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Introduction: Physical weakness is associated with cortical structures, but the exact causes remain to be investigated. Therefore, we utilized Mendelian randomization (MR) analysis to uncover the underlying connection between frailty and cortical structures.

Methods: The Genome-Wide Association Study (GWAS) on frailty pooled data from publicly available sources such as the UK Biobank and included five indicators of frailty: weakness, walking speed, weight loss, physical activity, and exhaustion. GWAS data on cerebral cortical structure were obtained from the ENIGMA consortium, and we assessed the causal relationship between hereditary frailty and cortical surface area (SA) or cortical thickness (TH). Inverse variance weighting (IVW) was used as the primary estimate, and heterogeneity and multidimensionality were monitored by MR-PRESSO to detect outliers. Additionally, MR-Egger, Cochran’s Q test, and weighted median were employed.

Results: At the aggregate level, there was no causal relationship between frailty and cortical thickness or surface area. At the regional level, frailty was associated with the thickness of the middle temporal lobe, parahippocampus, rostral middle frontal lobe, lower parietal lobe, anterior cingulate gyrus, upper temporal lobe, lateral orbital frontal cortex, pericardial surface area, rostral middle frontal lobe, upper temporal lobe, rostral anterior cingulate gyrus, lower parietal lobe, and upper parietal lobe. These results were nominally significant, and sensitivity analyses did not detect any multidirectionality or heterogeneity, suggesting that the results of our analyses are reliable.

Discussion: The results of our analyses suggest a potential causal relationship between somatic weakness and multiple regions of cortical structure. However, the specific mechanisms of influence remain to be investigated. Preliminary results from our analysis suggest that the effects of physical frailty on cortical structures are influenced by various factors related to frailty exposure. This relationship has been documented, and it is therefore both feasible and meaningful to build on existing research to explore the clinical significance of the relationship.
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1 Introduction

As the aging of the population increases, physical frailty is also a growing concern. The gradual weakening of the functional reserves of various physiological systems in middle-aged and older adults leads to frailty, which results in reduced adaptability to the surrounding environment (including, for example, reduced resistance to climate change, pathogenic microorganisms, etc.) and increased vulnerability of the body (Clegg et al., 2013). Conceptualized as a multifactorial medical syndrome, frailty is mainly characterized by a decrease in endurance, physiological functions, etc., which leads to an increased risk of disease occurrence and prognosis, and a weakening of the body’s resistance to unfavorable factors in the surrounding environment (Morley et al., 2013). Therefore, frailty is actively advocated in clinical practice as a routine monitoring program to prevent its adverse consequences.

The occurrence of frailty and its complications poses a significant challenge for public health, clinical diagnosis, and treatment (Hoogendijk et al., 2019). Studies have shown that the onset and progression of frailty may be attributed to the ongoing deterioration of brain reserve function (Chen et al., 2015; Del Brutto et al., 2017; Zijlmans et al., 2021). For example, the hallmark of brain aging is an increase in the total white matter density and gray matter volume of the brain - the implications of which for frailty are clear (Chen et al., 2015; Kant et al., 2018). We know that the vast majority of psychiatric disorders in older adults are associated with neurodegenerative changes, i.e., changes in brain structure. However, fewer studies have been conducted on the relationship between frailty and cortical structure, and there are no uniform conclusions. Therefore, it is urgent to understand the association between frailty and brain structure (Genon et al., 2022; Marek et al., 2022). The current Mendelian randomization analysis method is uniquely suited for studying a variety of undiscovered potential causal relationships. Therefore, the use of MR to explore the link between frailty and cortical brain structure is of interest. Similarly, this is important for the preliminary analysis of psychiatric disorders that occur due to altered cortical structure.

Mendelian randomization (MR) is a method used to predict associations between etiology and disease by utilizing genetic variants with strong correlations with exposure as instrumental variables. This approach serves as an effective solution to the bias introduced by macroscopic observations (Emdin et al., 2017). Mendelian randomization is currently widely used in studies of brain structure and Alzheimer’s disease, migraine, and alcohol consumption (Mavromatis et al., 2022; Guo et al., 2023; Seyedsalehi et al., 2023). Unfortunately, no studies on frailty have been reported. Therefore, we designed a systematic MR analysis based on a prospective study on the association between frailty and cortical structure in UK Biobank (Jiang et al., 2023). The aim was to understand the potential association between frailty and cortical structure and to preliminarily analyze the impact of altered cortical structure on psychiatric disorders in middle-aged and older adults.



2 Materials and methods


2.1 Source of data on physical frailty and brain structure

The GWAS data for physical frailty were statistically analyzed by UK Biobank1 for a UK population with frailty indicators between 2006 and 2010. Jiang et al. (2023) reported detailed information on the participants, including weakness (N = 719,433), walk speed (N = 358,974), weight loss (N = 355,129), exhaustion (N = 350,580), and physical activity (N = 539,757) (Jiang et al., 2023). GWAS data related to cortical structure were obtained from the ENIGMA Consortium (Grasby et al., 2020),2 where 51,665 participants from around the world (comprising 60 cohorts, with the European population accounting for more than 94% of the total) underwent MRI scans to assess cerebral surface area (SA) and cerebral cortical thickness (TH). An approximate partition of the cerebral cortex was established for the two average regions of the cerebral hemispheres. Additionally, an approximate anatomical partition was based on the depth between the sulci, using the 34 regions defined by the Desikan-Killiany atlas of brain structure (Desikan et al., 2006). They conducted independent measurements and GWAS analyses of both total surface area (SA) and total thickness (TH) of the cerebral cortex, as well as SA and TH of the 34 regions. In the GWAS analysis, SA and TH at the global level were used as covariates. Meta-analysis was performed using METAL when the data were all completed with quality control (Willer et al., 2010). Our study utilized the findings from the meta-analysis conducted on the European population (Supplementary Material b, Supplementary Table 1 for comprehensive cohort details).



