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Purpose: Neck pain (NP) is a multifactorial disorder that leads to severe disability. This study aimed to investigate whether potential 
risk factors have a causal effect on NP at the genetic level using a two-sample Mendelian randomization (MR) analysis.
Methods: Summary-level data for potential risk factors, including distress, anxiety disorder, depression, mood, sleep disorder, 
loneliness, education, alcohol consumption, smoking, time spent using the computer, and physical activity, as well as NP, were 
obtained from multiple large-scale Genome-Wide Association Studies (GWAS). Instrumental variables (IVs) were extracted from 
these datasets. We employed inverse variance weighting (IVW), weighted median, and MR-Egger regression methods to assess causal 
effects. Heterogeneity was evaluated using MR-Egger regression and IVW, while horizontal pleiotropy was assessed using MR- 
PRESSO analysis and MR-Egger regression.
Results: The IVW results showed that major depressive disorder (OR = 1.51, 95% CI: 1.15, 1.98, p = 3.40×10−3) and experiencing mood 
swings (OR = 2.73, 95% CI: 1.57, 4.75, p = 3.86×10−4) were positively associated with NP and years of schooling (OR = 0.504, 95% CI: 
0.410, 0.619, p = 6.55×10−11) was negatively associated with NP. Additionally, loneliness (OR = 16.0, 95% CI: 1.29–198, p = 0.0307) 
showed a suggestive association with NP. As for the other factors we did not find a clear causal relationship (All p-values > 0.05).
Conclusion: This two-sample MR study provides genetic evidence supporting a causal relationship between major depressive 
disorder, mood swings, and years of schooling with NP, while loneliness showed a potential association. These findings highlight 
the critical role of psychosocial factors, such as depression, mood swings, and education level, in the prevention and management of 
NP. Our results may offer new insights for clinicians to develop targeted intervention strategies aimed at reducing the incidence of NP.
Keywords: genome-wide association study, Mendelian randomization analysis, neck pain, psychosocial factor

Introduction
Neck pain (NP) is the fourth leading cause of disability worldwide, imposing substantial life and financial burdens on 
patients.1 Globally, the age-standardized point prevalence and incidence of NP in 2019 were estimated to be 2696.5 per 
100,000 and 579.1 per 100,000, respectively.2 At the national level, NP also poses considerable economic and health 
burdens. According to healthcare spending data from the United States (1996–2016), the healthcare costs associated with 
low back pain and NP reached $13.4 billion in 2016, ranking as the highest expenditure among 154 health conditions.3 

Similarly, a cross-sectional study conducted in Singapore revealed that NP significantly reduces quality of life and 
increases disability, further highlighting the substantial burden of NP.4

NP is a multifactorial condition, with risk factors predominantly related to psychosocial factors.5 The primary 
psychological factors associated with NP include stress, pain, anxiety, mood and emotions, cognitive factors, and pain- 
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related behaviors. Additionally, other contributing factors, such as sleep disturbances, social support, work-related 
factors, and biological factors, have also been identified as potential contributors to NP.6,7 Current clinical guidelines 
emphasize a biopsychosocial approach, incorporating interventions such as back school programs or therapeutic exercise 
regimens to address these factors.8,9 Although these strategies have demonstrated effectiveness in managing NP, and 
numerous risk factors for NP have been identified in observational studies, further evidence is needed to determine the 
relative contribution of genetic predisposition versus environmental factors (eg, education, exercise) to the development 
and persistence of NP. This is particularly important because pain conditions and pain perception are often influenced by 
genetic susceptibility.10 Understanding this distinction is crucial for developing targeted interventions that integrate 
genetic predisposition with modifiable lifestyle factors in NP management.

