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Potential of C-X-C-Chemokine-Receptor-Type-4-Directed 
PET/CT Using [18F]AlF-NOTA-QHY-04 in Identifying 
Molecular Subtypes of Small Cell Lung Cancer
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Objective: Molecular subtyping of small-cell lung cancer (SCLC) has major implications for prognostic relevance and 
treatment guidance. This study aimed to explore the feasibility of a novel tracer targeting C-X-C-chemokine-receptor-type-4 
(CXCR4) for distinguishing different SCLC subtypes.
Materials and Methods: Thirty-five patients with pathologically confirmed SCLC were enrolled in this prospective study. 
Immunohistochemical staining was performed to classify the molecular subtypes into SCLC-A, SCLC-N, SCLC-P, and SCLC-I. 
[18F]AlF-NOTA-QHY-04 PET/CT parameters were obtained, including the maximum, mean, and peak standard uptake values 
(SUVmax, SUVmean, and SUVpeak, respectively) and the ratios of tumors (T) and normal tissues (NT) based on the SUVmax (T/NT). 
These parameters were compared among the molecular subtypes. A receiver operating characteristic (ROC) curve was used 
to analyze the performance of the parameters for distinguishing SCLC-N from other subtypes and neuroendocrine (NE) 
subtypes (SCLC-A and SCLC-N) from non-NE subtypes (SCLC-P and SCLC-I).
Results: The molecular subtypes were SCLC-A (n = 17), SCLC-N (n = 6), SCLC-P (n = 7), and SCLC-I (n = 5). The SCLC-N 
subtype exhibited significantly higher uptake in both primary tumors and lymph node metastases than the other three 
subtypes (P < 0.05). When SCLC-N was compared with the other three subtypes combined (referred to as “other SCLCs”), all 
parameters were significantly higher in the SCLC-N group (P < 0.05). ROC analysis showed that these parameters had high 
accuracy in distinguishing SCLC-N from other SCLCs (area under ROC curve: 0.868–0.948 for primary tumors and 0.783–
0.888 for lymph node metastases). Compared with the non-NE group, the SUVmax, SUVmean, and T/NTlung were significantly 
higher in the NE group for primary tumors. ROC analysis showed moderate accuracy in distinguishing between the NE and 
non-NE groups (ROC area: 0.692–0.786 for primary tumors and 0.692–0.815 for lymph node metastases).
Conclusion: Our preliminary findings indicate that CXCR4-directed PET/CT imaging using [18F]AlF-NOTA-QHY-04 may 
differentiate between SCLC-N and other molecular subtypes and between NE and non-NE subtypes of SCLC.
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Given its imaging capabilities for detecting SCLC, we 
hypothesized that [18F]AlF-NOTA-QHY-04 PET/CT may be able 
to distinguish between different SCLC subtypes.

In this prospective study, we aimed to investigate 
whether the novel tracer [18F]AlF-NOTA-QHY-04 can serve 
as a non-invasive tool to distinguish different molecular 
subtypes of SCLC.

MATERIALS AND METHODS

All patients provided informed consent to participate in 
this study, which was approved by the Institutional Review 
Board of Shandong Cancer Hospital and Institute (IRB No. 
SDZLEC2023-256-01).

Study Population
Thirty-five patients with histologically confirmed SCLC 

were enrolled in this study at the Shandong Cancer Hospital 
and Institute between January 2023 and September 2024. 
We acquired the standard uptake values (SUVs) on [18F]
AlF-NOTA-QHY-04 PET/CT and biopsy samples from each 
individual and then conducted IHC staining to classify SCLC 
subtypes. Finally, the parameters of [18F]AlF-NOTA-QHY-04 
were compared among the different subsets.

Patients were enrolled according to the following 
criteria: 1) age ≥18 years, 2) voluntary participation in 
the study, and 3) Karnofsky performance status ≥70. The 
exclusion criteria were as follows: 1) other types of lung 
tumors, such as large cell lung cancer, adenocarcinoma, 
squamous cell carcinoma, and adenosquamous carcinoma, 
2) administration of any antitumor therapy before the [18F]
AlF-NOTA-QHY-04 PET/CT scan, and 3) history of allergy to 
the radiotracer.

