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Purpose: Having a low level of physical fitness, especially cardiorespiratory fitness, appears to accelerate age-related aortic stiffening. Whereas, some studies have reported that trunk flexibility is a component of physical fitness, it is also negatively associated with arterial stiffening independent of cardiorespiratory fitness in cross-sectional studies. However, no long-term longitudinal study has determined whether poor trunk flexibility accelerates the progression of age-related aortic stiffening. We examined trunk flexibility and aortic stiffness progression in a 5-year longitudinal study.

Methods and Results: A total of 305 apparently healthy men and women participated in this study (49.6 ± 9.5 years of age). Trunk flexibility was measured using a sit-and-reach test. Aortic stiffness was assessed using carotid-femoral pulse wave velocity (cfPWV) at baseline and after 5 years. Analysis of covariance (ANCOVA) was used to assess the association of the annual rate of cfPWV across flexibility levels (low, middle, high). There were no significant differences in baseline cfPWV among the three groups (835 ± 164, 853 ± 140, 855 ± 2.68 cm/s; P = 0.577). Annual ΔcfPWV was significantly higher in the low-flexibility group than in the high-flexibility group (P = 0.009). ANCOVA revealed an inverse relationship between flexibility level and annual ΔcfPWV (14.41 ± 2.73, 9.79 ± 2.59, 2.62 ± 2.68 cm/s/year; P for trend = 0.011). Multiple regression analysis revealed that baseline sit and reach (β = −0.12, −0.70 to −0.01) was independently correlated with ΔcfPWV following adjustment for baseline peak oxygen uptake, age, sex, body fat, heart rate, and cfPWV. The 5-year change in cfPWV was not significantly correlated with 5-year change in sit-and-reach performance (P = 0.859).

Conclusion: Poor trunk flexibility is associated with greater progression of age-related aortic stiffening in healthy adults. However, we failed to confirm a significant association between 5-year change in aortic stiffness and 5-year change in trunk flexibility. The association between increased age-related increase in aortic stiffness and deterioration in flexibility due to age may require observation for more than 5 years.
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INTRODUCTION

Aortic stiffness, as indexed based on pulse wave velocity (PWV), increases progressively with advancing age (Lakatta, 2003) and is a major risk factor for cardiovascular disease and all-cause mortality (Vlachopoulos et al., 2010).

Having a high level of physical fitness, especially higher cardiorespiratory fitness, is associated with the suppression of age-related arterial stiffening (Vaitkevicius et al., 1993; Gando et al., 2016). Recently, we and others have reported that flexibility, a component of physical fitness (Cureton, 1941), is also negatively associated with arterial stiffening independent of cardiorespiratory fitness in cross-sectional studies (Yamamoto et al., 2009; Nishiwaki et al., 2014). It was reported that healthy children with stiffer skin and joints have higher blood pressure and higher pulse pressure levels, independent of several confounders (Uiterwaal et al., 2003). Moreover, the loss of trunk flexibility with aging accelerates at the fourth or fifth decade of life, based on 6,000 Flexitest results (Medeiros et al., 2013). The same tendency is observed for age-related arterial stiffening. However, no long-term longitudinal study has determined whether poor trunk flexibility accelerates the progression of age-related arterial stiffening.

Flexibility (body stiffness), which can be measured non-invasively, easily, quickly, and safely, may represent the phenotypic stiffness of various body parts. Flexibility is determined by connective tissue in the tendons, muscles, ligaments, and joint capsules (Alter, 2004). Increased aortic PWV is linked to structural alterations in the arterial wall, including increased connective tissue (Lakatta, 2003). Some studies have reported that benign joint hypermobility syndrome and Ehlers-Danlos syndrome, one of the most common heritable disorders of connective tissue, are characterized by joint laxity and associated with increased aortic compliance (Neil-Dwyer et al., 1983; Handler et al., 1985), distensibility (Boutouyrie et al., 2004), and lower aortic stiffness (Francois et al., 1986; Yazici et al., 2004). It is possible that poor flexibility may accelerate the progression of age-related arterial stiffening. Therefore, we hypothesized that the age-related increases in aortic stiffness were higher in individuals with low flexibility compared to those with high flexibility. The aim of this study was to investigate the association between flexibility and the progression of aortic stiffening in a longitudinal study.

METHODS

Participants

The study population is part of the Nutrition and Exercise Intervention Study (NEXIS) cohort, registered at Clinical Trials.gov, identifier: NCT00926744. For the purpose of this study, a total of 305 Japanese adults (80 men and 225 women; mean age, 49.6 ± 9.5 years; range, 27–66 years) were selected from among 1,125 participants. Participants underwent anthropometric measurements, physical fitness testing (cardiorespiratory fitness and flexibility), physical activity assessments, arterial stiffness measurement, and blood examinations (baseline measurement). They underwent the same tests (except for physical activity) at 5-year follow-up (follow-up measurement). We excluded participants with a history of stroke, cardiac disease, or chronic renal failure, and those undergoing medical treatment for hypertension, dyslipidemia, or diabetes. We also excluded current smokers. Participants in this sample had an ankle-brachial pressure index between 0.9 and 1.3 at both baseline and the follow-up visit (during the observation period). All participants gave their written informed consent before participating in the study. The study was approved by the ethical committees of the National Institutes of Biomedical Innovation, Health and Nutrition, and Okayama Health Foundation, and the study was performed in accordance with the guidelines of the Declaration of Helsinki.

