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Objective: To analyze and construct symptom networks at four postoperative time-points in early-stage lung cancer patients using
cross-lagged panel networks (CLPN), so as to examine their dynamic evolution and longitudinal predictive relationships.

Methods: This prospective study captured the incidence and severity of symptoms in patients by employing the Postoperative
Symptom Scale for Lung Cancer on postoperative day 1 (T1), day 3 (T2), day 30 (T3) and day 90 (T4). Partial-correlation networks
and CLPN were built in R Language, key nodes were identified using longitudinal data to explore the predictive/reciprocal effects
among symptoms.

Results: Partial-correlation networks showed that fatigue (D4) and dizziness (D5) had the highest strength centrality at T1, pain (D2)
and fatigue (D4) were most central at T2, insomnia (D8) and cough (D1) dominated at T3, and insomnia (D8) alone was most central
at T4. Furthermore, CLPN revealed that fatigue (D4) exerted the greatest out-expected influence during T1—T2, with the strongest
predictive path from T1-fatigue to T2-insomnia. While pain (D2) became the most influential sender during T2—T3, with the strongest
predictive path from T2-pain to T3-shortness of breath. There is a time-dynamic postoperative symptom network in early-stage lung
cancer patients, with core symptoms shifting across the recovery trajectory.

Conclusion: Findings in our study highlight the adoption of time-specific symptom management, targeting the dominant symptoms at
each phase to achieve precision care and optimize patients’ postoperative recovery course.
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Introduction

Lung cancer is on the global top list of the most common malignancy, with persistent high morbidity and serving as the
leading cause of cancer-related death, constituting a major public-health challenge.'? Surgical resection remains the
cornerstone of curative-intent treatment for patients with early-stage or selected locally advanced disease.>* The wide-
spread adoption of low-dose spiral computed tomography for lung cancer screening has markedly increased the detection
of early-stage lesions, enabling the implementation of surgery for more patients and thereby improving their 5-year
postoperative survival.® However, curative-intent lung cancer operations such as lobectomy or segmentectomy inflict
considerable trauma. In most cases, patients may experience a cluster of physiological and psychological symptoms
whose burden differs markedly across recovery phases.” In particular, patients have been reported to carry a high
symptom burden throughout the peri-operative period, with pain, cough, dyspnoea and fatigue being the most prevalent
complaints.® Rather than occurring in isolation, these symptoms interact dynamically and form complex symptom
systems that can exert sustained detrimental effects on functional recovery and quality of life.” Recently, network
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approaches have conceptualized symptoms as interacting nodes. These methods can quantify the strength of inter-
symptom connections, thereby identifying centrally positioned symptoms that may drive the evolution of the entire
symptom clusters.'”'" Prioritized intervention targeting these core symptoms is expected to contribute to a more efficient
reduction of the overall symptom burden.'*'* To date, however, most lung cancer studies have used cross-sectional
designs, with the absence of elucidating the evolutionary path of these symptom networks over time.'* Accordingly, by
constructing multi-time-point, dynamic symptom networks after early-stage lung cancer surgery, the present study was
designed to delineate their developmental trajectories and longitudinal predictive relations. It is anticipated to provide an
evidence base for staged, precision postoperative symptom management.

Methods

Study Participants

Between January and July 2024 in a tertiary-grade A comprehensive hospital in Xiamen, this study enrolled early-stage
lung cancer patients who underwent surgical treatment using convenience sampling. Eligible patients should meet the
following inclusion criteria: (O age > 18 years; 2) pathological diagnosis of primary bronchogenic carcinoma stage I or
IT; ® first-onset disease scheduled for surgery; and & clear mind with possessing certain abilities to read and understand
questionnaires. Patients were excluded when they had: (O palliative operation or biopsy only; @ preoperative or
postoperative (during follow-up) radiotherapy or chemotherapy; 3 severe cardio-cerebrovascular diseases, hepatic or
renal insufficiency, or other serious comorbidities; and @ incomplete data. Through estimation by the Kendall’s
method,'” the final sample size of this study were 422 patients. Complied with the Declaration of Helsinki, the study
was approved by Zhongshan Hospital Xiamen University ethics committee (Ethical approval number: XMZSYYKY-
2024-050), and all patients gave informed consent.

