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Integrative Serum Metabolic Fingerprints Based
Multi-Modal Platforms for Lung Adenocarcinoma Early
Detection and Pulmonary Nodule Classification

Lin Wang, Mengji Zhang, Xufeng Pan, Mingna Zhao, Lin Huang, Xiaomeng Hu,
Xueging Wang, Lihua Qiao, Qiaomei Guo, Wanxing Xu, Wenli Qian, Tingjia Xue,
Xiaodan Ye, Ming Li, Haixiang Su, Yinglan Kuang, Xing Lu, Xin Ye, Kun Qian,*

and Jiatao Lou*

Identification of novel non-invasive biomarkers is critical for the early
diagnosis of lung adenocarcinoma (LUAD), especially for the accurate
classification of pulmonary nodule. Here, a multiplexed assay is developed on
an optimized nanoparticle-based laser desorption/ionization mass
spectrometry platform for the sensitive and selective detection of serum
metabolic fingerprints (SMFs). Integrative SMFs based multi-modal platforms
are constructed for the early detection of LUAD and the classification of
pulmonary nodule. The dual modal model, metabolic fingerprints with protein
tumor marker neural network (MP-NN), integrating SMFs with protein tumor
marker carcinoembryonic antigen (CEA) via deep learning, shows superior
performance compared with the single modal model Met-NN (p < 0.001).
Based on MP-NN, the tri modal model MPI-RF integrating SMFs, tumor
marker CEA, and image features via random forest demonstrates significantly
higher performance than the clinical models (Mayo Clinic and Veterans
Affairs) and the image artificial intelligence in pulmonary nodule classification
(p < 0.001). The developed platforms would be promising tools for LUAD
screening and pulmonary nodule management, paving the conceptual and
practical foundation for the clinical application of omics tools.

1. Introduction

Lung cancer, with 2.22 million new cases
and 1.79 million deaths globally in 2020,
is a complex heterogeneous malignant
tumor.?l Lung adenocarcinoma (LUAD) is
the most popular histological subtype of
non-small cell lung cancer, which consti-
tutes about 50% of lung malignancies.]
Although annual radiologic screening of
LUAD by low-dose computed tomography
(LDCT) is suggested for populations of high
risk, the management of LDCT-detected
pulmonary nodule, the main manifestation
of early stage LUAD, is challenging with a
false positive rate of 96%.[ Clinical nod-
ule assessment tools (e.g., Mayo Clinic and
Veterans Affairs (VA) models®)) as well as
computer-aided diagnosis methods!*®! have
been widely used, whereas the performance
is limited due to lack of tumor-specific bi-
ological information. Therefore, there is an
unmet need for complementary biomarkers
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for early diagnosis of LUAD and accurate classification of pul-
monary nodule.

Emerging biomarkers for cancer early diagnosis vary from
cellular to molecular level. At the cellular level, circulating tu-
mor cells (CTCs), as a metastatic relapse and prognostic marker,
may help monitor the progression of lung cancer. Still, CTCs
show limited sensitivity of 70% and require hours for antibody
recognition and enrichment, making it infeasible for large-scale
cancer screening.[®l At the molecular level, omics tools, includ-
ing genomics,/”) proteomics,®l and metabolomics,!*! inform clin-
ical decision-making for cancer diagnosis and guide precision
medicine. Notably, metabolic analysis, which is closer to disease
phenotypes, measures the end products of biological activities
and represents a promising tool for the detection of early-stage
cancer.

As the state-of-art analytical tools for metabolomics, mass
spectrometry (MS) and nuclear magnetic resonance (NMR)
dominate metabolic analysis. NMR measures atomic species
by the electromagnetic interaction between atom spins and
magnetic fields,'% which requires a long detection time owing
to the relaxation.l'%! In contrast, MS directly records molecular
species by fragmentation spectrum and mass-to-charge ratio
(m/z), affording advanced molecular identification ability.'
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Current MS based metabolic analysis is usually performed
in a targeted and expensive manner, which detects a limited
amount of metabolites and requires tedious pretreatment (e.g.,
derivatization and desalination) and long assay time (~12 h per
sample). In contrast, non-targeted laser desorption/ionization
(LDI) MS affords strengths of high-throughput, no pretreat-
ment, and rapid analysis. Whereas, LDI MS usually demands
organic matrices for energy and ion/electron transfer during
the desorption/ionization process, decreasing the detection
accuracy due to the interference in the low mass range and
limited selectivity/sensitivity.''*12)  With the development
of nanomaterial,""™™®! a nanoparticle based laser desorp-
tion/ionization mass spectrometry (NPLDI MS) can improve the
charge transfer and reduce heat dissipation for photon-induced
desorption/ionization of analytes.['1*12] Notably, the energy ab-
sorption is performed without forming cluster ions which degen-
erate the biological signals, making it a potential solution for LDI
MS.[lla]

The development and occurrence of diseases, especially can-
cer, consist of complicated biological mechanisms, in which
single modal data is insufficient for analyzing the pathogenic
factors. Multi-omics analyses will not only be able to reveal
the complex mechanisms underlying cancer progression and
development,'l but also have been proposed as the key to
promoting precision medicine in the clinic, such as diag-
nostic/therapeutic biomarker discovery,’! treatment response
evaluation,'®l and survival prediction.l'”] Particularly, a recent
prospective and interventional study demonstrated that blood
tests with positron emission tomography-computed tomography
can localize several types of cancers safely and precisely for indi-
viduals who were not previously known to have cancer,®! proof-
ing the clinical potential of integrating biological biomarkers with
radiological features for early cancer screening.

The success of multi-modal applications depends on tai-
lored data science models. In our work, the integrative serum
metabolic fingerprints (SMFs) are defined as SMFs, known for
high-dimensionality and sparsity,'?"! in combination with the
protein tumor marker and image features, making it unstruc-
tured data instead of structured data. Due to the nonlinear trans-
formation and maximum utilization of unstructured data,*”!
deep learning methods have been successfully applied in multi-
modal data analysis, such as the infusion of transcriptomics
and microscopy/electrophysiology data for neuronal cells.[*] Yet,
deep learning for modeling requires careful structure design and
parameter tuning, making a tailored deep learning model for in-
tegrative SMFs in demand.

Herein, we developed a multiplexed assay on an optimized
NPLDI MS platform for the direct metabolic analysis of patients’
sera. The NPLDI MS platform can directly trap metabolites
from complex biosamples, allowing for a high-throughput and
high sensitive/selective collection of metabolic fingerprints.
By combining SMFs with clinical indexes (protein tumor
marker, carcinoembryonic antigen (CEA) and image features),
we achieved both early diagnosis of LUAD and accurate classifi-
cation of pulmonary nodule with artificial intelligence strategies
toward multi-modal recognition. The integrative SMFs model
may represent a revolution in screening of early-stage can-
cer and contribute to improving health care, not limited to
LUAD.
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Figure 1. Overall experimental schematic of nanoparticle based laser desorption/ionization mass spectrometry (NPLDI MS). 1 uL of native serum was
incubated with ferric nanoparticles without pretreatment and directly analyzed by laser desorption/ionization mass spectrometry (LDl MS) to record
Na+ and K+ adducted signals. The deep learning method was used to construct diagnostic models based on the serum metabolic fingerprints. Blind
test was conducted with the same protocol to evaluate the performance of the diagnostic models.

2. Results

2.1. Study Design

The workflow of the study, including sample preparation, ma-
trix reagents loading, NPLDI MS detection, and automated anal-
ysis, is presented in Figure 1. To determine LUAD specific SMFs
and develop the integrative SMFs based diagnostic model, we
employed NPLDI MS to record SMFs of treatment-naive LUAD
patients (n = 958) and clinically relevant controls (n = 1318) as
shown in Table S1, Supporting Information. Furthermore, from
the above participants, a total of 480 samples with pulmonary
nodule on LDCT images were selected to construct and evalu-
ate the multi-modal model for nodule classification (Figure S1,
Supporting Information).