A flowchart of the study is shown in Figure 1. Thirty-five 
patients with SCLC were randomly recruited for analysis. This 
study complied with the updated Declaration of Helsinki 
guidelines (unproven clinical practice interventions).

Molecular Subtyping Based on IHC
Conventional IHC staining of ASCL1 (Clone: 24B72D11.1, 

Cat# 556604, BD Biosciences, 1:25), NEUROD1 (Clone: 
EPR20766, Cat# ab213725, Abcam, 1:1000), and POU2F3 
(Clone: polyclonal, Cat# NBP1-83966, Novus Biologicals, 
1:200) was performed on formalin-fixed paraffin-embedded 
tissue sections (4–5 μm) prepared from the biopsy 
samples of the 35 patients in Shandong Cancer Hospital 
and Institute. Tumor cells with DAB-stained nuclei were 

INTRODUCTION

Small-cell lung cancer (SCLC), which accounts for 15% of 
all lung cancers, is an exceptionally recalcitrant malignancy 
with a 5-year survival rate of less than 7% [1,2]. Although 
molecular typing has improved survival outcomes for 
patients with various tumor entities, effective molecular 
subtype classification of SCLC is urgently needed to enhance 
patient survival [3,4].

Based on the differential expression patterns of 
transcription factors, SCLC can be stratified into four 
molecular subsets: SCLC-A (ASCL1-defined), SCLC-N 
(NEUROD1-defined), SCLC-P (POU2F3-defined), and SCLC-I 
(inflamed) [5-7]. Typically, SCLC-A and SCLC-N are classified 
as neuroendocrine (NE) subtypes, whereas SCLC-P and 
SCLC-I are non-NE [3,8,9]. In different molecular subtypes, 
distinct expression profiles show potential therapeutic 
vulnerabilities and different optimal treatment plans must 
be adopted. For non-NE subtypes, SCLC-I demonstrated the 
most significant benefit from combined immunotherapy 
and chemotherapy, while SCLC-P was associated with 
a good prognosis in surgically resected cases [7,8,10]. 
Compared to non-NE subtypes, NE phenotypes exhibit 
greater uncertainty. SCLC-A and SCLC-N are related to 
the chemosensitivity of SCLC cell lines [7,11]. However, 
SCLC-N exhibits greater T-cell dysfunction with less immune 
infiltration [12], leading to lower survival rates in clinical 
treatment [8]. Therefore, accurate subtype identification is 
crucial to guide therapy and potentially improve the survival 
of patients with SCLC.

Currently, SCLC subtyping relies primarily on omics 
sequencing and immunohistochemistry (IHC). Because 
surgery is rarely performed for SCLC, patient samples are 
usually limited to invasive biopsies. Furthermore, tumor 
heterogeneity presents a significant challenge, underscoring 
the need for advanced diagnostic methods for SCLC 
subtyping.

C-X-C chemokine receptor type 4 (CXCR4) is a crucial 
factor in cell migration and proliferation. Elevated CXCR4 
levels correlate with cancer progression, therapy resistance, 
and poor outcomes in solid tumors, making it a promising 
target for therapeutic guidance and peptide receptor-based 
radionuclide therapies [13-15]. In previous studies, we 
developed a novel 18F-labeled CXCR4-targeting tracer ([18F]
AlF-NOTA-QHY-04), which has a more suitable half-life than 
68Ga and can be used for detection of SCLC, lymphoma, 
glioma, and early radiation-induced lung injury [16,17]. 
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considered positive, and a histoscore (H-score) system was 
applied by multiplying the percentage of positive tumor 
cells (1%–100%) by the staining intensity (1 = weak, 2 = 
moderate, and 3 = strong) in tumor cells [18-20].

To describe these subtype markers, H-scores >10 were 
considered positive [21]. Notably, if multiple markers had 
H-scores >10, the most prominent expression of these 
markers was defined as the marker with the highest H-score. 
Two pathologists used a multi-headed microscope and 
discussed each slide of the IHC results.