Observational studies are commonly used to explore the relationship between psychosocial factors and NP. However, 
these studies are prone to confounding bias and reverse causality, which limit their ability to establish causal relation-
ships. While randomized controlled trials (RCTs) are considered the gold standard for assessing causality, conducting 
large-scale RCTs is often impractical for multifactorial conditions such as NP. Mendelian randomization (MR) is 
a genetic instrumental variable (IV) approach that investigates the causal relationship between an exposure and an 
outcome by leveraging genetic variation as an IV for the exposure.11 The random allocation of alleles at conception 
mitigates confounding effects within the population, and since genotype determination precedes disease onset, reverse 
causality is effectively minimized.12,13 Madrid-Valero and Andreucci’s study identified a significant association between 
chronic NP and sleep quality, highlighting the influence of both genetic and environmental factors.14,15 Similarly, Tang 
et al demonstrated a bidirectional causal relationship between depression and NP through MR analysis.16 However, the 
causal roles of other psychosocial and individual-related factors in NP remain incompletely established.

The aim of this study is to use MR to investigate whether psychosocial factors, such as major depressive disorder, 
mood swings, loneliness, and years of schooling, have a potential causal effect on the occurrence of NP at the genetic 
level. Based on this background, we hypothesize that these psychosocial factors exert a potential causal impact on NP, 
possibly mediated through genetic mechanisms.

Methods
Study Design and Data Sources
To investigate the genetic causality between risk factors and NP, a two-sample MR analysis was conducted in this study. 
The selected risk factors included psychological factors (distress, anxiety disorder, depression, mood swings), sleep 
disorders, social support (loneliness), education, alcohol consumption, smoking, time spent using the computer, and 
physical activity, which were used as exposure variables. Genetic variants associated with these exposure factors were 
selected as IVs. MR was then used to analyze the potential causal relationships between these risk factors and NP. 
Summary statistics for both risk factors and NP were obtained from the IEU Open Genome-Wide Association Studies 
(GWAS) database, the FinnGen database, and the UK Biobank database.17–19 The corresponding details and data sources 
are listed in Table 1.

In this study, we focused on psychosocial and lifestyle-related risk factors, which have been widely examined in 
observational research as potential contributors to NP.6 However, work-related stress and occupational physical activity, 
both of which have been previously associated with NP, were not included. This decision was primarily influenced by 
data availability from large-scale GWAS studies, which may not have included these variables. Additionally, the aim of 
this study was to assess the causal role of genetic factors, and the selected risk factors have been well-established in the 
literature as being closely linked to genetic predisposition and pain perception.

Genetic Instrumental Variables (IVs)
The single-nucleotide polymorphism (SNP) selection process followed six sequential steps: 1. Initial Extraction: SNPs 
associated with exposures at genome-wide significance (P < 5 × 10−8) were extracted from GWAS summary statistics. 
2. Linkage Disequilibrium (LD) Clumping: To ensure independence, SNPs within 5000 kb were clumped using 
a stringent R2>0.01 threshold. 3. Minor Allele Frequency (MAF) Filtering: SNPs with MAF < 0.01 were excluded, 
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and data for the above-selected SNPs were subsequently extracted from the GWAS summaries of the outcome traits. 4. 
Proxy SNP Replacement: proxy SNPs with high LD (R2>0.8) were selected to replace them based on the 1000 
genomes project. 5. Palindromic SNP Removal: Ambiguous SNPs (A/T or C/G alleles) with intermediate allele 
frequencies (MAF>0.42) were excluded to avoid strand-mismatch errors. 6. Weak Instrument Removal: SNPs with 
weak instrument strength were excluded by calculating F-statistics20 (F = β²exposure / SE²exposure) and removing 
those with F < 10. A detailed flowchart of SNP exclusion (Figure 1) and the final list of SNPs (Table S1).

Three assumptions had to be satisfied before IVs could be analyzed for MR. 1. Relevance Assumption: IVs were 
selected based on their strong association with the exposure variables (eg, psychosocial factors like major depressive 
disorder and mood swings). For example, SNPs associated with major depressive disorder were identified from the 
GWAS summary data and included as IVs in this analysis; 2. Independence Assumption: To avoid confounding, we 
ensured that the selected IVs were not associated with any potential confounders that could influence both the exposure 
and the outcome (NP). We removed SNPs with known pleiotropic effects or any that were associated with other risk 
factors outside the exposure of interest; 3. Exclusion-Restriction Assumption: The IVs selected can only affect the 
outcome (NP) through their association with the exposure factors. This was ensured by carefully filtering the SNPs and 
excluding those with potential direct effects on NP outside of the exposure pathway.11 The rigorously selected SNPs were 
then used as IVs for two-sample MR analysis.

