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Abstract

Background The associations between body flexibility and sarcopenia were not well understood. This study aimed to
explore the cross-sectional and longitudinal associations of flexibility with sarcopenia.

Methods Our study selected participants aged 50-80 from the WELL-China cohort and the Lanxi cohort. Participants
from the urban area of the Lanxi cohort were followed up 4 years later. Body flexibility was measured by the sit-and-
reach test. Muscle mass was evaluated by dual-energy X-ray absorptiometry. Muscle strength was evaluated using
handgrip strength. Sarcopenia was defined as having both low muscle mass and low muscle strength. We used multi-
variable logistic regressions to assess the cross-sectional associations of body flexibility with low muscle mass, low
muscle strength and sarcopenia. We also used multivariable logistic regressions to explore the associations of baseline
flexibility and 4-year changes in flexibility with incident low muscle mass, low muscle strength and sarcopenia.
Results A total of 9453 participants were enrolled in the cross-sectional study, and 1233 participants were included in
the longitudinal analyses. In the cross-sectional analyses, compared with low body flexibility, high body flexibility was
inversely associated with low muscle mass (odds ratio [OR], 0.58; 95% confidence interval [CI], 0.50-0.68;
P < 0.001), low muscle strength (OR, 0.62; 95% CI, 0.55-0.69; P < 0.001) and sarcopenia (OR, 0.52; 95% CI,
0.41-0.65; P < 0.001), and these associations did not differ in different age groups, sex or physical activity levels. In
the longitudinal analyses, compared with participants with low body flexibility, participants with high body flexibility
had lower risk of the incident low muscle strength (OR, 0.53; 95% CI, 0.38-0.74; P < 0.001) and sarcopenia (OR, 0.36;
95% CI, 0.21-0.61; P < 0.001), but not incident low muscle mass (OR, 0.59; 95% CI, 0.33-1.06; P = 0.076). Every 1-
cm increase in flexibility during 4 years was associated with reduced risk of incident low muscle mass (OR, 0.96; 95%
CI, 0.93-1.00; P = 0.025), low muscle strength (OR, 0.96; 95% CI, 0.94-0.98; P = 0.002) and sarcopenia (OR, 0.96;
95% CI, 0.93-0.99; P = 0.007).

Conclusions High flexibility was associated with reduced risk of incident low muscle strength and sarcopenia.
Increases in flexibility were associated with reduced risk of incident low muscle mass, low muscle strength and sarco-
penia. Flexibility exercises and monitoring the dynamic change of flexibility might be helpful in preventing sarcopenia
among adults aged 50 years or over.
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Introduction

Sarcopenia is characterized as progressive loss of muscle
mass and strength and is recognized as an important health
problem.! Sarcopenia increases the risk of fractures, loss of
mobility and independence, and death.> The prevalence of
sarcopenia ranged from 9.9% to 40.4% among older adults
in the world.® Due to the rapid aging worldwide, the bur-
den of sarcopenia has increased significantly, which sug-
gests the urgency of exploring effective strategies to pre-
vent sarcopenia.?

Exercise is the cornerstone of the prevention and reha-
bilitation treatment for sarcopenia.®> Although some con-
sensus and researches for the treatment of sarcopenia em-
phasize flexibility exercise programmes,®™ the evidence to
support the inclusion of flexibility training in exercise
programmes for older adults with sarcopenia is limited.
Flexibility is the ability to move a joint through its complete
range of motion and is one of the components of
health-related physical fitness.® Emerging evidence found
that increasing flexibility by stretching enhances blood
flow and capillary growth in skeletal muscle,*® which
might influence the growth and loss of muscle.**** In addi-
tion, flexibility is necessary for the elderly to be physically
active,’**> which is important for maintaining muscle
health and preventing sarcopenia. However, the associa-
tions between flexibility and sarcopenia are not well
understood.

Only a few studies have investigated the associations
between flexibility and sarcopenia. Studies found that partic-
ipants with sarcopenia had lower flexibility than those
without,*® and flexibility was reported to be associated with
muscle mass and muscle strength.’”"*® However, the study
designs of these studies were cross-sectional and the sample
size was small. The causal relationship between flexibility and
sarcopenia was unknown.

In addition, it is unclear whether we could identify the
risk of sarcopenia by monitoring the change of
flexibility. Compared with the measurement for evaluating
sarcopenia, the assessment of flexibility is simple and
easy. Therefore, the dynamic measurement of flexibility
might be a wuseful way in evaluating the risk of
sarcopenia if the associations between changes in flexibility
and sarcopenia existed. However, there is no study explor-
ing the associations of changes in flexibility with
sarcopenia.