2.2. Extraction of SMFs

Ferric nanoparticles (Figure S2A, Supporting Information) were
chosen as the matrix of NPLDI MS for the rough surface, strong
absorption of light, good water dispersity, and the negative-
charged surface. For the rough surface indicated by scanning
electron microscopy (SEM, Figure S2B, Supporting Informa-
tion), it could assist the size-selective trapping of metabolites.[13¢]
For the strong absorption of light indicated by the ultraviolet-
visible spectrum (Figure S2D, Supporting Information), it could
help the transfer of laser energy during desorption/ionization
process. In addition, the ferric nanoparticles also display the good
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water dispersity for evenly mixing the suspension without precip-
itation (dynamic light scattering analysis, Figure S2E, Support-
ing Information) and the negative-charged surface (zeta poten-
tial, Figure S2F, Supporting Information) for cation adduction.
We further evaluated the analytical performance of the NPLDI
MS from the aspects of sensitivity, protein/salt tolerance, and sta-
bility. For sensitivity, NPLDI MS with ferric nanoparticles could
detect trace amounts of analytes in biofluids with a detection limit
as low as ~pmol (Table S2, Supporting Information). For pro-
tein/salt tolerance, NPLDI MS with ferric nanoparticles success-
fully identified the molecular peaks from the highly concentrated
protein (Figure S3A, Supporting Information) and salt solutions
(Figure S3B,C, Supporting Information). For detection stability,
we performed two experiments to evaluate the NPLDI MS plat-
form: 1) repeated experiments of the same sample with the same
conditions; 2) repeated experiments of the same sample with fer-
ric nanoparticles from different batches. In the first experiment,
we performed NPLDI MS detection of glucose, valine, and lysine
with the concentration of 1 ng nL~! in three technical replicates,
and observed a coefficient of variation (CV) 0f 2.72%, 10.83%, and
8.06% for glucose, valine, and lysine in sodium adducts, respec-
tively (Figure S4, Supporting Information). In the second exper-
iment, we performed the NPLDI MS detection using the ferric
nanoparticles from three batches (average size of 332.5, 313.0,
and 332.1 nm, Figure S5A-C, Supporting Information), and ob-
served a CV < 10% for glucose, valine, and lysine in sodium
adducts (Figure S5D-F, Supporting Information). Therefore, the
property of high sensitivity, protein/salt tolerance, and stability

2203786 (3 0f14) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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make ferric nanoparticles the suitable matrix for LDI MS detec-
tion.

We then built the serum metabolic database using the high-
throughput NPLDI MS analysis. In total, there existed ~125 000
data points in the raw MS results per sample, and the m/z sig-
nals were attained with total ion counts (referred to the sum of
the peak intensity for every sample) of ~8.29 x 10° at the low
mass range of 100~400 Da (Figure S6A, Supporting Informa-
tion). Notably, the SMFs, which consisted of 2316 m/z signals,
were extracted from raw MS results after data preprocessing (Fig-
ure S6B, Supporting Information), serving as the input data for
diagnosis use.

2.3. SMFs Based Single and Dual Modal Models for LUAD
Diagnosis

In order to validate the diagnostic capacity of SMFs for clini-
cal use, we randomly split the enrolled samples into a train-
ing cohort of n = 1526 (n = 669/214/643; HC/LBD/LUAD)
and a non-overlapped test cohort of n = 750 (n = 329/106/315;
HC/LBD/LUAD) with well-matched age and sex (p > 0.05) (Fig-
ure 2A). Notably, the samples were mainly from early-stage
LUAD, with stage 0 —II cancers comprising 71.2% (458/643) and
75.2% (237/315) of the total patients in the training and test co-
hort, respectively (Table S1, Supporting Information).

The modeling of MS big data in serum samples plays a crit-
ical role in the clinical application to obtain accurate perfor-
mances. The results of t-SNE showed no clustering in the first
two principal components, indicating the hardly indistinguish-
able nature of SMFs by naive machine learning methods (Fig-
ure S7A,B, Supporting Information). We applied conventional
machine learning for LUAD diagnosis with SMFs plus protein
tumor marker CEA to verify the hardly indistinguishable nature.
We performed linear models, which include logistic regression
(LR), elastic net (EN), and least absolute shrinkage and selection
operator (LASSO), and nonlinear models, which include support
vector machine (SVM) and random forest (RF), for the binary
classification. For linear models, the area-uder-curve (AUC) of
blind test achieved 0.659/0.576/0.570 for LASSO/EN/LR, respec-
tively (Figure S7C, Supporting Information). For nonlinear mod-
els, we obtained AUCs of 0.746 and 0.657 for RF and SVM, re-
spectively (Figure S7D, Supporting Information).

Then, we turned to deep learning for building the diagnos-
tic models. We named the model based on SMFs as METabolic
Neural Network (Met-NN) and the model based on SMFs plus
protein tumor marker as Metabolic fingerprints with Protein tu-
mor marker Neural Network (MP-NN, Figure 2A, Figure S7E,
Supporting Information). The MP-NN score showed an increas-
ing trend from HC to LUAD, with significantly higher scores in
patients with LUAD than those in HC and LBD (p < 0.001, Fig-
ure 2B). The MP-NN model showed excellent capacity for dis-
tinguishing LUAD patients from HC and LBD patients for the
training set (Figure 2C-E). As shown in Table 1, the obtained
AUC value for LUAD versus HC/LBD was 0.952 (95% confidence
interval (CI) 0.942-0.961), correlating to a sensitivity/specificity
combination of 91.45%/86.86%, which was significantly higher
than the AUC of CEA (0.570, 95% CI 0.540-0.600; p < 0.001) and
the single modal model Met-NN (0.908, 95% CI 0.894-0.923; p <
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0.001). Importantly, the MP-NN model demonstrated better per-
formance for the detection of early-stage LUAD patients (stage 0-
II) from HC/LBD patients than CEA (p < 0.001) and the Met-NN
(p < 0.001) and even for the detection of patients with adenocar-
cinoma in situ (stage 0) (Table 1).

We further validated the MP-NN model in the indepen-
dent test set. Consistent results were acquired with an in-
creasing MP-NN score trend from HC to LUAD (p < 0.001;
Figure S6C, Supporting Information) and comparable diag-
nostic performance (AUC of 0.809, correlating to a sensitivity
of 76.19% and specificity of 67.59%) within the training co-
hort (Table 1). We attributed the success of MP-NN to nonlin-
ear transformation and maximum utilization of unstructured
data. For nonlinear transformation, LR, LASSO, and EN only
achieved AUCs of 0.570, 0.659, and 0.576 in blind test set, re-
spectively (Figure S7C, Supporting Information). In contrast,
MP-NN obtained a significant AUC of 0.809 (p < 0.0001 com-
pared with LASSO, EN, and LR), indicating the superiority
of nonlinear transformation. For maximum utilization of un-
structured data, MP-NN achieved a significant AUC of 0.809
in blind test set, while RF and SVM only had AUCs of 0.764
and 0.658 (p < 0.0001 compared with deep learning method)
(Figure S7D, Supporting Information), indicating the superior-
ity of its better utilization of unstructured data (multiple inputs
for deep neural network).

The MP-NN model outperformed the traditional tumor
marker CEA (Figure 2F,G; Figure S6D, Supporting Information)
in the test cohort. In addition, the detection rate of MP-NN model
in the LUAD group was higher than that of CEA with specificity
of 80%, 90%, and 98%, and the false positive rate was lower with
sensitivity of 80%, 90%, and 98% (Figure 2H). We also found
a correlation between MP-NN scores and LUAD clinical stage
(Figure 2I). Particularly, MP-NN detected 87.4%, 82.8%, 86.2%,
94.3%, and 93.2% of patients with stage of 0, I, II, III, and IV
LUAD, respectively (Figure 2J), demonstrating that MP-NN score
may serve as a direct indicator of tumor burden and may show
utility in treatment monitoring and early detection of cancer re-
lapse (Figure S6E,F, Supporting Information). Besides, we fur-
ther performed a permutation test to evaluate the overfitting ef-
fects of MP-NN (Figure S8, Supporting Information). Specifi-
cally, the distribution of the AUC in the blind test set demon-
strated no overfitting effect significantly (p < 0.05). The AUC was
calculated with the uninformative data obtained from random
permutation, which has been universally employed to estimate
overfitting.[!]

2.4. Performance of MP-NN for Pulmonary Nodule Classification

MP-NN also works in the classification of pulmonary nodule. A
total of 480 samples with pulmonary nodule on LDCT images
were selected from the participants (Figure 3A, the detailed de-
mographic characteristics are listed in Table S3, Supporting In-
formation). The average MP-NN score of patients with malig-
nant pulmonary nodule was significantly higher than that of pa-
tients with benign pulmonary nodule (Figure 3B,C). The MP-NN
achieved an AUC of 0.778 (95%CI 0.729-0.828) with sensitivity
of 81.79% a specificity of 56.91% (Figure 3D, Table 2). To verify
the superiority of MP-NN model, we introduced the clinical as-
sessment models and CT image artificial intelligence models for

