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Abstract

Background Lung invasive mucinous adenocarcinoma (LIMA) is a rare, unique, and heterogeneous subtype

of lung cancer whose patterns of lymph node (LN) metastasis are unknown, and a consensus on LN dissection (LND)
has not been reached. This study aimed to evaluate LN metastasis patterns in LIMAs and establish optimal LND
strategies.

Methods Data about 19,596 LNs from 1474 LIMA patients collected between January 2010 and December 2021 at 8
lung cancer research centers and tertiary hospitals across China, and data from 5304 LIMA patients between 2004
and 2021 in the SEER database were analysed. Metastasis probabilities were calculated for each LN station to con-
struct a metastasis atlas. Statistical methods, including LOWESS fitting, restricted cubic spline, Kaplan-Meier, and logis-
tic regression analyses, were employed to identify optimal LND strategies.

Results Compared with non-mucinous adenocarcinoma patients, LIMA patients exhibited distinct clinicopathologi-
cal features and a significantly lower probability of LN metastasis (4.20% vs. 7.19%, P < 0.05). Metastasis was most
common in the peripheral and hilar/interlobar zones (especially stations 14 and 10), with minimal involvement

in the lower zone (stations 8 and 9). A U-shaped relationship between the LN count and prognosis (including overall
survival, relapse-free survival, and cancer-specific survival) was found, with 6-20 and 18 LNs as the optimal range
and cut-off point, respectively. Excessive or insufficient dissection was linked to poorer outcomes. A predictive
model (area under the receiver operating characteristic cure=0.8367) revealed that patients with a probability > 0.5
had a significantly greater proportion of patients with stage N1+disease (including N1 and N2 patients) (68.09% vs.
11.63%, P<0.001) and worse overall survival [hazard ratio (HR)=4.00, 95% Cl 2.72-5.87, P<0.001] and relapse-free
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survival (HR=5.53,95% Cl 3.97-7.71, P<0.001). The minimum numbers of LNs for the low- (probability <0.1), medium-
(probability 0.1-0.5), and high- (probability > 0.5) risk patients were 7, 14, and 17, respectively. For those with uncertain
metastatic risk, dissecting 18 LNs may be the most appropriate and robust strategy.

Conclusions This study systematically revealed the pattern of LIMA-specific LN metastasis and proposed a risk-
stratified LND strategy. These recommendations balance the imperatives of accurate staging with the preservation
of long-term patient prognosis, offering a practical guideline for surgical decision-making.

Keywords Lung invasive mucinous adenocarcinoma (LIMA), Lymph node dissection (LND), Metastasis atlas,

N-staging, Prognosis

Background

Among cancers, lung cancer accounts for the greatest
number of cancer cases and related deaths in China and
worldwide [1, 2]. As a rare and distinct form of non-small
cell lung cancer (NSCLC), lung invasive mucinous ade-
nocarcinoma (LIMA) accounts for only 2-5% of all lung
cancer cases and is characterized by abundant mucin-
producing cells and a high rate of intrapulmonary spread
[3]. The previous study revealed that LIMA has a bimodal
prognosis compared with that of lung non-mucinous ade-
nocarcinoma (LNMA) [4]. Patients with early-stage dis-
ease (especially T1-2NOMO) tend to have better outcomes
than LNMA patients do, whereas those with advanced
disease (M1) have significantly worse outcomes [4]. Pre-
vious studies have also highlighted significant differences
between LIMAs and LNMAs in terms of genetic muta-
tions [5, 6], pathological features [7], and imaging charac-
teristics [8]. These findings suggest that LIMA should be
recognized as a unique pathological subtype, requiring
personalized diagnostic and therapeutic strategies tai-
lored to its unique biology and clinical behaviour, rather
than simply applying the treatment framework used for
LNMA. The strategy for lymph node dissection (LND)
is a crucial component within this overall management
framework.

LN metastasis is considered an early indicator of tumor
dissemination, and patients with metastasis to intrapul-
monary or mediastinal LNs have notably poorer prog-
noses than those without metastasis [9]. As an integral
part of surgery for lung cancer, LND is essential for
accurate pathological staging in LIMA patients and lays
the groundwork for identifying candidates for adjuvant
therapy [10, 11]. Conversely, LNs are also recognized as
critical immune organs that play a vital role in antitu-
mor responses [12, 13]. Some researchers suggested that
excessive LND can lead to a greater incidence of post-
operative complications, adversely affect the efficacy of
adjuvant chemotherapy and immunotherapy, and ulti-
mately negatively affect long-term patient outcomes [14—
16]. An increasing number of studies have emphasized
the importance of selective LND [17, 18].

The extent of LND should reflect an optimal balance
between accurate N staging and better prognosis. Liang
et al. [19] recommended 16 LNs as the optimal number
for dissection in patients with resectable NSCLC. How-
ever, this recommendation does not consider specific
pathological subtypes. For relatively rare LIMAs, the pat-
terns and determinants of LN metastasis remain unclear,
and no consensus has been reached on the optimal dis-
section strategy.

By leveraging the resources of the National Cancer
Center and collaborating with multiple lung cancer
research centers and tertiary hospitals across China, we
aimed to comprehensively elucidate the patterns of LN
metastasis in LIMA patients and develop a metasta-
sis atlas. Furthermore, we aimed to identify the optimal
number of dissected LNs for accurate N staging, estab-
lish a predictive model for assessing LN metastasis risk,
and propose a tailored LND strategy for LIMA patients,
thereby providing a theoretical foundation for improving
patient survival and quality of life.