Thus, in the present study, we carried out cross-sectional
and longitudinal analyses to investigate the associations
of flexibility with low muscle mass, low muscle
strength and sarcopenia, and whether these associations
are modified by age, sex and physical activity. In
addition, we explored the associations of changes in flexi-
bility with low muscle mass, low muscle strength and
sarcopenia.

Methods
Participants

The study participants were selected from two prospective
cohorts: the WELL-China cohort and the Lanxi cohort. The
WELL-China cohort is located in Hangzhou, the capital of
Zhejiang Province, China, and was jointly established by
Zhejiang University and Stanford University. The baseline sur-
vey was completed from 2016 to 2019, and a total of 10 268
residents were enrolled.™

The Lanxi cohort is located in Lanxi City, Zhejiang Province,
China. The Lanxi cohort completed a baseline survey from
2015 to 2017. A total of 5132 residents were recruited, includ-
ing 3327 urban residents (underwent a baseline survey from
June to August 2015) and 1805 rural residents (underwent a
baseline survey from June to August 2017).2° All participants
from both cohorts were invited to undergo general physical
examinations, blood testing, face-to-face questionnaire sur-
veys and dual-energy X-ray absorptiometry (DXA) scans.

During June and August 2019, participants from the urban
area of the Lanxi cohort were invited to undergo a second
wave survey. During this survey, we repeated measures for
most items in the baseline, including general physical exami-
nations, blood testing, face-to-face questionnaire surveys and
DXA scans. A total of 2468 participants were followed up in
this survey.

In the cross-sectional analyses, we included participants
aged 50 years and above from both the WELL-China cohort
and the Lanxi cohort, and without missing information on
flexibility, anthropometric measurements, DXA scan and
handgrip strength (HGS).

In the longitudinal analyses, we included participants from
the urban area of the Lanxi cohort who were aged 50 years
and above. Participants who satisfied the following criteria
were included in the final longitudinal analyses: (1) without
missing data in flexibility, anthropometric measurements,
DXA scan and HGS at baseline; (2) without sarcopenia at
baseline; (3) were followed up 4 years later; and (4) without
missing data in the development of sarcopenia 4 years later.
The selection flow of participants for cross-sectional and lon-
gitudinal analyses is presented in Figure 1.

Measurement of flexibility

Flexibility was assessed using the sit-and-reach test (SRT) in
this study. The SRT results were measured using a digital
device (TQQ-Il, Beijing Xindong Huateng Sports Equipment
Co., Ltd, China). All participants underwent two measure-
ments, with the higher value used for analysis. According to
the sex-specific tertiles of the SRT, we divided flexibility into
three groups: low flexibility, middle flexibility and
high flexibility. Change in flexibility was calculated by
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6847 participants (age >= 50 years)
from the Well China Cohort

1207 participants (age >= 50 years)
from the Lanxi Cohort (rural area)

2010 participants (age >= 50 years)
from the Lanxi Cohort (urban area)

| A total of 10 064 participants were selected |

Exclude participants with missing
data in:
DXA (n=114),
handgrip strength (n = 28), [
sit-and-reach test (n = 439),
anthropometric
measurements (2 = 30).

9453 participants were included in
cross-sectional analyses

Exclude participants with missing
data in:
DXA (n=19),
handgrip strength (n = 8),
sit-and-reach test (n = 189),
anthropometric measurements
(n=18).

Exclude participants with sarcopenia
(n=119).

Participants without sarcopenia at
baseline (n = 1657)

Exclude participants were not
followed (n=347).

] Exclude participants with missing
data in the development of sarcopenia
after 4 years (n="77).

1233 participants were included in
longitudinal analyses

Figure 1 The selection flow of participants for cross-sectional and longitudinal analyses in the study. DXA, dual-energy X-ray absorptiometry scans

subtracting the SRT at baseline from the SRT at the 4-year fol-
low-up.

Assessments of muscle mass and muscle strength

Whole-body DXA scans were performed for all participants in
both cohorts to assess the total and regional lean mass at
baseline and follow-up (Software Version 11.40.004, GE Lunar
Prodigy; GE Healthcare, Milwaukie, WI, USA). Appendicular
lean mass (ALM) was calculated as the sum of the lean mass
of the legs and arms. Muscle mass was evaluated using the
skeletal muscle mass index (SMI): SMI (kg/m?) = ALM/
height®.%*

Muscle strength was assessed using HGS. HGS was mea-
sured using a hand dynamometer. Every participant was mea-
sured twice on their dominant hand, and the higher value
was used for analysis.