Survey Instruments: Postoperative Symptom Scale for Lung Cancer Patients

The Postoperative Symptom Scale for Lung Cancer, developed by Wang Ming-ming et al in 2017, was employed to
assess symptoms in patients after early-stage lung cancer surgery.'® It contains four sections: (@ the most bothersome
symptom, including ten items of cough, pain, shortness of breath, fatigue, dizziness, nausea/vomiting, subcutaneous
emphysema, insomnia, constipation, and others; ) patient-reported severity rated as none, mild, moderate, or severe; 3
an 11-point numeric rating (0 = no symptom, 1-3 = mild, 4-6 = moderate, 7-10 = severe) for each symptom, with higher
scores indicating greater severity; and @ additional questions related to the most bothersome symptom. The total score of
this scale ranges between 0-100 points, with higher scores indicating worse symptom burden. Additionally, the
Cronbach’s a of this scale was 0.888.

Data Collection

In this study, to ensure consistent assessment criteria, a research team formed by the investigators received standardized
training prior to data collection. Patients signed the informed-consent form on the day of admission. Then, the
questionnaire was distributed to all patients by the trained researchers on postoperative day 1 (T1), day 3 (T2), day 30
(T3) and day 90 (T4). In the survey, each evaluation was inquired and recorded by the researchers item by item based on
the scale. A total of 422 patients were enrolled, and the valid response rate was 100%.

Statistical Analyses

Data Processing

The SPSS 26.0 software was applied for descriptive statistics, correlation analyses, and analysis of variance. The graph
package in R 4.3.3 was used to estimate symptom partial-correlation networks and node centrality at T1-T4, while the
glmnet package was utilized to construct the cross-lagged panel networks (CLPN) to examine longitudinal predictive
effects (T1—T2, T2—T3, and T3—T4). In addition, the boot net package was applied for evaluating the network
accuracy and stability.
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Partial Correlation Networks at the Four Time Points

A Gaussian Graphical Model-based partial-correlation network was employed for network estimation, followed by model
regularization with the Least Absolute Shrinkage and Selection Operator (LASSO) to obtain a sparser, more stable
structure. Centrality indices computed involved the strength, betweenness and closeness. The strength centrality, given its
superior stability, was selected as the primary interpretive metric.'” Larger strength centrality values would indicate
a stronger connection of a node to others, allowing it to be identified as a key symptom within the network. Furthermore,
the network structure invariance, global strength, and edge-level differences between networks were examined via
Network Comparison Test package in R. The structure-invariance test was applied to evaluate whether the pattern of
node connections differed across networks, with a meaningful change in network architecture determined based on
a significant result. The global-strength test was used to assess differences in overall connectivity, with tighter inter-node
relationships identified in the case of higher values. Additionally, the edge-level test compared individual edges across
networks to verify specific pairwise differences.'®

CLPN Analysis for T1—T2, T2—T3 and T3—-T4

The predictive direction among variables in longitudinal panel data was inferred by the CLPN analysis.'” The model was
regularized with LASSO, coupled with the identification of edges/structure via 10-fold cross-validation. Two centrality
indices, in-expected influence and out-expected influence, were computed to quantify the role of each symptom node.
Specifically, the in-expected influence quantified the extent to which a node was predicted by all other nodes in the
network, whereas the out-expected influence embodied the capacity of a node to predict other nodes. Higher centrality
coefficients would indicate that a symptom was more susceptible to being influenced by other symptoms (in-expected
influence) or would trigger additional symptoms more obviously (out-expected influence). Similarity between two CLPN
was assessed by computing the Pearson correlation of their edge weights, the proportion of edges that retained the same
sign (positive or negative), and the Jaccard index. A greater structural similarity between the networks would be denoted
by a higher Jaccard index.