Methods

Study population

In this multicenter, real-world study, we retrospec-
tively collected data from 1474 patients diagnosed with
LIMA who underwent curative surgery between Janu-
ary 2010 and December 2021 at 8 lung cancer research
centers and tertiary hospitals across China (Additional
file 1: Table S1). All patients’ pathological tumor-node-
metastasis (TNM) stages were reassessed according to
the 8th edition of the American Joint Committee on
Cancer Staging System [20]. Pathology reports were
reviewed to determine the number of LNs harvested
during surgery and the number of pathologically con-
firmed metastatic LNs. To verify the robustness of
the results, data for 5304 LIMA patients and 59,627
LNMA patients who underwent surgery between 2004
and 2021 were retrieved from the latest version of the
Surveillance, Epidemiology, and End Results (SEER)
Program (https://seer.cancer.gov/) through access ID
16289-Nov2021.


https://seer.cancer.gov/
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This study was registered on the Medical Research plat-
form (MR-11-23-014172, https://www.medicalresearch.
org.cn) and synchronized with the Chinese Clinical Trial
Registry (https://www.chictr.org.cn) platform. Ethical
approval was obtained from the Ethics Committee of the
Cancer Hospital, Chinese Academy of Medical Sciences
(22/244-3446). Owing to its retrospective nature, the
requirement for written informed consent was waived by
the Ethics Committee.

Strategies to minimize inter-center variability

To minimize the potential impact of variability across
different centers, including surgical standards, patho-
logical diagnostic criteria, and staging protocols, on
the robustness of the results, uniformly standard-
ized procedures were adopted to the greatest extent
possible. Regarding surgical standards, the major-
ity of centers involved in this study are either estab-
lished regional medical centers of the National
Cancer Center or have maintained long-term col-
laborative relationships with it, which helped foster
a certain degree of consensus in surgical techniques.
The National Cancer Center served as the coordinat-
ing center, implementing centralized data entry and
cleaning managed by dedicated personnel. Besides,
all patients’ diagnoses and staging were determined in
accordance with the World Health Organization 2021
classification [3] and the 8th edition TNM staging sys-
tem [20] through joint discussions between patholo-
gists at the National Cancer Center and pathologists
and/or thoracic surgeons from each participating hos-
pital. Cases with uncertainties or disagreements were
reviewed and considered for exclusion.

Patient selection criteria

For the Chinese multicenter cohort, patients were
included if they met the following criteria: 1) aged >18
years; 2) histopathologically confirmed primary LIMA; 3)
received curative surgery. Patients were excluded if they:
1) had a history of malignancy within the past 3 years; 2)
received neoadjuvant therapy; 3) were missing key clini-
cal data; 4) were lost to follow-up.

For the SEER database cohort, the inclusion criteria
were as follows: 1) aged > 18 years; 2) histopathologically
confirmed primary LIMA/LNMA; 3) underwent cura-
tive surgery. Patients were excluded if they: 1) under-
went ablative surgery or had an unspecified surgical
procedure; 2) received neoadjuvant radiotherapy (order
of surgery and chemotherapy not provided in the SEER
database); 3) were missing key clinical data; or 4) were
lost to follow-up.
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Relevant concepts and definitions

To avoid confusion, it is necessary to clarify the con-
cepts of the probability of LN metastasis and the propor-
tion of patients with stage N1+ disease. The probability
of LN metastasis refers to the ratio of metastatic LNs
to the total number of LNs dissected. The proportion
of patients with stage N1+ disease refers to the propor-
tion of patients with pathologically confirmed N1 or N2
stages among the total patient population.

Study outcomes

For the Chinese multicenter cohort, the primary end-
points were overall survival (OS) and relapse-free
survival (RES). OS was defined as the time from lung
resection to death or the last follow-up. RFS was
defined as the time from lung resection to relapse,
metastasis, or the last follow-up. For SEER database
patients, the primary endpoints were OS and cancer-
specific survival (CSS). CSS was defined as the time
from lung resection to tumor-specific death or the
last follow-up. Survival was measured in months in all
analyses.

Construction of the LN metastasis atlas

In the Chinese multicenter cohort, patients with at
least 1 LN dissected during surgery (n=1332) were
included to construct the LN metastasis atlas. Infor-
mation on the number of LNs dissected at each sta-
tion for all patients was reviewed. The LN stations
and zones were defined according to the standards
of the International Association for the Study of
Lung Cancer (IASLC) [21]. This zoning approach is
not merely a geographical aggregation but follows
important anatomical boundaries within the thorax
and aligns with clinical surgical dissection practices.
A heatmap was used to display the metastasis status
of each LN station for every individual LIMA patient
and was correlated with the patient’s pathological
N stage, predicted metastasis probability, and risk
stratification. The total number of dissected LNs and
the number of metastatic LNs at each station were
recorded. The probability of LN metastasis was calcu-
lated and mapped onto an anatomical atlas. We also
analysed the probability of metastasis for each LN sta-
tion in patients with N1/N2 disease (n=208). Within
the context of precision medicine, lobe-specific LND
is increasingly emphasized for lung cancer resection
[22]. Therefore, we additionally explored the impact
of tumor location along with other various clinical
and pathological factors on the probability of metasta-
sis for each LN station/zone.
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Statistical analysis

Continuous variables were presented as the mean+stand-
ard deviation or median [interquartile range (IQR)]. The
assumption of normality was assessed using the Shapiro-
Wilk test. Differences between groups were compared via
¢ tests for normally distributed data or Mann-Whitney U
tests for non-normally distributed data. Categorical variables
were displayed as frequencies and percentages, and differ-
ences were compared via Pearson’s Chi-square test or Fish-
er’s exact test, as appropriate. Specifically, post-hoc pairwise
comparisons were performed with Bonferroni correction to
compare the differences in metastasis rates among the 6 LN
zones, with the significance level set at a=0.0033. A histo-
gram was generated to visually compare the distributions of
patients with different numbers of dissected LNs.