Assessment of sarcopenia

Based on the criterion developed by the Asian Working
Group of Sarcopenia (AWGS2, 2019 Consensus Report), par-
ticipants were defined as having low muscle mass if
SMI < 7.0 kg/m? in men and SMI < 5.4 kg/m? in women.*!
Participants were defined as having low muscle strength if
HGS < 28 kg in men and HGS < 18 kg in women.?* Partici-
pants who had both low muscle mass and low muscle
strength were considered to have sarcopenia.??

Participants who were without sarcopenia at baseline and
developed sarcopenia at the 4-year follow-up were consid-

ered as having incident sarcopenia. Incident low muscle mass
and low muscle strength were defined in the same way.

Covariates

Age was categorized into three groups, that is, 50-59, 60—69
and 70-80. Total fat mass was measured by the DXA scan and
the fat mass index (FMI; kg/m?) was calculated by dividing
the total fat mass by the height squared. FMI was classified
as fat deficit (<3 kg/m? in men and <5 kg/m? in women),
normal (3—6 kg/m? in men and 5-9 kg/m? in women), excess
fat (6.1-9 kg/m? in men and 9.1-13 kg/m? in women) and
obese (>9 kg/m? in men and >13 kg/m? in women).??

Through face-to-face questionnaire surveys, information
on sex, age, drinking status, smoking status, education level,
physical activity status and disease history were collected.
Drinking and smoking status were classified as current, ever
or never, respectively. Education level was classified as ele-
mentary (illiterate or elementary school), secondary (middle
school or high school/vocational school) or higher (college
or above). Physical activity level was assessed using the Inter-
national Physical Activity Questionnaire-Short Form, and par-
ticipants were categorized into low or high physical activity
groups based on the median value of metabolic equivalence
tasks (METs—h/week).>

Participants with self-reported hypertension, anti-
hypertensive medication, systolic blood pressure > 140 mmHg
or diastolic blood pressure > 90 mmHg at baseline were
classified as having hypertension. Overnight fasting blood
samples (12 h) were collected from participants and were
tested for fasting plasma triglyceride, high-density lipopro-
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tein, glucose (FPG) and glycosylated haemoglobin
(HbA1c). Participants with triglyceride > 1.7 mmol/L were
classified as having hypertriglyceridaemia and participants
with high-density lipoprotein < 1.03 mmol/L (male) or
<1.3 mmol/L (female) were classified as having low
high-density lipoprotein.?* Participants with self-reported dia-
betes, anti-diabetic medication, FPG > 7.0 mmol/L or

HbAlc > 6.5 were classified as having diabetes.

Statistical analyses

Comparisons between participants with different levels of
flexibility were performed using chi-squared tests for categor-
ical variables and one-way analysis of variance for continuous
variables. We used chi-squared tests to compare the preva-
lence of low muscle mass, low muscle strength and sarcope-
nia in participants with different levels of baseline flexibility,
and the Benjamini-Hochberg method was used to adjust the
P value. We used multivariate logistic regressions to
examine the cross-sectional associations of flexibility with
low muscle mass, low muscle strength and sarcopenia, and
whether these associations differed by age, sex and physical
activity level groups.

In the longitudinal analyses, we performed multivariate lo-
gistic regressions to investigate the associations of baseline
flexibility with incident low muscle mass, low muscle strength
and sarcopenia. We further used multivariate logistic regres-
sions to explore the associations of 4-year changes in flexibil-
ity with incident low muscle mass, low muscle strength and
sarcopenia.

In the above analyses, age groups, sex, FMI categories, res-
idential area, education level, physical activity level, drinking
status, smoking status, diabetes and hypertension were ad-
justed in regression models. In addition, baseline flexibility
categories were further adjusted in regression models when
exploring the associations of 4-year changes in flexibility with
incident low muscle mass, low muscle strength and sarcope-
nia. All statistical analyses were performed using R (Version
4.1.0). Statistical significance was set as P < 0.05 (two-tailed).