Arterial Stiffness and Blood Pressure

We measured carotid and femoral PWV (cfPWV) as indicators of aortic stiffness and blood pressure with a vascular test device (form PWV/ABI; Omron Colin, Japan) as described previously (Gando et al., 2016). Waveforms were measured by applanation tonometry according to a standardized protocol. The standard deviation of the difference for interobserver reproducibility was 62 cm/s in our laboratory (Gando et al., 2010). Heart rate (HR) was simultaneously determined during the measurement of cfPWV (form PWV/ABI; Omron Colin, Japan). Recordings were made in triplicate, with participants in the supine position, and conformed strictly to American Heart Association guidelines (Pickering et al., 2005). The mean right and left brachial BPs were used for analysis.

Flexibility

We measured sit-and-reach test performance as an indicator of trunk flexibility with a trunk flexion meter (T.K.K.5112; Takeikiki, Japan) as described previously (Yamamoto et al., 2009). Participants sat on the floor with legs stretched out straight in front of the body. They put both hands on the trunk flexion meter and flexed forward slowly. The device then displayed the distance moved. The standard deviation of the difference for interobserver reproducibility was 2.3 cm in our laboratory (Yamamoto et al., 2009).

Participants were classified into low, moderate, or high trunk flexibility categories according to the distribution of sex- and age (20–29, 30–39, 40–49, 50–59, and 60–69 years) -specific sit and reach test results: lowest tertile, poor flexibility; middle tertile, mid-range flexibility; and highest tertile, high flexibility.

Cardiorespiratory Fitness

We measured peak oxygen uptake as an indicator of cardiorespiratory fitness, which was measured according to the protocol of a graded exercise load using a cycle ergometer (Ergomedic 828E Test Cycle, Monark, Sweden, or Excalibur V2.0, The Netherlands), as described previously (Gando et al., 2016).

Physical Activity

We assessed physical activity using triaxial accelerometry (Actimarker EW4800; Panasonic Electric Works, Japan), as described previously (Gando et al., 2010). Participants wore a triaxial accelerometer for 28 days with habitual physical activity. They were instructed to wear the accelerometer from the time they woke up until they went to bed. We used the data for at least 14 days (2 weeks) and obtained daily physical activity durations corresponding to 1.1 to 2.9 metabolic equivalents (METs) (light), 3.0 to 5.9 METs (moderate), or ≥6.0 METs (vigorous) (Haskell et al., 2007).

Body Composition

We assessed body composition using dual-energy X-ray absorptiometry (Hologic QDR-4500; Hologic, Waltham, MA). We measured waist circumference using a tape measure. Body mass index (BMI) was calculated as measured weight in kilograms divided by the square of measured height in meters.

Blood Samples

Blood samples were obtained after at least 10 h of overnight fasting. Fasting plasma glucose and glycated hemoglobin (HbA1c) and serum levels of total cholesterol, high-density lipoprotein (HDL) cholesterol, and triglycerides were measured.

Statistical Analyses

Means ± standard deviations were calculated for continuous variables. Analysis of variance (ANOVA) was used to assess the relationship of the continuous variables to categories of flexibility levels. The differences between baseline and follow-up measurements were assessed by paired t-test and McNemar's non-parametric test. In the ANOVA, Scheffe's method was used to identify significant differences among mean values.

Pearson's correlation coefficients were used to analyze the relationships between the 5-year changes in cfPWV and baseline values of factors known to influence vascular stiffness and 5-year changes in these variables.

Analysis of covariance (ANCOVA) models were estimated to test differences in the annual rate of cfPWV [annual ΔcfPWV: (follow-up cfPWV—baseline cfPWV)/follow-up years] across flexibility levels. The annual ΔcfPWV was entered as a dependent variable; the tertile flexibility category was entered as a fixed factor; and baseline age, weight, body fat, systolic blood pressure (SBP), HR, cfPWV, peak oxygen uptake, moderate physical activity time, vigorous physical activity time, and sex were entered as covariates for adjustment. Pairwise post-hoc comparisons were examined using a Bonferroni test. In ANCOVA, data were expressed as estimated marginal mean ± standard error.

A multiple regression analysis was used to determine the influences of baseline values of factors known to influence vascular stiffness and changes in these variables (annual rate of change) on the annual ΔcfPWV.

P values < 0.05 were considered statistically significant. Data were analyzed using SPSS software (IBM Japan v.20.0, Japan).

RESULTS

Table 1 shows the baseline characteristics and changes in these variables of the participants divided by flexibility levels. There were no significant differences in baseline cfPWV among the three groups (P = 0.577). The paired t-test demonstrated that cfPWV increased significantly during the follow-up period in low and middle flexibility groups. The body fat, HbA1c, SBP increased significantly during the follow-up period in all flexibility groups.