Logistic regression analysis was performed to identify
clinicopathological factors influencing LN metastasis.
Variables with a P-value<0.1 from the univariate analy-
sis were included in the multivariate model [23]. To avoid
the potential bias caused by multicollinearity, the vari-
ance inflation factor (VIF) was assessed, and a mean VIF
of less than 5 was considered acceptable [24]. The final
multivariate model was constructed to estimate the prob-
ability of LN metastasis. The model performance was
evaluated via receiver operating characteristic (ROC)
curves and area under the curve (AUC) values. To rig-
orously assess the model’s robustness, we randomly
extracted 3 validation subsets comprising 30% (validation
cohort 1), 40% (validation cohort 2), and 50% (validation
cohort 3) of the Chinese multicenter cohort for ROC
analysis through the createDataPartition function from
the caret package. Considering that pathological features
cannot be rapidly obtained during surgery, we developed
a simplified prediction model by excluding pathological
features from the full predictive model, and performed
both internal validation (using the 3 subsets above) and
external validation (using the SEER cohort). The asso-
ciation between mutation status and LN metastasis was
analysed in patients with available genetic testing results
(n=322). A Sankey diagram was created to depict the
relationships between patients’ predicted probability of
metastasis, N stage, and the number of dissected LNs.

To determine the optimal number of dissected LNs for
accurate N staging, the proportion of patients with stage
N1+disease among patients grouped according to the
number of dissected LNs was calculated, and a scatter
plot was generated. The curve was then fitted via locally
weighted scatterplot smoothing (LOWESS) via the low-
ess function with default parameters, including a smooth-
ing parameter f=2/3 and 3 robustness iterations (iter=3)
[25]. Structural breakpoint function analysis was used to
determine the optimal number of dissected LNs for prog-
nosis. A restricted cubic spline (RCS) with 3 knots (10th,
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50th, and 90th percentiles) with default parameters using
the rms package was applied to assess the nonlinear rela-
tionship between the number of LNs dissected and long-
term prognosis, where the curve intersection at HR=1
represented the optimal number of LNs [26]. Notably,
LOWESS and RCS analyses were performed based on the
total number of LNs across all stations rather than selec-
tively focusing on specific stations. This approach ensures
a comprehensive assessment of the relationship between
LN counts and staging accuracy or long-term prognosis.
Kaplan-Meier curves were used to compare long-term
survival differences among different patient groups, and
differences were assessed via the log-rank test. Forest plots
were employed to visualize the results of subgroup analy-
ses, including stratification by metastasis risk and receipt
of adjuvant therapy. All analyses and visualizations were
performed via Stata (version 16.0 SE) and R (version 4.4.1)
software. A two-sided P-value of<0.05 was considered to
indicate statistical significance.

Results

Baseline characteristics of the study cohort

In the Chinese multicenter cohort, a total of 1474 LIMA
patients were included in the final analysis, comprising 1332
patients who underwent LND and 142 patients who did
not (Additional file 1: Table S2). In the SEER database, 5304
LIMA patients (4794 with LND and 510 without LND) and
59,627 LNMA patients who underwent LND were included.
A descriptive review of the baseline data showed that the
clinicopathological characteristics of patients in the Chi-
nese multicenter cohort were broadly consistent with those
of patients in the SEER cohort (Additional file 1: Table S2).
In general, for patients who underwent LND, the median
numbers of dissected LNs in the Chinese multicenter cohort
and the SEER database were 14 (IQR 9-19) and 9 (IQR
5-14), respectively (Additional file 1: Table S2 and Fig. S1a).
The probabilities of LN metastasis were 5.29% and 4.20%,
respectively, and the proportions of patients with stage
N1+disease were 15.62% and 13.22%, respectively (Addi-
tional file 1: Table S2).

Unique LN metastasis patterns in LIMA

The clinicopathological data of 4794 LIMA patients and
59,627 LNMA patients from the SEER database were
compared. Among patients with resectable tumors, com-
pared with LNMA patients, LIMA patients had signifi-
cantly larger tumors and a greater proportion of T3 and
T4 tumors (Additional file 1: Fig. S1b). The number of
LNs dissected in LIMA patients was slightly greater than
that dissected in LNMA patients (P=0.0033, Additional
file 1: Fig. S1c), likely because tumor size is an important
factor influencing LN metastasis, leading surgeons to
increase the number of LNs dissected in LIMA patients.
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However, surprisingly, the probability of LN metastasis in
the LIMA group was significantly lower than that in the
LNMA group (4.20% vs. 7.19%, P <0.05; Additional file 1:
Fig. S1d). As the T stage increased, the proportions of N1
and N2 patients increased in both the LIMA and LNMA
patients. However, these proportions were consistently
significantly lower in LIMA patients than in LNMA
patients (Additional file 1: Fig. Sle). These findings sug-
gest that LIMA probably exhibits distinct patterns of LN
metastasis.
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Construction of the LIMA-specific LN metastasis atlas

A total of 19,596 LNs were dissected from 1332 LIMA
patients, with 1036 pathologically confirmed as meta-
static LNs. The metastasis status of each LN station for
every individual LIMA patient was shown in Additional
file 1: Fig. S2. Detailed information on the probability
of metastasis, as well as the number of dissected and
metastatic LNs for each LN station, was provided in the
metastasis atlas (Fig. la, b). Additionally, we separately
analysed the probability of metastasis in 208 patients
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diagnosed with N1/N2 disease (Fig. 1c). The results indi-
cated that for all resectable LIMA patients and those
diagnosed with N1/N2 disease, the highest metasta-
sis probabilities were observed at stations 3P and 14,
whereas the lowest probabilities were at stations 8 and 9.
Furthermore, the impacts of various clinical and patho-
logical factors on the probability of LN metastasis were
explored. The results revealed differences between the
probability of metastasis at different LN stations based on
factors such as laterality, tumor site, tumor size, T stage,
grade, visceral pleural invasion, vascular invasion, nerve
invasion, multifocality, and spread through air spaces
(STAS) (Fig. 1d). For example, patients with stage T1la
disease had a nearly 0% probability of metastasis across
all LN stations, whereas patients with vascular or nerve
invasion had probabilities of metastasis exceeding 30%
at most LN stations. In the context of growing empha-
sis on lobe-specific LND, it is particularly important to
highlight the influence of tumor location on the metas-
tasis probability to each LN station (Fig. 1d). Overall,
patients with tumors located in the upper lobe exhibited
a higher probability of metastasis compared with those
with tumors in the middle lobe, followed by the lower
lobe. For LN stations 2, 4, 5, 6, 10, 11, 13, and 14, tumors
in the upper lobe were associated with a relatively higher
metastasis probability. In contrast, for stations 3A, 3P,
and 12, tumors situated in the middle lobe demonstrated
the highest metastasis probability. These findings sup-
port the rationale for lobe-specific LND and suggest that
relatively more extensive dissection may be warranted for
upper lobe tumors.