2203786 (4 0f14) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Development and blind test of serum metabolic fingerprints (SMFs) based lung adenocarcinoma (LUAD) diagnostic model. A) Schematic
overview of the deep learning approach used to develop and validate the SMFs based integrated LUAD diagnostic model. B) Score of the MP-NN
identified in the training cohort. p-values were calculated using a Wilcoxon test. Error bars refer to interquartile. C) Area-under-curve (AUC) for individual
parameters in the training cohort. p-values were calculated using a DeLong test. Error bars refer to 95% confidence intervals (Cls). D) Receiver operating
characteristic curve (ROC) of the individual parameters in the training cohort. E) Confusion tables of binary results of the MP-NN model in the training
cohort. F) ROC of the individual parameters in the test cohort. G) Confusion tables of binary results of the MP-NN model in the test cohort. H) Detection
rates of MP-NN and carcinoembryonic antigen (CEA) at different specificity in the test cohort. I) MP-NN score levels summarized by stage in the whole
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Table 1. MP-NN performance for lung adenocarcinoma (LUAD) diagnosis.
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Characteristics Threshold AUC (95% CI) Sensitivity [%)] Specificity [%] PPV [%] NPV [%] Accuracy [%)] p1value? p2 value®)

Training set
AD (Stage 0-1V)
CEA 5ng mL~! 0.570 (0.540-0.600) 23.79 92.75 7051 62.57 63.70 / /
Met-NN 0.521 0.908 (0.894-0.923) 86.63 78.94 74.97 89.02 82.18 <0.001 <0.001
MP-NN 0.433 0.952 (0.942-0.961) 91.45 86.86 83.52 93.31 88.79 <0.001
AD (Stage 0-11)
CEA 5ng mL~! 0.527 (0.494-0.561) 9.61 92.75 40.74 66.42 64.35 / /
Met-NN 0.521 0.908 (0.892-0.923) 86.68 78.94 68.10 91.95 81.58 <0.001 <0.001
MP-NN 0.433 0.943 (0.931-0.955) 89.96 86.86 78.03 94.34 87.92 <0.001
AD (Stage 0)
CEA 5ngmL~! 0.679 (0.613-0.745) 0.00 92.75 0.00 92.54 86.30 / /
Met-NN 0.521 0.916 (0.886-0.946) 92.42 78.94 24.70 99.29 79.87 <0.001 <0.001
MP-NN 0.433 0.945 (0.925-0.965) 89.39 86.86 33.71 99.10 87.04 <0.001

Test set

AD (Stage 0-1V)
CEA 5ng mL™! 0.529 (0.485-0.573) 20.32 97.47 85.33 62.81 65.07 / /
Met-NN 0.521 0.782 (0.750-0.814) 76.19 63.45 60.15 78.63 68.80 <0.001 0.004
MP-NN 0.433 0.809 (0.779-0.839) 76.19 67.59 62.99 79.67 71.20 <0.001
AD (Stage 0-11)
CEA 5ng mL™! 0.575 (0.528-0.622) 7.59 97.47 62.07 65.94 65.77 / /
Met-NN 0.521 0.775 (0.741-0.810) 75.53 63.45 52.96 82.63 67.71 <0.001 0.463
MP-NN 0.433 0.782 (0.748-0.817) 71.73 67.59 54.66 81.44 69.05 <0.001
AD (Stage 0)
CEA 5ngmlL™! 0.636 (0.524-0.748) 0.00 97.47 0.00 93.60 9138 / /
Met-NN 0.521 0.794 (0.726-0.862) 75.86 63.45 12.15 97.53 64.22 0.027 0.002
MP-NN 0.433 0.843 (0.789-0.898) 82.76 67.59 14.55 98.33 68.53 0.003

AUC = area under curve; NPV = negative predictive value; PPV = positivf predictive value; Cl = confidence interval. ) The p1 values indicate the statistical significance for
the differences of AUC as compared with traditional tumor marker CEA. ) The p2 values indicate the statistical significance for the differences of AUC between Met-NN and

MP-NN.

comparison. The performance of MP-NN is superior to the Mayo
Clinic and Veterans Affairs models, which are constructed with
radiological characteristics and clinical information (p < 0.001,
Figure 3D). It is worth noting that the performance of MP-NN
was consistent across all nodule sizes, radiological types, and
histology types (Figure 3E,F, Table 2). In the intervening years,
medical image approaches combined with deep learning tech-
nology became a leading research topic in detecting and distin-
guishing benign and malignant pulmonary nodules.[??] We devel-
oped a deep learning-based Image Artificial Intelligence software
(Image-Al) previously.?3] As shown in Figure 3D and Table 3, the
obtained AUC of MP-NN was significantly higher than Image-
Al in the test set (p = 0.026) and MP-NN was highly sensitive,
but showed poor specificity, while Image-Al was highly specific,
thus a comprehensive intelligent model integrating MP-NN and
Image-AI will be significantly valuable.

2.5. SMFs Based Tri Modal Model for Pulmonary Nodule
Classification

To further improve the ability to classify the intermediate pul-

monary nodules, we constructed a tri modal model integrating
SMFs, tumor marker CEA, and Image-Al (Figure 4A). To effec-
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tively aggregate information from different modalities and select
the optimal classifier, we first tested different machine learning
models for comparison, including LR, radiological characteris-
tics, SVM, decision trees (DT), extra trees (ET), XGBoost, Light-
GBM, and RF. The previously 480 samples dataset was randomly
splitinto 8:2 as the training and test set. The RF algorithm was de-
termined to be the best classifier for output fusion based on MP-
NN and Image-Al on the training set in tenfold cross-validation
(Figure 4B). The best parameters of RF found with grid-search
were adopted to retrain the RF model on the entire training set
and generated the final tri modal MPI-RF model (Figure 4A). As
shown in Figure 4C, the integration of Image-Al with MP-NN
significantly improved the prediction accuracy. MPI-RF achieved
better performance than any single and dual modal models
both in the training and the test set (Figure 4D, Table 3). More
importantly, at higher specificity (80%), MPI-RF attained over
80% sensitivity, which is notably better than that of Image-Al
alone (Figure 4D).

Studies have revealed the different proteogenomic landscapes
between smokers and non-smokers.[?*! We compared smoking
status and nodule size to the MPI-RF score assigned to each sam-
ple to assess the effects of clinical risk factors such as smoking
and nodule size. The two factors did not appear to correlate with
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Figure 3. Performance of MP-NN in pulmonary nodule classification. A) Schematic depicting the approach for evaluation of the performance of MP-NN
in pulmonary nodule classification. B) MP-NN score levels in patients with benign and malignant nodules. p-values were calculated using a Wilcoxon
test. Error bars indicate interquartile. C) Representative data of patients with pulmonary nodules. Left, data of two patients with low MP-NN scores
who were diagnosed with pulmonary infection (# 1486; # 2255). Right, data from two patients with high MP-NN scores who were diagnosed with
lung adenocarcinoma (LUAD) (# 550; # 515). D) Receiver operating characteristic curve (ROC) of MP-NN, Image-Al, Mayo Clinic, and Veterans Affairs
model for pulmonary nodule classification in the whole cohort. E) ROC of MP-NN in different nodule radiological subtypes. F) ROC of MP-NN in different

nodule sizes. *** p < 0.001.
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Table 2. MP-NN performance in different nodule sizes and radiological subtypes.

Characteristics AUC (95% CI) Sensitivity [%)] Specificity [%] PPV [%] NPV [%] Accuracy [%)]

All nodules 0.778 (0.729-0.828) 81.79 56.91 84.64 51.85 75.42

Nodule size

Nodules > 0.8 cm 0.782 (0.727-0.836) 82.81 57.00 84.59 53.77 76.10

Nodules < 0.8 cm 0.769 (0.653-0.886) 77.78 56.52 84.85 44.83 72.63

Nodule radiological type

Pure GGN 0.801 (0.636-0.966) 87.72 42.86 96.15 17.65 85.12

Part-solid nodule 0.809 (0.710-0.908) 77.11 70.37 94.12 33.33 76.17

Solid nodule 0.771 (0.698-0.843) 83.12 53.93 60.95 78.69 67.47

Histological type

AIS 0.788 (0.726-0.851) 84.72 56.91 53.51 86.42 67.18

MIA 0.781 (0.722-0.841) 82.52 56.91 61.59 79.55 68.58

1A 0.773 (0.719-0.827) 80.22 56.91 73.37 66.04 70.82

GGN refers to ground-glass nodule; AlS refers to adenocarcinoma in situ; MIA refers to minimally invasive adenocarcinoma; IA refers to invasive adenocarcinoma.

Table 3. Performance of multi-modal platforms for benign and malignant pulmonary nodule diagnosis.