Mendelian Randomization (MR) Analyses
For the MR analysis, after screening instrumental variables, this study evaluated the causal relationships between 11 risk 
factors and neck pain (NP) using three methods: inverse-variance weighted (IVW),21 MR-Egger regression,22 and the 
weighted median approach.23 IVW, one of the most widely used MR methods, combines the Wald ratios of SNPs through 
a meta-analysis approach to estimate the effect of exposure on the outcome.21 We employed fixed-effect IVW as the 
primary method to estimate the causal effects of exposures on outcomes.

Sensitivity analyses were conducted to address pleiotropy and heterogeneity: 1. Horizontal pleiotropy: This was 
assessed using the MR-Egger intercept and MR-PRESSO global test, with a p-value < 0.05 indicating significant 
pleiotropy. 2. Heterogeneity: This was quantified using Cochran’s Q statistic. A p-value < 0.05 was considered indicative 
of significant heterogeneity, and IVs exhibiting significant heterogeneity were analyzed using a random-effects IVW 
model.24 3. Influential SNP detection: We performed a leave-one-out analysis to identify influential SNPs. This method 
involves sequentially removing each SNP, calculating the meta-effect of the remaining SNPs, and evaluating whether the 
results change significantly after excluding a particular SNP. If the exclusion of a specific SNP results in a substantial 

Table 1 Summary of Data From European Genome-Wide Association Studies of Associated Risk Factors and NP

Trait Population Sample 
Size

Number 
of SNPs

Source

Ever sought or received professional help 
for mental distress

European 117,677 13,571,561 Neale lab (http://www.nealelab.is/uk-biobank/)

Other anxiety disorders European 337,199 10,894,596 Neale lab (http://www.nealelab.is/blog/2017/7/19/rapid-gwas-of-thousands-of- 
phenotypes-for-337000-samples-in-the-uk-biobank)

Major Depressive Disorder European 480,359 10,000 DOI: 10.1038/s41588-018-0090-3

Experiencing mood swings European 373,733 10,824,841 DOI: 10.1038/s41467-018-03242-8

Sleeplessness / insomnia European 462,341 9,851,867 https://gwas.mrcieu.ac.uk/datasets/ieu-b-4838/

Loneliness, isolation European 455,364 9,851,867 https://gwas.mrcieu.ac.uk/datasets/ukb-b-8476/

Years of schooling European 766,345 10,101,242 DOI: 10.1038/s41588-018-0147-3

Alcohol consumption European 112,117 12,935,395 DOI: 10.1038/mp.2017.153

Ever smoke European 461,066 9,851,867 https://gwas.mrcieu.ac.uk/datasets/ukb-b-20261/

Time spent using computer European 360,895 9,851,867 https://gwas.mrcieu.ac.uk/datasets/ukb-b-4522/

Number of days/week of moderate 
physical activity 10+ minutes

European 440,266 440,266 https://gwas.mrcieu.ac.uk/datasets/ukb-b-4710/

Cervicalgia European 167,956 16,380,284 FinnGen biobank analysis round 5 (https://www.finngen.fi/en)
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change in the results, it suggests that this SNP has a strong influence on the outcome. The MR analysis procedure is 
illustrated in Figure 1.

In this study, we compared the relationships between 11 exposure factors and NP. To account for multiple 
comparisons and reduce the risk of Type I error, we applied the Bonferroni correction. This method is particularly 

Figure 1 Flow chart of MR analysis steps in this study.
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effective for ensuring a stringent threshold for statistical significance when testing multiple hypotheses simultaneously. 
Given that we investigated causal relationships between multiple psychosocial factors and NP, the Bonferroni correction 
was the most appropriate choice to maintain the integrity of our findings. The adjusted p-value threshold was set at 
0.00455 (0.05/11) to account for the 11 hypotheses tested in this study.25 After Bonferroni correction, a p-value < 
0.00455 was considered statistically significant, while a p-value between 0.00455 and 0.05 was considered to indicate 
suggestive significance. For the analysis, we used the TwoSampleMR package (version 0.5.6) and the MRPRESSO 
package (version 1.0) in R (version 4.2.2).