Given the small number of dissections at specific sta-
tions, especially stations 3A and 3P, we further classi-
fied the LN stations into 6 zones according to the IASLC
guidelines [21]. For all patients, the highest and lowest
metastasis rates were observed in the peripheral and
lower zones, respectively (Additional file 1: Fig. S3a). In
patients diagnosed with N1/N2 disease, the highest and
lowest metastasis rates were observed in the upper and
lower zones, respectively (Additional file 1: Fig. S3b).
Similarly, the probability of metastasis in different zones
varied greatly depending on different laterality, tumor
site, tumor size, grade, T stage, visceral pleural inva-
sion, vascular invasion, nerve invasion, multifocality,
and STAS (Additional file 1: Fig. S3c). Besides, we com-
pared the metastasis probabilities across the 6 LN zones
for the Chinese multicenter cohort. Pearson’s Chi-square
test was performed, and a statistically significant dif-
ference (y*=26.80, df=5, P<0.0001) across zones was
found. Then, post-hoc pairwise comparisons were con-
ducted with Bonferroni correction (significance level set
at «=0.0033). The results indicated that the metastasis
probability in the lower zone (3.10%) was significantly
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lower than that in the upper zone (5.25%), AP zone
(5.62%), hilar/interlobar zone (5.63%), and peripheral
zone (6.42%) (P<0.0033). Furthermore, the metastasis
probability in the peripheral zone was significantly higher
than that in the subcarinal zone (4.84%) (P<0.0033).
No statistically significant differences were observed
between other zone pairs (Fig. 1a and Additional file 1:
Fig. S3a).

Relationship between the number of dissected LNs

and prognosis

For patients with resectable LIMA, those who under-
went LND had better long-term prognoses than those
who did not (Fig. 2a). RCS curves were used to explore
the relationship between the number of dissected LNs
and long-term prognosis. The results of both cohorts
demonstrated a “U”-shaped curve, indicating that only
an appropriate number of dissected LNs was considered
reasonable and beneficial in terms of prognosis, whereas
under-dissection and over-dissection were closely related
to poor prognosis (Fig. 2b). The two points where the
curve intersected the y-axis (HR=1) were selected as
the range for the number of LNs dissected. Specifically,
in the Chinese multicenter cohort, the optimal ranges
for dissected LNs were 11-20 for OS and 6-17 for RES,
respectively. In the SEER cohort, the optimal ranges
for dissecting LNs were 8—18 for OS and 7-15 for CSS,
respectively.

To identify dissection ranges associated with signifi-
cantly poor prognosis while ensuring clinical practi-
cality, we performed an integration analysis of the 4
optimal ranges derived from the Chinese multicenter
cohort and SEER database for OS, RES, and CSS. We
found that the range “6-20" effectively encompassed
all these intervals, serving as a highly inclusive and
clinically operable common range. Opting for a sin-
gle threshold, instead of retaining multiple complex
thresholds, was essential to establish a simple, stable,
and clinically applicable classification standard. There-
fore, we determined that 6-20 was the appropriate
range for LND in LIMA patients. Based on the number
of dissected LNs, the patients were further divided into
3 groups: the 1-5 LNs group, the 620 LNs group, and
the>21 LNs group. The long-term prognoses of these 3
groups were subsequently compared. The Kaplan-Meier
curves showed that patients with<5 or>21 dissected
LNs had relatively worse prognosis, compared with the
6—20 group, which was consistent with the results of
RCS curves (Fig. 2c¢).

To further explore the association between dissection
of more than 21 LNs and poorer prognosis, we con-
ducted a subgroup analysis. Specifically, we separately
evaluated the impact of dissection extent on survival
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Fig. 2 Relationship between the number of dissected LNs and patient prognosis. a Kaplan-Meier plot of different prognostic indicators for patients
with and without LND in the Chinese multicenter cohort and the SEER cohort. b The restricted cubic spline curves between the LN count

and different prognostic indicators in the Chinese multicenter cohort and the SEER cohort. ¢ Kaplan-Meier plots between the LN count groups

and different prognostic indicators in the Chinese multicenter cohort and the SEER cohort. LN lymph node, CSS cancer-specific survival, LIMA lung
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and End Results

outcomes in patients who received adjuvant therapy
(n=339) and those who did not (#=993) (Additional
file 1: Fig. S4a, b). The results demonstrated that among
patients who did not undergo adjuvant therapy, extensive
dissection (>21 nodes) was significantly associated with
worse RFS. In contrast, among those who received adju-
vant therapy, no statistically significant difference in out-
comes was observed. This suggests a potential interaction
or confounding effect between LND extent and adjuvant
treatment, which may be attributed to the distinct tumor
biology of LIMA.

Optimal LN number for resectable LIMA patients
Considering that LND is most closely related to tumor
relapse, we plotted a scatter diagram of the number of
dissected LNs against RFS and performed LOWESS
smoothing. Structural breakpoint function analysis was
utilized to assess the presence of significant structural
breakpoints. The results indicated that when the number
of dissected LNs exceeded 18, the risk of relapse shifted
from a stable state to an increasing trend (Fig. 3a). There-
fore, the optimal number of dissected LNs for survival
benefit was 18.