Table 1. Changes in participants' characteristics during the study period.
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Pearson's correlation coefficients between the 5-year change in cfPWV and baseline and 5-year changes in other parameters were as follows: the 5-year change in cfPWV was correlated with baseline sit-and-reach (r = −0.16, P = 0.005); weight (r = 0.15, P = 0.007); BMI (r = 0.15, P = 0.011); waist (r = 0.13, P = 0.029); cfPWV (r = −0.26, P < 0.001); peak oxygen uptake (r = −0.12, P = 0.030); and 5-year changes in SBP (r = 0.24, P < 0.001), diastolic blood pressure (DBP) (r = 0.24, P < 0.001), and HR (r = 0.21, P < 0.001). The 5-year change in cfPWV was not significantly correlated with the 5-year-change in sit-and-reach. Moreover, univariate regression analyses were used to assess the relationships between sit-and-reach values and the 5-year changes of cfPWV in different age categories (young, middle, old). The Pearson's correlation coefficient was larger in older subjects than in young and middle-aged subjects (young, r = −0.13; middle-aged, r = −0.15; older, r = −0.26). These results suggest that poor trunk flexibility is associated with greater progression of age-related aortic stiffening, especially in older adults.

Figure 1 shows the crude and adjusted values of the annual ΔcfPWV across flexibility levels. ANCOVA revealed an inverse relationship between flexibility level and the annual ΔcfPWV (14.41 ± 2.73, 9.79 ± 2.59, 2.62 ± 2.68 cm/s/year; P for trend = 0.011). The annual ΔcfPWV was significantly higher in the low-flexibility group than in the high-flexibility group (P = 0.009). Moreover, we performed ANCOVA analyses by sex. In men, ANCOVA revealed an inverse relationship between flexibility level and the annual ΔcfPWV (21.86 ± 6.65, 15.40 ± 5.46, −0.94 ± 6.00 cm/s/year; P for trend = 0.044). In women, ANCOVA revealed an inverse relationship (not statistically significant) between flexibility level and annual ΔcfPWV (11.23 ± 3.00, 7.68 ± 2.95, 4.67 ± 3.01 cm/s/year; P for trend = 0.329).
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FIGURE 1. The crude and adjusted values of the annual rate of change in carotid-femoral pulse wave velocity (ΔcfPWV) across the flexibility levels. Data (adjusted model) are adjusted for baseline age, weight, body fat, SBP, HR, cfPWV, peak oxygen uptake, moderate physical activity time, vigorous physical activity time, and sex. Data are presented as mean ± standard error. *P < 0.05 vs. the high-flexibility group.



As shown in Table 2, multiple regression analysis revealed that baseline sit-and-reach and peak oxygen uptake were independent correlates of annual ΔcfPWV (Model 1). Upon further adjustment including body fat, HR, and cfPWV (Model 2), baseline sit-and-reach and peak oxygen uptake were independent correlates of annual ΔcfPWV. Annual ΔHR was independently correlated with annual ΔcfPWV (Model 3). However, annual Δsit-and-reach, Δpeak oxygen uptake, and Δbody fat were not independent correlates of annual ΔcfPWV.


Table 2. Multiple regression analysis showing the influences of baseline and changes in these variables (annual rate of change) on the annual ΔcfPWV.
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DISCUSSION

In this 5-year longitudinal study, the age-related increases in aortic stiffness were higher in the low-flexibility groups compared with those in the high-flexibility groups. Moreover, trunk flexibility was inversely associated with the annual rate of change in cfPWV. This association was independent of other confounders. These findings suggest that poor trunk flexibility is associated with greater progression of age-related aortic stiffening in healthy adults.

The current study has several strengths that set it apart from previous studies. Previous cross-sectional studies indicated that poor trunk flexibility was associated with arterial stiffening (Yamamoto et al., 2009; Nishiwaki et al., 2014). However, to our knowledge, there have been no long-term longitudinal studies with repeated measures of cfPWV and assessment of other risk factors regarding the relationships between flexibility and the progression of aortic stiffness. Here, we determined the relationship between flexibility and the 5-year change in cfPWV. It is well-known that cardiorespiratory fitness is inversely related to arterial stiffness (Vaitkevicius et al., 1993; Gando et al., 2016). Similar to previous findings, the present study also confirmed that arterial stiffness was significantly related to cardiorespiratory fitness. More importantly, the present study demonstrated that trunk flexibility, which has been identified as a component of physical fitness (Cureton, 1941), was also inversely related with arterial stiffening, independent of cardiorespiratory fitness and other confounders. The present findings statistically support the hypothesis that flexibility is a predictor of arterial stiffness, independent of cardiorespiratory fitness and other confounders. By contrast, the 5-year change in cfPWV was not significantly correlated with the 5-year-change in sit-and-reach performance. This result was unexpected, because some studies have suggested that stretching (Nishiwaki et al., 2015) and yoga (Hunter et al., 2013) exercise interventions significantly improved sit-and-reach performance and arterial compliance and reduced arterial stiffness. Our data indicate that the 5-year change in sit-and-reach was small (mean 5-year change, −0.45 ± 5.44 cm), which may be hardly detectable. A significant correlation between the changes in cfPWV and sit-and-reach might be detectable over a longer-term follow-up period. Further research is needed to understand this association.