Results
Selection of Instrumental Variables
The independent SNPs obtained from the GWAS data of all exposure factors after the clumping process are listed in 
Table S1. The selected SNPs were further filtered according to the procedure described in the Methods section. 
Specifically, the following SNPs were excluded: 1. SNPs without corresponding matches in the NP GWAS summary 
data; 2. Palindromic SNPs; 3. SNPs for which proxy SNPs could not be identified. As a result, the number of SNPs 
included in the final MR analysis may be smaller than the initial number extracted, as detailed in Figure 2. Additionally, 
all exposure-related IVs had F-statistics greater than 10, indicating a low likelihood of weak instrument bias.

Causal Relationship Between Exposure Factors and NP
Table 2 contains the MR results of multiple methods to assess exposure factors on NP. As shown in Table 2, Major 
Depressive Disorder was positively associated with NP at the genetic level (IVW: OR (95% CI) 1.51 (1.15, 1.98), 
p = 3.40×10−3; Weighted median: OR (95% CI) 1.67 (1.12, 2.51), p = 0.0128); Experiencing mood swings was 
positively associated with NP at the genetic level (IVW: OR (95% CI) 2.73 (1.57, 4.75), p = 3.86×10−4; Weighted 
median: OR (95% CI) 2.62 (1.15, 5.96), p = 0.0214); Loneliness was positively associated with NP at the genetic 
level (IVW: OR (95% CI) 16.0 (1.29, 198), p = 0.0307); Years of schooling was negatively associated with NP at 
the genetic level (IVW: OR (95% CI) 0.504 (0.410, 0.619), p=6.55×10−11; Weighted median: OR (95% CI) 0.525 
(0.388, 0.709), p = 2.66×10−5). When tested using Bonferroni-corrected p-values (p<0.00417), Major Depressive 
Disorder, Experiencing mood swings, and Years of schooling still had a causal effect on NP.

While loneliness exhibited a suggestive association with NP, the wide confidence interval indicates limited precision 
in this estimate. This uncertainty likely stems from the relatively small sample size of the loneliness GWAS (N= 82,436) 
and the limited number of instrumental variables meeting genome-wide significance. Consequently, these results should 
be interpreted cautiously and validated in larger cohorts.

Figure 2 Mendelian randomization estimate results of exposures on neck pain.
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Table 2 MR Estimates from Different Methods of Assessing the Causal Effect of Exposure Factors on NP

Exposure No. of SNP IVW OR (95% CI) P value MR-Egger OR (95% CI) P value Weighted Median OR (95% CI) P value

Mental distress 3 3.62(0.245, 53.3) 0.394 1.10×104(3.39×10−7, 3.56×1010) 0.589 1.57(7.41×10−2, 33.4) 0.772

Anxiety disorders 5 3.07×10+8(3.80×10−16, 2.49×1032) 0.487 6.88×10−40(4.32×10−151, 1.10×1072) 0.54 6.77×1016(3.32×10−13, 1.38×1046) 0.260

Major Depressive Disorder 38 1.51(1.15, 1.98) 3.40×10−3 0.666(0.198, 2.24) 0.515 1.67(1.12, 2.51) 0.0128
Experiencing mood swings 44 2.73(1.57, 4.75) 3.86×10−4 5.55(0.148, 209) 0.359 2.62(1.15, 5.96) 0.0214

Sleeplessness 46 1.72(0.823, 3.61) 0.149 0.170(0.0181, 1.59) 0.128 1.59(0.537, 4.72) 0.403