In addition, we analysed the optimal number of LNs
for staging accuracy. The proportions of patients with
stage N1+ disease (including N1 and N2 patients) with
various numbers of dissected LNs were calculated, and
a scatterplot with a LOWESS fit was generated. Both
the Chinese multicenter cohort and the SEER database
results revealed that as the number of dissected LNs
increased, the proportion of patients with stage N1+
disease gradually increased until it plateaued. This anal-
ysis supported an optimal dissection number of approx-
imately 18 LNs for staging accuracy. Beyond 18 nodes,
the proportion of patients with stage N1+ disease did
not significantly increase (Fig. 3b). Furthermore, when
patients were grouped based on 18 LNs, the proportion
was significantly greater in those with > 18 nodes dis-
sected than in those with < 18 nodes dissected (Chinese
multicenter cohort: 23.02% vs. 12.08%, P<0.001; SEER
database: 16.45% vs. 12.62%, P<0.001, Fig. 3c). There-
fore, the optimal number of dissected LNs for staging
accuracy was 18.

Through these two analytical methods, we deter-
mined that for patients with resectable LIMA, intraop-
erative dissection of 18 LNs was associated with both
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more accurate N staging diagnosis and better long-
term prognosis.

Personalized LND strategy based on the metastasis
probability

To develop a more precise and personalized LND strat-
egy, we constructed a probability prediction model based
on various clinicopathological factors influencing LN
metastasis in LIMA patients and determined the opti-
mal number of dissected LNs for patients with different
probabilities.

In the Chinese multicenter cohort, the proportion of
patients with stage N1+disease was 15.62%. For each
patient, the presence of metastasis in any LN indicated
positive N-stage disease. Therefore, we constructed a
multivariate logistic regression model to calculate the
estimated probability of LN metastasis (Additional
file 1: Table S3). The results showed that the model had
a high discriminative ability in predicting LN metastasis
(AUC=0.8367, Fig. 4a). The heatmap results revealed a
high degree of consistency between the predicted prob-
ability of LN metastasis and the actual metastasis status
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in LIMA patients, further validating the excellent pre-
dictive performance of the model (Additional file 1: Fig.
S2). The AUC values for the 3 internal validation cohorts
were 0.8180, 0.8572, and 0.8371, respectively, demon-
strating the stability of this predictive model across dif-
ferent sample sizes (Additional file 1: Fig. S5). Figure 4b
showed the correlation coefficients for each variable in
the model. Patients with a predicted probability of more
than 0.5 had a significantly greater proportion of stage
N1+ disease (68.09% vs. 11.63%, P<0.001; Fig. 4c), and
experienced significantly worse OS (HR=4.00, 95% CI
2.72-5.87, P<0.001; Fig. 4d) and RFS (HR=5.53, 95% CI
3.97-7.71, P<0.001; Fig. 4d) than those with a probability
of<0.5.

Furthermore, we categorized patients into 3 groups
based on their predicted probabilities: the low-risk group
(probability<0.1), the medium-risk group (probabil-
ity 0.1-0.5), and the high-risk group (probability>0.5).
We plotted the RCS curves for each group and selected
the first point where the curve intersected with HR=1
as the minimum number of LNs to be dissected. The
results indicated that the minimum numbers of LNs for

the low-, medium-, and high-risk patients were 7, 14, and
17, respectively (Fig. 5a). The Sankey diagram demon-
strated the relationships among the predicted probabil-
ity of metastasis, N stage, and number of dissected LNs
(Fig. 5b). Patients with lower predicted probabilities were
mostly those with NO disease, with most having fewer
LNs dissected.

Rapid and accurate prediction of LN metasta-
sis probability, along with the formulation of dissec-
tion strategies, is crucial for real-time intraoperative
decision-making. However, the full prediction model
incorporates certain pathological features that cannot
be rapidly obtained from intraoperative frozen section
pathology reports, which may limit its applicability in
such settings. To address this issue, we endeavoured to
simplify the current predictive model by performing a
multivariate logistic regression analysis using only vari-
ables that can be readily acquired preoperatively and
intraoperatively, excluding postoperative pathological
factors (including grade, visceral pleural invasion, vas-
cular tumor thrombus, nerve invasion, and STAS). The
results demonstrated that this simplified model retained
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acceptable diagnostic performance, with an AUC of
0.7723 (Additional file 1: Fig. S6a), which was slightly
lower than that of the full model (AUC=0.8367). This
finding indicates that the simplified model can still
achieve relatively accurate predictions without relying
on postoperative pathology, suggesting its promising
potential for application in real-time clinical decision-
making during surgery. The AUC values for the three
internal validation cohorts were 0.7837, 0.7680, and
0.7663, respectively (Additional file 1: Fig. S7). Further-
more, since the vast majority of variables in this sim-
plified model were available in the SEER database, we
performed external validation in the SEER dataset. The
results showed that, even in the absence of a few spe-
cific variables (including smoking, alcohol, ASA, and
VATS), the model maintained considerable diagnostic
efficacy (AUC=0.7564) (Additional file 1: Fig. S6b). The
detailed information of variables used in the three mod-
els was listed in the Additional file 1: Table S4.