On the other hand, similar to a previous study (Tomiyama et al., 2010), the present study also showed that the 5-year changes in HR was independently correlated with 5-year change in cfPWV. Moreover, flexibility is influenced by age and environmental and genetic factors. Age is associated with both flexibility (Medeiros et al., 2013) and arterial stiffness (Lakatta, 2003). Environmental factors such as exercise habits or physical activity levels are also associated with flexibility (Harvey et al., 2002) and arterial stiffness (Gando et al., 2010). Our findings demonstrate that flexibility is associated greater progression of age-related aortic stiffening, independent of age or physical activity level. Thus, flexibility might be an independent factor of age-related arterial stiffening. Our recent study indicated that ACTN3 R577X genotype could be an independent genetic factor of trunk flexibility (Kikuchi et al., 2017). This study indicated that RR genotype was associated with significantly lower flexibility than XX. Moreover, Deschamps et al. (2015) reported that RR genotype was associated with higher systolic and diastolic blood pressure. Blood pressure is a strong determinant of arterial stiffening. Therefore, this genetic factor might be related to the present findings. However, flexibility levels were not associated with the 5-year progression of SBP (low: 3 ± 1, middle: 2 ± 1, high: 3 ± 1 mmHg, P for trend = 0.495) in the present study. Further research is necessary to determine the relationship between R577X genotype and age-related arterial stiffening. In general, there are gender differences in age-related arterial stiffening (AlGhatrif et al., 2013). We performed ANCOVA analyses by sex. Similar to previous findings (Nishiwaki et al., 2014), our results seem to indicate a stronger correlation in men. It is not clear why men show a stronger relationship between flexibility and arterial stiffness. Estrogen may has a key role in the relationship between body flexibility and arterial stiffness. However, the effect of estrogen on arterial stiffness is not consistent (Crews and Khalil, 1999; Rodriguez-Macias et al., 2002; Tatchum-Talom et al., 2002). Aortic remodeling is related to sex and women display less aortic dilation than men (Lam et al., 2010). Therefore, age-related arterial wall remodeling may be associated with our findings. Further research is necessary to determine the gender differences.

We speculate on several possible reasons for the greater progression of aortic stiffening in the low-flexibility group. First, flexibility and arterial wall stiffness at least partly interact through connective tissue metabolism (Nichols and O'Rourke, 2005). Age-related structural alterations in the arterial wall may show a consistent link with age-related alterations in body flexibility within the same individual. Second, aortic stiffness is functionally influenced by vasomotor tone (Nichols and O'Rourke, 2005). Passive muscle stretch leads to an increase in sympathetic nerve activity via the central nervous system (Yamamoto et al., 2004). Repetitive sympathoexcitation induced by habitual stretching exercises may be related to the improvements in sympathetic control of vasomotor tone (Wong and Figueroa, 2014). These improvements in sympathetic nerve control may result in a decrease in arterial stiffness (Sugawara et al., 2009). Third, it is possible that physical inactivity also contributes to this relationship. In the present study, we found that daily time spent in moderate and vigorous physical activity was longer in the high-flexibility group than in the low-flexibility group. Previous studies have indicated that moderate-to-vigorous physical activity is associated with age-related arterial stiffening (Seals et al., 2009; Gando et al., 2010). However, the present findings revealed a statistically significant inverse relationship between trunk flexibility and aortic stiffening, independent of moderate and vigorous physical activity. Fourth, PWV is also affected by other physiologic factors, such as endothelial-mediated vasodilation function and structural alterations in the arterial wall. Further research is needed to understand the association between flexibility levels and arterial function and structure.

We believe that our findings have potentially important implications for preventive and preemptive medicine. Trunk flexibility can be non-invasively, easily, quickly, and safely evaluated over all ages and in many settings. Thus, the measurement of flexibility may be useful for the screening and prevention of age-related arterial stiffening. Additional research on the mechanisms underlying the relations between flexibility and the progression of age-related arterial stiffening will help to explain these associations. If research continues to confirm causal links between flexibility and the progression of age-related arterial stiffening, it may have a positive public health impact and aid in the detection of preclinical markers of arterial stiffening. Moreover, high flexibility can be achieved through stretching or yoga, which need not be cardiorespiratory fitness-enhancing exercise (e.g., aerobic exercise), and therefore may be a practical and achievable preventive strategy in older people. Studies have indicated that acute (Yamato et al., 2016) and chronic stretching exercise (Cortez-Cooper et al., 2008; Nishiwaki et al., 2015) and yoga (Patel and North, 1975; Patil et al., 2015) significantly increased arterial compliance and reduced arterial stiffness and blood pressure. Additional research is needed to determine whether these practices may represent a new preventive and/or treatment strategy for age-related arterial stiffening. Nonetheless, we should emphasize that cardiorespiratory fitness-enhancing exercise training is an important approach for preventing aortic stiffening. In addition, the difference in 5-year change in cfPWV data between the low- and high-flexibility groups was 62 cm/s/5 years. A previous meta-analysis (Vlachopoulos et al., 2010) suggested that an increase in aortic PWV by 100 cm/s was associated with increases of 14, 15, and 15% in cardiovascular events, cardiovascular mortality, and all-cause mortality, respectively. Therefore, our findings suggest that poor flexibility exposure may be associated with future cardiovascular health.