Accuracy and Stability Assessment of the Networks

Bootstrapping with 1000 resamples was used to estimate 95% confidence intervals (CI) for each edge weight, with more
precise estimates identified in the case of narrower Cls. The stability of centrality indices was assessed with the centrality
stability (CS) coefficient, with good or acceptable stability determined when the CS was > 0.50 or > 0.25, respectively.?’

Results

Incidence and Severity of Postoperative Symptoms in Early-Stage Lung Cancer Patients
On postoperative day 1 (T1), pain attained the highest median score (median = 3, IQR 2-5). Dizziness (median = 0, IQR
0-3), insomnia (median = 0, IQR 0-3) and fatigue (median = 0, IQR 0-2) also exhibited relatively high incidence and
severity. Pain scores, although declined continuously thereafter, remained the highest among all symptoms at both T2 and
T3. The scores of all symptoms decreased across the recovery period. By postoperative day 90 (T4), the median score for
every symptom had fallen to 0. There were statistically significant differences in the distributions of scores for cough,
pain, shortness of breath, fatigue, dizziness, nausea/vomiting, insomnia, constipation and weakness across the four time
points (P < 0.001, Table 1).

According to further normality distribution test, there was markedly non-normal distributions of scores for every
symptom at each assessment. All items exhibited positive skewness and extremely high kurtosis, deviating substantially
from normality. Consequently, network-analytic procedures appropriate for non-normal data were adopted throughout our
subsequent analyses (Table 2).

Partial-Correlation Networks at Different Postoperative Time Points
At T1, T2, T3 and T4, corresponding mean network densities were 0.289, 0.889, 0.381 and 0.286, respectively, indicating
marked differences in symptom inter-connections across the four assessments (Figure 1).
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Table | Score Profiles and Differential Analysis at Different Time Points in Early-Stage Lung Cancer

Patients
Symptoms TI T2 T3 T4 Chi-Square | Kenwall’s W | P value
Cough 0(0,0) | 0(0,1) | 0(0,0) | 0(0,0) 52.086 0.041 <0.001
Pain 3(25)2(03)|0(,l) | 0(00 633.023 0.496 <0.001
Dyspnea 0(0,0) | 0(0,0)0 | 0(0,0) | 0(0,0) 52.143 0.041 <0.001
Fatigue 0(0,2) [ 0(0,1) | 0(0,0) | 0(0,0) 244274 0.193 <0.001
Dizziness 0(0,2) | 0(0,0)0 | 0(0,0) | 0(0,0) 284.701 0.225 <0.001
Nausea and vomiting 0(0,0) | 0(0,0) | 0(0,0) | 0(0,0) 129.980 0.103 <0.001
Subcutaneous emphysema | 0 (0,0) | 0 (0,0) | 0 (0,0) | 0 (0,0) 12913 0.010 0.005
Insomnia 0(0,3) [ 0(0,1) | 0(0,0) | 0(0,0) 181.165 0.146 <0.001
Constipation 0(0,0) [ 0(0,1) | 0(0,0) | 0(0,0) 200.071 0.158 <0.001
Asthenia 0(0,0) | 0(0,0) | 0(0,0) | 0(0,0) 3.784 0.003 0.286

Table 2 Descriptive Symptom Statistical Results at Different Time Points in Early-Stage Lung Cancer Patients

Symptoms TI T2 T3 T4
Skewness | Kurtosis | Skewness | Kurtosis | Skewness | Kurtosis | Skewness | Kurtosis