2.2 Physical frailty-related phenotypes

According to the description of Fried’s frailty phenotype (Fried et al., 2001), frailty mainly consists of five indicators: weakness, walk speed, exhaustion, weight loss, and physical activity. The severity of frailty is related to the number of frailty phenotypes that a person possesses. In general, individuals are considered frail when they exhibit three or more of the aforementioned indicators of frailty (Zhu et al., 2023). As there is no broad consensus on the definition of frailty, we relied on the prevailing definition of frailty in the existing literature to align with the GWAS data on frailty in UK Biobank (Supplementary Material a).



2.3 Selection of instrumental variables (IV)

Single nucleotide polymorphisms (SNPs) loci with significant P-values were screened for frailty GWAS data based on the classification of Fried vulnerability phenotypes, including weakness and walk speed (P < 5.0 × 10–8), as well as weight loss and physical activity (P < 5.0 × 10–6). To ensure the validity of instrumental variables (IVs), it was necessary to establish a strong correlation with the exposure factor without introducing bias. The linkage disequilibrium condition was set to (LD): r2 < 0.001, and the clump window size was set to 1000 kb. SNPs that exhibited allelic incongruence with the exposure factor, as well as those with duplications or potential effects on the outcome, were excluded. Additionally, MR outliers (MR-) test and multivariate analysis (MVA) were conducted. The MR-PRESSO test and pleiotropy residual (MR Pleiotropy RESidual) were applied to assess potential horizontal pleiotropy. To eliminate the effect of pleiotropy, outliers were removed (Verbanck et al., 2018). The flowchart of the study is shown in Figure 1.
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FIGURE 1
Study flame chart of the Mendelian randomization study to reveal the causal relationship between physical frailty and the brain cortical structure.




2.4 Mendelian randomization analysis

We conducted a two-sample Mendelian randomization (MR) analysis to examine the causal relationship between exposure factors and outcomes. We employed three different MR analysis methods, namely random effects inverse variance weighted (IVW), MR-Egger, and weighted median, to assess this relationship. Three assumptions need to be met for instrumental variable (IV): (1) the correlation assumption: the instrumental variable is strongly correlated with the exposure variable; (2) the independence assumption: the instrumental variable and the confounders are independent of each other; and (3) the exclusivity assumption: the effect of the instrumental variable on the outcome is mediated through the exposure variable. Therefore, even if only one genetic variant is null, the final result will be biased (Burgess et al., 2013). IVW was then used as the primary outcome of the analysis. In addition, MR-Egger and weighted median were employed to enhance the completeness of the results obtained from IVW and provide a more compelling extension to the broader range of applications for IVW (Chen et al., 2021). MR-Egger is used to detect heterogeneity and the presence of pleiotropy in the analysis. The presence of pleiotropy is indicated when the MR-Egger intercept deviates from 0 (Bowden et al., 2015). In addition, the weighted median test produces consistent estimates when weights from valid IVs are ≥50% because it uses median IVs (Bowden et al., 2016). To assess the stability of the causal relationship between exposure and outcome, sensitivity analyses were conducted on the results. These analyses included the MR-Egger intercept test and leave-one-out analysis. The purpose of these analyses was to further evaluate horizontal pleiotropy and to verify that individual SNPs did not have a significant impact on the obtained results. In addition, funnel plots were used to assess pleiotropy. Cochran’s Q test was used to identify heterogeneity, which was considered significant when Cochran’s Q (P < 0.05). In addition, the F statistic was used to estimate weak variable bias by calculating F. Instrumental variables with F-values less than 10 indicate weak bias and should be discarded (Burgess and Thompson, 2011). The formula for F is as follows: F = R2(N-2)/(1-R2), where R2 = (2 × eaf × (1-eaf) × beta2)/[(2 × eaf × (1-eaf) × beta2) + (2 × eaf × (1-eaf) × N × se2)]. In this formula, N represents the sample size, eaf is the effect allele frequency, beta is the genetic effect, and se is the standard error of the genetic effect (Papadimitriou et al., 2020).

To determine whether SNPs were associated with potential risk factors [mainly smoking (Corley et al., 2019), alcohol consumption (Mavromatis et al., 2022), educational level (Cox et al., 2016), blood pressure (Newby et al., 2022), mental illness (Gaser et al., 2004), etc.], we also searched for gene-phenotype associations provided by PhenoScanner3 and removed this portion of SNPs that might affect the outcome of SNPs (Staley et al., 2016; Chen et al., 2021).



2.5 Data analysis

All analyses were performed using the TwoSampleMR package (version 0.5.7) in R (version 4.3.1) and MR-PRESSO (version 1.0). In analyses at the level of the brain as a whole, a causal relationship between exposure and outcome was considered significant at P < 0.05. A total of 690 MR estimates were generated at the regional level for each cortical structure region, and the Bonferroni-corrected P-value should be 0.05/690. However, a result with P < 0.05 is not considered a negative result; instead, it is considered nominally significant (Chen et al., 2021).



2.6 Ethics

The data used in this study were derived from publicly available data obtained from studies of participants (from the ENIGMA Consortium and UK Biobank, respectively), which have been approved by the Ethics Committee for human experimental data and do not require separate ethical approval.




3 Results


3.1 Selection of instrumental variables

After a series of screening steps, we selected a total of 527 SNPs for predicting the outcome. These included 208 SNPs predicting frailty (P < 5 × 10–8) (Supplementary Material b, Supplementary Tables 2, 3), 22 SNPs predicting walking speed (P < 5 × 10–8) (Supplementary Material b, Supplementary Table 4), 243 SNPs predicting fatigue (P < 5 × 10–5) (Supplementary Material b, Supplementary Table 4), 12 weight loss SNPs (P < 5 × 10–6) (Supplementary Material b, Supplementary Table 5), 42 physical activity SNPs (P < 5 × 10–6) (Supplementary Material b, Supplementary Table 5), and 12 weight loss SNPs (P < 5 × 10–6) (Supplementary Material b, Supplementary Table 5). Individuals (Supplementary Material b, Supplementary Tables 6, 7). The independent variable (IV) was analyzed using the F-statistic data structure >10, indicating that there was no significant bias in the selected variables. In addition, neither the MR-Egger nor MR-PRESSO global tests detected any evidence of multiple effects. Finally, after passing the MR-PRESSO outlier test, a randomized analysis of association between multiple SNPs containing the four exposure factors and the results was subsequently performed using three different MR methods.