[18F]AlF-NOTA-QHY-04 PET/CT Scanning
[18F]AlF-NOTA-QHY-04 was synthesized and administered 

as previously described [17]. Blood glucose measurements 
and fasting were not performed prior to the examination. 
Patients underwent CXCR4-directed PET/CT 60 minutes after 
intravenous injection of 4.81 MBq/kg of [18F]AlF-NOTA-
QHY-04.

The follow-up PET/CT scans were performed on an 
integrated in-line PET/CT system (GEMINI TF Big Bore; 
Philips Healthcare, Cleveland, OH, USA). Fused PET/CT images 
of coronal, sagittal, and transaxial slices were viewed on 
a Xeleris workstation (GE HealthCare, Waukesha, WI, USA). 
Regular breathing was allowed during the image acquisition 
period.

Image Analysis
All [18F]AlF-NOTA-QHY-04 PET/CT scans were 

collaboratively analyzed visually by two board-certified 
nuclear medicine physicians with more than 20 years 
of experience. Additional imaging modalities, including 
contrast-enhanced CT, MRI, and PET-CT, were also utilized 
and assessed by a multidisciplinary team of radiologists 
and oncologists. After a comprehensive evaluation of 
both primary and metastatic lesions using these imaging 
techniques, the team reached a consensus on the diagnosis 
and staging. In our study, we used a semi-automatic 
contour segmentation method, setting the threshold at 42% 
of the tumor maximum standardized uptake value (SUVmax) 
to determine the three-dimensional volumes of regions 
of interest (ROIs). To ensure accuracy, all segmentation 
results were reviewed by nuclear medicine physicians 
and ambiguous cases were resolved by consensus. SUVs 
were calculated by multiplying the measured activity 
concentration (Bq/mL) and body weight (g) by injected 
activity (Bq). The primary tumor and metastatic site 
uptake intensities were recorded, including SUVmax, mean 
standardized uptake value (SUVmean), and peak standardized 
uptake value (SUVpeak). Here, we primarily evaluated lymph 
node metastasis using a comprehensive approach that 
incorporated PET/CT parameters, anatomical distribution, 

Patients diagnosed histologically with SCLC (n = 36)

1 patient after chemotherapy was excluded

[18F]AlF-NOTA-QHY-04 
PET/CT imaging

Immunohistochemistry 
for four molecular subtypes

Recognizing the sites of primary and 
metastatic lesions

NE group 
(n = 23)

Non-NE group 
(n = 12)

SCLC-A 
(n = 17)

SCLC-N 
(n = 6)

SCLC-P 
(n = 7)

SCLC-I 
(n = 5)

Analyzed the differences of uptake values among different subtypes

Quantified the uptake parameters of 
[18F]AlF-NOTA-QHY-04 on PET/CT

Fig. 1. Study flowchart. SCLC = small-cell lung cancer, NE = neuroendocrine  
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morphological features, and enhancement patterns to 
determine whether the lymph nodes were metastatic. The 
background activity of healthy lungs was outlined to obtain 
the SUVmax. The SUVmax of the blood pool was measured by 
placing a 15-mm ROI in the center of the right atrium (L2-L4). 
The tumor-to-normal ratios of tracer uptake based on SUVmax 
were calculated and denoted as T/NTlung and T/NTblood [22].

Statistical Analysis
Data for SUVmax, SUVmean, SUVpeak, T/NTblood, and T/NTlung are 

expressed as mean ± standard deviation. Statistical tests 
were performed with SPSS (version 17.0, SPSS Inc., Chicago, 
IL, USA). GraphPad Prism (version 8.0.2, GraphPad Software, 
San Diego, CA, USA) was used for data visualization and 
statistical analyses.