DI 3.89 16.77 2.52 7.28 3.49 14.56 4.10 21.26
D2 0.45 -0.27 0.91 0.65 2.53 8.12 3.43 13.39
D3 2.86 8.70 2.63 7.41 3.56 13.88 4.57 26.93
D4 1.82 2.82 2.02 3.57 7.92 65.75 7.50 59.01
D5 1.59 1.84 3.13 11.06 13.57 213.50 16.39 280.74
Dé 3.34 11.99 8.78 90.04 20.40 415.01 20.40 415.01
D7 11.45 141.86 10.40 111.59 20.40 415.01 20.40 415.01
D8 2.04 3.68 2.77 7.21 6.68 49.44 8.82 95.92
D9 11.60 145.71 3.31 11.57 20.40 415.01 13.29 192.64
Dlo 7.22 54.90 6.40 46.06 6.82 51.63 8.26 72.93

Strength Centrality Estimates of the Partial-Correlation Networks at Different

Postoperative Time Points
The strength centrality of the postoperative symptom network is shown in Figure 2. As shown in this network, at T1 and
T2, fatigue (D4) exhibited the highest strength centrality, whereas at T3 and T4, insomnia (D8) emerged as the node with
the highest strength centrality.

Based on the Bootstrap analyses of edge weights, the four networks were estimated with satisfactory precision.
Stability tests yielded CS coefficients of > 0.75 for strength centrality across all time points, confirming robust stability.

Network Comparison

Network comparison tests were performed to examine differences in network structure and global strength (GS) across time
points. No significant structural difference was observed between T1 and T2 (M = 0.208, p > 0.05), whereas the network
structure at T2 significantly differed from that at T3 (M = 0.377, p = 0.019). The structural difference between T3 and T4 was
not significant (M = 0.187, p > 0.05). Regarding global strength, no significant difference was found between T1 (GS = 1.801)
and T2 (GS =0.927, p > 0.05). Global strength at T2 (GS = 2.850) was significantly higher than that at T3 (GS = 0.368, p =
0.032), while no significant difference was detected between T3 (GS = 0.458) and T4 (GS = 0.519, p > 0.05, Table 3).

CLPN Comparisons

Figure 3 presents the CLPN for T1—T2, T2—T3 and T3—T4. Arrows indicate predictive paths from an earlier to a later
time point; while arrow weights reveal the magnitude of the prospective effect.
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Figure | Symptom networks of early-stage lung cancer patients at four postoperative time points. D|: Cough; D2: Pain; D3: Pant; D4: Fatigue; D5: Dizziness; D6: Vomiting;
D7: Pneumoderm; D8: Insomnia; D9: Constipation; D 10: Fatigue.

The autoregressive effect, a concept defining the influence of each symptom on itself across consecutive intervals is
summarized (Table 4). To be specific, positive autoregressive coefficients were observed for cough (D1), pain (D2),
shortness of breath (D3), fatigue (D4) and nausea/vomiting (D6) in all or most transitions. In contrast, negative values
were noticed for dizziness (D5), subcutaneous emphysema (D7), insomnia (DS), constipation (D9) and weakness (D10)
at specific transitions. Moreover, the largest autoregressive effects were found for nausea/vomiting (D6; T3—T4: 0.28),
subcutaneous emphysema (D7; T3—T4: 0.28) and constipation (D9; T1—T2: 0.26; T2—T3: 0.28).

Centrality Estimates of the Cross-Lagged Symptom Networks
Centrality indices for the CLPN are shown in Figure 4. Regarding in-expected influence, subcutaneous emphysema (D7)
displayed relatively high values across all three transitions (T1—T2, T2—T3, and T3—T4). Nausea/vomiting (D6)
exhibited high in-expected influence only during T2—T3, with low values at the other intervals. Notable predictive edges
included T1 pain (D2) — T2 subcutanecous emphysema (D7) and T1 shortness of breath (D3) — T2 subcutaneous
emphysema (D7). Simultaneously, constipation (D9) showed moderately high in-expected influence across all three
transitions. Among these, the strongest cross-lagged edges were T1 pain (D2) — T2 constipation (D9) and T3 cough
(D1) — T4 constipation (D9).