Sensitivity analyses

We reanalysed the cross-sectional associations of flexibility
with low muscle mass, low muscle strength and sarcopenia
in participants from the urban areas of the Lanxi cohort.
Additionally, to explore whether the cross-sectional and lon-
gitudinal associations of flexibility with sarcopenia could be
influenced by the classification method of flexibility, we cate-
gorized flexibility into quartiles and reanalysed these
associations.

We also used multivariable linear regression models to ex-
amine the associations of (1) baseline flexibility with ALM,

SMI and HGS; (2) baseline flexibility with 4-year changes in
ALM, SMI and HGS; and (3) changes in flexibility with changes
in ALM, SMI and HGS.

To determine whether the changes in physical activity level
were different in participants with different flexibility levels
after 4 years, we used multivariable linear regression models
to examine the associations between baseline flexibility and
4-year changes in METs consumed by physical activity.

Results

Baseline characteristics of participants in the
cross-sectional analyses

A total of 9453 participants were included in the cross-
sectional analyses. Table 1 presents the participants’ baseline
characteristics by baseline flexibility categories. Compared
with participants with high flexibility, participants with low
flexibility were older; had a higher level of FMI and a lower
level of physical activity; and had a higher prevalence of hyper-
tension, low high-density lipoprotein, hypertriglyceridaemia
and diabetes. In addition, participants were divided into differ-
ent groups based on study design and sex, and the baseline
characteristics of each group were described in Table S1.

Cross-sectional associations of baseline flexibility
with low muscle mass, low muscle strength and
sarcopenia

Among the 9453 participants at baseline, 1436 had low mus-
cle mass, 2164 had low muscle strength and 577 had sarcope-
nia. Figure 2 shows the prevalence of low muscle mass, low
muscle strength and sarcopenia by baseline flexibility level.
Compared with participants with low or middle flexibility,
participants with high flexibility had a lower prevalence of
low muscle mass, low muscle strength and sarcopenia.

Table 2 shows the cross-sectional associations between
flexibility and low muscle mass, low muscle strength and
sarcopenia. Compared with participants with low flexibility,
participants with high flexibility had a 42% decreased risk of
low muscle mass, 38% decreased risk of low muscle strength
and 48% decreased risk of sarcopenia (all P < 0.001). Com-
pared with participants with low flexibility, participants with
middle flexibility only had a significantly decreased risk of
low muscle mass (odds ratio [OR], 0.79; 95% confidence in-
terval [Cl], 0.69-0.92; P = 0.002).

Figure 3 shows the cross-sectional associations of flexibility
with low muscle mass, low muscle strength and sarcopenia in
different subgroups. The inverse associations of high flexibil-
ity with low muscle mass, low muscle strength and sarcope-
nia remained consistent across different subgroups.
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Table 1 Baseline characteristics of participants with different categories of flexibility (n = 9453)
Characteristics Low flexibility Middle flexibility High flexibility P value
Total participants 3099 3181 3173
Age (years) 624 7.6 61.6 7.3 60.9 = 6.9 <0.001
Age groups, n (%) <0.001
50-59 1200 (38.7) 1331 (41.8) 1379 (43.5)
60-69 1282 (41.4) 1340 (42.1) 1410 (44.4)
70-80 617 (20.0) 510 (16.0) 384 (12.1)
Sex, n (%) 0.999
Male 1274 (41.1) 1306 (41.1) 1304 (41.1)
Female 1825 (58.9) 1875 (58.9) 1869 (59.0)
Fat mass index (kg/mz) 7224 6.8 +25 6.5+ 2.3 <0.001
Fat mass index category, n (%) <0.001
Fat deficit 244 (7.9) 356 (11.2) 356 (11.2)
Normal 1716 (55.4) 1841 (57.9) 1993 (62.8)
Excess fat 1017 (32.8) 893 (28.1) 767 (24.2)
Obese 122 (3.9) 91 (2.9) 57 (1.8)
Residential area, n (%)
Lanxi rural 348 (11.2) 384 (12.1) 411 (13.0) 0.048
Lanxi urban 550 (17.8) 628 (19.7) 598 (18.9)
WELL-China 2201 (71.0) 2169 (68.2) 2164 (68.2)
Smoking status, n (%)
Never 2231 (72.0) 2257 (71.0) 2284 (72.0) 0.417
Ever 260 (8.4) 250 (7.9) 247 (7.8)
Current 526 (17.0) 604 (19.0) 567 (17.9)
Unknown 82 (2.7) 70 (2.2) 75 (2.4)
Drinking status, n (%) 0.465
Never 1679 (54.2) 1676 (52.7) 1644 (51.8)
Ever 81 (2.6) 79 (2.5) 82 (2.6)
Current 1262 (40.7) 1359 (42.7) 1376 (43.4)
Unknown 77 (2.5) 67 (2.1) 71 (2.2)
Physical activity, n (%) <0.001
Low 1575 (50.8) 1585 (49.8) 1405 (44.3)
High 1415 (45.7) 1507 (47.4) 1647 (51.9)
Unknown 109 (3.5) 89 (2.8) 121 (3.8)
Education levels, n (%) 0.439
Elementary 1045 (33.7) 1146 (36.0) 1101 (34.7)
Secondary 1683 (54.3) 1692 (53.2) 1726 (54.4)
Higher 291 (9.4) 276 (8.7) 272 (8.6)
Unknown 80 (2.6) 67 (2.1) 74 (2.3)
Comorbidity
Hypertension, n (%) 0.002
No 1557 (50.2) 1695 (53.3) 1755 (55.3)
Yes 1481 (47.8) 1423 (44.7) 1357 (42.8)
Unknown 61 (2.0) 63 (2.0) 61(1.9)
Low high-density lipoprotein, n (%) <0.001
No 2138 (69.0) 2263 (71.1) 2374 (74.8)
Yes 954 (30.8) 908 (28.5) 790 (24.9)
Unknown 7 (0.2) 10 (0.3) 9(0.3)
Hypertriglyceridaemia, n (%) 0.005
No 2059 (66.4) 2148 (67.5) 2244 (70.7)
Yes 1033 (33.3) 1023 (32.2) 921 (29.0)
Unknown 7 (0.2) 10 (0.3) 8(0.3)
Diabetes, n (%) <0.001
No 2486 (80.2) 2605 (81.9) 2723 (85.8)
Yes 524 (16.9) 476 (15.0) 339 (10.7)
Unknown 89 (2.9) 100 (3.1) 111 (3.5)

