic NSCLC treated by CIRT

Parameters All patients (n=21) Responders (n=11) (early) Non-responders (n=10) (early) P value*
HV, (mL) 9.02 (2.92, 16.29) 13.13 (3.33, 21.04) 5.83 (1.80, 11.63) 0.17
HV, (mL) 0.00 (0.00, 2.51) 0.00 (0.00, 0.20) 0.88 (0.00, 5.94) 0.17
AHV%' 100.0 (42.7, 100.0) 100.0 (99.2, 100.0) 65.1 (-46.3, 100.0) 0.09
TMR, 2.13 (1.81, 2.51) 2.25(2.13,2.87) 1.93 (1.69, 2.10) 0.06
TMR; 1.39 (1.25, 1.69) 1.27 (1.16, 1.52) 1.50 (1.33, 2.03) 0.04
ATMR%" 33.3 (8.6, 52.7) 44.0 (13.1, 59.1) 11.2 (-8.7, 34.1) 0.02

Data are presented as median (interquartile range). *, comparisons between responders and non-responders; ', the change of HV and
TMR after radiation was designated as AX, and AX = (X;—X)/X,x100%, where the X, was the parameter just before radiation, X, was the
parameter after radiation. FMISO, fluoromisonidazole; RECIST, Response Evaluation Criteria in Solid Tumors; NSCLC, non-small cell lung
cancer; CIRT, carbon ion radiation therapy; HV, hypoxia volume; TMR, tumor-to-muscle ratio.

ATMR could predict the ER of CIRT in 21 NSCLC
patients with bypoxic tumors

Since baseline TMR was able to predict IR, the ability of
these parameters to predict the subsequent response was
also analyzed. All patients were followed up with chest
CT after treatment to evaluate the ER to CIRT. The
initial follow-up of the 21 patients with hypoxic tumors
showed that 11 were early responders and 10 were early
non-responders. A comparison of *F-FMISO PET/CT
parameters between early responders and non-responders

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

is shown in Table 4. We found that ATMR of 11 early
responders was 44.0% (13.1%, 59.1%), and that of 10 early
non-responders was 11.2% (-3.7%, 34.1%). The difference
between the 2 groups was statistically significant (P=0.02).
The data was then analyzed in the same way as for the IR to
define the effective factors for predicting ER. The following
analysis of binary logistic regression found that ATMR
could predict ER at initial follow-up after CIRT. The
optimal cut-off value for identifying early responders was
36.6% [sensitivity 72.7%, specificity 90%, accuracy 71.4%,
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Figure 3 TMR changes and early response in 21 hypoxic NSCLC patients before and after CIRT. (A) Differences in TMR changes between
early responders and non-responders. The TMR of early responders decreased visibly from 2.25 (2.13, 2.87) to 1.27 (1.16, 1.52). While
the TMR of non-responders decreased from 1.93 (1.69, 2.10) to 1.50 (1.33, 2.03). (B) Distribution of early responders and non-responders.
Among the 9 patients with ATMR above 36.6%, 88.9% (8/9) had a response at the initial follow-up, and 11.1% (1/9) had no response.
Of the 12 patients with a ATMR lower than 36.6%, only 25.0% (3/12) had a response at the initial follow-up, and 75.0% (9/12) had no
response. ATMR = (TMR,-TMR,)/TMR, x 100%, where the TMR, was the parameter just before radiation, TMR, was the parameter
after radiation; TMR, tumor-to-muscle ratio; NSCLC, non-small cell lung cancer; CIRT, carbon ion radiotherapy.

AUC =0.80 (95% CI: 0.61-1.00)] (Figure S1B). Tumors
with a higher ATMR% value, especially when ATMR%
above 36.6%, exhibited a better ER to CIRT.

ATMR is positively correlated with continued tumor
shrinkage

By analyzing differences of TMR changes between early
responders and non-responders, we found that hypoxia
changed more obviously in the early responders [ATMR%
=44.0 (13.1, 59.1)] than it did in the non-responders
[ATMR% =11.2 (-3.7, 34.1)] (Figure 3A). Afterwards, we
analyzed differences of ER according to a cut-off value of
ATMR =36.6%. The monitored ER demonstrated that
among the 9 patients with ATMR above 36.6%, 88.9%
(8/9) had a response at the initial follow-up, and 11.1%
(1/9) had no response. Of the 12 patients with ATMR
lower than 36.6%, only 25.0% (3/12) had a response at
the initdial follow-up, and 75.0% (9/12) had no response
(Figure 3B). The more pronounced the improvement of
the degree of hypoxia, the better the effect of successive
tumor regression.