With respect to out-expected influence, fatigue (D4) was the highest during T1—T2, followed by constipation (D9)
and pain (D2). The strongest prospective paths were T1 fatigue — T2 insomnia (D8) and T1 fatigue — T2 dizziness
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Figure 2 Strength centrality of each node in the postoperative symptom network of early-stage lung cancer patients.

(DS), whereas T1 constipation (D9) chiefly predicted T2 weakness (D10). During T2—T3, pain (D2) became the most
influential sender, with the strongest effect from T2 pain — T3 shortness of breath (D3), followed by T2 pain — T3
cough (D1). During T3—T4, nausea/vomiting (D6) and subcutaneous emphysema (D7) exhibited the highest out-
expected influence. Constipation (D9) also maintained a consistently moderate output effect across all three transitions.
In addition, the principal cross-lagged edges were T2 constipation (D9) — T3 pain (D2), T2 constipation (D9) — T3
cough (D1), and T3 cough (D1) — T4 constipation (D9).

Assessment of Network Accuracy and Stability

Left panel displays the expected influence (EI) values with 95% confidence intervals for each symptom. The x-axis
represents the 10 postoperative complications (D1 to D10), and the y-axis indicates the EI value. Out-EI and in-EI are
represented by blue and red bars, respectively. Error bars indicate 95% confidence intervals estimated via bootstrap
resampling.

Right panel illustrates the stability of EI centrality indices as a function of the proportion of cases dropped during
bootstrap resampling (ranging from 0% to 70%). For example, a value of 0.3 indicates that 30% of the patient data were
randomly excluded, with the network recalculated using the remaining 70% of the sample. The y-axis represents the
Spearman correlation coefficient between the centrality orderings obtained from the resampled networks and that from
the original network. A value of 1.0 indicates perfect agreement (maximum stability), whereas a value of 0 indicates no
consistency. The gray dashed line denotes the stability threshold, above which centrality orderings are considered reliable
(correlation coefficient > 0.7). The blue solid line (Out-EI) and red dashed line (In-EI) depict the stability trajectories for

Table 3 Differences in Network Structure and Global Strength (GS) Across Time Points

Time GS Invariance of Network Structure

Previous Moment | Subsequent Moment | p-value | Network Structure M | p-value

TI-T2 1.801 0.927 0.102 0.208 0.118
T2-T3 2.850 0.368 0.032 0.377 0.019
T3-T4 0.458 0.519 0.942 0.187 0.504
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Figure 3 Comparison of CLPN of symptoms in early-stage lung cancer patients between T1—T2, T2—T3, and T3—T4 postoperatively.

the two centrality indices. The correlation stability (CS) coefficient is defined as the proportion of cases dropped when
the correlation first falls below 0.7. As shown, the CS coefficient was 0.30 for Out-EI and 0.70 for In-EI, indicating
acceptable stability for both indices (Figure 5).

Network Similarity Test

We further examined the differences in cross-lagged symptom networks among postoperative early-stage lung cancer
patients across timepoints. The results revealed the following correlations between networks:

T1-T2 versus T2-T3 networks:

e Edge weights: r = —0.131, p = 0.194
e Incoming expected influence: r = 0.144, p = 0.692
e Outgoing expected influence: r = 0.213, p = 0.555

T2-T3 versus T3-T4 networks:
e Edge weights: r = —0.018, p = 0.861

¢ Incoming expected influence: r = 0.294, p = 0.410
e Outgoing expected influence: r = 0.679, p = 0.031

Table 4 Autoregressive Effects of Each Symptom at Different Time Points
Postoperatively

Time DI D2 | D3 | D4 D5 D6 D7 D8 D9 DIo

TI—-T2 | 0.06 | 0.05 | 0.09 | 0.09 | 0.07 | 0.07 | —0.01 | 0.09 0.26 0.03
T2—T3 | 0.06 | 0.13 | 0.03 | O.11 | 0.10 | 0.20 | —0.01 | —0.02 | 0.28 | —0.0l
T3—T4 | 0.06 | 0.08 | 0.02 | 0.05 | —0.01 | 0.28 | 0.28 0.04 | —0.02 | 0.02
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Figure 5 Assessment of Network Accuracy and Stability.