3.2 Relationship between exposure factors and outcomes

By conducting MR analysis, no significant causal relationships were found at the global level between weakness, walk speed, weight loss, physical activity, and SA and TH of cortical structures. However, at the regional level, our analysis revealed that walk speed was associated with the caudal anterior cingulate without weighted SA (IVW: β = 75.1694 mm, 95% CI = 21.2146 mm to 129.1247 mm, P = 0.006321). Defaults to IVW results without special annotation); weight loss versus lateral orbitofrontal (IVW: β = −152.156 mm, 95% CI = −266.812 mm to −38.2976 mm, P = 0.008872); weakness versus parahippocampal (IVW: β = −14.957 mm, 95% CI = −26.1247 mm, P = 0.006321) casts doubt on the causal relationship between these three key exposure factors and altered cerebral cortical structure as the most significant results in our analyses. The weighted median and MR-Egger also demonstrated the relationship between each exposure factor’s physical frailty association with cortical structure. Not only that, exposure factors related to physical frailty were found to be associated with various brain regions, including the caudal middle temporal, superior temporal, rostral middle frontal, rostral anterior cingulate, inferior parietal, and pericalcarine, as well as the superior parietal and other interconnected regions. Although the strength of these associations may not be very strong, they may still hold some meaningful implications (Supplementary Material b, Supplementary Table 8) and (Figure 2).
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FIGURE 2
Using two-sample Mendelian randomization analysis to reveal the relationship between physical frailty and cerebral cortical structure. The dotted line indicates a non-significant positive result.




3.3 Sensitivity analysis

Sensitivity analyses were conducted to assess the stability of the nominally significant results. These analyses included Cochran’s Q test, MR-PRESSO global test, leave-one-out analysis, funnel plot, and MR-Egger intercept test. All p-values >0.05 for MR-Egger, and the leave-one-out analysis showed no evidence of horizontal pleiotropy. Funnel plot symmetry on both sides showed that the estimates were not affected by individual SNPs, suggesting that there was no directional pleiotropy in the estimates that were unaffected by individual SNPs and biased (Figure 3). Cochran’s Q test showed that all p-values were greater than 0.05, indicating that the results were not heterogeneous. Additionally, the MR-PRESSO analysis did not identify any outliers or evidence of heterogeneity.
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FIGURE 3
Leave-one-out and funnel plot of the significant Mendelian randomization statistics. (A,D,G) Association between walk speed and caudal anterior cingulate without global; (B,E,H) association between weakness and parahippocampal; (C,F,I) association between weight loss and lateral orbitofrontal.





4 Discussion

With the aging of the body, physiological functions continue to weaken, resulting in a decreased ability to withstand various risk factors from pathogenic factors in the environment, such as climate change and impacts from pathogenic organisms (Fried, 2016). This frailty is particularly pronounced in middle-aged and elderly individuals, especially those over the age of 75–80 years. The relationship between frailty and the structure of the cerebral cortex originated from a prospective study by Jiang et al. (2023) based on UK Biobank data on frailty, health outcomes, and brain structure. Their study revealed a broad spectrum of connections between frailty and health outcomes, as well as brain structure, in middle-aged and older adults. However, it did not establish a direct causal relationship between frailty and gray matter in the brain. Only 50% of brain regions exhibited a negative correlation between gray matter volume and the severity of frailty. However, subcortical regions showed a strong correlation with frailty. Therefore, based on the prospective study of frailty and cortical structure, we assessed the potential causal relationship between frailty and cortical structure. To the best of our knowledge, based on our review of the relevant research literature, this study represents the first comprehensive analysis of frailty and cortical structure of the brain on a large scale. After making necessary corrections, our study reveals a correlation between frailty and cortical structure. Although we did not find any statistically significant positive results, the nominally positive results could still provide valuable insights in the fields of public health and clinical practice.

Overall, although our study did not find exposure factors with strong correlations on brain structure, non-significant causality is not negligible. According to our results, the effects of physical weakness on various brain regions are widespread, mainly on the middle temporal, caudal middle frontal, parahippocampal, rostral middle frontal, and rostral anterior cingulate, inferior parietal, caudal anterior cingulate, superior temporal, lateral orbitofrontal, pericalcarine, and superior parietal. Although the two were not strongly correlated, the nominal significance of the relationship also casts doubt on the potential causal relationship between these frailty exposure factors and cortical structure, and the clinical significance of the relationship is worth exploring. In particular, walk speed was associated with caudal anterior cingulate cortical thickness (without weighted); weight loss with lateral orbitofrontal surface area; weakness versus parahippocampal surface area compared to other non-positive results, and their association is worthy of further analysis. Notably, our results showed that the potential association between weakness and cortical structures was mainly focused on the effect on cortical SA, which accounted for about 3/4 of the total results, and the facilitating effect was overwhelming. Meanwhile, both walk speed and weakness contributed differentially to the increase of the superior temporal region, whereas weakness and physical activity showed opposite effects on the parahippocampal region (i.e: weakness decreased the parahippocampal surface area, and physical activity increased parahippocampal surface area). Thus, we are more skeptical that there is a currently undiscovered causal relationship between weakness and cortical structure than we are that these results are coincidental.