Association between genetic mutation status and LN
metastasis

Given that the Kirsten rat sarcoma viral oncogene hom-
ologue (KRAS) mutation is a characteristic molecular
feature of LIMA, exploring the relationship between
mutational status and LN metastasis probability holds
significant clinical relevance. Therefore, we integrated
the genetic testing results from the Chinese multicenter
cohort. A total of 322 patients underwent postoperative
genetic testing, among whom 159 had KRAS mutations,
21 had epidermal growth factor receptor (EGFR) muta-
tions, 10 had other alterations such as anaplastic lym-
phoma kinase (ALK) rearrangements, and 132 had no
detectable target gene mutations (Additional file 1: Fig.
S8a). We further compared the distribution of N stages
and predicted probabilities of LN metastasis across dif-
ferent mutational subgroups. The results revealed that
LIMA patients with KRAS mutations had a lower pro-
portion of N1/N2 disease (Additional file 1: Fig. S8b) and
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a significantly lower predicted probability of LN metas-
tasis (Additional file 1: Fig. S8c). This suggests a potential
biological mechanism linking KRAS mutation status to
LN metastasis in LIMA.

Application of the predictive model in postoperative
adjuvant therapy

Beyond guiding intraoperative decisions on the extent
of LND, the predictive model also might offer significant
value in postoperative management, particularly in adju-
vant therapy strategies. To investigate whether the model
could serve as a classifier to identify patients who might
benefit from adjuvant treatment, we performed a sub-
group analysis based on 3 predicted risk categories [low-
(probability <0.1), medium- (probability 0.1-0.5), and
high- (probability >0.5) risk]. In the Chinese multicenter
cohort, adjuvant therapy was generally associated with
poorer RFS and OS (Additional file 1: Fig. S9a, b). Forest
plots revealed that adjuvant therapy was associated with
worse OS in the low-risk group, and worse RFS in the
low- and medium-risk groups (Additional file 1: Fig. S9a,
b). In contrast, among high-risk patients, no statistically
significant difference was observed in survival between
those who received adjuvant therapy and those who did
not.

Discussion

The number of dissected LNs is closely linked to the
accurate determination of N stage, which in turn signifi-
cantly influences postoperative adjuvant therapy deci-
sion-making and long-term prognosis. Unfortunately, the
optimal number of LNs to be dissected remains unclear
for LIMA patients because of the relative rarity of this
disease. This study reveals the unique lymphatic metas-
tasis patterns of LIMA and presents a comprehensive and
practical metastasis atlas. We identified the clinicopatho-
logical factors influencing LN metastasis and developed a
predictive model with notable accuracy.

Overall, these findings suggest that both insufficient
and excessive LND were significantly associated with
poor prognosis in LIMA patients. The LND strategy for
LIMA patients should be determined based on the prob-
ability of metastasis, required diagnostic accuracy for N
staging, and long-term prognostic implications. While 18
nodes represent a robust benchmark for most resectable
LIMA cases, the metastasis atlas and predictive model
allow tailored adjustment of dissection extent across LN
stations. Through rigorous statistical analysis, we deter-
mined that for low-, medium-, and high-metastatic-risk
LIMA patients, a minimum of 7, 14, and 17 LNs should
be dissected, respectively. If the metastatic risk is uncer-
tain, we recommend that the dissection of 18 LNs is the
optimal choice.
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Previous studies have shown that LIMA tends to
spread within the lungs, with a relatively lower rate of LN
metastasis [5, 27-29]. Our findings align with this obser-
vation, as the LIMA group had a lower probability of LN
metastasis and a lower proportion of patients with stage
N1+ disease than the LNMA group. While constructing
the LN metastasis atlas, we found that LIMA metasta-
sis predominantly occurred in the peripheral and upper
zones (particularly at stations 3P and 14), whereas the
lower zone (stations 8 and 9) exhibited the least involve-
ment, which was different from the distribution in
unspecified NSCLC patients [30—-32]. These findings can
aid surgeons in performing more targeted LND during
surgery, thereby minimizing unnecessary trauma while
enhancing the removal of residual tumor. It should be
noted that the results regarding LN station 3P should be
interpreted with caution. In the present study, dissection
of station 3P LN was performed in only 27 patients, with
a total of 50 nodes retrieved. Among these, 4 patients had
pathologically confirmed metastases, involving a total of
7 LNs. The limited number of patients who underwent
dissection at this station may introduce bias in the proba-
bility of metastasis and the differences observed between
laterality and lobes. This is likely because station 3P is not
a routinely recommended dissection site according to
the National Comprehensive Cancer Network (NCCN)
guidelines, and its dissection in clinical practice is often
closely related to the degree of LN enlargement observed
on preoperative computed tomography. We look forward
to future analyses with larger sample sizes to further con-
firm the clinical value of LN station 3P. This unique pat-
tern of LN metastasis may be attributable to the genetic
background and microenvironment of LIMA [33]. LIMA
patients were reported to have a relatively high incidence
of KRAS and TP53 mutations [34]. The proportion of
patients with positive programmed cell death-ligand
1 (PD-L1) was much lower in the LIMA group than in
the LNMA group (6.1% vs. 59.7%), whereas the propor-
tion of patients with B7-H3 positivity was significantly
greater (42.4% vs. 19.4%) [35]. This study revealed that
mutational status, particularly the presence of KRAS
mutation, was significantly associated with a lower prob-
ability of LN metastasis, although the underlying bio-
logical mechanism remains incompletely understood. As
genetic testing has only been routinely adopted in recent
years, the proportion of patients with available molecu-
lar data within the entire Chinese multicenter cohort
remains relatively low, at only 24% (322/1332). There-
fore, mutation status was not included in the current
LN metastasis prediction model. Furthermore, multiple
studies have suggested a potential correlation between
the expression levels of immune checkpoints, such as
PD-L1 and B7-H3, and LN metastasis [36—39]. Therefore,
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further investigations into the mechanisms underlying
LN metastasis in LIMA patients are warranted.