One-way ANOVA was used to compare PET/CT uptake 
values among the four molecular subtypes. Following 
a significant one-way ANOVA result, post-hoc pairwise 
comparisons were conducted using Tukey’s HSD test. Based 
on the results of the normality tests, either two-sample 
t-tests or Mann-Whitney U tests were used to compare 
differences in PET/CT parameters between the two groups. 
Receiver operating characteristic (ROC) analysis was used 
to evaluate the diagnostic performance of these imaging 
parameters in distinguishing between SCLC-N and other 
types combined and between the NE and non-NE groups. 
Statistical significance was set at P < 0.05, and all P-values 
were two-tailed.

RESULTS

Characteristics of the Enrolled Patients
Thirty-five patients (26 male and 9 female) were enrolled 

in the study. The median age of the patients was 67 years 
(range: 38–80 years), and 21 patients were diagnosed with 
extended disease, with 14 individuals having limited stages. 
The demographic characteristics and clinical information 
of the patients are summarized in Table 1. Based on the 
IHC expression of ASCL1, NEUROD1, and POU2F3, SCLC were 
categorized into different molecular subtypes. We found 
that SCLC-A was the dominant subtype and was observed in 
48.6% (17/35) of patients, followed by SCLC-P, SCLC-N, and 
SCLC-I in 20.0% (7/35), 17.1% (6/35), and 14.3% (5/35) 
of patients, respectively (Fig. 2).

Comparison of [18F]AlF-NOTA-QHY-04 Parameters 
Between Different Molecular Subtypes

Quantitative parameters, including SUVmax, SUVmean, 
SUVpeak, T/NTblood, and T/NTlung of the primary lesions and 
lymph node metastases, are shown in Table 2. In the primary 
lesion, SUVmax, SUVmean, SUVpeak, T/NTblood, and T/NTlung were all 
higher in SCLC-N than in the other three subtypes (all P < 
0.05, Fig. 3A-E). The uptake values of these five parameters 
were also higher in SCLC-N than in the other three subtypes 
for lymph node metastases (all P < 0.05, Fig. 3F-J). 
Intriguingly, the T/NTlung of SCLC-A was higher than that of 
SCLC-I for lymph node metastases (P = 0.011; Fig. 3J).

When comparing SCLC-N with the other SCLCs types 
combined (SCLC-A, SCLC-P, and SCLC-I), all five parameters 
were significantly higher in SCLC-N, both in primary lesions and 
lymph node metastases (all P < 0.05; Fig. 3K-T). Representative 
[18F]AlF-NOTA-QHY-04 PET/CT images of patients with different 
SCLC molecular subtypes are shown in Figure 4.

The tracer uptake of primary lesions were significantly 
higher in the NE group than that in the non-NE group, 
including SUVmax (8.08 ± 2.83 vs. 6.22 ± 1.69, P = 0.045, 
Fig. 5A), SUVmean (3.83 ± 1.41 vs. 2.92 ± 0.70, P = 0.046, 
Fig. 5B), and T/NTlung (13.76 ± 5.34, 9.26 ± 1.74, P = 0.008, 

Table 1. Characteristics of the SCLC patients (n = 35)

Characteristic Value
Age, yrs, median (range)   67 (38–80)
Sex

Male 26 (74.3)
Female   9 (25.7)

Molecular subtype
SCLC-A 17 (48.6)
SCLC-N   6 (17.1)
SCLC-P   7 (20.0)
SCLC-I   5 (14.3)

Stage
Limited stage 14 (40.0)
Extensive stage 21 (60.0)

TNM classification
I 1 (2.9)
II 1 (2.9)
III 12 (34.2)
IV 21 (60.0)

Karnofsky performance status
80 21 (60.0)
90 14 (40.0)

Data are number of patients with percentage in parentheses, 
unless specified otherwise.
SCLC = small-cell lung cancer, TNM = tumor node metastasis 
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Fig. 2. Representative images of different molecular subtypes in SCLC defined by IHC staining (scale bar: 40 μm). SCLC = small-cell lung 
cancer, ASCL1 = achaete-scute homolog 1, IHC = immunohistochemistry, NEUROD1 = neurogenic differentiation factor 1, POU2F3 = POU 
class 2 homeobox 3

Fig. 5E), whereas SUVpeak (6.14 ± 2.43 vs. 4.81 ± 1.36, P = 
0.088, Fig. 5C) and T/NTblood (4.52 ± 1.77 vs. 3.47 ± 0.87, P = 
0.061, Fig. 5D) were not significantly different. For lymph 
node metastases, all measured parameters were significantly 
higher in the NE group than in the non-NE group (Fig. 5F-J).