The development of brain structure is mainly regulated by genes, but the influence of acquired factors on brain structure is equally important. According to the radial unit hypothesis (RU hypothesis), the proliferation of neural progenitor cells drives the increase of cortical SA, while TH is determined by the number of divisions of neural cells (Rakic, 1988, 1995, 2009). In contrast, the diminished proliferation of neural progenitor cells during aging may be responsible for the changes in brain SA and TH, which are inextricably linked to frailty. According to Fjell et al. (2014) cortical reduction was found in most of the brain surfaces with age and the annual rate of change was around 0.5% in most of the regions, furthermore, the extent of annual changes in brain structures was greatest in frontal and temporal lobes, followed by significant changes observed in medial parietal regions. Kant et al. (2018) have found that frail compared to non-frail individuals The total brain volume as well as the gray matter volume was significantly lower in frail individuals and the cortical infarct area and the volume of WMH also showed an upward trend. Conservatively, frailty occurs with the aging process of the organism, and the brain SA and TH effects during aging may be related to the severity and time of occurrence of physical frailty.

Poor grip strength, as a crucial indicator for assessing physical function, is also a significant manifestation of the aging process and overall weakness of the body. Numerous studies have confirmed that low grip strength affects the cortical structure of the brain. A study on grip strength and brain structure revealed that stronger grip strength was associated with increased cortical structure in specific areas of the brain, including the ventral striatum, hippocampus, parahippocampal gyrus, temporal cortical areas, and pallidum (Jiang et al., 2022). According to our findings, weakness may affect the thickness of the caudal middle frontal, superior temporal, and rostral anterior cingulate, as well as the middle temporal, parahippocampal, and rostral middle frontal surface area. The middle temporal gyrus, on the other hand, is located in the hand knob region, and studies have shown that hand and arm activity activities this region (Willett et al., 2020). The effect of this on the middle temporal region is dramatic. Although there has been no reported evidence of a link between grip strength and the other results in this study, the impact of grip strength on the total cortical structure of the brain, as well as on subcortical areas, is significant. This is crucial for the precision and persuasiveness of our findings. Of course, because the brain has excellent remodeling properties, it is understandable that when the hand is exerted, the stimulation of the muscles and the nerves of the hand leads to physiological structural changes in the brain to adapt to changes in the environment.

Slow gait (walking speed) is inevitable for most older adults. Decreased walking speed has been associated with a variety of adverse outcomes, such as dementia and death (Verghese et al., 2007; Abellan van Kan et al., 2009). The results of the present study suggest that decreased walking speed in older adults is associated with an increase in the surface area of the inferior parietal lobe, caudal anterior cingulate gyrus, and superior temporal region. Since the inferior parietal and caudal anterior cingulate gyrus regions play a role in motor regulation (Paus, 2001; Claeys et al., 2003), it is understandable that walking speed would have an effect on these regions in frail older adults. In addition, a number of reliable studies have confirmed the effect of walking speed on cortical structures. Ezzati et al. (2015) showed that slower walking speeds were associated with the volume of the right cortex of the brain and the hippocampus (an important regulatory region for motor function). Other studies have also found a positive correlation between walking speed and the parietal and temporal lobes (Chen et al., 2020; Hupfeld et al., 2022). Therefore, it is reasonable to conclude that the stimulation of the inferior parietal lobe and caudate anterior cingulate gyrus regions by the inhomogeneity of walking speed, as brain regions involved in the regulation of locomotion, leads to adaptive changes in the brain in response to such variations. This leads to predictable changes in the inferior parietal, caudate, and anterior cingulate gyrus regions.

Weight loss occurs at various stages of a person’s life, but weight loss due to physical weakness differs from subjective weight loss (e.g., intentional weight loss). Therefore, weight loss induced by frailty can be considered pathological weight loss. In our findings, weight loss in the elderly may decrease the surface area of the lateral orbitofrontal cortex, increase the pericalcarine, and also increase the thickness of the inferior parietal lobe and the superior parietal lobule. As the body ages, the gradual weakening of its functions leads to a decreased demand for energy, resulting in a lower intake of food and ultimately weight loss. Studies have shown that the orbitofrontal cortex of the brain plays a key role in constructing value signals for food and other rewards. Analysis of functional MRI data indicates that food value represents a form of neural activity in the lateral orbitofrontal cortex (Suzuki et al., 2017). As the body’s appetite diminishes with age, the decreased assessment of food’s value results in the underutilization of the lateral orbitofrontal cortex region. The lack of function in this area may prompt other normally active regions to compensate, leading to a reduction in the surface area of the lateral orbitofrontal cortex. This phenomenon reflects the brain’s plasticity and remarkable adaptability. Unfortunately, this only pertains to the impact of diet-related weight loss on cortical structure, and the effects of other factors on cortical structure have not been reported yet.

Physical activity decreases with the onset of frailty, which is a significant characteristic of older adults experiencing frailty. Regular daily activity is beneficial for healthy aging and helps alleviate frailty (Kortebein et al., 2008; Theou et al., 2011). Studies have shown that a decrease in physical mobility leads to an expansion of the surface area of the parahippocampal and periaqueductal regions. Although the parahippocampal region plays a unique role in memory function (Aminoff et al., 2013), exercise has little to no effect on our memory perception. Interestingly, some studies have shown that physical activity induces a series of changes that enhance memory and cognitive functions (Loprinzi, 2019). Not only that, but some studies have revealed the effects of physical exercise on the parahippocampal region. Not only does actual exercise have an effect, but even imagined exercise affects the neural activity of the parahippocampal region and activates it during exercise (Jahn et al., 2004; la Fougère et al., 2010). Sun et al. (2024) conducted a magnetic resonance study on the relationship between physical exercise and the structure of the cerebral cortex. Researchers concluded that physical activity is linked to the thickness of the cerebral cortex. Although their results were different from those of the present study, this variance may be attributed to random error. We believe that this discrepancy is acceptable. However, it gives us reason to believe that there may be an undiscovered potential causal relationship between them.