Model Threshold AUC (95% ClI) Sensitivity [%)] Specificity [%)] PPV [%] NPV [%] Accuracy [%] p1value? p2 value®)
Training set

Met-NN 0.521 0.717 (0.655-0.778) 82.52 50.00 82.81 49.49 74.22 0.015 <0.001

Image-Al 0.780 0.686 (0.628-0.745) 55.94 76.53 87.43 37.31 61.20 0.128 <0.001

MP-NN 0.433 0.755 (0.698-0.812) 80.77 53.06 83.39 48.60 73.70 / <0.001

MPI-RF 0.697 0.897 (0.863-0.930) 83.57 80.61 92.64 62.70 82.81 / /

Test set

Met-NN 0.521 0.792 (0.682-0.902) 85.92 64.00 87.14 61.54 80.21 0.011 0.008

Image-Al 0.780 0.719 (0.614-0.825) 52.11 84.00 90.24 38.18 60.42 0.026 <0.001

MP-NN 0.433 0.878 (0.792-0.964) 85.92 72.00 89.71 64.29 82.29 / 0.231

MPI-RF 0.697 0.912 (0.854-0.970) 81.69 92.00 96.67 63.89 8438 / /

:,) The p1 values indicate the statistical significance for the differences of AUC comparing the dual modal model MP-NN with the single modal model Met-NN and Image-Al.
) The p2 values indicate the statistical significance for the differences of AUC comparing the tri modal model MPI-RF with the single modal model Image-Al and Met-NN and

the dual modal model MP-NN.

the MPI-RF score, nodules of all sizes and smoking status were
spread across the model score spectrum (Figure S9, Supporting
Information). To quantify this observation, the Chi-square Hos-
mer and Lemeshow test and Pearson correlation were calculated
(Table S4, Supporting Information), and the results indicated that
the MPI-RF was independent of the two currently used risk fac-
tors for malignancy (p > 0.05). Thus, MPI-RF model may provide
incremental clinical information for pulmonary nodule classifi-
cation.

3. Discussion

LUAD survival is largely dependent on stage at diagnosis. The
identification of novel non-invasive biomarkers is critical to im-
prove the diagnosis of early-stage LUAD, and is especially im-
portant for the accurate classification of pulmonary nodule. A
novel lung cancer biomarker will be clinically valuable if it sat-
isfies the unsatisfied clinical need or brings strengths over stan-
dard practice (e.g., higher accuracy, more straightforward to use,
higher analysis speed, lower costs). Currently, clinically proven

Adv. Sci. 2022, 9, 2203786

lung cancer biomarkers such as CEA are used for monitoring
cancer development rather than early diagnosis because of insuf-
ficient sensitivity.

Progress in high-throughput technologies and artificial intel-
ligence approaches has contributed to the discovery of biomark-
ers for cancer diagnosis and prognosis. Liquid biopsies, such as
tumor-derived autoantibodies,?! circulating tumor DNA methy-
lation panels,!?®] and protein biomarker panels,?’ have been con-
sidered as an easier, safer, and less invasive method for can-
cer diagnosis. However, few approaches have reached extensive
clinical use mainly because of methodological limitations. Re-
cently, computer-aided screening systems have been studied to
detect pulmonary nodules and classify malignant and benign
ones.>>?8] Despite the improved prediction accuracy, several lim-
itations exist, including the issue of overfitting and the lack of
clinical/biological information. A single modal marker is un-
likely to have sufficient performance because of the heterogeneity
and complexity of cancer.[*) Hence, identifying new biomarker
panels for monitoring cancer presence and progression using ad-
vanced omics tools is critical. In this study, we constructed and
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Figure 4. Development and blind test of serum metabolic fingerprints (SMFs) based tri modal pulmonary nodule classification model. A) Schematic
overview of the random forest approach used to develop and validate the SMFs based tri modal pulmonary nodule classification model. B) Receiver
operating characteristic curve (ROC) of different machine learning algorithms using ten fold cross-validation in the training set. C) Scatter plot for the
graphical comparison of Image-Al and MPI-RF in the whole cohort. D) ROC of pulmonary nodule classification models in the training and test set.

validated integrative models for lung cancer early detection and  biomarkers which accurately reflect tumor cells’ metabolic activ-
pulmonary classification by multi-modal fusion of radiomics and  ity. Current application of metabolites in diagnosis is limited by
other omics. several critical difficulties including low bio-molecule abundance

Metabolomics is considered a hallmark of cancer, promising  and high sample complexity.?!! Accordingly, metabolic analysis
for biomarker development.?%) Metabolites are exported from  relies heavily on pretreatment methods, such as chemo-selective
cells to blood and transported out of the body by urine or feces.  extraction or liquid chromatography, which are time-intensive
Thus, metabolites could serve as the efficient and non-invasive  and labor-consuming, making it unpractical for large-scale use.
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LDI MS has afforded significant advantages with its rapid and di-
rect analysis of analytes (~seconds), simple sample preprocess-
ing/preparation for large-scale use, high sensitivity, and low costs
for practical applications.*?] Here, we established a rapid NPLDI
MS approach to analyze SMFs. This method is distinct from tradi-
tional MS approaches that require huge volumes of serum (~mL)
to enhance metabolite abundance and lengthy pretreatment pro-
cedures (~hours) to address sample complexity.

In order to identify accurate and systematic models for LUAD
early detection, we further expanded our analysis of SMFs and
integrated SMFs with clinical accessible data (e.g., traditional tu-
mor markers or CT features) to generate multi-modal platforms.
We described the development and validation of the dual modal
model (MP-NN) integrating SMFs with tumor marker CEA (Fig-
ure 2A), and demonstrated that MP-NN had better performance
than single modal Met-NN and CEA in screening of early LUAD
patients from controls (Figure 2B—H). Of note, the MP-NN scores
correlate well with tumor stage (Figure 21,]), and may have utility
in further study of the treatment monitoring and early detection
of cancer relapse. Additionally, our results suggested that the MP-
NN model may be a promising diagnostic adjunct to the current
paradigm for detecting indeterminate lung nodules. It achieved
an AUC of 0.778 (0.729-0.828, 95% CI), with sensitivity of 81.79%
and specificity of 56.91%, which outperformed current clinical
prediction models (Figure 3D, Table 2). Recently, a blood-based
methylation model PulmoSeek was demonstrated as a potential
solution for lung nodule diagnosis, however, it takes at least 4
days from sample to report, with at least $500 cost (including
extraction of cell-free DNA, conversion of bisulfite, construction
of library, sequencing, and bioinformatics analysis) in a clinical
laboratory.?®*! In contrast, our approach achieved appealing
analytical performance (~seconds) and superior diagnostic
performance (AUC of ~0.8 for pulmonary nodule classification
and of ~0.95 for early LUAD detection), enabling low-cost and
large-scale rollout for use in clinics. The above results showed
that the MP-NN model provided a new strategy, independent
of nodule characters, for accurate classification of pulmonary
nodule.

Image features are mostly recommended by guidelines for pul-
monary nodule classification, but are limited partly by variability
in image interpretation among radiologists and lack of bio-omics
information. The multi-modal fusion of radiomics and biomics
holds great potential to address this issue. Researchers have pre-
viously discussed the feasibility of incorporating blood test with
routine image scan to improve early cancer screening/diagnosis
performance and pulmonary nodule classification.!'®23*] We con-
structed a tri modal model integrated SMFs, tumor marker CEA,
and Image-Al via RF classifier (MPI-RF), which is more robust
and accurate for nodule risk stratification than dual modal MP-
NN and single modal Image-Al (Figure 4). RF is an ensemble
tree-based algorithm involving multiple decision trees which are
combined to yield a single prediction that is collective and con-
sensus of multiple trees. By integrating large numbers of deci-
sion trees, we can obtain results with dramatic improvements in
prediction accuracy. The MPI-RF model yields an AUC of 0.912
with significantly improved detection sensitivity at higher speci-
ficity range than any individual method. This result implicated
that radiomics and biomics biomarkers may offer complimen-
tary information and that both domains of knowledge should be
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utilized for a more comprehensive evaluation of pulmonary nod-
ule classification.

The advantages of our work include the development of the
rapid and low-cost NPLDI MS platform for sensitive and selective
collection of SMFs, and the construction of SMFs based single,
dual, and tri modal platforms for early LUAD diagnosis and accu-
rate pulmonary nodule classification. This study has several lim-
itations. First, both training and test studies were conducted us-
ing retrospective samples, a prospective study is required to fur-
ther validate the performance of the models. Second, the present
study mainly focused on the development and validation of the di-
agnostic models. The potential pathways and mechanisms need
further investigation. Finally, improving lung cancer outcome is
the clinic’s most important task. We are performing the follow-
up to collect patients’ prognostic information, and the outcome
of prognostics will be reported in the future.

4, Conclusion

Overall, we have developed and validated integrative SMFs
based multi-modal platforms for LUAD early detection and pul-
monary nodule classification. The strategy was demonstrated to
be practically feasible based on NPLDI MS platform and high-
dimensional data processing methods, and clinically useful with
the potential to aid the existing diagnostic approaches in lung
cancer screening. This work lays the conceptual and practical
foundation for clinical application of omics tools and further pro-
vides new insights for biomarker study.