Associations of baseline flexibility with incident low
muscle mass, low muscle strength and sarcopenia

A total of 1657 participants without sarcopenia at baseline
from the Lanxi cohort (urban area) were included in the
longitudinal analyses. We further excluded 424 participants
without information on the development of sarcopenia,

resulting in an analytic sample of 1233 participants. The
baseline characteristics of participants from the Lanxi cohort
(urban area) who were included or not included in the
longitudinal analysis were presented in Table S2. Except for
a minor difference in age, no significant differences were ob-
served in baseline characteristics between participants who
were included and not included in the longitudinal analysis.
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Figure 2 Prevalence of low muscle mass, low muscle strength and sarcopenia in participants with different categories of flexibility at baseline
(n = 9453). P values were adjusted using the Benjamini-Hochberg method.

Table 2 Cross-sectional associations of flexibility with low muscle mass, low muscle strength and sarcopenia (n = 9453)

Per SD increase in flexibility Low flexibility Middle flexibility High flexibility
Outcomes OR (95% Cl) P OR (95% Cl) P OR (95% Cl) P OR (95% Cl) P
Low muscle mass 0.77 (0.73, 0.82) <0.001 1.00 (reference) / 0.79(0.69, 0.92) 0.002 0.58 (0.50, 0.68) <0.001
Low muscle strength  0.80 (0.77, 0.84) <0.001 1.00 (reference) / 0.91(0.81, 1.01) 0.084 0.62 (0.55, 0.69) <0.001
Sarcopenia 0.74 (0.67, 0.80) <0.001 1.00 (reference) / 0.82(0.67,1.00) 0.051 0.52(0.41, 0.65) <0.001

Abbreviations: Cl, confidence interval; OR, odds ratio; SD, standard deviation.
Note: Adjusted for age groups, sex, residential area, fat mass index categories, education levels, physical activity, drinking status, smoking
status, diabetes, hypertension, hypertriglyceridaemia and low high-density lipoprotein.

After 4 years, 89 participants developed low muscle mass,
364 participants developed low muscle strength and 111 par-
ticipants developed sarcopenia. Table 3 shows the associa-
tions of baseline flexibility with incident low muscle mass,
low muscle strength and sarcopenia. Compared with low flex-
ibility, high flexibility was associated with decreased risks of
incident low muscle strength (OR, 0.53; 95% Cl, 0.38-0.74;
P < 0.001) and sarcopenia (OR, 0.36; 95% Cl, 0.21-0.61;
P < 0.001), but not incident low muscle mass (OR, 0.59;
95% Cl, 0.33-1.06; P = 0.076). Compared with low flexibility,
middle flexibility was only associated with decreased risk of
incident sarcopenia (OR, 0.61; 95% Cl, 0.38—0.99; P = 0.046).