Population aging has been increasing in all countries at present, and the prevalence of frailty has become inevitable. Even though research on frailty is accelerating, the coverage falls far short of expectations. The International Association of Gerontology Geriatrics (IAGG) defines frailty as a clinically significant syndrome, importantly characterized by both cognitive impairment and physical decline in the absence of dementia (Kelaiditi et al., 2013). In turn, the cerebral cortex is often recognized as the site of cognitive functioning (Filley and Fields, 2016). Therefore, it is urgent to address the link between frailty and brain structure either for physical health reasons or as a social public health issue. Both our study and previous research on cortical structures have shown that the development of frailty during the aging process is critical to the impact of cortical structures and that this impact threatens the quality of life and life expectancy of middle-aged and older adults. Therefore, we believe that a closer study of the mechanisms by which frailty affects the structural changes in the brain will enable us to monitor and prevent psychiatric disorders due to frailty in middle-aged and elderly people.

Although our study is a true reflection of the relationship between physical frailty and the cerebral cortex in older adults, there are still some limitations of the study. Firstly, all the people included in this study were from European populations and are not representative of the relationship between frailty and brain structure in other populations. Secondly, MRI data are derived from testing an all-age population, whereas our study only focused on middle-aged and older adults, so there is an unavoidable partial age interference between the exposure data and the resultant data. Thirdly, the analyzed study only reported a possible link between frailty and structural changes in the brain, and the exact mechanism remains to be investigated in a more recent study. Finally, the P-value for exposure exhaustion (P < 5 × 10–5) was too small, and the credibility as well as the stability of the results obtained were questionable, so it was discarded altogether.

Physical frailty, as a recognized clinical syndrome, is a potential causative factor for a variety of age-related diseases and a great challenge to global public health. Our study reveals a new factor affecting brain structure, but its direct association with disease remains to be studied in greater depth, and it is certain that it deserves to be emphasized and researched as a highly prevalent causative factor.



5 Conclusion

The results of our analyses suggest that there may be a causal relationship between physical weakness and multiple regions of cortical structure. However, the specific mechanisms of this effect remain to be investigated. The preliminary results of our analyses suggest that all indicators of physical frailty have varying degrees of influence on the structure of the cerebral cortex. Moreover, these relationships have been reported in the existing literature, indicating that it is both feasible and meaningful to examine the clinical significance of this association based on previous studies.



Data availability statement

The original contributions presented in this study are included in this article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The requirement of ethical approval was waived by the Dali University Ethics Committee for the studies involving humans because this study used public databases and these experimental data had already received ethical approval. The studies were conducted in accordance with the local legislation and institutional requirements. The ethics committee/institutional review board also waived the requirement of written informed consent for participation from the participants or the participants’ legal guardians because written informed consent for this study was submitted at the time of data collection. Written informed consent was obtained from the next of kin for the publication of any potentially identifiable images or data included in this article.



Author contributions

XZ: Data curation, Investigation, Software, Writing – original draft, Writing – review and editing, Formal analysis, Resources, Methodology. ZW: Conceptualization, Software, Writing – review and editing. JZ: Formal analysis, Writing – review and editing. LZ: Data curation, Validation, Writing – review and editing. J-HN: Data curation, Formal analysis, Writing – review and editing. BJ: Writing – review and editing. YL: Supervision, Writing – review and editing. Y-ZZ: Funding acquisition, Investigation, Methodology, Writing – review and editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was supported by the General Project of the Joint Special Project of Local Universities in Yunnan Province (202001BA070001-064 and 202101BA070001-102), the Dali University Doctoral Research Start-up Fund Project (KYBS2018012), the Yunnan Provincial Department of Education Scientific Research Fund Project (2023Y0950 and 2022Y80), and the Open Project of Key Laboratory of Screening and Research of Resistant Plant Resources in West Yunnan, Yunnan Province (APKL2101).



Acknowledgments

All authors express their heartfelt thanks to the participants of the GWAS data.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2024.1395553/full#supplementary-material


Footnotes

1      http://www.nealelab.is/uk-biobank

2      https://enigmaconsortium.org/

3      www.phenoscanner.medschl


References

Abellan van Kan, G., Rolland, Y., Andrieu, S., Bauer, J., Beauchet, O., et al. (2009). Gait speed at usual pace as a predictor of adverse outcomes in community-dwelling older people an international academy on nutrition and aging (IANA) task force. J. Nutr. Health Aging 13, 881–889. doi: 10.1007/s12603-009-0246-z

Aminoff, E. M., Kveraga, K., and Bar, M. (2013). The role of the parahippocampal cortex in cognition. Trends Cogn. Sci. 17, 379–390. doi: 10.1016/j.tics.2013.06.009

Bowden, J., Davey Smith, G., and Burgess, S. (2015). Mendelian randomization with invalid instruments: Effect estimation and bias detection through Egger regression. Int. J. Epidemiol. 44, 512–525. doi: 10.1093/ije/dyv080

Bowden, J., Davey Smith, G., Haycock, P. C., and Burgess, S. (2016). Consistent estimation in Mendelian randomization with some invalid instruments using a weighted median estimator. Genet. Epidemiol. 40, 304–314. doi: 10.1002/gepi.21965

Burgess, S., and Thompson, S. G. (2011). Bias in causal estimates from Mendelian randomization studies with weak instruments. Stat. Med. 30, 1312–1323. doi: 10.1002/sim.4197

Burgess, S., Butterworth, A., and Thompson, S. G. (2013). Mendelian randomization analysis with multiple genetic variants using summarized data. Genet. Epidemiol. 37, 658–665. doi: 10.1002/gepi.21758

Chen, N., Rosano, C., Karim, H. T., Studenski, S. A., and Rosso, A. L. (2020). Regional gray matter density associated with fast-paced walking in older adults: A voxel-based morphometry study. J. Gerontol. A Biol. Sci. Med. Sci. 75, 1530–1536. doi: 10.1093/gerona/glaa091

Chen, W. T., Chou, K. H., Liu, L. K., Lee, P. L., Lee, W. J., Chen, L. K., et al. (2015). Reduced cerebellar gray matter is a neural signature of physical frailty. Hum. Brain Mapp. 36, 3666–3676. doi: 10.1002/hbm.22870