5. Experimental Section

Study Design: A total of 2276 participants, including 320 patients with
lung benign disease (LBD), 958 patients with LUAD, and 998 healthy con-
trols (HC) undergoing routine health care maintenance were enrolled be-
tween November 2016 and May 2018. The 2276 participants were collected
from Shanghai Chest Hospital. All serum samples were collected before or
at clinical diagnosis. Exclusion criteria included the lack of histopathologic
diagnosis, a history of other types of malignant diseases or acute diseases
for patients with lung cancer, and other systematic diseases (e.g., systemic
lupus erythematosus) for the controls. Written consent was attained from
each participant, with approval by the ethics committee of Shanghai
Chest Hospital (ethical approval number KS1961) and registered in the
Chinese Clinical Trial Registry (ChiCTR2000036938). Lung cancer was
diagnosed by histopathology according to the guidelines of the National
Comprehensive Cancer Network.[*3] Lung cancer staging was performed
based on the eighth IASLC TNM Staging System.[**] Lung benign diseases
included pulmonary infection, chronic obstructive pulmonary disease,
hamartoma, and others. There was no significant difference (p > 0.05)
in age and sex with detailed information listed in Table S1, Supporting
Information.

A total of 480 samples were selected from the above participants for
multi-modal pulmonary nodule classification platform construction and
validation following the criteria: single pulmonary nodule screened by
standard or LDCT with size less than 30 mm; and nodule types of solid
nodule, part-solid nodule, and pure ground-glass nodule (GGN). The de-
tailed information is listed in Table S3, Supporting Information.

Sample Size: A power analysis was conducted to decide the significant
sample size of machine learning for the MP-NN and MPI-RF. Assuming an
AUC of 0.95 for MP-NN was required in the training set, results showed
that at least 235 participants (including 99 LUAD patients and 136 con-
trols) would achieve a power of 80% to detect that the true AUC was > 0.9
(1 arm binomial test with one sided alpha = 0.05, Figure S10A, Support-
ing Information) in the test set. Assuming an AUC of 0.9 for MPI-RF was
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required in the training set, results showed that at least 98 participants (in-
cluding 73 patients with malignant nodules and 25 with benign nodules)
would achieve a power of 80% to detect that the true AUC was > 0.8 (1
arm binomial test with one sided alpha = 0.05, Figure S10B, Supporting
Information) in the test set.

Preparation of Serum Sample:  Whole blood samples were collected be-
tween 6:00 and 7:00 AM, with an overnight fast to remove the disturbance
of diet.3*] To obtain serum, blood samples were drawn by venipuncture
to BD Vacutainer tubes and centrifuged at 3500 rpm for 10 min at 4 °C.
Serum samples were stored at —80 °C immediately until use.

Preparation and Characterization of Nanoparticles:  Ferric nanoparticles
were synthesized through a modified solvo-thermal method based on the
previous reports.[113] 0.60 g of ferric chloride, 0.15 g of trisodium citrate,
and 0.96 g of sodium acetate were dissolved in ethylene glycol solution
successively and the mixture was sonicated until the solution became ho-
mogeneous. The reaction mixture was heated to 200 °C for 10 h in a re-
actor with a capacity of 50 mL. The product was washed using deionized
water and ethanol multiple times until the supernatant was colorless. The
final product was then dried at 60 °C for 12 h and stored in a vacuum
before use. For characterization of nanoparticles, SEM images were at-
tained with the S-4800 (Hitachi, Japan) operating at 10 kV. Transmission
electron microscopy images were recorded on a JEM-2100F instrument
(JEOL, Japan) under an acceleration voltage of 300 kV. Dynamic light scat-
tering was conducted on a Nano ZS instrument at 25 °C (Malvern, Worces-
tershire, UK). Optical absorption measurement of the materials were col-
lected on a UV1900 UV-vis spectrometer (Aucybest, China) at room tem-
perature.

NPLDI MS Analysis:  Ferric nanoparticles were disseminated in deion-
ized water at a concentration of 1 mg mL™" before NPLDI MS detection.
An equal volume ratio of serum analytes and material suspension (1 uL)
was successively dropped onto the target plates and dried for NPLDI MS
test. Mass spectra were acquired in the reflection mode on autoflex speed
time-of-flight mass spectrometry (Bruker, Germany) with the Nd:YAG laser
working at a maximum frequency of 2 kHz and 355 nm. Data from each ex-
periment data were accumulated by 2000 laser shots. Mass calibration was
performed with standard molecules to ensure the accurate mass measure-
ment and avoid intra-plate variation. All serum samples were randomly
dropped on multiple 384-well target plates to reduce systematic errors
and inter-plate variance due to uneven distribution of sample types. In
addition, each spot was repeated five times to ensure the reproducibility
of the mass spectra.

Spectrum Preprocessing:  The preprocessing of raw MS spectra was per-
formed in a step-wise manner and included spectrum smoothing, spec-
trum down-sampling, baseline correction, and peak detection. For spec-
trum smoothing, 1D Gaussian Filter with sigma of 1 was performed on
the raw spectra to remove noise. For spectrum down-sampling, the bin-
ning operation with a window size of 0.05 Da was performed to reduce the
complexity from ~125 000 data points to 9000 data points. For baseline
correction, the white top-hat operation of the morphological transforma-
tions was performed to remove the background baselines. For peak detec-
tion, local maxima operation was performed to extract the final metabolic
features. After the preprocessing procedures, 2316 metabolic features at
the mass range of 100-1000 Da were obtained.

Tumor Marker Analysis:  The serum levels of CEA were measured with a
commercially available electrochemiluminescent assay on a Roche Cobas
€601 analyzer (Roche Diagnostics, Germany). The cutoff value was set ac-
cording to the manufacturer’s recommendations.

Existing Clinical Models for Pulmonary Nodule Classification: The Mayo
Clinic prediction model for malignancy in pulmonary nodule is described
by the following equations:[3®]

X

probability of malignancy = T+e) M

x = —6.8272 + (0.0391 X age) + (0.7917 x smoking)
+(1.3388 x cancer) + (0.1274 X nodule diameter)

+ (1.0407 x spiculation) + (0.7838 X upper lobe) (2)
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where e refers to the base of natural logarithms, age is the patient’s age in
years, cigarettes = 0 if the patient has never been a smoker (otherwise =1,
including current or former smoker), cancer = 1if the patient has a history
of extrathoracic cancer which was diagnosed over 5 years ago (otherwise =
0), diameter is the diameter of the pulmonary nodule in millimeters, spic-
ulation = | if pulmonary nodule’s edge has spicules (otherwise = 0), and
upper = | if the pulmonary nodule is located in an upper lobe (otherwise =
0).

The Veterans Affairs model for malignancy in pulmonary nodule works
as the following mathematical equations:[3d]

X

probability of malignancy = T+e) (3)
x = —8.404 + (2.061 x smoke) + (0.779 x age10)
+ (0.112 x diameter) — (0.567 X years quit10) (4)

where e refers to the base of natural logarithms, smoke = 0 if the pa-
tient has never been a smoker (otherwise 1, including current or former
smoker), age 10 refers to the patient’s age in years divided by 10, diameter
refers to the diameter of the pulmonary nodule in millimeters, and years
quit10 is the number of years calculated from the year of quitting smoking
divided by 10.

LDCT Image Artificial Intelligence: CT scans were attained with a row
scanner of 128-detector (produced in Brilliance, Philips, Cleveland, OH,
USA) by the helical technique at the end of inspiration throughout one
breath hold. Routine CT’s scanning parameters were as follows: pitch, 1.0;
matrix, 1024 x 1024; FOV, 300 mm; 120 kVp and 200 mA. Deep convolu-
tional neural network model based artificial intelligence software (Image-
Al) for lung nodule detection and classification was developed by Sanmed
Biotech and clinical validated previously.[?3] A 3D-Unet was used for the
nodule detection and segmentation, while downstream tasks including the
nodule type classification and cancer risk score prediction network were
realized with 3D Resnet. A total of 480 cases of raw chest CT data were
transferred to the workstation, and the software system automatically per-
formed lung nodule identification and labeling in batch.