T1-T2 versus T3-T4 networks:

e Edge weights: r = —0.117, p = 0.246
e Incoming expected influence: r = —0.432, p = 0.212
e Outgoing expected influence: r = 0.770, p = 0.009

The Jaccard indices for the three pairwise comparisons were 0.273, 0.286, and 0.000, respectively, indicating that the
majority of edges differed in direction across the three networks. The number of edges retaining the same direction (ie,
positive or negative) was 3, 2, and 0, respectively, corresponding to 50.0%, 50.0%, and 0.0% of edges in each network
comparison. These findings suggest substantial dissimilarity among the three networks.
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Discussion
Time-dependent evolution for both the symptom-network structure and the core

symptoms of postoperative early-stage lung cancer patients

Through the construction of symptom networks at four postoperative time-points, this study dynamically evaluated
symptom burden from the acute phase (T1) through the recovery phase (T4), with the delineation of the incidence,
severity and trajectories simultaneously, thereby providing an evidence base for symptom management. Rather than
static, the postoperative symptom exhibited remarkable changes structurally with the progression of the recovery.
Specifically, on postoperative day 1 (T1), pain showed the highest incidence and severity, followed by dizziness,
insomnia and fatigue. Further longitudinal network analyses revealed that the core nodes of the postoperative symptom
network shifted as the recovery proceeded. Specifically, fatigue (D4) exhibited high strength centrality at T1 and T2,
whereas insomnia (D8) became the most central symptom at T3 and T4. Aligning with a prior longitudinal network
analysis, Wang et al, observed that the core symptom among postoperative lung cancer patients evolved over time from
fatigue to shortness of breath and cough.?' In terms of the shift of the central symptom from “fatigue” to “insomnia”,
there may be a relocation of the focal point of postoperative symptom burden in the studied patients. Concerning the
possible reason, the network is driven by acute physiological stressors such as surgical trauma, anaesthesia and the
inflammatory response during the immediate postoperative period, with fatigue as the hub.*? In the context of the
subsidence of these acute stimuli, chronic adaptation, behavioural changes and psychological adjustment make sleep
disturbances the predominant health concern.® Accordingly, instead of the use of a traditional static assessment model,
a dynamic, phased symptom management strategy should be adopted during clinical care. In the early postoperative
period, intervention resources should be prioritized for fatigue and pain, while continuous assessment and non-
pharmacological interventions for insomnia, such as promoting sleep hygiene education and cognitive behavioral therapy,
should be emphasized in the middle and late stages of recovery.**

Predictive Value of Fatigue for Subsequent Insomnia

CLPN analysis showed that fatigue (D4) had the highest out-expected influence during T1—T2, with the strongest
prospective path to insomnia at T2. It highlights early postoperative fatigue as a key driver of later sleep
disturbance, which was consistent with a significant association between cancer-related fatigue and sleep disorders
in lung cancer patients reported previously.”” Mechanistically, postoperative fatigue is linked to multiple physio-
logical disturbances®® that can disrupt the sleep—wake rhythm; while fatigue and dyspnoea often form a mutually
reinforcing cycle®' that further impairs nocturnal respiration and sleep quality. Moreover, fatigue-related reduction
in daytime activity and increased psychological burden may indirectly precipitate insomnia through behavioural
and emotional pathways. It therefore underscores the significance of early targeted management of fatigue.