Distinguishing SCLC-N From Other Subgroups and 
NE Subtypes From Non-NE Subtypes

The diagnostic performance results are summarized in 
Tables 3-6. ROC analysis revealed that all five parameters 
had fairly high performance in differentiating SCLC-N from 
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Table 2. [18F]AlF-NOTA-QHY-04 PET/CT parameters of primary and metastatic lesions in different molecular types

Parameters All patients SCLC-A SCLC-N SCLC-P SCLC-I
Primary lesions

SUVmax   7.44 ± 2.63   7.14 ± 2.54 10.72 ± 1.80 6.16 ± 2.21 6.29 ± 0.73
SUVmean   3.52 ± 1.28   3.39 ± 1.17   5.21 ± 1.07 2.88 ± 0.88 2.99 ± 0.43
SUVpeak   5.69 ± 2.20   5.38 ± 2.12   8.31 ± 2.03 4.70 ± 1.78 4.95 ± 0.57
T/NTblood   4.16 ± 1.59   3.83 ± 1.14   6.48 ± 1.84 3.32 ± 1.04 3.67 ± 0.58
T/NTlung 12.22 ± 4.91 12.14 ± 4.25 18.36 ± 5.78 9.85 ± 2.00 8.43 ± 0.91

Lymph node metastases
SUVmax   6.41 ± 1.98   6.19 ± 1.76   8.27 ± 2.05 6.03 ± 1.47 4.95 ± 0.95
SUVmean   3.16 ± 1.13   2.98 ± 0.89   4.39 ± 1.30 2.70 ± 0.47 2.45 ± 0.53
SUVpeak   4.64 ± 1.64   4.47 ± 1.37   6.04 ± 1.92 4.29 ± 1.50 3.62 ± 0.83
T/NTblood   3.63 ± 1.48   3.28 ± 1.08   5.30 ± 1.76 3.18 ± 0.84 2.77 ± 0.55
T/NTlung 10.29 ± 3.75 10.37 ± 3.86 14.05 ± 2.30 8.77 ± 2.05 6.91 ± 1.33

Data are mean ± standard deviation.
SCLC = small-cell lung cancer, SUVmax = maximum standard uptake value, SUVmean = mean standard uptake value, SUVpeak = peak standard 
uptake value, T/NTblood = ratio of SUVmax of the primary tumor to normal tissue (blood pool), T/NTlung = ratio of SUVmax of the primary tumor 
to normal tissue (lung)
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other types in both primary lesions (area under the curve 
[AUC]: 0.868–0.948) and lymph node metastases (AUC: 
0.783–0.888) (Tables 3, 4). Among these, T/NTblood was 
notable with the highest diagnostic performance (AUC: 
0.948) with 100.0% sensitivity and 86.2% specificity. 
Regarding the distinction between the NE and non-NE 
groups, all parameters showed moderate overall performance 

for both primary lesions (AUC: 0.692–0.786) and lymph 
node metastases (AUC: 0.692–0.815) (Tables 5, 6).

DISCUSSION

Our study explored the application of CXCR4-targeted 
PET/CT imaging to identify the different molecular subtypes 
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Fig. 3. [18F]AlF-NOTA-QHY-04 PET/CT uptake observed in primary lesions of various molecular subtypes (A-E, K-O) and lymph node 
metastases (F-J, P-T). *P < 0.05, †P < 0.01, ‡P < 0.001, §P < 0.0001. SCLC = small-cell lung cancer, SUVmax = maximum standard uptake 
value, SUVmean = mean standard uptake value, SUVpeak = peak standard uptake value, T/NTblood = ratio of SUVmax of the primary tumor to 
normal tissue (blood pool), and T/NTlung = ratio of SUVmax of the primary tumor to normal tissue (lung)
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of SCLC. We observed a significantly higher uptake in the 
SCLC-N subtype in both primary tumors and lymph node 
metastases than in the other subtypes (P < 0.05). Notably, 

the T/NTblood parameter demonstrated the highest diagnostic 
value for distinguishing SCLC-N from other SCLC subtypes, 
with an AUC of 0.948, sensitivity of 100%, and specificity 

Korean J Radiol 2025;26(5):599-?