Loneliness 17 16.0(1.29, 198) 0.0307 210(1.53×10−3, 2.91×107) 0.389 11.8(0.492, 284) 0.128
Years of schooling 461 0.504(0.410, 0.619) 6.55×10−11 0.522(0.225, 1.21) 0.131 0.525(0.388, 0.709) 2.66e-5

Alcohol consumption 5 0.819(0.239, 2.81) 0.751 4.59(5.79×10−4, 3.63×104) 0.761 0.803(0.195, 3.31) 0.762

Ever smoke 85 0.751(0.322, 1.75) 0.507 0.266(4.11×10−3, 17.2) 0.535 0.861(0.237, 3.12) 0.820
Time spent using computer 85 0.927(0.570, 1.51) 0.762 1.78(0.125, 25.5) 0.671 1.00(0.489, 2.06) 0.993

Physical activity 16 1.16(0.760, 1.78) 0.485 1.38(0.0846, 22.6) 0.824 1.28(0.698, 2.33) 0.429
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We did not find significant results in heterogeneity tests and horizontal pleiotropy analyses; however, the results of 
MR-Egger regression indicated the presence of pleiotropy in the IVs of sleep disorders (p=0.036982097), suggesting that 
the IVs may be associated with some confounding factors. Detailed results are provided in Tables S2 and S3. Forest plots 
of MR results analysis are shown in Figure 2. Effect sizes of SNPs on exposure and outcome are illustrated in scatter 
plots (Figure S1). The leave-one-out analysis results are presented in Figure S2. A potentially influential SNP 
(rs113851554) was identified in the analysis of sleeplessness on NP. After removing this SNP, the MR results were as 
follows: IVW: 2.54 (1.15, 5.61), p= 0.0207; MR Egger: 2.92 (0.0496, 172), p= 0.609; Weighted median: 2.78 (0.907, 
8.51), p= 0.0735). These results are inconsistent with the original causal estimates, indicating that this SNP has 
a significant influence on the association between sleeplessness and NP. Therefore, we cannot draw robust or definitive 
conclusions regarding this relationship.

Discussion
The aim of this study was to evaluate the causal relationships between psychosocial factors and individual-related risk 
factors for NP. We obtained summary statistics from publicly available GWAS databases and performed two-sample MR 
analyses to assess the causal effects of exposures on outcomes. The results demonstrated that major depressive disorder 
and mood swings were positively associated with NP, while years of schooling showed a negative association. 
Additionally, the relationship between loneliness and NP reached suggestive significance.

Psychological factors, including distress, anxiety, depression, and emotional problems, are important risk factors for 
NP.6 Numerous studies have reported significant associations between psychological distress and NP or other spinal pain 
conditions.26,27 For example, Lee et al demonstrated that psychological distress significantly mediates the relationship 
between pain and disability in patients with low back pain or NP.28 However, our findings did not support a causal effect 
of distress on NP. A meta-analysis revealed that anxiety and depressive symptoms are associated with a higher 
prevalence of NP.29 Additionally, depression has been shown to have a bidirectional causal relationship with neck/ 
shoulder pain,16 which is consistent with our study’s demonstration of a causal link between depression and NP. 
Although anxiety and NP are often associated, Myburgh et al suggested that NP is not consistently linked to 
anxiety.30 Our results, which showed no causal effect of anxiety on NP, partially contradict the findings of observational 
studies. One possible reason for this discrepancy is the presence of reverse causality, where NP might lead to increased 
anxiety rather than anxiety causing NP. However, due to the lack of sufficient IVs from the GWAS data, we could not 
perform a bidirectional MR analysis to further explore this relationship. Moreover, previous research showed that certain 
specific types of anxiety disorders are more strongly correlated with spinal pain compared to other anxiety disorders.6 In 
particular, generalized anxiety disorder (GAD) and post-traumatic stress disorder (PTSD) have shown higher comorbidity 
rates with spinal pain, including NP, compared to social anxiety disorder or panic disorder/agoraphobia. However, the 
specific mechanisms underlying the association between anxiety disorders and NP remain incompletely understood. 
Therefore, we speculate that the non-significant result may be due to the heterogeneity of anxiety disorders included in 
the GWAS dataset, suggesting that future MR studies focusing on specific anxiety subtypes could provide clearer insights 
into this association. From a clinical perspective, these findings suggest that targeted psychological interventions for 
patients with GAD or PTSD may be beneficial in managing NP. Further studies are warranted to explore the underlying 
mechanisms and to determine if intervention strategies for anxiety disorders can improve NP outcomes. A prospective 
study demonstrated that the combination of multiple risk factors, including loneliness, increases the likelihood of NP in 
young adulthood.31 Our results suggest a potential link between social loneliness and NP. This finding has implications 
for the prevention of NP in adolescents.