There are several limitations to the present study. First, the sit-and-reach test used as an indicator of flexibility is a multifactorial test, which may compromise the interpretation of information. We did not evaluate the flexibility of other body regions such as the elbow, shoulder, knee, or ankle. Further studies are required to refine our understanding of the link between flexibility and arterial stiffness. Second, arterial stiffness is influenced by the phases of the menstrual cycle. We could not control for the menstrual cycle in this study. However, the number of premenopausal women was relatively low (32%), and there were no significant differences among the three groups. Therefore, we think that this factor had a small effect on aortic stiffening. Third, there were no significant differences in baseline cfPWV among the three groups (P = 0.577). Because the present study included subjects with a broad age range (27–66 years), our data may be less sensitive to cfPWV compared with previous reports. Our previous study suggested that trunk flexibility was correlated with arterial stiffness in older adults, but not in young adults (Yamamoto et al., 2009). Nishiwaki et al. (2014) observed a relationship between flexibility and arterial stiffness in men and elderly women. Thus, we confirmed the flexibility-arterial stiffness relationship according to age and sex. Pearson's correlation coefficients between baseline sit-and-reach and cfPWV were, in men, r = −0.05 (young) and −0.32 (older) and, in women, r = −0.02 (young) and −0.13 (older). These results seem to show greater sensitivity to cfPWV in older men. Therefore, there might be no significant differences in baseline cfPWV among the three groups. Fourth, we carried out this study as a sub-analysis of the NEXIS, which is an ongoing prospective study. Therefore, we used an observational study design. More research is needed to determine cause-and-effect relationships between flexibility and arterial stiffness.

CONCLUSIONS

The present longitudinal study suggests that poor flexibility is associated with greater progression of age-related aortic stiffening. This association was independent of known confounders including cardiorespiratory fitness. Therefore, trunk flexibility may be an effective measure for preventing age-related aortic stiffening.

AUTHOR CONTRIBUTIONS

YG designed the work, acquired, analyzed and interpreted the data, and wrote the first draft of manuscript. HM planned, supervised the study, and acquired the data. KY conceived the idea for the study, wrote the first draft of the manuscript, and acquired and interpreted the data. RK, HO, and NM acquired and interpreted the data. SS interpreted the data. MM designed the work, interpreted the data, wrote the first draft of the article, and supervised the study. All authors read and approved the final manuscript.

FUNDING

This study was supported by JSPS KAKENHI (JP16K13037, YG) and a Grant-in-Aid for Scientific Research from the Ministry of Health, Labor, and Welfare of Japan (MM).

ACKNOWLEDGMENTS

The authors would like to express their appreciation to the participants for their participation in this study. We also thank the technical staff of the Department of Health Promotion and Exercise for assistance with data collection.

ABBREVIATIONS

ANCOVA, analysis of covariance; ANOVA, analysis of variance; BMI, body mass index; cfPWV, carotid and femoral pulse wave velocity; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; HR, heart rate; METs, metabolic equivalents; PWV, pulse wave velocity; SBP, systolic blood pressure.

REFERENCES

 AlGhatrif, M., Strait, J. B., Morrell, C. H., Canepa, M., Wright, J., Elango, P., et al. (2013). Longitudinal trajectories of arterial stiffness and the role of blood pressure: the Baltimore Longitudinal Study of Aging. Hypertension 62, 934–941. doi: 10.1161/HYPERTENSIONAHA.113.01445

 Alter, M. J. (2004). Science of Flexibility, 3rd Edn. Champaign, IL: Human Kinetics.

 Boutouyrie, P., Germain, D. P., Fiessinger, J. N., Laloux, B., Perdu, J., and Laurent, S. (2004). Increased carotid wall stress in vascular Ehlers-Danlos syndrome. Circulation 109, 1530–1535. doi: 10.1161/01.CIR.0000121741.50315.C2

 Cortez-Cooper, M. Y., Anton, M. M., Devan, A. E., Neidre, D. B., Cook, J. N., and Tanaka, H. (2008). The effects of strength training on central arterial compliance in middle-aged and older adults. Eur. J. Cardiovasc. Prev. Rehabil. 15, 149–155. doi: 10.1097/HJR.0b013e3282f02fe2

 Crews, J. K., and Khalil, R. A. (1999). Antagonistic effects of 17 beta-estradiol, progesterone, and testosterone on Ca2+ entry mechanisms of coronary vasoconstriction. Arterioscler. Thromb. Vasc. Biol. 19, 1034–1040. doi: 10.1161/01.ATV.19.4.1034

 Cureton, T. K. (1941). Flexibility as an aspect of physical fitness. Res. Quart. 12, 381–390.