Insomnia as the Core Symptom of the Late Postoperative Network

Insomnia (D8) ranked the highest on strength centrality at both T3 and T4. Consequently, sleep disturbance becomes the pivotal
barrier to long-term recovery and quality of life, once acute surgical sequelae (eg, severe pain and profound fatigue) subside.
CLPN analyses demonstrated that early fatigue prospectively drove insomnia. As as a “secondary” symptom triggered by acute
sequelae, it can evolve into an independent disorder maintained by cognitive-behavioural factors (eg, excessive worry about
sleep), physiological changes (eg, disrupted melatonin rhythms) and environmental cues. For instance, in a recent longitudinal
study of lung cancer patients, pain, fatigue and sleep disturbance usually co-varied as a symptom cluster presenting with
a distinct trajectory.”® Therefore, continuing-care programme should incorporate systematic sleep assessment and cognitive-
behavioural interventions, with emphasis on extending postoperative symptom management beyond hospital discharge.*’
Eventually, early, standardized implementation of such measures can optimize patients’ overall recovery trajectory.

Pain as a Key Predictor of Impaired Respiratory Function
In our study, it was also observed that pain supplanted fatigue, during T2—T3, as the symptom with the highest out-expected
influence, and the strongest prospective path was from pain at T2 to shortness of breath at T3. Therefore, pain exerts both
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persistent and spreading effects. It can be explained that thoracotomy-related incision pain compromise patients’ deep
inspiration and effective coughing, reducing pulmonary ventilation and promoting sputum retention, thereby precipitating
or exacerbating dyspnoea.”® Pain-related anxiety and fear-avoidance behaviors will amplify the problem, further curtailing
physical activity and respiratory exercises. As evidenced in prior research, inadequate postoperative pain control would
increase the risk of pulmonary infections and other complications.”® It underscores the need for integrating respiratory
rehabilitation closely into routine care, in addition to optimizing analgesic regimens in the clinical setting. In this regard,
patients should be instructed and encouraged to perform effective coughing and pursed-lip breathing exercises early in the
recovery period, and, when conditions permit, to ambulate as soon as possible to improve pulmonary function.

Susceptibility of Subcutaneous Emphysema to Other Symptoms, While Constipation
Acting as a Network Hub

Our CLPN analyses also revealed in-expected influence of subcutaneous emphysema (D7) across T1—T2, T2—T3 and
T3—T4, indicating that it is readily influenced by other symptoms in the network. Forceful postoperative coughing,
which produces sharp rises in intrapleural pressure, has been confirmed to be a key factor in precipitating or worsening
subcutaneous emphysema.*®*' Therefore, such inter-symptom effects should be closely monitored clinically, combined
with the control of vigorous coughing and pain early, thereby blocking the presence of subcutaneous emphysema.

Nausea/vomiting (D6) showed elevated in-expected influence only during T2—T3, suggesting that it may be the most
strongly driven by other symptoms (eg., fatigue and pain) within this interval. Similarly, in recent symptom-network
study, gastrointestinal complaints often clustered with fatigue and pain.>? Nausea/vomiting in relation to antecedent
cough, pain or fatigue should be monitored by nursing staff, coupled with prompt intervention once these precursor
symptoms appear. Moreover, constipation (D9) displayed consistently moderate-to-high in- and out-expected influence
across all three cross-lagged intervals, acting as a stable “hub” within the symptom network. Given this dual role,
constipation is both influenced by earlier symptoms and predictive of subsequent ones. Clinicians should therefore begin
early peri-operative assessment of constipation risk and employ nursing interventions,” including prophylactic laxatives
and non-pharmacologic measures such as dietary modification (increased fiber and fluid intake), early ambulation as
tolerated, and abdominal massage.