Typical responses of bypoxic tumors to CIRT

Two typical cases are shown in Figure 4. A 64-year-old male
with clinical stage IIIc and SCC of the left lung showed a
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primary lesion with low-hypoxia. The patient received a
total carbon ion radiation dose of 77 Gy in 22 fractions. The
patient was assessed as a non-responder in IR and remained
non-responder at the initial follow-up. "F-FMISO PET/
CT displayed the primary lesion with HV of 4.89 mL and
TMR of 1.90 before CIRT. After CIRT, neither HV nor
TMR changed significantly (4.89 vs. 5.99 mL, 1.90 vs.
1.85) (Figure 44). For patients with high-hypoxic tumors, a
typical case is shown in Figure 4B. A 62-year-old male who
presented with stage Illc and SCC of the left lung received
a total dose of 72.6 Gy in 22 fractions showed a primary
lesion with high-hypoxia. The patient was evaluated as a
non-responder in IR, but responded at the initial follow-
up. "*F-FMISO PET/CT demonstrated a primary lesion
with HV of 21.04 mL and TMR of 2.57 before CIRT. After
CIRT, the HV and TMR both decreased significantly to
non-hypoxia in comparison with that before treatment

(21.04 vs. 0 mL, 2.57 vs. 1.05).

Discussion

In this study, we enrolled 29 NSCLC patients, most of
whom showed remarkable remission of tumor hypoxia after
CIRT: This is quite different from photon radiotherapy (18).
CIRT is a novel radiotherapy tool with superior dose
distribution and higher LET than conventional photon
radiation, thus carbon ion acts as a direct ionization beam
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Figure 4 Two typical responses of NSCLC patients to carbon ion radiotherapy. From left to right are the ""F-FMISO PET/CT, PET, and
CT images. (A) A 64-year-old male with clinical stage ITlc and SCC of the left lung showed a primary lesion with low-hypoxia. ""F-FMISO
PET/CT showed a primary lesion with HV of 4.89 mL and TMR of 1.90 before CIRT. After CIRT, neither HV nor TMR changed
significantly (4.89 vs. 5.99 mL, 1.90 vs. 1.85). The patient was assessed as a non-responder in immediate response and remained non-
responder at the initial follow-up. (B) A 62-year-old male presented with stage ITlc and SCC of the left lung showed a primary lesion with
high-hypoxia. “F-FMISO PET/CT demonstrated a primary lesion with HV of 21.04 mL and TMR of 2.57 before CIRT. After CIRT, the
HV and TMR both decreased significantly in comparison with that before treatment (21.04 vs. 0 mL, 2.57 vs. 1.05). The patient was assessed
as a non-responder in immediate response, but responded at the initial follow-up. Orange arrows indicated tumors. The ranges of PET and
CT color scale values were shown in the upper right corner of the PET/CT fusion image. CIRT, carbon ion radiotherapy; TMR, tumor-to-
muscle ratio; HV, hypoxia volume; NSCLC, non-small cell lung cancer; "F-FMISO, "*F-fluoromisonidazole; PET/CT, positron emission

tomography/computed tomography; SCC, squamous cell carcinoma.

does not depend on tumor oxygen concentration to inhibit
tumor (19). Therefore, in previous studies, carbon ion has
been generally considered a powerful tool to inhibit tumor
hypoxia in preclinical and clinical studies (20,21). Klein ez /.
found that the hypoxic NSCLC tumor cells were also
sensitive to CIRT compared with cells under normoxic
conditions (22). In 2006, a clinical study reported that a
needle-type polarographic oxygen electrode was used to
measure oxygen partial pressure, and the results showed
that the local control rate of CIRT on hypoxic cervical
cancer was similar to that of oxygenated cervical tumors (21).

Surprisingly, high-hypoxic tumors responded
significantly better to CIRT than low-hypoxic tumors after
CIRT. Our results provide strong clinical evidence of the
unique effectiveness of carbon ion in hypoxic NSCLC
tumors. This result also confirms the finding of our previous
in vivo study that "F-FMISO PET/CT imaging-guided
irradiation on the hypoxic area of the tumor could induce
a similar effect compared with the whole tumor carbon ion
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radiation (23). Since over 84.6% of NSCLC tumors were
hypoxic (24), this result also partly explained why carbon
ion-treated NSCLC patients showed better response. In
SPHIC, we have treated 478 patients with lung cancer
from May 2015 to June 2021. From August 2014 to March
2018, 31 non-selected NSCLC patients (T'1-2a, N0O-1, M0)
treated with particle (proton or/and carbon) therapy were
retrospectively analyzed. The 2-year progression-free
survival (PFS) rate, local control rate, cause-specific survival
rate, and overall survival rate were 85.5%, 95.2%, 95.0%,
and 90.7%, respectively (25).