Associations of changes in flexibility with incident
low muscle mass, low muscle strength and
sarcopenia

Table 4 shows the associations of 4-year changes in flexibility
with incident low muscle mass, low muscle strength and sar-
copenia. The mean change in flexibility is —1.0 £ 6.6 cm after
4 years. Every 1-cm increase in flexibility was associated with
a 4% decrease in the risk of incident low muscle mass
(P =0.025), a 4% decrease in the risk of incident low muscle
strength (P = 0.002) and a 4% decrease in the risk of incident
sarcopenia (P = 0.007).
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Subgroup  Flexibility Low muscle mass Low muscle strength Sarcopenia

Age
50-59

Low * 1.00 (reference) 1.00 (reference) * 1.00 (reference)
Middle 0.85 (0.66, 1.08) 0.77 0.63, 0.94) 0.79 (0.53, 1.16)
High _ 0.62 (0.48, 0.79) —a— 0.55 (0.44, 0.68) —_—— 0.41 (0.25, 0.64)
60-69
Low 1.00 (reference) 1.00 (reference) 1.00 (reference)
Middle 0.78 (0.62, 0.97) 1.02 (0.86, 1.20) 0.90 (0.65, 1.24)
High el 0.60 (0.48, 0.76) —— 0.68 (0.57, 0.81) —_— 0.61(0.43, 0.86)
70-80
Low 100 (reference) 1.00 (reference) 1.00 (reference)
Middle 0.80 (0.59, 1.09) 0.96 (0.75, 1.23) 0.78 (0.53, 1.12)
High —_— 0.62 (0.43, 0.88) _— 0.71 (0.54,0.93) —_— 0.63 (0.40, 0.96)
Sex
Male
Low 1.00 (reference) 1.00 (reference) 1.00 (reference)
Middle 0.72(0.59, 0.88) 0.82 (0.68, 1.00) 0.68 (0.51,0.92)
High —a— 0.56 (0.45, 0.69) — 0.61(0.50, 0.75) —_— 0.57 (0.41,0.78)
Female
Low 1.00 (reference) 1.00 (reference) 1.00 (reference)
Middle 0.90 (0.73, 1.11) 0.95 (0.83, 1.10) 0.98 (0.74, 1.31)
High —_— 0.65 (0.52, 0.80) —o— 0.63 (0.54,0.73) —_— 0.48 (0.34, 0.67)
Physical activity
Low
Low 1.00 (reference) 1.00 (reference) 1.00 (reference)
Middle 0.76 (0.62, 0.93) 0.83 (0.70,0.97) 0.73 (0.55, 0.96)
High —_—a 0.60 (0.48, 0.74) — 0.52 (0.44,0.62) —_— 0.46 (0.34, 0.63)
High
® Low 1.00 (reference) 1.00 (reference) 1.00 (reference)
Middle 0.88 (0.71, 1.10) 1.02 (0.86, 1.20) 0.94 (0.68, 1.3)
High —o— \ 0.58 (0.46, 0.72) —a— | 0.72 (0.60, 0.85) —_— ‘ 0.56 (0.39,0.8)
T T T T T T | T T T T T T T | T T T T T T T |
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14

Figure 3 Subgroup analyses of the cross-sectional associations of flexibility with low muscle mass, low muscle strength and sarcopenia (n = 9453).
Adjusted for age groups, sex, residential area, fat mass index categories, education levels, physical activity, drinking status, smoking status, diabetes,
hypertension, hypertriglyceridaemia and low high-density lipoprotein. Continuous age was included as a covariate in the regression models when strat-

ified analyses by age group were performed.

Table 3 Associations of baseline flexibility with incident low muscle mass, low muscle strength and sarcopenia after 4 years

Flexibility, per SD

Low flexibility

Middle flexibility High flexibility

New-onset outcomes OR (95% Cl) P OR (95% Cl) P OR (95% Cl) P OR (95% Cl) P

Low muscle mass® 0.83 (0.66, 1.05) 0.128 1.00 (reference) / 0.75(0.43,1.31) 0.308 0.59(0.33, 1.06) 0.076
Low muscle strength®  0.75 (0.65, 0.85)  <0.001  1.00 (reference) / 0.88 (0.63,1.22) 0.447 0.53(0.38,0.74) <0.001
Sarcopenia® 0.66 (0.53, 0.81) <0.001 1.00 (reference) / 0.61(0.38,0.99) 0.046 0.36(0.21,0.61) <0.001

Abbreviations: Cl, confidence interval; OR, odds ratio; SD, standard deviation.