A B C D

Fig. 5. Comparison between NE and non-NE subtypes based on [18F]AlF-NOTA-QHY-04 PET/CT uptake in primary lesions (A-E) and lymph 
node metastases (F-J). *P < 0.05, †P < 0.01, ‡P < 0.0001. NE = neuroendocrine, SCLC = small-cell lung cancer, SUVmax = maximum standard 
uptake value, SUVmean = mean standard uptake value, SUVpeak = peak standard uptake value, ns = not significant, T/NTblood = ratio of SUVmax of 
the primary tumor to normal tissue (blood pool), T/NTlung = ratio of SUVmax of the primary tumor to normal tissue (lung)

Fig. 4. Representative [18F]AlF-NOTA-QHY-04 PET/CT images of patients with SCLC-A. Primary tumors are indicated by red arrows. A: SCLC-A 
(SUVmax = 8.03), B: SCLC-N (SUVmax = 11.19), C: SCLC-P (SUVmax = 9.14), D: SCLC-I (SUVmax = 6.21). SCLC = small-cell lung cancer, SUVmax = 
maximum standard uptake value
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of 86.2%. We also validated the performance of PET/CT 
parameters in distinguishing between the NE and non-
NE subtypes. These findings highlight the potential of 
CXCR4-directed PET/CT as a non-invasive tool for molecular 
subtyping of SCLC, which could have significant implications 
for personalized treatment planning.

The elevated tracer uptake in SCLC-N aligns with its 

distinct biological features. NEUROD1, the defining 
transcription factor of SCLC-N, is associated with an 
immune-cold status and promotes tumor cell survival, 
proliferation, and migration through the regulation of TRKB 
and NCAM1 [11,23]. These pathways enhance the invasive 
behavior of NE lung carcinomas [24,25]. High CXCR4 
expression, reflected by increased tracer uptake, may be 

Table 6. Performance of [18F]AlF-NOTA-QHY-04 PET/CT parameters for distinguishing SCLC of NE and non-NE subtypes in lymph node metastases

Parameters AUC Sensitivity, % Specificity, % Accuracy, % Threshold
SUVmax 0.729 75.0 (27/36) 70.0 (14/20) 73.2 (41/56) 5.56
SUVmean 0.747 55.6 (20/36) 90.0 (18/20) 67.9 (38/56) 3.23
SUVpeak 0.692 69.4 (25/36) 75.0 (15/20) 71.4 (40/56) 4.03
T/NTblood 0.714 50.0 (18/36) 95.0 (19/20) 66.1 (37/56) 3.80
T/NTlung 0.815 69.4 (25/36) 90.0 (18/20) 76.8 (43/56) 9.35

SCLC = small-cell lung cancer, NE = neuroendocrine, AUC = area under the curve, SUVmax = maximum standard uptake value, SUVmean = 
mean standard uptake value, SUVpeak = peak standard uptake value, T/NTblood = ratio of SUVmax of the primary tumor to normal tissue (blood 
pool), T/NTlung = ratio of SUVmax of the primary tumor to normal tissue (lung)

Table 3. Performance of [18F]AlF-NOTA-QHY-04 PET/CT parameters for distinguishing SCLC-N and the other SCLCs in primary lesions

Parameters AUC Sensitivity, % Specificity, % Accuracy, % Threshold
SUVmax 0.931 83.3 (5/6) 93.1 (27/29) 91.4 (32/35)   9.86
SUVmean 0.925 83.3 (5/6) 93.1 (27/29) 91.4 (32/35)   4.40
SUVpeak 0.897 83.3 (5/6) 93.1 (27/29) 91.4 (32/35)   7.17
T/NTblood 0.948  100 (6/6) 86.2 (25/29) 88.6 (31/35)   4.57
T/NTlung 0.868 83.3 (5/6) 86.2 (25/29) 85.7 (30/35) 15.75