 Deschamps, C. L., Connors, K. E., Klein, M. S., Johnsen, V. L., Shearer, J., Vogel, H. J., et al. (2015). The ACTN3 R577X Polymorphism is associated with cardiometabolic fitness in healthy young adults. PLoS ONE 10:e0130644. doi: 10.1371/journal.pone.0130644

 Francois, B., De Paepe, A., Matton, M. T., and Clement, D. (1986). Pulse wave velocity recordings in a family with ecchymotic Ehlers-Danlos syndrome. Int. Angiol. 5, 1–5.

 Gando, Y., Murakami, H., Kawakami, R., Yamamoto, K., Kawano, H., Tanaka, N., et al. (2016). Cardiorespiratory fitness suppresses age-related arterial stiffening in healthy adults: a 2-year longitudinal observational study. J. Clin. Hypertens.18, 292–298. doi: 10.1111/jch.12753

 Gando, Y., Yamamoto, K., Murakami, H., Ohmori, Y., Kawakami, R., Sanada, K., et al. (2010). Longer time spent in light physical activity is associated with reduced arterial stiffness in older adults. Hypertension 56, 540–546. doi: 10.1161/HYPERTENSIONAHA.110.156331

 Handler, C. E., Child, A., Light, N. D., and Dorrance, D. E. (1985). Mitral valve prolapse, aortic compliance, and skin collagen in joint hypermobility syndrome. Br. Heart J. 54, 501–508. doi: 10.1136/hrt.54.5.501

 Harvey, L., Herbert, R., and Crosbie, J. (2002). Does stretching induce lasting increases in joint ROM? A systematic review. Physiother. Res. Int. 7, 1–13. doi: 10.1002/pri.236

 Haskell, W. L., Lee, I. M., Pate, R. R., Powell, K. E., Blair, S. N., Franklin, B. A., et al. (2007). Physical activity and public health: updated recommendation for adults from the American College of Sports Medicine and the American Heart Association. Circulation 116, 1081–1093. doi: 10.1161/CIRCULATIONAHA.107.185649

 Hunter, S. D., Dhindsa, M. S., Cunningham, E., Tarumi, T., Alkatan, M., Nualnim, N., et al. (2013). The effect of Bikram yoga on arterial stiffness in young and older adults. J. Altern. Complement. Med. 19, 930–934. doi: 10.1089/acm.2012.0709

 Kikuchi, N., Zempo, H., Fuku, N., Murakami, H., Sakamaki-Sunaga, M., Okamoto, T., et al. (2017). Association between ACTN3 R577X polymorphism and trunk flexibility in 2 different cohorts. Int. J. Sports Med. 38, 402–406. doi: 10.1055/s-0042-118649

 Lakatta, E. G. (2003). Arterial and Cardiac aging: major shareholders in cardiovascular disease enterprises: part I: aging arteries: a “set up” for vascular disease. Circulation 107, 139–146. doi: 10.1161/01.CIR.0000048892.83521.58

 Lam, C. S., Xanthakis, V., Sullivan, L. M., Lieb, W., Aragam, J., Redfield, M. M., et al. (2010). Aortic root remodeling over the adult life course: longitudinal data from the Framingham Heart Study. Circulation 122, 884–890. doi: 10.1161/CIRCULATIONAHA.110.937839

 Medeiros, H. B., de Araujo, D. S., and de Araujo, C. G. (2013). Age-related mobility loss is joint-specific: an analysis from 6,000 Flexitest results. Age 35, 2399—2407. doi: 10.1007/s11357-013-9525-z

 Neil-Dwyer, G., Child, A. H., Dorrance, D. E., Pope, F. M., and Bartlett, J. (1983). Aortic compliance in patients with ruptured intracranial aneurysms. Lancet 1, 939–940. doi: 10.1016/S0140-6736(83)91376-4

 Nichols, W., and O'Rourke, M. (2005). McDonald's Blood Flow in Arteries: Theoretical, Experimental and Clinical Principles 5th Edn. London: CRC Press.