Note: Adjusted for age groups, sex, fat mass index categories, education levels, physical activity, drinking status, smoking status, diabetes,
hypertension, hypertriglyceridaemia and low high-density lipoprotein.

°Participants (n = 1030) without low muscle mass at baseline and having information on the development of low muscle mass were in-

cluded in the analysis.

"Participants (n = 1088) without low muscle strength at baseline and having information on the development of low muscle strength

were included in the analysis.

‘Participants (n = 1233) without sarcopenia at baseline and having information on the development of sarcopenia were included in the

analysis.

Sensitivity analyses

We performed a sensitivity analysis that only participants
from the urban area of the Lanxi cohort were included in
the cross-sectional analysis. We found that compared with
low flexibility, high flexibility was associated with a lower risk
of low muscle mass (OR, 0.49; 95% Cl, 0.36-0.68; P < 0.001),
low muscle strength (OR, 0.40; 95% Cl, 0.28-0.55; P < 0.001)
and sarcopenia (OR, 0.25; 95% Cl, 0.13-0.44; P < 0.001)
(Table S3). These results were consistent with the previous
analyses, which included participants from both the Lanxi co-
hort and the WELL-China cohort.

We categorized the flexibility into quartiles and reanalysed
the associations of flexibility quartiles with low muscle mass,
low muscle strength and sarcopenia. In cross-sectional analy-
ses, compared with the lowest flexibility quartile, the highest

flexibility quartile was associated with low muscle mass (OR,
0.46; 95% Cl, 0.38-0.55; P < 0.001), low muscle strength
(OR, 0.56; 95% Cl, 0.49-0.65; P < 0.001) and sarcopenia
(OR, 0.43; 95% Cl, 0.33-0.56; P < 0.001) (Table S4). In longi-
tudinal analyses, compared with the lowest flexibility quar-
tile, the highest flexibility quartile was associated with
incident low muscle strength (OR, 0.52; 95% Cl, 0.35-0.76;
P = 0.001) and sarcopenia (OR, 0.35; 95% Cl, 0.19-0.66;
P = 0.001), but not incident low muscle mass (OR, 0.94;
95% Cl, 0.47-1.93; P = 0.873) (Table S5). These results were
consistent with previous results, which categorized flexibility
into tertile.

The results of linear regression showed that each standard
deviation increase in baseline flexibility was positively associ-
ated with ALM (B, 0.14; 95% Cl, 0.10-0.17; P < 0.001), SMI
(B, 0.05; 95% Cl, 0.04-0.06; P < 0.001) and HGS (B, 0.86;
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Table 4 Associations of 4-year changes in flexibility with incident low
muscle mass, low muscle strength and sarcopenia

Every 1-cm increase in flexibility
OR (95% CI) P

New-onset outcomes

Low muscle mass® 0.96 (0.93, 1.00) 0.025
Low muscle strength 0.96 (0.94, 0.98) 0.002
Sarcopenia® 0.96 (0.93, 0.99) 0.007

Abbreviations: Cl, confidence interval; OR, odds ratio.

Note: Adjusted for age groups, sex, fat mass index categories, edu-
cation levels, physical activity, drinking status, smoking status, dia-
betes, hypertension, hypertriglyceridaemia, low high-density
lipoprotein and baseline body flexibility categories.

*Participants (n = 992) without low muscle mass at baseline and
having information on 4-year changes in flexibility and the devel-
opment of low muscle mass were included in the analysis.
"Participants (n = 1054) without low muscle strength at baseline
and having information on 4-year changes in flexibility and the de-
velopment of low muscle strength were included in the analysis.
‘Participants (n = 1191) without sarcopenia at baseline and having
information on 4-year changes in flexibility and the development
of sarcopenia were included in the analysis.