Chen, X., Kong, J., Pan, J., Huang, K., Zhou, W., Diao, X., et al. (2021). Kidney damage causally affects the brain cortical structure: A Mendelian randomization study. EBioMedicine 72:103592. doi: 10.1016/j.ebiom.2021.103592

Claeys, K. G., Lindsey, D. T., De Schutter, E., and Orban, G. A. (2003). A higher order motion region in human inferior parietal lobule: Evidence from fMRI. Neuron 40, 631–642. doi: 10.1016/s0896-6273(03)00590-7

Clegg, A., Young, J., Iliffe, S., Rikkert, M. O., and Rockwood, K. (2013). Frailty in elderly people. Lancet 381, 752–762. doi: 10.1016/s0140-6736(12)62167-9

Corley, J., Cox, S. R., Harris, S. E., Hernandez, M. V., Maniega, S. M., Bastin, M. E., et al. (2019). Epigenetic signatures of smoking associate with cognitive function, brain structure, and mental and physical health outcomes in the Lothian birth cohort 1936. Transl. Psychiatry 9:248. doi: 10.1038/s41398-019-0576-5

Cox, S. R., Dickie, D. A., Ritchie, S. J., Karama, S., Pattie, A., Royle, N. A., et al. (2016). Associations between education and brain structure at age 73 years, adjusted for age 11 IQ. Neurology 87, 1820–1826. doi: 10.1212/wnl.0000000000003247

Del Brutto, O. H., Mera, R. M., Cagino, K., Fanning, K. D., Milla-Martinez, M. F., Nieves, J. L., et al. (2017). Neuroimaging signatures of frailty: A population-based study in community-dwelling older adults (the Atahualpa Project). Geriatr. Gerontol. Int. 17, 270–276. doi: 10.1111/ggi.12708

Desikan, R. S., Ségonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D., et al. (2006). An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions of interest. Neuroimage 31, 968–980. doi: 10.1016/j.neuroimage.2006.01.021

Emdin, C. A., Khera, A. V., and Kathiresan, S. (2017). Mendelian randomization. JAMA 318, 1925–1926. doi: 10.1001/jama.2017.17219

Ezzati, A., Katz, M. J., Lipton, M. L., Lipton, R. B., and Verghese, J. (2015). The association of brain structure with gait velocity in older adults: A quantitative volumetric analysis of brain MRI. Neuroradiology 57, 851–861. doi: 10.1007/s00234-015-1536-2

Filley, C. M., and Fields, R. D. (2016). White matter and cognition: Making the connection. J. Neurophysiol. 116, 2093–2104. doi: 10.1152/jn.00221.2016

Fjell, A. M., McEvoy, L., Holland, D., Dale, A. M., and Walhovd, K. B. (2014). What is normal in normal aging? Effects of aging, amyloid and Alzheimer’s disease on the cerebral cortex and the hippocampus. Prog. Neurobiol. 117, 20–40. doi: 10.1016/j.pneurobio.2014.02.004

Fried, L. P. (2016). Investing in health to create a third demographic dividend. Gerontologist 56(Suppl. 2), S167–S177. doi: 10.1093/geront/gnw035

Fried, L. P., Tangen, C. M., Walston, J., Newman, A. B., Hirsch, C., Gottdiener, J., et al. (2001). Frailty in older adults: Evidence for a phenotype. J. Gerontol. A Biol. Sci. Med. Sci. 56, M146–M156. doi: 10.1093/gerona/56.3.m146

Gaser, C., Nenadic, I., Buchsbaum, B. R., Hazlett, E. A., and Buchsbaum, M. S. (2004). Ventricular enlargement in schizophrenia related to volume reduction of the thalamus, striatum, and superior temporal cortex. Am. J. Psychiatry 161, 154–156. doi: 10.1176/appi.ajp.161.1.154

Genon, S., Eickhoff, S. B., and Kharabian, S. (2022). Linking interindividual variability in brain structure to behaviour. Nat. Rev. Neurosci. 23, 307–318. doi: 10.1038/s41583-022-00584-7

Grasby, K. L., Jahanshad, N., Painter, J. N., Colodro-Conde, L., Bralten, J., Hibar, D. P., et al. (2020). The genetic architecture of the human cerebral cortex. Science 367:eaay6690. doi: 10.1126/science.aay6690

Guo, X., Wang, D., Ying, C., and Hong, Y. (2023). Association between brain structures and migraine: A bidirectional Mendelian randomization study. Front. Neurosci. 17:1148458. doi: 10.3389/fnins.2023.1148458

Hoogendijk, E. O., Afilalo, J., Ensrud, K. E., Kowal, P., Onder, G., and Fried, L. P. (2019). Frailty: Implications for clinical practice and public health. Lancet 394, 1365–1375. doi: 10.1016/s0140-6736(19)31786-6

Hupfeld, K. E., Geraghty, J. M., McGregor, H. R., Hass, C. J., Pasternak, O., and Seidler, R. D. (2022). Differential relationships between brain structure and dual task walking in young and older adults. Front. Aging Neurosci. 14:809281. doi: 10.3389/fnagi.2022.809281

Jahn, K., Deutschländer, A., Stephan, T., Strupp, M., Wiesmann, M., and Brandt, T. (2004). Brain activation patterns during imagined stance and locomotion in functional magnetic resonance imaging. Neuroimage 22, 1722–1731. doi: 10.1016/j.neuroimage.2004.05.017

Jiang, R., Noble, S., Sui, J., Yoo, K., Rosenblatt, M., Horien, C., et al. (2023). Associations of physical frailty with health outcomes and brain structure in 483 033 middle-aged and older adults: A population-based study from the UK Biobank. Lancet Digit. Health 5, e350–e359. doi: 10.1016/s2589-7500(23)00043-2

Jiang, R., Westwater, M. L., Noble, S., Rosenblatt, M., Dai, W., Qi, S., et al. (2022). Associations between grip strength, brain structure, and mental health in > 40,000 participants from the UK Biobank. BMC Med. 20:286. doi: 10.1186/s12916-022-02490-2