We identified a causal effect of mood swings on neck pain (NP), a factor not previously reported in the literature. This 
finding may have important implications for the prevention and treatment of NP. The observed causal relationship 
between mood swings and NP is a novel finding that warrants further investigation. One potential mechanism involves 
the dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis, where frequent mood fluctuations may lead to 
chronic stress responses, increased cortisol levels, and heightened pain sensitivity.32 Additionally, mood swings may 
influence pain perception through alterations in neurotransmitter systems (eg, serotonin and dopamine), which play 
critical roles in both mood regulation and nociceptive processing.33 Behaviorally, individuals experiencing mood swings 
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may engage in maladaptive coping strategies, such as poor posture, physical inactivity, or increased muscle tension, all of 
which can contribute to NP. These potential pathways underscore the importance of addressing emotional instability in 
NP prevention and management strategies. Future research should explore these mechanisms in depth to guide targeted 
interventions.

A significant association has been found between sleep disorders and NP. Results from a twin study indicated that the 
association between sleep quality and chronic NP is partially influenced by genetic factors,15 while another study 
suggested that environmental factors play a more substantial role.14 Our findings suggested no causal effect of sleep 
disorders on NP; however, this result may have been influenced by confounding factors and requires further investiga-
tion. Additionally, we identified a potentially influential SNP (rs113851554) that may play a significant role in the 
association between sleep disorders and NP.

Inadequate education level, low social support, and physical activity are associated with NP.34–36 Two randomized 
controlled trials (RCTs) demonstrated the potential benefits of pain neuroscience education combined with neck/shoulder 
exercises, as well as exercise alone, in adolescents with chronic idiopathic neck pain (CINP).37,38 However, our study 
identified only a causal effect of years of schooling on NP. The relationship between education and NP in our study 
differs from the results of RCTs. This difference may be attributed to the fact that RCTs primarily evaluate the effects of 
educational interventions, such as pain neuroscience education, while our study examines the broader effect of education 
level (ie, years of schooling) on NP risk through genetic factors. While RCTs focus on the direct impact of interventions 
on pain management, our study explores how education level, as a proxy for socioeconomic and psychosocial factors, 
may influence the genetic risk of NP. Thus, while both approaches are valuable, they address different aspects of the 
relationship between education and NP.

The effects of physical activity on NP show considerable variability across systematic reviews in recent years. Luc 
et al reported low-quality evidence suggesting that leisure-time physical activity among workers reduces the occurrence 
and persistence of nonspecific neck pain (NSNP),39 whereas Øverås et al found that physical activity in blue-collar 
workers increased the risk of NP and low back pain (LBP).40 In contrast, Jahre et al concluded that physical activity in 
adolescents is not associated with NP.41 A recent systematic review indicated that moderate-intensity aerobic exercise 
three times per week may benefit patients with NSNP.42 Although previous studies have confirmed that exercise can 
reduce pain and disability in patients with NP, further research is needed to determine the optimal type, intensity, 
frequency, and target populations for exercise interventions.43

Regarding time spent using computers, a systematic review found limited evidence for a causal relationship between 
computer work and shoulder/neck disorders,44 and our results also indicate no causal effect of computer use on NP. 
Existing MR studies suggest a bidirectional causal relationship between smoking/alcohol consumption and chronic back 
pain,45 as well as an association between smoking and an increased risk of LBP.46 However, we did not observe similar 
causal associations for NP.