 Nishiwaki, M., Kurobe, K., Kiuchi, A., Nakamura, T., and Matsumoto, N. (2014). Sex differences in flexibility-arterial stiffness relationship and its application for diagnosis of arterial stiffening: a cross-sectional observational study. PLoS ONE 9:e113646. doi: 10.1371/journal.pone.0113646

 Nishiwaki, M., Yonemura, H., Kurobe, K., and Matsumoto, N. (2015). Four weeks of regular static stretching reduces arterial stiffness in middle-aged men. Springerplus 4:555. doi: 10.1186/s40064-015-1337-4

 Patel, C., and North, W. R. (1975). Randomised controlled trial of yoga and bio-feedback in management of hypertension. Lancet 2, 93–95. doi: 10.1016/S0140-6736(75)90002-1

 Patil, S. G., Aithala, M. R., and Das, K. K. (2015). Effect of yoga on arterial stiffness in elderly subjects with increased pulse pressure: a randomized controlled study. Complement. Ther. Med. 23, 562–569. doi: 10.1016/j.ctim.2015.06.002

 Pickering, T. G., Hall, J. E., Appel, L. J., Falkner, B. E., Graves, J., Hill, M. N., et al. (2005). Recommendations for blood pressure measurement in humans and experimental animals: part 1: blood pressure measurement in humans: a statement for professionals from the Subcommittee of Professional and Public Education of the American Heart Association Council on High Blood Pressure Research. Circulation 111, 697–716. doi: 10.1161/01.CIR.0000154900.76284.F6

 Rodriguez-Macias, K. A., Naessen, T., Bostrom, A., and Bergqvist, D. (2002). Arterial stiffness is not improved in long-term use of estrogen. Am. J. Obstet. Gynecol. 186, 189–194. doi: 10.1067/mob.2002.119808

 Seals, D. R., Walker, A. E., Pierce, G. L., and Lesniewski, L. A. (2009). Habitual exercise and vascular ageing. J. Physiol. 587(Pt 23), 5541–5549. doi: 10.1113/jphysiol.2009.178822

 Sugawara, J., Komine, H., Hayashi, K., Yoshizawa, M., Otsuki, T., Shimojo, N., et al. (2009). Reduction in alpha-adrenergic receptor-mediated vascular tone contributes to improved arterial compliance with endurance training. Int. J. Cardiol. 135, 346–352. doi: 10.1016/j.ijcard.2008.04.007

 Tatchum-Talom, R., Martel, C., and Marette, A. (2002). Influence of estrogen on aortic stiffness and endothelial function in female rats. Am. J. Physiol. Heart Circ. Physiol. 282, H491–H498. doi: 10.1152/ajpheart.00589.2001

 Tomiyama, H., Hashimoto, H., Tanaka, H., Matsumoto, C., Odaira, M., Yamada, J., et al. (2010). Synergistic relationship between changes in the pulse wave velocity and changes in the heart rate in middle-aged Japanese adults: a prospective study. J. Hypertens. 28, 687–694. doi: 10.1097/HJH.0b013e3283369fe8

 Uiterwaal, C. S., Grobbee, D. E., Sakkers, R. J., Helders, P. J., Bank, R. A., and Engelbert, R. H. (2003). A relation between blood pressure and stiffness of joints and skin. Epidemiology 14, 223–227. doi: 10.1097/01.EDE.0000040327.31385.9B

 Vaitkevicius, P. V., Fleg, J. L., Engel, J. H., O'Connor, F. C., Wright, J. G., Lakatta, L. E., et al. (1993). Effects of age and aerobic capacity on arterial stiffness in healthy adults. Circulation 88(4 Pt 1), 1456–1462. doi: 10.1161/01.CIR.88.4.1456

 Vlachopoulos, C., Aznaouridis, K., and Stefanadis, C. (2010). Prediction of cardiovascular events and all-cause mortality with arterial stiffness: a systematic review and meta-analysis. J. Am. Coll. Cardiol. 55, 1318–1327. doi: 10.1016/j.jacc.2009.10.061

 Wong, A., and Figueroa, A. (2014). Eight weeks of stretching training reduces aortic wave reflection magnitude and blood pressure in obese postmenopausal women. J. Hum. Hypertens. 28, 246–250. doi: 10.1038/jhh.2013.98

 Yamamoto, K., Kawada, T., Kamiya, A., Takaki, H., Miyamoto, T., Sugimachi, M., et al. (2004). Muscle mechanoreflex induces the pressor response by resetting the arterial baroreflex neural arc. Am. J. Physiol. Heart Circ. Physiol. 286, H1382–H1388. doi: 10.1152/ajpheart.00801.2003

 Yamamoto, K., Kawano, H., Gando, Y., Iemitsu, M., Murakami, H., Sanada, K., et al. (2009). Poor trunk flexibility is associated with arterial stiffening. Am. J. Physiol. Heart Circ. Physiol. 297, H1314–H1318. doi: 10.1152/ajpheart.00061.2009

 Yamato, Y., Hasegawa, N., Sato, K., Hamaoka, T., Ogoh, S., and Iemitsu, M. (2016). Acute effect of static stretching exercise on arterial stiffness in healthy young adults. Am. J. Phys. Med. Rehabil. 95, 764–770. doi: 10.1097/PHM.0000000000000498

 Yazici, M., Ataoglu, S., Makarc, S., Sari, I., Erbilen, E., Albayrak, S., et al. (2004). The relationship between echocardiographic features of mitral valve and elastic properties of aortic wall and Beighton hypermobility score in patients with mitral valve prolapse. Jpn. Heart J. 45, 447–460. doi: 10.1536/jhj.45.447

Conflict of Interest Statement: 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.