Kant, I. M. J., de Bresser, J., van Montfort, S. J. T., Aarts, E., Verlaan, J. J., Zacharias, N., et al. (2018). The association between brain volume, cortical brain infarcts, and physical frailty. Neurobiol. Aging 70, 247–253. doi: 10.1016/j.neurobiolaging.2018.06.032

Kelaiditi, E., Cesari, M., Canevelli, M., van Kan, G. A., Ousset, P. J., Gillette-Guyonnet, S., et al. (2013). Cognitive frailty: Rational and definition from an (I.A.N.A./I.A.G.G.) international consensus group. J. Nutr. Health Aging 17, 726–734. doi: 10.1007/s12603-013-0367-2

Kortebein, P., Symons, T. B., Ferrando, A., Paddon-Jones, D., Ronsen, O., Protas, E., et al. (2008). Functional impact of 10 days of bed rest in healthy older adults. J. Gerontol. A Biol. Sci. Med. Sci. 63, 1076–1081. doi: 10.1093/gerona/63.10.1076

la Fougère, C., Zwergal, A., Rominger, A., Förster, S., Fesl, G., Dieterich, M., et al. (2010). Real versus imagined locomotion: A [18F]-FDG PET-fMRI comparison. Neuroimage 50, 1589–1598. doi: 10.1016/j.neuroimage.2009.12.060

Loprinzi, P. D. (2019). The effects of physical exercise on parahippocampal function. Physiol. Int. 106, 114–127. doi: 10.1556/2060.106.2019.10

Marek, S., Tervo-Clemmens, B., Calabro, F. J., Montez, D. F., Kay, B. P., Hatoum, A. S., et al. (2022). Reproducible brain-wide association studies require thousands of individuals. Nature 603, 654–660. doi: 10.1038/s41586-022-04492-9

Mavromatis, L. A., Rosoff, D. B., Cupertino, R. B., Garavan, H., Mackey, S., and Lohoff, F. W. (2022). Association between brain structure and alcohol use behaviors in adults: A Mendelian randomization and multiomics study. JAMA Psychiatry 79, 869–878. doi: 10.1001/jamapsychiatry.2022.2196

Morley, J. E., Vellas, B., van Kan, G. A., Anker, S. D., Bauer, J. M., Bernabei, R., et al. (2013). Frailty consensus: A call to action. J. Am. Med. Dir. Assoc. 14, 392–397. doi: 10.1016/j.jamda.2013.03.022

Newby, D., Winchester, L., Sproviero, W., Fernandes, M., Ghose, U., Lyall, D., et al. (2022). The relationship between isolated hypertension with brain volumes in UK Biobank. Brain Behav. 12:e2525. doi: 10.1002/brb3.2525

Papadimitriou, N., Dimou, N., Tsilidis, K. K., Banbury, B., Martin, R. M., Lewis, S. J., et al. (2020). Physical activity and risks of breast and colorectal cancer: A Mendelian randomisation analysis. Nat. Commun. 11:597. doi: 10.1038/s41467-020-14389-8

Paus, T. (2001). Primate anterior cingulate cortex: Where motor control, drive and cognition interface. Nat. Rev. Neurosci. 2, 417–424. doi: 10.1038/35077500

Rakic, P. (1988). Specification of cerebral cortical areas. Science 241, 170–176. doi: 10.1126/science.3291116

Rakic, P. (1995). A small step for the cell, a giant leap for mankind: A hypothesis of neocortical expansion during evolution. Trends Neurosci. 18, 383–388. doi: 10.1016/0166-2236(95)93934-p

Rakic, P. (2009). Evolution of the neocortex: A perspective from developmental biology. Nat. Rev. Neurosci. 10, 724–735. doi: 10.1038/nrn2719

Seyedsalehi, A., Warrier, V., Bethlehem, R. A. I., Perry, B. I., Burgess, S., and Murray, G. K. (2023). Educational attainment, structural brain reserve and Alzheimer’s disease: A Mendelian randomization analysis. Brain 146, 2059–2074. doi: 10.1093/brain/awac392

Staley, J. R., Blackshaw, J., Kamat, M. A., Ellis, S., Surendran, P., Sun, B. B., et al. (2016). PhenoScanner: A database of human genotype-phenotype associations. Bioinformatics 32, 3207–3209. doi: 10.1093/bioinformatics/btw373

Sun, Y., Ma, D., Jiang, Z., Han, Q., Liu, Y., and Chen, G. (2024). The causal relationship between physical activity, sedentary behavior and brain cortical structure: A Mendelian randomization study. Cereb. Cortex 34:bhae119. doi: 10.1093/cercor/bhae119

Suzuki, S., Cross, L., and O’Doherty, J. P. (2017). Elucidating the underlying components of food valuation in the human orbitofrontal cortex. Nat. Neurosci. 20, 1780–1786. doi: 10.1038/s41593-017-0008-x

Theou, O., Stathokostas, L., Roland, K. P., Jakobi, J. M., Patterson, C., Vandervoort, A. A., et al. (2011). The effectiveness of exercise interventions for the management of frailty: A systematic review. J. Aging Res. 2011:569194. doi: 10.4061/2011/569194

Verbanck, M., Chen, C. Y., Neale, B., and Do, R. (2018). Detection of widespread horizontal pleiotropy in causal relationships inferred from Mendelian randomization between complex traits and diseases. Nat. Genet. 50, 693–698. doi: 10.1038/s41588-018-0099-7

Verghese, J., Wang, C., Lipton, R. B., Holtzer, R., and Xue, X. (2007). Quantitative gait dysfunction and risk of cognitive decline and dementia. J. Neurol. Neurosurg. Psychiatry 78, 929–935. doi: 10.1136/jnnp.2006.106914

Willer, C. J., Li, Y., and Abecasis, G. R. (2010). METAL: Fast and efficient meta-analysis of genomewide association scans. Bioinformatics 26, 2190–2191. doi: 10.1093/bioinformatics/btq340