Diagnostic Model Development: Three models were constructed for
LUAD diagnosis and pulmonary nodule classification, including single
modal (SMFs), dual modal (SMFs + CEA), and tri modal (SMFs + CEA
+ CT imaging) based platforms. A neural network was used for the
construction of the single modal model based on METabolic fingerprints
(Met-NN) and the dual modal model combined metabolic fingerprints
with protein tumor marker CEA (MP-NN). The single and dual modal
classifier consisted of a metabolite-scoring block and a metabolite-protein
fusion block. The metabolite-scoring block was designed for calculating
the predictive score of metabolic features and consisted of a total of six
feature extraction blocks and one fully connected layer for the diagnostic
score calculation. Every feature extraction block contained one fully con-
nected layer with 1024 hidden units followed by Dropout operation and
LeakyReLU activation. Skip connection based on residual mechanism was
introduced to convey information from the input to the output for every
feature extraction block. The metabolite-protein fusion block took the
output of the metabolite-scoring block and the protein tumor marker as
the input and then calculated the final probability with one fully connected
layer. The Adam optimizer was used with an initial learning rate of 0.0001,
B 0f0.9 and B, of 0.999. Binary cross entropy was applied as the loss func-
tion for the guiding of gradient descent. The training process was carried
out on a Nvidia GeForce GTX 2070 GPU (Nvidia Corporation, CA, USA)
for 1000 epochs. Both Met-NN and MP-NN generated a cancer diagnostic
score and represented the predictive probability, ranging from 0 to 1. For
the Met-NN and MP-NN model, the optimal cutoff that maximized the
Youden index in the training cohort was applied to estimate the diagnostic
specificity, sensitivity, positive predictive value, and negative predictive
value. RF was used for the construction of the tri modal (SMFs + CEA +
CT imaging) classifier based on the results of MP-NN and Image-Al (MPI-
RF). The previous 480 samples dataset was randomly split into 8:2 as
the training and test set. On the training set, the RF classifier was trained

2203786 (11 0f14) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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using ten fold cross-validation across a grid of values for
min_samples_leaf (the minimum number of samples required for a
leaf note), max_depth (the maximum depth for one decision tree), and
estimators (the number of decision trees in the forest). In each of the
ten folds, the RF classifier trained multiple decision trees parallelly with
bootstrapping strategy as an ensemble method using 9 of the folds.
Every tree was trained with different subsets of samples and features.
As a result, each decision tree in the RF was unique. At last, the best
parameters found with grid-search were adopted to retrain the RF model
on the entire training set and generate the final tri modal MPI-RF model.
This final MPI-RF model exhibited good generalization by aggregating the
decisions of individual trees. In addition, the resulting MPI-RF model was
blind tested on the remaining test set and compared with MP-NN and
Image-Al. For the MPI-RF model, the optimal cutoff that maximized the
Youden index in the training cohort was applied to estimate the diagnostic
specificity, sensitivity, positive predictive value, and negative predictive
value.

Statistical Analysis:  Pre-processing of mass spectra, machine learning
of metabolic fingerprints, and deep learning of metabolic fingerprints and
protein tumor marker were performed by home-build codes with Python
(version 3.7), Pytorch (version 1.6.0), Scipy (version 1.5.2), and Sklearn
(version 1.0). Statistical analyses (including bio-analytical results and ma-
terials characterizations) were performed using the SPSS software (ver-
sion 20.0) to calculate the significance (p-value), including Wilcoxon test,
Chi-square Hosmer and Lemeshow test, and Pearson correlation. Binary
logistic was carried out by SPSS software (version 20.0). The Delong test
was used to evaluate the significance for the difference of AUCs based on
the MedCalc software (version 19.0.4). The PASS software (version 21.0.3)
was used to calculate the appropriate sample size. The scatter plots, heat
maps, and ROC curves were generated with GraphPad Prism 8.0 (version
8.0) and R (version 3.6.3) package “ROCR” (version 1.0-11) and then em-
bellished with Adobe Illustrator (version 23.0).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This work was supported by grants from the National Natural Science
Foundation of China (81802938, 82071990, 82001985, 81971771), the Na-
tional Key R&D Program of China (2022YFE0103500, 2021YFF0703500,
2021YFA0910100), the Shanghai Institutions of Higher Learning (2021-
01-07-00-02-E00083), the Shanghai Rising-Star Program (19QA1404800),
the National Research Center for Translational Medicine Shanghai
(TMSK-2021-124, NRCTM(SH)-2021-06), the Innovative Research Team
of High-Level Local Universities in Shanghai (SHSMU-ZDCX20210700),
the Medical-Engineering Joint Funds of Shanghai Jiao Tong University
(YG2019QNA44, YG2021ZD09, YG2022QN107), the Innovation Group
Project of Shanghai Municipal Health Commission (2019CX)Q03), the
Shanghai “Rising Stars of Medical Talents” Youth Development Program
(SHWRS2020-087), the Clinical Research Innovation Plan of Shanghai
General Hospital (CTCCR-2021B06), the Shanghai General Hospital Char-
acteristic Talent Plan (0206012157 and 0206012110), the Project of Shang-
hai Science and Technology Commission (19411965200, 22Y 11902800,
227R1450200, and 20ZR1440000), and the Shanghai Sailing Program
(20YF1434400). The authors thank Dr. Feng Xu from Xi’an Jiaotong Univer-
sity for helpful comments. The authors thank Gabrielle White Wolf, Ph.D.,
from Liwen Bianji (Edanz) (www.liwenbianji.cn) for editing the English text
of a draft of this manuscript.

Conflict of Interest

The authors have filed patents for both the technology and the use of the
technology to analyze biosamples.

Adv. Sci. 2022, 9, 2203786

www.advancedscience.com

Author Contributions

L.W., Me.Z., X.P., and Mi.Z. contributed equally to this work. K.Q. and J.L.
planned this work and designed the overall approach with LW., Me.Z.,
X.P., and Mi.Z. LW, X.P,, Mi.Z., L.H., and X.H. carried out experiments
and wrote the manuscript. Me.Z. performed the preprocessing of mass
spectra, deep learning, and machine learning of the metabolic and pro-
teomic data. Mi.Z., X.W,, L.Q., Q.G., W.X.,, W.Q., M.L., and H.S. helped
with sample collection. T.X. and Xia.Y. contributed to the CT analysis. Y.K.,
Xin.Y., and X.L. contributed to the machine learning analysis of medical
images. All authors discussed the results and reviewed the manuscript.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

deep learning, lung adenocarcinoma, metabolomics, multi-modal, pul-
monary nodule

Received: June 30, 2022
Revised: August 21, 2022
Published online: October 18, 2022

Il

a) H. Sung, |. Ferlay, R. L. Siegel, M. Laversanne, |. Soerjomataram,
A. Jemal, F. Bray, Ca-Cancer J. Clin. 2021, 71, 209; b) R. L. Siegel, K. D.
Miller, H. E. Fuchs, A. Jemal, Ca-Cancer J. Clin. 2021, 71, 7.

[2] R.S. Herbst, D. Morgensztern, C. Boshoff, Nature 2018, 553, 446.

[3] Z. Chen, C. M. Fillmore, P. S. Hammerman, C. F. Kim, K. K. Wong,

Nat. Rev. Cancer 2014, 14, 535.

A. Nair, E. C. Bartlett, S. L. F. Walsh, A. U. Wells, N. Navani, G. Har-

davella, S. Bhalla, L. Calandriello, A. Devaraj, J. M. Goo, J. S. Klein,

H. MacMahon, C. M. Schaefer-Prokop, |. B. Seo, N. Sverzellati, S. R.

Desai, Eur. Respir. J. 2018, 52, 1801359.

[5] a) V.S. Nair, V. Sundaram, M. Desai, M. K. Gould, Am. J. Respir. Crit.
Care Med. 2018, 197, 1220; b) P. P. Massion, S. Antic, S. Ather, C.
Arteta, |. Brabec, H. Chen, |. Declerck, D. Dufek, W. Hickes, T. Kadir,
J. Kunst, B. A. Landman, R. F. Munden, P. Novotny, H. Peschl, L. C.
Pickup, C. Santos, G. T. Smith, A. Talwar, F. Gleeson, Am. J. Respir.
Crit. Care Med. 2020, 202, 247; c) S. J. Swensen, M. D. Silverstein, D.
M. lIstrup, C. D. Schleck, E. S. Edell, Arch. Intern. Med. 1997, 157, 849;
d) M. K. Gould, L. Ananth, P. G. Barnett, Chest 2007, 131, 383.

[6] a) Z. Shen, A. Wu, X. Chen, Chem. Soc. Rev. 2017, 46, 2038; b) L.
Miccio, F. Cimmino, |. Kurelac, M. M. Villone, V. Bianco, P. Memmolo,
F. Merola, M. Mugnano, M. Capasso, A. lolascon, P. L. Maffettone, P.
Ferraro, View 2020, 1, 20200034; c) X. Liu, L. Ma, W. Yan, A. Aazmi,
M. Fang, X. Xu, H. Kang, X. Xu, View 2022, 3, 20210013.

[7] a) Q. Guo, ). Wang, ]. Xiao, L. Wang, X. Hu, W. Yu, G. Song, |.

Lou, ). Chen, Mol. Cancer 2018, 17, 131; b) S. Y. Shen, R. Singhania,

G. Fehringer, A. Chakravarthy, M. H. A. Roehrl, D. Chadwick, P. C.

Zuzarte, A. Borgida, T. T. Wang, T. Li, O. Kis, Z. Zhao, A. Spreafico, T.

D. S. Medina, Y. Wang, D. Roulois, I. Ettayebi, Z. Chen, S. Chow, T.

Murphy, A. Arruda, G. M. O’Kane, J. Liu, M. Mansour, J. D. McPher-

son, C. O'Brien, N. Leighl, P. L. Bedard, N. Fleshner, G. Liu, et al,

Nature 2018, 563, 579; c) A. Zviran, R. C. Schulman, M. Shah, S. T.