Copyright © 2017 Gando, Murakami, Yamamoto, Kawakami, Ohno, Sawada, Miyatake and Miyachi. 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) or licensor 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/fphys-08-00454-t002.jpg
Non- 95%Cl  Standardized P-value

standardized coefficient
coefficient
AcfPWV Model 1 (R? changes = 0.047)
Sit-and-reach, cm -037 -073 ~0.01 -012 0043
Peak oxygen -072 -13 -013 018 0016
uptake, mU/kg/min
Age, years ~0.12 -052 027 004 0537
Sex, men = 0; -673  -1551 206  -0.10 0.133
wormen
AcfPWV Model 2 (R? changes = 0.151)
Sit-and-reach, cm -0.36 ~070 ~0.01 -012 0043
Peak oxygen -086 -152 022 -021 0010
uptake, mUkg/min
041 -002 084 013 0063
-120  -2142 250  -018 0013
Body fat, % -035 -110 040  -008 0361
002 -029 034 001 0877
-007 -010-005  -036 0.000
AcfPWV Model 3 (R2 changes = 0.083)
ASit-and-reach, -0.33 -396 331 -001 0859
cm
APeak oxygen ~2.14 -693 265  -007 0380
uptake, mUkg/min
ABody fat, % -403  -1067 262  -0.10 0233
AHR, beats per 361 142 581 026 0.001

minute

cfPWV indicates carotid-femoral pulse wave velocity; 95% Cl, 95% confidence interval.





OPS/images/fphys-08-00454-g001.gif
9

™ Pfortrnd = 0010
o] ol
1
i reen B
€.
.
T
Adjusted Model
» Plorrona =001t
-
ﬁg 10
&5
€. -
.
—






OPS/images/fphys-08-00454-t001.jpg
Variables

N (men/wormen)

Follow-up year, years

Sit-and-reach, cm

Premenopausal Women, n (%)

Age, years

Height, cm

Weight, kg

BMI, kg/m?

Waist circumference, cm

Body fat, %

Glucose, mg/dL

HoATc, %

Total cholesterol, mg/dL.

HOL cholesterol, mg/dL

Tiglycerides, mg/dL.

SBP, mmHg

DBP, mmHg

HR, beats per minute

ofPWV, crivs

N (men/women)

Peak oxygen uptake, mL/kg/min

N (men/wormen)

Daily time spent in physical actity
Light, min/day
Moderate, min/day
Vigorous, min/day

Valses are mean  SD, or n (%).

Low
Baseline Follow-up
99 (23/76)
50£01
302+ 60 3M1£78
31@31) 19 (19t
49894 5484941
159.7 +: 83 159.4 4 8.3+
57397 569494
223428 223428
81.0£83 81177
274462 280+ 661
89381 867+ 99f
53£03 54+03t
212438 2214361
67420 71 %201
8847 108 & 182
M7 x£14 120+ 161
71E 11 73111
62+ 10 61£9
835+ 164 918 & 212t
99 (23/76) 94.23/71)
29.7+59 300+7.2
90 (23/76) -
586+ 117 -
55421 -
17£63 =

Middle
Baseline Follow-up
104 (30/74)
50+01
40048 BT 77t
30(29) 23(22)
49497 544.£971
1607 £7.5 160.4 + 7.5t
582491 584+89
2424 20523
802476 816761
25863 270 %641
90.6 % 131 886 + 1931
5305 55£071
213433 219435
6517 67 %20
9771 100 £ 69
115 £12 117 £131
09 71 10t
6211 619
863 & 140 895 + 1671

104 (30/74) 9 (28/67)
318+78 315+78

104 (30/74) -
571 £ 115 -
63425 -
28459 -

“P < 0.05 5. Low (assessed by 1-way analysis of variance with post-hoc multiple comparisons by Scheffe's test).
P < 0.05 vs. Baseline (assessed by paired t-test for continuous variables, and by McNemar's non-parametri test for premenopausal womer)
BMi indicates body mass index; HbATc, hemoglobin Ac; HDL cholesterol, high-density ipoprotein cholesterol; SBR systolic blood pressure; DBR, diastolic blood pressure; and cfPWY,

carotid-femoral pulse wave velocity.

High
Baseline Follow-up
102 (27/75)
50£0.1
497455 487 £ 711
34(33) 22 (2t
495+£95 546+ 951
162.6 +8.6" 1622 £ 86"
581492 58.1:£96
219425 220£28
79.1 £84 793+85
201 £70° 259+ 7.41
89.7 £103 8544991
53£04 54203t
208 % 36 217 £ 35t
68+ 16 7117t
8154 77438
1813 121+ 151
71410 72410
6212 60 10
855 140 871 156
102 (27/75) 94 (26/68)
381 £73 30£90"
102 (27/75) -
567 £ 106 -
644 4" -
3877 -





OPS/images/cover.jpg
, frontiers
in Physiology

Greater Progression of Age-Related
Aortic Stiffening in Adults with
Poor Trunk Flexibility: A 5-Year

Longitudinal Study









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