Given the causal relationships between psychosocial factors (such as depression, mood swings, loneliness, and years 
of education) and NP identified in our study, it is essential to strengthen mental health screening and incorporate 
psychological interventions as potential treatment strategies for NP prevention and management. Specifically, individuals 
with genetic predispositions to depression or mood disorders may benefit from early mental health screening and timely 
interventions, which could help alleviate psychological distress and reduce the risk of chronic pain. Considering the 
effectiveness of education and therapeutic exercise in pain management, targeted interventions—such as cognitive- 
behavioral therapy (CBT) and patient education programs (eg, back schools)—should be integrated into NP prevention 
and treatment strategies.8,47 Moreover, our findings align with international guidelines advocating for a biopsychosocial 
approach to NP. For example, the WHO emphasizes addressing psychosocial factors (eg, emotional distress, anxiety, 
depression, and poor academic performance) in multidisciplinary care, and our genetic evidence further supports 
prioritizing mental health screening and education in NP management.48 Similarly, the Practice Guideline of the 
Orthopaedic Section of the American Physical Therapy Association (APTA) recommends enhanced monitoring of 
psychosocial functioning in patients with NP.49 Future research should investigate the effectiveness of personalized 
interventions addressing these psychosocial determinants.
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While our MR analysis supports a causal relationship between psychosocial factors and NP, it is important to 
recognize that genetic predisposition interacts with environmental factors, such as occupational stress, socioeconomic 
status, and lifestyle habits. This interplay suggests that while genetic findings provide valuable insights, they should be 
interpreted within the broader biopsychosocial model of pain. Further observational and interventional studies are 
necessary to validate these relationships and translate them into targeted clinical strategies.

This study has several strengths. First, we used a MR approach, which minimized biases from confounding and 
reverse causation, providing stronger evidence for causal relationships compared to traditional observational studies. 
Second, we utilized large-scale GWAS data, ensuring high statistical power and reliable genetic instruments for exposure 
variables. Third, multiple sensitivity analyses were performed to validate the robustness of our findings and to check for 
potential pleiotropic effects. Finally, our study contributes novel insights into the genetic influences on psychosocial 
factors and their role in NP, offering a foundation for future research and clinical applications.

There are some limitations to this study. First, the GWAS data used in this study were derived exclusively from 
European populations, and caution is required when generalizing these findings to other populations. Future studies 
should validate these results in more diverse populations. Second, while a bidirectional causal relationship between 
exposure and outcome may exist, we were unable to perform bidirectional MR due to insufficient GWAS data for NP, 
which limited the extraction of adequate IVs. Third, the application of a strict Bonferroni correction for positive MR 
results may increase the likelihood of false-negative findings. Fourth, data availability from large-scale GWAS studies 
influenced our choice, as some risk factors (such as work-related stress and occupational physical activity) lack 
sufficiently powered GWAS datasets. Fifth, the wide confidence intervals observed in some results (eg, loneliness) 
may limit the precision of these analyses. Therefore, these findings should be interpreted with caution, and future studies 
with larger sample sizes are needed to further investigate these relationships.

Conclusion
Our findings suggest that psychosocial factors such as depression, mood changes, loneliness, and educational attainment 
have a causal relationship with NP. These insights underscore the importance of early psychological screening and timely 
interventions in NP prevention and management. Individuals with a genetic predisposition to depression or mood 
disorders may benefit from proactive mental health assessments and psychological interventions such as cognitive- 
behavioral therapy to alleviate psychological distress and reduce chronic pain risks. Given the established role of 
education and therapeutic exercise programs in pain management, our findings highlight the need to integrate targeted 
interventions such as patient education programs into prevention and treatment strategies. These programs align with 
international guidelines advocating for a biopsychosocial approach to NP, including WHO recommendations to address 
psychosocial factors through multidisciplinary care. Furthermore, our study emphasizes the role of genetic predisposition 
in NP, suggesting that future research should explore how genetic insights can inform personalized prevention and 
treatment strategies. Tailored interventions based on genetic susceptibility, combined with modifiable lifestyle factors, 
may optimize outcomes in NP management.
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