K. Hill, S. Deochand, C. C. Khamnei, D. Maloney, K. Patel, W. Liao,

A. ). Widman, P. Wong, M. K. Callahan, G. Ha, S. Reed, D. Rotem, D.

Frederick, T. Sharova, B. Miao, T. Kim, G. Gydush, J. Rhoades, K. Y.

Huang, N. D. Omans, P. O. Bolan, A. H. Lipsky, C. Ang, M. Malbari,

[4

2203786 (12 0‘F14) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

8

(9]

(10]

(1]

(12]

(13]

(14]

(15]

[16]

Adv. Sci. 2022, 9, 2203786

C. F. Spinelli, S. Kazancioglu, A. M. Runnels, et al, Nat. Med. 2020,
26, 1114; d) Y. van der Pol, F. Mouliere, Cancer Cell 2019, 36, 350; )
E. Adams, G. D. Sepich-Poore, S. Miller-Montgomery, R. Knight, View
2022, 3,20200118.

a) J. Y. Xu, C. Zhang, X. Wang, L. Zhai, Y. Ma, Y. Mao, K. Qian, C. Sun,
Z.Liu, S. Jiang, M. Wang, L. Feng, L. Zhao, P. Liu, B. Wang, X. Zhao,
H. Xie, X. Yang, L. Zhao, Y. Chang, |. Jia, X. Wang, Y. Zhang, Y. Wang,
Y. Yang, Z. Wu, L. Yang, B. Liu, T. Zhao, S. Ren, et al, Cell 2020, 182,
245; b) H. Rodriguez, |. C. Zenklusen, L. M. Staudt, . H. Doroshow,
D. R. Lowy, Cell 2021, 184, 1661; c) X. J. Li, C. Hayward, P. Y. Fong,
M. Dominguez, S. W. Hunsucker, L. W. Lee, M. McLean, S. Law, H.
Butler, M. Schirm, O. Gingras, ). Lamontagne, R. Allard, D. Chelsky,
N. D. Price, S. Lam, P. P. Massion, H. Pass, W. N. Rom, A. Vachani,
K. C. Fang, L. Hood, P. Kearney, Sci. Transl. Med. 2013, 5, 207ra142.
a) D. R. Schmidt, R. Patel, D. G. Kirsch, C. A. Lewis, M. G. Vander
Heiden, J. W. Locasale, Ca-Cancer J. Clin. 2021, 71, 333; b) C. ). Hal-
brook, C. A. Lyssiotis, Cancer Cell 2017, 31, 5; ) M. S. Rana, L. Xu, J.
Cai, V. Vedarethinam, Y. Tang, Q. Guo, H. Huang, N. Shen, W. Di, H.
Ding, L. Huang, K. Qian, Small 2020, 16, 2003902.

a) O. Beckonert, H. C. Keun, T. M. D. Ebbels, J. G. Bundy, E. Holmes,
J. C. Lindon, J. K. Nicholson, Nat. Protoc. 2007, 2, 2692; b) W.-C. Geng,
Z.Zheng, D.-S. Guo, View 2021, 2, 20200059; c) A. H. Emwas, Meth-
ods Mol. Biol. 2015, 1277, 161.

a) L. Huang, L. Wang, X. Hu, S. Chen, Y. Tao, H. Su, J. Yang, W. Xu, V.
Vedarethinam, S. Wu, B. Liu, X. Wan, ). Lou, Q. Wang, K. Qian, Nat.
Commun. 2020, 11, 3556; b) S. Sun, W. Liu, ). Yang, H. Wang, K. Qian,
Angew. Chem., Int. Ed. 2021, 60, 11310.

a) H. Su, X. Li, L. Huang, ). Cao, M. Zhang, V. Vedarethinam, W. Di, Z.
Hu, K. Qian, Adv. Mater. 2021, 33, 2007978; b) M. Zhang, L. Huang,
J. Yang, W. Xu, H. Su, J. Cao, Q. Wang, . Pu, K. Qian, Adv. Sci. 2021,
8,2101333; ¢) L. Z. Samarah, A. Vertes, View 2020, 1, 20200063.

a) G. Lin, View 2021, 2, 20200076; b) L. Huang, J. Wan, X. Wei, Y.
Liu, J. Huang, X. Sun, R. Zhang, D. D. Gurav, V. Vedarethinam, Y. Li,
R. Chen, K. Qian, Nat. Commun. 2017, 8, 220; c) V. Vedarethinam, L.
Huang, M. Zhang, H. Su, H. Hu, H. Xia, Y. Liu, B. Wu, X. Wan, J. Shen,
L. Xu, W. Liu, J. Ma, K. Qian, Adv. Funct. Mater. 2020, 30, 2002791; d)
J. Yang, R. Wang, L. Huang, M. Zhang, J. Niu, C. Bao, N. Shen, M.
Dai, Q. Guo, Q. Wang, Q. Wang, Q. Fu, K. Qian, Angew. Chem., Int.
Ed. 2020, 59, 1703; ) W. Xu, L. Wang, R. Zhang, X. Sun, L. Huang, H.
Su, X. Wei, C.-C. Chen, . Lou, H. Dai, K. Qian, Nat. Commun. 2020,
11, 1654.

a) V. M. Ravi, P. Will, J. Kueckelhaus, N. Sun, K. Joseph, H. Salie,
L. Vollmer, U. Kuliesiute, ). von Ehr, J. K. Benotmane, N. Neidert, M.
Follo, F. Scherer, J. M. Goeldner, S. P. Behringer, P. Franco, M. Khiat, J.
Zhang, U. G. Hofmann, C. Fung, F. L. Ricklefs, K. Lamszus, M. Boer-
ries, M. Ku, J. Beck, R. Sankowski, M. Schwabenland, M. Prinz, U.
Schuller, S. Killmer, et al, Cancer Cell 2022, 40, 639; b) R. Li, Z. Yang,
F. Shao, H. Cheng, Y. Wen, S. Sun, W. Guo, Z. Li, F. Zhang, L. Xue, N.
Bi, ). Wang, Y. Sun, Y. Li, F. Tan, Q. Xue, S. Gao, S. Shi, Y. Gao, ). He,
Nat. Commun. 2021, 12, 3785.

a) C. ). Galbdn, M. K. Han, J. L. Boes, K. A. Chughtai, C. R. Meyer, T.
D. Johnson, S. Galban, A. Rehemtulla, E. A. Kazerooni, F. |. Martinez,
B. D. Ross, Nat. Med. 2012, 18, 1711; b) Y. Gong, P. Ji, Y. S. Yang, S.
Xie, T. ). Yu, Y. Xiao, M. L. Jin, D. Ma, L. W. Guo, Y. C. Pei, W. . Chai,
D. Q. Li, F. Bai, F. Bertucci, X. Hu, Y. Z. Jiang, Z. M. Shao, Cell Metab.
2021, 33, 51; ¢) X. Yin, ). Yang, M. Zhang, X. Wang, W. Xu, C.-A. H.
Price, L. Huang, W. Liu, H. Su, W. Wang, H. Chen, G. Hou, M. Walker,
Y. Zhou, Z. Shen, J. Liu, K. Qian, W. Di, ACS Nano 2022, 16, 2852.

a) S. ). Sammut, M. Crispin-Ortuzar, S. F. Chin, E. Provenzano, H.
A. Bardwell, W. Ma, W. Cope, A. Dariush, S. ). Dawson, J. E. Abra-
ham, J. Dunn, L. Hiller, J. Thomas, D. A. Cameron, J. M. S. Bartlett,
L. Hayward, P. D. Pharoah, F. Markowetz, O. M. Rueda, H. M. Earl,
C. Caldas, Nature 2022, 6017, 623; b) R. ). Motzer, R. Banchereau, H.
Hamidi, T. Powles, D. McDermott, M. B. Atkins, B. Escudier, L. F.