Willett, F. R., Deo, D. R., Avansino, D. T., Rezaii, P., Hochberg, L. R., Henderson, J. M., et al. (2020). Hand knob area of premotor cortex represents the whole body in a compositional way. Cell 181:396–409.e26. doi: 10.1016/j.cell.2020.02.043

Zhu, J., Zhou, D., Nie, Y., Wang, J., Yang, Y., Chen, D., et al. (2023). Assessment of the bidirectional causal association between frailty and depression: A Mendelian randomization study. J. Cachexia Sarcopenia Muscle 14, 2327–2334. doi: 10.1002/jcsm.13319

Zijlmans, J. L., Lamballais, S., Lahousse, L., Vernooij, M. W., Ikram, M. K., Ikram, M. A., et al. (2021). The interaction of cognitive and brain reserve with frailty in the association with mortality: An observational cohort study. Lancet Healthy Longev. 2, e194–e201. doi: 10.1016/s2666-7568(21)00028-3


Copyright
 © 2024 Zhang, Wang, Zou, Zhang, Ning, Jiang, Liang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
©

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Association between physical frailty and cortical structure in middle-aged and elderly people: a Mendelian randomization study



		1 Introduction



		2 Materials and methods



		2.1 Source of data on physical frailty and brain structure



		2.2 Physical frailty-related phenotypes



		2.3 Selection of instrumental variables (IV)



		2.4 Mendelian randomization analysis



		2.5 Data analysis



		2.6 Ethics







		3 Results



		3.1 Selection of instrumental variables



		3.2 Relationship between exposure factors and outcomes



		3.3 Sensitivity analysis







		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Aging Neuroscience

Association between physical
frailty and cortical structure
iIn middle-aged and elderly

people: a Mendelian
randomization study





OPS/images/fnagi-16-1395553-g003.jpg
A

reElovoliow
L STTI o
(5l

7560257 13uma
I17a8 1882
110862220 - 0anan0e
ATMmARDD
rs4B39T11 - 11600023
m ‘_I‘EJM 1 ,l-l
rsif1aeL - rEZTO0SSE
Mminamiamis
red 626484 - EARE L
WIZTTTTAT - o aan0a
e AQ 22
rs13238384 TR
-:.HSS.
] - ra11010
lb;:o-1 0_7 9
ERErEESE - Meaaa08 13
rma ,ruuh 1™
rs10149134 - 1iATEammm
mi11 U.u 1 akata
7 000 T0S reg u.gu.,u
s ugévw -
raR19131 - >
MRINUL T &
.
rs 145401 744 . rman
e
#45503B45 - .~ e7
s :‘Hi""‘l
ralabLAng - RO W
o el aaim e
rsGTG25472 - =SO5a247
IG0GSTID
B R lalal +1
MmiomisiIsn
mii24ss0n
All Traz3 28320
i " r 00s984
LU 10 ~n
MIZ lsomns crms ilivil by T
1 sunc’ on ‘outcome
D MR Method E
Inverse variance weighted
MR Egger
. 0.06-
0.010-
L ] LY
"
. . *
L]
0.009 - & 0.04 -
= . uT
L . . (%]
n L -
\“ 2=
= 0.008-
0.02-
0.007 -
. L ]
1 B " L}
-100 0 100 200
G MR Test H
 Inverse variance weighted / Weighted median
/ MR Egger
2 1" 2 2
8 8
>~ =
3 =
Q o
c c
Q Q
= =
1] Lh]
o L -2-
rd -
)] w

_2'5-
0.01 0.02

SNP effect on exposure

0.03

-

" N,
A
o*
B
.
l
I
le

e
.
.

-
."

=20 10
AR A e W LR 1Dy SRR B
TEXPORUNS O CUSCOITHE

MR Method
Inverse variance weighted

MR Egger

MR Test
" Inverse variance weighted / Weighted median

/ MR Egger

-
e ®
-

-

0.01 0.02 0.03 0.04
SNP effect on exposure

rsEZ265264 -
154084943 -+
rs fH40BED =
ra i1y e - ;
rs11105175 -
rs17145750 . :
reATARR? .
rsTH42100 - :
rs 10813801 - :
151151 73016 -
T :
L] L] L] ;
=300 =200 =100 a
MR leave-one-out sensitivity analysis for
‘saposare’ on "outeome’
MR Method
Inverse variance weighted
MR Egger
0.0060 - . 7
0.0058 -
IE .
h 0.0056 -
b N
- L ] °
0.0054 -
.
. .
0.0052 - - ‘ ® .
1 L) L] ' L]
-300 -200 -100 0 100
Prv
MR Test
 Inverse variance weighted / Weighted median
/ MR Egger
.
g o
8 ) -
=
o
[
o
3 -10-
@
o .
Z
w
_20 -,
1 ] 1
0.06

0.02 0.04
SNP effect on exposure





OPS/images/fnagi-16-1395553-g002.jpg
Outcome

g
4 P
sl ity —— s Pty

Exposure

Mendelian randomization analysis

Sl
superior temporal ~~ _——
lateral orbitofrontal C_. e \\// o
parahippocampal ——
pericalcarine—"_ \74\/ /)

. . g
caudal anterior cingulate s

T

—— — —— — Nominal significant (P<0.05) Nominal significant (P<0.05)
inferior parietal ¥ s S ——— ~ ey
middle temporal— T e T ﬁ :
rostral middle frontal ©~__——————_ T\ :

w0
7

—

2
caudal middle frontal ,///////

superior temporal —= _~ o
superior parietal gl T2 ol
inferior parietal T ol

rostral anterior cingulate _____———""






OPS/images/fnagi-16-1395553-g001.jpg
remove outcome-related SNPs
(phenoscanner)

MR analysis

Y
NO
YES

"
S
.












OPS/images/logo.jpg
’ frontiers | Frontiers in Aging Neuroscience