SCLC = small-cell lung cancer, AUC = area under the curve, SUVmax = maximum standard uptake value, SUVmean = mean standard uptake value, 
SUVpeak = peak standard uptake value, T/NTblood = ratio of SUVmax of the primary tumor to normal tissue (blood pool), T/NTlung = ratio of 
SUVmax of the primary tumor to normal tissue (lung)

Table 4. Performance of [18F]AlF-NOTA-QHY-04 PET/CT parameters for distinguishing SCLC-N and the other SCLCs in lymph node metastases

Parameters AUC Sensitivity, % Specificity, % Accuracy, % Threshold
SUVmax 0.825 61.5 (8/13) 90.7 (39/43) 83.9 (47/56)   8.09
SUVmean 0.888   100 (13/13) 69.8 (30/43) 76.8 (43/56)   2.99
SUVpeak 0.783 53.9 (7/13) 93.0 (40/43) 83.9 (47/56)   6.31
T/NTblood 0.864   84.6 (11/13) 81.4 (35/43) 82.1 (46/56)   3.80
T/NTlung 0.880   92.3 (12/13) 79.1 (34/43) 82.1 (46/56) 11.28

SCLC = small-cell lung cancer, AUC = area under the curve, SUVmax = maximum standard uptake value, SUVmean = mean standard uptake value, 
SUVpeak = peak standard uptake value, T/NTblood = ratio of SUVmax of the primary tumor to normal tissue (blood pool), T/NTlung = ratio of 
SUVmax of the primary tumor to normal tissue (lung)

Table 5. Performance of [18F]AlF-NOTA-QHY-04 PET/CT parameters for distinguishing SCLC of NE and non-NE subtypes in primary lesions

Parameters AUC Sensitivity, % Specificity, % Accuracy, % Threshold
SUVmax 0.732 73.9 (17/23) 75.0 (9/12) 74.3 (26/35)   6.28
SUVmean 0.699 73.9 (17/23) 75.0 (9/12) 74.3 (26/35)   3.10
SUVpeak 0.696 78.3 (18/23) 58.3 (7/12) 71.4 (25/35)   4.68
T/NTblood 0.692 60.9 (14/23) 75.0 (9/12) 65.7 (23/35)   3.91
T/NTlung 0.786 56.5 (13/23)    100 (12/12) 71.4 (25/35) 12.09

SCLC = small-cell lung cancer, NE = neuroendocrine, AUC = area under the curve, SUVmax = maximum standard uptake value, SUVmean = mean 
standard uptake value, SUVpeak = peak standard uptake value, T/NTblood = ratio of SUVmax of the primary tumor to normal tissue (blood pool), 
T/NTlung = ratio of SUVmax of the primary tumor to normal tissue (lung)
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associated with these aggressive features and could explain 
the poor prognosis often observed in patients with SCLC-N. 
Similarly, as the most common subtype, SCLC-A showed a 
relatively high tracer uptake in our study. Similar to SCLC-N, 
it is considered an immunologically cold tumor [26]. ASCL1 
is a key transcription factor that activates NE genes and 
contributes to cell proliferation [27]. The similar PET/CT 
characteristics observed between SCLC-A and SCLC-N may 
reflect their shared NE nature and potentially comparable 
CXCR4 expression patterns.

In contrast, the non-NE subtypes SCLC-P and SCLC-I 
displayed reduced CXCR4-directed tracer uptake. SCLC-P, 
defined by the POU2F3 transcription factor, is characterized 
by a low expression of NE markers and is associated with 
a more favorable prognosis [8,21,28]. This may explain 
the lower CXCR4-directed tracer uptake observed in 
this subtype. SCLC-I is distinguished by high levels of 
immune cell infiltration and the expression of immune 
checkpoint-related genes, which are clinically significant 
and suggest a stronger response to immunotherapy. In the 
Phase 3 Impower133 trial, patients with SCLC-I receiving 
atezolizumab plus chemotherapy showed an 8-month 
increase in the median overall survival than those receiving 
chemotherapy alone [7].