Autoregressive Effects as Indicatives of Symptom Persistence and Management Priority
During specific intervals, nausea/vomiting (D6), subcutaneous emphysema (D7) and constipation (D9) showed high auto-
regressive effects (>0.25), implying that these symptoms tend to persist and do not resolve spontaneously in the case of their
presence. More importantly, CLPN analyses revealed that nausea/vomiting and subcutaneous emphysema had the greatest
out-expected influence at T3—T4. Thus, in addition to persist because of their underlying pathophysiology in the late recovery
phase, nausea/vomiting and subcutaneous emphysemaalso become central drivers that impede overall patient recovery.
Potentially, this persistence is attributable to: (1) therapeutic procedure-induced tissue injury, with gradual gas absorption
and symptom resolution requiring a prolonged period;** and (2) adjuvant chemotherapy, with cytotoxic agents serving as
a major cause of refractory nausea and vomiting, peaking 24-72 h after administration and thereby further prolonging these
symptoms throughout the overall recovery™ The persistence of constipation may be related to continued postoperative opioid
use, inhibited intestinal motility and limited physical activity.*® Tang et al also demonstrated that a subgroup of lung cancer
patients followed a “high-severity” symptom trajectory characterized by heavier symptom burden and slower recovery.’’ In
contrast, symptoms with low or negative autoregressive effects, such as dizziness and weakness, are more likely to resolve
spontaneously as the body recuperates. It inspire us that for the clinical nursing of specific patients, differentiated, proactive
prevention strategies should be adopted that can tailor to the persistence profile of each symptom. For example, constipation
should be risk-assessed early and managed with prophylactic laxatives. Postoperative nausea and vomiting warrant a graded
assessment system with stepwise prevention and intervention; while subcutaneous emphysema requires close monitoring and
supportive care. Finally, it may be possible to reduce or break symptom persistence and improve comfort for patients
recovering from lung cancer surgery when nurses intervene early and proactively in accordance with the evolving symptom
network and longitudinal inter-symptom relationships.
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Potential Biological Mechanisms and Future Directions
The dynamic evolution of postoperative symptom networks observed in this study may arise from the interplay of
multiple biological mechanisms, including inflammatory responses, neuroimmune pathways, and the tumor microenvir-
onment. Prior studies have implicated inflammatory cytokines such as IL-6 and TNF-a in symptoms like pain and
fatigue. The post-surgical fluctuations of these cytokines may explain the observed network transition—from a densely
interconnected configuration in the acute phase to a decoupled structure during recovery. Additionally, tuamor molecular
features, such as EGFR mutation status and immune microenvironment profiles, may indirectly shape symptom
experiences through neuroimmune crosstalk.

Future efforts should focus on integrating dynamic symptom networks with multi-omics biomarkers to construct
predictive models that capture both clinical and biological dimensions. Such a framework could enable early identifica-
tion of patients at elevated risk for persistent postoperative symptoms, inform predictions of treatment response, and

provide a mechanistic foundation for personalized rehabilitation strategies in early-stage lung cancer.

Conclusion

This longitudinal network analysis of early-stage lung cancer patients after surgery reveals the dynamic pattern of
symptom evolution over time, demonstrating a temporal shift in network centrality. Fatigue dominates the early phase,
pain emerges as the key driver mid-course, and insomnia becomes the core symptom during later recovery. This study
also identifies clear predictive pathways through CLPN analyses, such as fatigue significantly foreshadowing later
insomnia and pain forecasting dyspnoea. It confirms the existence of a dynamic network relationship of mutual influence
between symptoms, suggesting that clinical nursing should shift from static assessment to phased and precise interven-
tion. Given a single-center-sourced samples, future multi-centre studies should be scheduled to validate and extend the
current results, propelling symptom management toward personalized care, and thereby improving patients’ recovery and
quality of life. Our findings highlight a paradigm shift in postoperative symptom management—from conventional
clinical observation toward an integrated clinical-biological framework—thereby providing a broader theoretical founda-
tion for personalized intervention.

While the present study focused on intra-individual network evolution over time, future research should extend these
findings to inter-individual comparisons across clinically relevant subgroups. Large-scale, multicenter studies are
warranted to compare symptom network structures and central symptoms between different surgical methods, age
groups, and sexes. These subgroup analyses would advance personalized postoperative symptom management by
identifying population-specific intervention targets.

Abbreviations
CLPN, cross-lagged panel networks; LASSO, Least Absolute Shrinkage and Selection Operator; CI, confidence inter-
vals; CS, centrality stability.
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