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27)

28]

(29]
(30]
(31]

www.advancedscience.com

Liu, N. Leng, A. R. Abbas, |. Fan, H. Koeppen, J. Lin, S. Carroll, K.
Hashimoto, S. Mariathasan, M. Green, D. Tayama, P. S. Hegde, C.
Schiff, M. A. Huseni, B. Rini, Cancer Cell 2020, 38, 803.

a) B. S. Wong, S. R. Shah, C. L. Yankaskas, V. K. Bajpai, P.-H. Wu, D.
Chin, B. Ifemembi, K. ReFaey, P. Schiapparelli, X. Zheng, S. S. Martin,
C.-M. Fan, A. Quifiones-Hinojosa, K. Konstantopoulos, Nat. Biomed.
Eng. 2021, 5, 26; b) Y. Huang, S. Du, . Liu, W. Huang, W. Liu, M.
Zhang, N. Li, R. Wang, J. Wu, W. Chen, M. Jiang, T. Zhou, . Cao, ).
Yang, L. Huang, A. Gu, J. Niu, Y. Cao, W.-X. Zong, X. Wang, |. Liu, K.
Qian, H. Wang, Proc. Natl. Acad. Sci. U. S. A. 2022, 119, e2122245119.
A. M. Lennon, A. H. Buchanan, I. Kinde, A. Warren, A. Honushefsky,
A. T. Cohain, D. H. Ledbetter, F. Sanfilippo, K. Sheridan, D. Rosica,
C. S. Adonizio, H. ). Hwang, K. Lahouel, ). D. Cohen, C. Douville,
A. A. Patel, L. N. Hagmann, D. D. Rolston, N. Malani, S. Zhou, C.
Bettegowda, D. L. Diehl, B. Urban, C. D. Still, L. Kann, . I. Woods,
Z. M. Salvati, ). Vadakara, R. Leeming, P. Bhattacharya, et al, Science
2020, 369, eabb9601.

a) A. Tabaie, E. W. Orenstein, S. Kandaswamy, R. Kamaleswaran, Pe-
diatr. Res. 2022; b) A. Zhang, L. Xing, J. Zou, J. C. Wu, Nat. Biomed.
Eng. 2022.

a) N. D. Nguyen, ). Huang, D. Wang, Nat. Comput. Sci. 2022, 2, 38; b)
F. Bao, Y. Deng, S. Wan, S. Q. Shen, B. Wang, Q. Dai, S. J. Altschuler,
L. F. Wu, Nat. Biotechnol. 2022, 40, 1200.

a) M. Nau, T. Navarro Schréder, M. Frey, C. F. Doeller, Nat. Commun.
2020, 77, 3247; b) S. Ma, ). Huang, Bioinformatics 2005, 21, 4356.

a) S. Ather, T. Kadir, F. Gleeson, Clin. Radiol. 2020, 75, 13; b) A.
Schreuder, E. T. Scholten, B. van Ginneken, C. Jacobs, Transl. Lung
Cancer Res. 2021, 10, 2378.

a) W. ). Liao, L. J. Song, H. L. Yi, ). Guan, ). Y. Zou, H. ). Xu, G. Wang, F.
Ma, L. B. Zhou, Y. Q. Chen, L. B. Yan, Z. C. Deng, W. T. McNicholas, S.
K.Yin, N. S. Zhong, X. W. Zhang, J. Thorac. Dis. 2018, 10, 1941; b) M.
Ye, L. Tong, X. Zheng, H. Wang, H. Zhou, X. Zhu, C. Zhou, P. Zhao,
Y. Wang, Q. Wang, L. Bai, Z. Cai, F. S. Kong, Y. Wang, Y. Li, M. Feng,
X.Ye, D. Yang, Z. Liu, Q. Zhang, Z. Wang, S. Han, L. Sun, N. Zhao, Z.
Yu, ). Zhang, X. Zhang, R. L. Katz, J. Sun, C. Bai, Front. Oncol. 2022,
12, 853801.

Y. ). Chen, T. I. Roumeliotis, Y. H. Chang, C. T. Chen, C. L. Han, M. H.
Lin, H. W. Chen, G. C. Chang, Y. L. Chang, C. T. Wu, M. W. Lin, M. S.
Hsieh, Y. T. Wang, Y. R. Chen, I. Jonassen, F. Z. Ghavidel, Z. S. Lin, K.
T. Lin, C. W. Chen, P. Y. Sheu, C. T. Hung, K. C. Huang, H. C. Yang, P.
Y. Lin, T. C. Yen, Y. W. Lin, ). H. Wang, L. Raghav, C. Y. Lin, Y. S. Chen,
et al, Cell 2020, 182, 226.

K. J. Lastwika, J. Kargl, Y. Zhang, X. Zhu, E. Lo, D. Shelley, J. ). Ladd,
W. Wu, P. Kinahan, S. N. J. Pipavath, T. W. Randolph, M. Shipley, P.
D. Lampe, A. M. Houghton, Am. J. Respir. Crit. Care Med. 2019, 199,
1257.

a) A. Papanicolau-Sengos, K. Aldape, Annu. Rev. Pathol. 2022, 17, 295;
b) W. Liang, Z. Chen, C. Li, J. Liu, ). Tao, X. Liu, D. Zhao, W. Yin, H.
Chen, C. Cheng, F. Yu, C. Zhang, L. Liu, H. Tian, K. Cai, X. Liu, Z.
Wang, N. Xu, Q. Dong, L. Chen, Y. Yang, X. Zhi, H. Li, X. Tu, X. Cai, Z.
Jiang, H. Ji, L. Mo, J. Wang, |. B. Fan, et al, J. Clin. Invest. 2021, 131,
e145973.

E. ). Ostrin, L. E. Bantis, D. O. Wilson, N. Patel, R. Wang, D. Kund-
nani, ). Adams-Haduch, ). B. Dennison, ). F. Fahrmann, H. T. Chiu, A.
Gazdar, Z. Feng, J. M. Yuan, S. M. Hanash, J. Thorac. Oncol. 2021, 16,
228.

D. Ardila, A. P. Kiraly, S. Bharadwaj, B. Choi, |. ). Reicher, L. Peng,
D. Tse, M. Etemadi, W. Ye, G. Corrado, D. P. Naidich, S. Shetty, Nat.
Med. 2019, 25, 954.

A. Serrano, |. Berthelet, S. H. Naik, D. Merino, Nat. Rev. Cancer 2022.
D. Hanahan, R. A. Weinberg, Cell 2011, 144, 646.

a) K. Qian, W. Gu, P. Yuan, F. Liu, Y. Wang, M. Monteiro, C. Yu, Small
2012, 8, 231; b) K. Qian, L. Zhou, J. Zhang, C. Lei, C. Yu, Nanoscale
2014, 6, 5121.

2203786 (13 0f14) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(32]

33]

Adv. Sci. 2022, 9, 2203786

a) S.Joh, H. K. Na, J. G. Son, A. Y. Lee, C. H. Ahn, D. J. Ji, J. S. Wi, M. S.
Jeong, S. G. Lee, T. G. Lee, ACS Nano 2021, 15, 10141; b) M. Shariat-
gorji, A. Nilsson, E. Fridjonsdottir, T. Vallianatou, P. Kallback, L. Katan,
J. Savmarker, I. Mantas, X. Zhang, E. Bezard, P. Svenningsson, L. R.
Odell, P. E. Andren, Nat. Methods 2019, 16, 1021; c) P. Saudemont, J.
Quanico, Y. M. Robin, A. Baud, J. Balog, B. Fatou, D. Tierny, Q. Pas-
cal, K. Minier, M. Pottier, C. Focsa, M. Ziskind, Z. Takats, M. Salzet,
I. Fournier, Cancer Cell 2018, 34, 840.

D. S. Ettinger, D. E. Wood, D. L. Aisner, W. Akerley, J. R. Bauman, A.
Bharat, D. S. Bruno, ). Y. Chang, L. R. Chirieac, T. A. D’Amico, T. J.
Dilling, ). Dowell, S. Gettinger, M. A. Gubens, A. Hegde, M. Hennon,
R. P. Lackner, M. Lanuti, T. A. Leal, ). Lin, B. W. Loo Jr., C. M. Lovly, R.
G. Martins, E. Massarelli, D. Morgensztern, T. Ng, G. A. Otterson, S.

(34]

35]

(36]

www.advancedscience.com

P. Patel, G. ). Riely, S. E. Schild, et al, J. Natl. Compr. Cancer Network
2021, 19, 254.

P. Goldstraw, K. Chansky, J. Crowley, R. Rami-Porta, H. Asamura, W.
E. Eberhardt, A. G. Nicholson, P. Groome, A. Mitchell, V. Bolejack, J.
Thorac. Oncol. 2016, 11, 39.

M. C. Walsh, L. Brennan, . P. G. Malthouse, H. M. Roche, M. ]. Gib-
ney, Am. J. Clin. Nutr. 2006, 84, 531.

A. McWilliams, M. C. Tammemagi, ). R. Mayo, H. Roberts, G. Liu,
K. Soghrati, K. Yasufuku, S. Martel, F. Laberge, M. Gingras, S. Atkar-
Khattra, C. D. Berg, K. Evans, R. Finley, ]. Yee, J. English, P. Nasute,
J. Goffin, S. Puksa, L. Stewart, S. Tsai, M. R. Johnston, D. Manos, G.
Nicholas, G. D. Goss, ). M. Seely, K. Amjadi, A. Tremblay, P. Burrowes,
P. MacEachern, et al, N. Engl. J. Med. 2013, 369, 910.

2203786 (14 O‘F14) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