The differential tracer uptake among these subtypes may 
reflect the underlying differences in tumor biology, immune 
microenvironment, and potential treatment responses. Our 
ROC analysis demonstrated high sensitivity and specificity 
for distinguishing SCLC-N from other SCLCs, particularly 
using the T/NTblood parameter. This suggests that CXCR4-
directed PET/CT could serve as a valuable non-invasive tool 
for identifying SCLC-N subtypes, which may have important 
implications for prognosis and treatment planning.

Furthermore, the observation of higher tracer uptake in NE 
than in non-NE subtypes in primary tumors is particularly 
intriguing. This finding is consistent with previous reports 
of higher CXCR4 expression in NE SCLC cell lines [29-31]. 
The ability to non-invasively distinguish NE from non-NE 
SCLC could have significant clinical implications, as these 
groups exhibit different immune profiles and treatment 
responses. Non-NE subtypes, particularly SCLC-I, show 
better responses to immunotherapy [32-34]. Our imaging 
approach can potentially help identify patients who are 
more likely to benefit from immune checkpoint inhibitors.

From a molecular perspective, the association between 
CXCR4 expression and SCLC subtypes may be explained by 
shared signaling pathways. For instance, the Wnt signaling 

pathway, which induces cell migration and proliferation in 
NE neoplasms, could be activated by CXCR4/CXCL12 [35-38]. 
Notably, NEUROD1 is also a target of Wnt/β-catenin signaling, 
which may suggest the potential connection between NEUROD1 
and CXCR4/CXCL12. This could partly explain the high uptake 
of CXCR4-directed tracers observed in SCLC-N. In terms of 
the tumor microenvironment, higher CXCR4 expression in 
NE subtypes, particularly SCLC-N, may contribute to their 
immune-cold phenotype. CXCR4/CXCL12 signaling promotes 
the exit of CD8+ T cells from the tumor microenvironment 
[39], potentially explaining the lower immune cell 
infiltration observed in these subtypes. Conversely, lower 
CXCR4 expression in non-NE subtypes, especially SCLC-I, 
may contribute to their immune-hot status and a better 
response to immunotherapy.

Our findings suggest that [18F]AlF-NOTA-QHY-04 PET/CT 
imaging may serve as a valuable tool for non-invasive 
SCLC subtyping, potentially guiding treatment decisions. 
For instance, patients with lower tracer uptake, which is 
indicative of non-NE subtypes, may be prime candidates 
for immunotherapy, whereas those with higher uptake may 
benefit more from chemotherapy or targeted approaches. 
The ability to non-invasively assess SCLC subtypes could 
be particularly valuable given the challenges of obtaining 
repeated biopsies in patients with SCLC.

However, this study has several limitations. First, our 
sample size was relatively small and was derived from a 
single institution, which might limit the generalizability 
of our findings. Therefore, larger multicenter studies are 
required to validate these findings. Second, owing to the 
small sample size, this study was unable to include and 
analyze various metastatic sites beyond the lymph nodes, 
as there were insufficient metastatic lesions to allow 
meaningful analysis. Third, we relied on biopsy specimens 
for immunohistochemical subtyping, which may not 
have fully captured tumor heterogeneity. Future studies 
comparing PET/CT results with those of more comprehensive 
genomic profiling could provide additional insights.

In conclusion, our results demonstrate that [18F]AlF-
NOTA-QHY-04 PET/CT imaging can identify SCLC molecular 
subtypes, particularly in distinguishing between SCLC-N 
and other SCLC subtypes, and between NE and non-NE 
subtypes. The parameters showed relatively high diagnostic 
performance, particularly the T/Nblood in differentiating 
SCLC-N from other SCLC subtypes. This non-invasive 
approach could complement existing diagnostic methods 
and guide individualized treatment strategies.
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