This study revealed that clinicopathological factors
such as vascular invasion, nerve invasion, visceral pleu-
ral invasion, and T stage were significant predictors of
LN metastasis. These factors were consistently identi-
fied as critical determinants in nearly all the LN stations
and zones, and they were prominent contributors to the
LN metastasis prediction model, which aligns with pre-
vious findings [40]. However, some of these pathologi-
cal features, such as vascular and neural invasion, are
challenging to assess preoperatively. This challenge pre-
sents a strategic opportunity for advancements in preci-
sion oncology. Currently, intraoperative rapid pathology
reports do not routinely include these evaluations, which
limits their utility in guiding immediate surgical deci-
sion-making. Given the findings in this study, there is a
compelling case for incorporating assessments of these
variables into rapid pathology protocols during surgery.
Tumor size and site are relatively accessible during sur-
gery; therefore, surgeons can leverage the metastasis atlas
to perform selective LND based on the specific risk pro-
files associated with different LN stations. To enhance
the applicability of the prediction model in real-time
intraoperative decision-making, a simplified version was
developed. This simplified model demonstrated satisfac-
tory predictive performance without relying on patho-
logical features. Its generalizability was further supported
through both internal and external validation.

Emerging evidence from recent studies has demon-
strated that smart pathology systems powered by arti-
ficial intelligence (AI), which incorporate deep learning
algorithms and computer vision technologies, can rapidly
identify high-risk pathological features with accuracy com-
parable to that of senior pathologists [41]. Particularly for
time-sensitive intraoperative decisions, such Al solutions
have shown potential for reducing pathological evaluation
time from hours to minutes while maintaining diagnostic
precision. For instance, the study by Pan et al. [42] found
that Al could rapidly identify high-risk pathological fac-
tors in patients with lung adenocarcinoma, while main-
taining approximately 70% concordance with pathologists.
Zhao et al. [43] found that lung cancer pathology slides
could be used to rapidly identify gene mutations, with a
predictive accuracy of 0.95 for the KRAS mutation. These
studies suggest that the integration of Al and pathology
will likely be implemented in clinical practice in the near
future, enabling ultra-rapid diagnosis shortly after speci-
men acquisition and providing these results to clinicians
for decision-making reference. Therefore, we are optimis-
tic that the model proposed in this study holds promise for
potentially assisting surgeons in intraoperative decision-
making in the future.
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Beyond postoperative pathological features, alterna-
tive solutions are emerging for predicting metastasis
risk, such as combining preoperative imaging charac-
teristics with ctDNA detection. Preoperative imaging
is readily accessible, and with support from machine
learning techniques, it can enable relatively accurate
prediction. When combined with ctDNA methylation
assays, this approach has the potential to reduce both
false-positive and false-negative rates, thereby avoid-
ing missed dissection of high-risk LNs and unneces-
sary dissection of low-risk ones. A prospective study
(NCT06358222) integrating ctDNA mutation/meth-
ylation analysis with PET-CT scans was conducted for
the preoperative prediction of LN metastasis status in
NSCLC, which is expected to provide more alternative
strategies for formulating precise LND strategies [44].

Moreover, this prediction model has significant
value in postoperative management, particularly in
guiding adjuvant therapy decisions and surveillance
strategies. Current research indicates that, due to the
unique biological characteristics of LIMA, its sensitiv-
ity to chemotherapy is relatively low, and the efficacy of
radiotherapy is also limited. For unselected, resectable
LIMA patients, multiple studies have shown that nei-
ther postoperative adjuvant radiotherapy nor chemo-
therapy significantly improved prognosis [27, 45, 46],
which was similar to the result of this study. There-
fore, identifying potential patients who may benefit
from adjuvant therapy is of significant importance. For
example, patients with low-risk might experience poor
outcomes from adjuvant therapy. Avoiding unnecessary
adjuvant treatment in this subgroup could help reduce
therapy-related toxicity and potentially improve sur-
vival, while maintaining close monitoring for any signs
of recurrence.

In addition to clinical and pathological factors,
molecular biomarkers play crucial roles in predicting
LN metastasis. For example, Chen et al. [47] reported
that serum IGFBP7 levels were significantly higher
in lung adenocarcinoma patients with LN metasta-
sis than in those without. Dong et al. [48] discovered
that macrophage-associated SPP1 was an important
predictive biomarker for early LN metastasis in lung
adenocarcinoma patients. Gene mutations have been
identified as significant drivers of LN metastasis in
lung cancer patients. For example, Guo et al. [49]
reported that mutations in the ATR and TET2 genes
were closely associated with LN metastasis in NSCLC
patients. Similarly, Wang et al. [50] demonstrated that
X7P_AMP and EGER amplification were closely related
to LN metastasis in lung adenocarcinoma patients.
While these molecular factors provide valuable insights
into metastatic mechanisms, the predictive model
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developed in the present study focused specifically on
clinicopathological variables due to their immediate
clinical applicability and routine availability. Future
studies integrating such molecular markers with clin-
icopathological predictors may further enhance the
accuracy of LN metastasis prediction and contribute
to more personalized treatment strategies for LIMA
patients.

Another significant finding is the optimal LND strat-
egy for LIMA patients. There was a “U”-shaped relation-
ship between the number of dissected LNs and long-term
prognosis, and 7, 14, and 17 LNs were identified as the
number of resections for patients with low-, medium-,
and high-risk patients, respectively. This finding is clini-
cally significant, as excessive dissection may negatively
impact long-term survival, whereas insufficient dissec-
tion may increase the residual tumor burden and recur-
rence risk. Therefore, appropriate and moderate LND
during surgery for LIMA patients is associated not only
with the accuracy of N staging but also with better long-
term survival. Several studies have shown that excessive
LND may increase the risk of postoperative complica-
tions, thereby affecting patient recovery and long-term
survival [14, 17]. Recently, Chen et al. [51] published
the world’s first Phase III randomized controlled trial
on selective LND in lung cancer. Focusing on patients
with early-stage invasive lung adenocarcinoma present-
ing with ground-glass opacity-dominant lesions, the
study demonstrated that when LN negativity was accu-
rately determined preoperatively or intraoperatively,
LND could be omitted. The group without LND showed
no difference in survival outcomes compared to the dis-
section group, while also benefiting from higher surgi-
cal efficiency, fewer postoperative adverse reactions, and
shorter hospital stays. Notably, follow-up data revealed a
64.5% reduction in postoperative complications, provid-
ing clinical evidence for preserving non-metastatic LNs.
Zhao et al. [52] demonstrated that for clinically staged IA
solid-dominant NSCLC patients, lobe-specific LND was
associated with significantly fewer postoperative compli-
cations while maintaining oncological outcomes compa-
rable to those of systematic nodal dissection. This finding
was corroborated by a meta-analysis of 13 studies, which
revealed that lobe-specific dissection not only decreased
surgical complications but also potentially improved
long-term survival [53]. Notably, Maniwa et al. [54] spe-
cifically reported that extended lymphadenectomy was
correlated with increased complication rates in elderly
populations.