To date, “F-FMISO is the most extensively investigated
hypoxia PET tracer clinically. The observed high
reproducibility of ""F-FMISO intratumor distribution
in NSCLC patients facilitates its use in guiding hypoxic
tumors’ delineation, individualized hypoxia-targeted
therapies, and monitoring treatment response (26).
Fortunately, we found that ATMR could predict early
treatment response after CIRT. Similarly, the changes
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of "F-FMISO uptake were reported to evaluate the
ER to chemoradiotherapy in NSCLC (27). Likewise,
fractional hypoxic volume was reported to be a valuable
factor for predicting short-term response and PFS of
chemoradiotherapy in NSCLC (12). It can also be seen
in Figure 4 that the tumor with marked improvement of
hypoxia during treatment will show sustained remission
over time, even if the IR is not satisfied at first. It has been
suggested that this follow-up effect of radiotherapy may
originate from the fundamental reduction of the tumor
burden and hypoxia by CIRT, thereby causing a sustained
shrinkage of the tumor.

ATMR may be an appropriate and representative
hypoxic parameter to evaluate the CIRT response in the
"F-FMISO PET/CT imaging; it is worth increasing
the sample size for further prospective clinical studies.
More details will be investigated in SPHIC. Although
the results are encouraging, the present study has several
limitations. The main limitations are the limited sample
size, single-center design, and lack of long-term follow-
up and overall survival data. Although the representative
hypoxia parameters displayed by ""F-FMISO PET/CT
imaging could serve to predict CIRT response in NSCLC
patients, larger and multi-center studies are still needed to
verify the results and to optimize the hypoxia thresholds.
In addition, the effects of different irradiation dose designs,
inclusion of metastatic lymph nodes, and combination
with other adjuvant therapies need to be explored in future
studies, as these factors may have an impact on the hypoxia
status and effectiveness of multidisciplinary treatment.
Last but not least, each PET voxel size (approximately
4x4x4 mm’) is much larger than the hypoxic tumor
microenvironment region, which has dimensions of
<100 pm. Therefore, the intensity of "F-FMISO within
PET image voxels may reflect the combined uptake of
normoxic and hypoxic regions, which may result in temporal
instability in PET/CT imaging. It is obvious that choosing
any single threshold value to determine hypoxic regions has
limitations. Besides, all the uncertainties including statistical
noise, differences in imaging start time, and variation in
anatomic location between scans may contribute to the
limitation of "*F-FMISO.

Conclusions

CIRT could relieve tumor hypoxia. TMR 2.35 is a valuable
cut-off value; the higher the value, the better the response
to CIRT, which is different from photon radiation. ATMR
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could predict the ER of CIRT with a cut-off value of
36.6%. Functional PET/CT imaging based on "*F-FMISO
presents its potential in precise and individual CIRT, which
could further improve tumor control.
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Supplementary

Table S1 Changes of tumor volume before and after CIRT treatment

Parameters Hypoxia group (n=21) Non-hypoxia group (n=8)
Before treatment (mL) 55.95 (25.90, 82.47) 9.16 (3.67, 33.02)
After treatment (mL) 29.94 (15.34, 48.14) 5.61 (1.83, 18.85)

Z value -2.833 -2.100

P value 0.005 0.03

Data are presented as median (interquartile range). CIRT, carbon ion radiation therapy.

A ROC curve of baseline TMR to predict B ROC curve of ATMR to predict
immediate response early response
1.00 1.001
0.751 0.751
2z z
= =
% 0.501 % 0.501
= =]
[0} [0}
wn w
0.251 AUC = 0.85 0.251 AUC = 0.80
95% Cl= 0.62-1.00 95% Cl = 0.61-1.00
0.001 0.001
100 075 050 025 0.00 100 075 050 025 0.00
Specificity Specificity

Figure S1 ROC curves of baseline TMR for predicting immediate response and ATMR for predicting early response. (A) ROC curve
analysis of baseline TMR to predict immediate response. (B) ROC curve analysis of ATMR to predict early response. ROC, receiver
operating characteristic; TMR, tumor-to-muscle ratio; AUC, area under the receiver operating characteristic curve; CI, confidence
interval; ATMR = (TMR-TMR,)/TMR, x 100%, where the TMR, was the parameter just before radiation, TMR, was the parameter after

radiation.
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