Currently, the NCCN guidelines for NSCLC patients
emphasize the importance of LN assessment (e.g., sys-
tematic LN sampling or systematic dissection), par-
ticularly station-based assessment, but the number of
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dissected LNs has not been established. For patients with
resectable NSCLC, both N1 and N2 station LNs should
be evaluated, with at least 3 N2 stations dissected [55].
With respect to mediastinal LND, for tumors in the left
lung, stations 4L, 5, 6, 7, 8, and 9 are recommended for
dissection, whereas for tumors in the right lung, stations
2R, 4R, 7, 8, and 9 are recommended [55].

Station-based LN assessment is not contradictory for
determining the number of dissected LNs. In contrast,
combining these 2 approaches can better establish indi-
vidualized LND strategies. An optimal number of dis-
sected LNs of 18 for patients with resectable LIMAs was
recommended by this study to achieve a balance between
complication rates and long-term prognosis. This quan-
titative recommendation serves as an important sup-
plement to the current NCCN guidelines. Some studies
have also made some attempts to define the optimal
LN dissected. For instance, Zhao et al. [56] identified a
U-shaped relationship between the number of LNs dis-
sected and overall prognosis in all surgically treated
NSCLC patients from the SEER database, including
those with M1 disease. They suggested that dissecting
24-32 LNs was optimal. Liang et al. [19] proposed that
for resectable NSCLC (stages I-IIla), dissecting at least
16 LNs improved both N staging accuracy and progno-
sis. Recently, Zhu et al. [57] analysed 3002 early-stage
NSCLC patients to determine the optimal number of
LNs for dissection. They recommended that at least
10 LNs be examined for T1-3NOMO patients, aligning
with the strategy proposed in this study to appropriately
reduce the extent of dissection in low-risk patients. These
divergent results further underscore the distinct nature
of LIMA and highlight the impact of variations in cohort
composition, including tumor stage and pathologic sub-
type distribution.

Additionally, a comparison with other solid tumors
(e.g., gastric cancer and thyroid cancer) revealed that
the relationship between the number of LNs and prog-
nosis is strongly influenced by anatomical structure and
biological characteristics. For example, in gastric cancer
research, the prognostic value of the LN ratio is more
prominent, whereas thyroid cancer tends to dynamically
adjust the scope of dissection based on imaging features
[58, 59]. This suggests that the LIMA may require simi-
lar multimodal assessment optimization standards. In
addition to the LN metastasis atlas and metastasis risk
prediction model, exploring molecular markers for LN
metastasis prediction based on multiomics data might be
promising.

This study represents the most extensive investigation
to date focused on LIMA patients. Notably, it represents
a key contribution to the field as the systematic analysis
of lymphatic metastasis patterns and proposes tailored
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dissection strategies for this unique NSCLC subtype. By
leveraging large-scale, real-world datasets and validat-
ing the findings across multiple centers and data sources,
we increased the robustness of the conclusions. Recently,
the IASLC recommended incorporating both the N clas-
sification and the number or ratio of metastatic LNs for
refining the N staging of lung cancer patients [60, 61].
The findings of this study provide crucial data and a theo-
retical foundation for developing a novel, LIMA-specific
N staging system.

However, despite these strengths, several limitations
should be acknowledged. First, the retrospective design
of the study inherently introduced the risk of selection
bias. Additionally, while uniformly standardized proce-
dures were adopted to the greatest extent possible, data
from multiple centers might also exhibit variations in
diagnostic criteria, surgical techniques, and treatment
decisions, which could introduce further biases. These
limitations might be particularly pertinent when con-
sidering the heterogeneity of LIMA. To mitigate this
bias, future studies designed with prospective data col-
lection are needed to further validate both the predic-
tive model and the clinical utility of its risk-stratified
LND strategy. Second, the limited number of LNDs per-
formed at specific stations, particularly stations 3A and
3P, was a challenge in this study. The small sample sizes
at these stations reduced the statistical power, leading to
the probabilities of metastasis that should be interpreted
with caution. The low dissection rates at these stations
may reflect surgical practices that prioritize other nodal
zones owing to the perceived lower risk of metastasis
or the technical difficulty of accessing these areas. Con-
sequently, the findings regarding these stations, while
valuable, should be validated through studies with larger
cohorts and more consistent LN sampling. Third, as this
was a multicenter retrospective study involving data col-
lected from multiple hospitals, the standards and com-
pleteness of complication records (such as chylothorax,
pneumonia) varied significantly across centers. Moreo-
ver, certain key complication data were missing. Conse-
quently, we were unable to obtain complete, consistent,
and high-quality complication data to perform a reliable
statistical analysis.

Conclusions

In conclusion, this study systematically reveals the pat-
terns of lymphatic metastasis in LIMA patients and
proposes an optimal LND strategy. Appropriate LND is
associated not only with the accuracy of N staging but
also with a better long-term prognosis to some extent.
We believe that the data and models provided by this
study will serve as important references for perioperative
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decision-making in LIMA patients, ultimately helping to
improve overall survival and quality of life.
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