95% Cl, 0.73-0.99; P < 0.001) (Table S6); each standard devi-
ation increase in baseline flexibility was positively associated
with 4-year changes in ALM (B, 0.06; 95% Cl, 0.02-0.09;
P = 0.005), 4-year changes in SMI (B, 0.02; 95% Cl, 0.00-
0.03; P = 0.013) and 4-year changes in HGS (j, 0.34; 95% Cl,
0.07-0.61; P = 0.013) (Table S7); every 1-cm increase in flex-
ibility was positively associated with 4-year changes in HGS
(B, 0.12; 95% Cl, 0.08-0.16; P < 0.001), but not 4-year
changes in ALM (B, 0.00; 95% Cl, 0.00-0.01; P = 0.595) and
4-year changes in SMI (B, 0.001; 95% Cl, —0.002 to 0.003;
P = 0.619) (Table S8).

Table S9 shows the associations between baseline flexibil-
ity and 4-year changes in METs consumed by physical activity.
Compared with low flexibility, high flexibility was positively
associated with 4-year changes in METs (B, 5.70; 95% Cl,
0.08-11.33; P = 0.047).

Discussion

To the best of our knowledge, this was the first study to exam-
ine the associations of flexibility and changes in flexibility with
the development of low muscle mass, low muscle strength and
sarcopenia. In the cross-sectional analyses, we found that
compared with low flexibility, high flexibility was inversely as-
sociated with low muscle mass, low muscle strength and sar-
copenia, and these associations were consistent across differ-
ent age groups, sex and physical activity levels. In the
longitudinal analyses, we found that participants with high
baseline flexibility had lower risk of incident low muscle
strength and sarcopenia, but not incident low muscle mass.
Moreover, every 1-cm increase in flexibility during 4 years
was associated with reduced risk of the development of low
muscle mass, low muscle strength and sarcopenia.

Only a few studies have investigated the associations
between flexibility and sarcopenia, and these studies were
cross-sectional designs.*®™*® Han et al. found that flexibility
was positively associated with SMI in 878 individuals aged
over 65.17 Wisniowska-Szurlej et al. reported that flexibility
was positively associated with HGS in 209 older participants
aged over 65.*® Meng et al. found that flexibility was
inversely associated with sarcopenia in 857 community resi-
dents aged over 65.*° Our cross-sectional analyses confirmed
these previous findings in a relatively large sample. We
further proved that these associations were maintained in
different subgroups of age, sex and physical activity level.
These findings suggested that the cross-sectional associations
between flexibility and sarcopenia were not affected by age,
sex and physical activity.

Furthermore, our longitudinal analyses found that
participants with high baseline flexibility were less likely to
have incident low muscle strength and sarcopenia than
participants with low flexibility after 4 years, which sug-
gested that the connections between flexibility and sarcope-
nia were likely to be causal. It highlighted the value of
cross-sectional assessment of flexibility for preventing inci-
dent low muscle strength and sarcopenia in old people.
The reason why baseline flexibility was associated with inci-
dent low muscle strength but not incident low muscle mass
might be that the decline rate of muscle strength was faster
than the decline rate of muscle mass during the aging pro-
cess. Studies reported that annualized rates of leg strength
decline were about three times greater than the rates of
loss of leg lean mass.”®> Our data also showed that 364
participants developed low muscle strength but only 89 par-
ticipants developed low muscle mass after 4 years. These
findings suggested that the effect size of risk factors on inci-
dent low muscle strength might be larger than on incident
low muscle mass. In addition, the sample size of the longitu-
dinal analyses was relatively small, and the P value for the
prospective associations between baseline flexibility and
low muscle mass was nearly significant (P = 0.076). These
non-significant associations might attribute to insufficient
statistical power. In addition, we found that baseline flexibil-
ity was associated with 4-year changes in SMI and HGS in
the sensitivity analyses. A recent study also revealed that
2 weeks of passive stretching (with a frequency of 15 min/
day for 5 days/week) prevented muscle loss in senescence-
accelerated mouse models.?®

The current results also found that increased flexibility
during 4 years was associated with incident low muscle mass,
low muscle strength and sarcopenia. Our findings suggested
that maintaining high flexibility and monitoring the dynamic
change of flexibility are both helpful in preventing sarcopenia.

The mechanisms underlying the protective effects of high
flexibility against sarcopenia remain unclear. Physical inactiv-
ity might link flexibility with sarcopenia. Flexibility is neces-
sary for moving and performing physical activities,***> and
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participants with low flexibility were likely to be physically
inactive.>”"*® Our data also supported these views. We found
that participants with high flexibility were more likely to have
a high level of physical activity and had less decrease in METs
consumed by physical activity after 4 years than participants
with low flexibility. To further determine whether the associ-
ations between flexibility and low muscle mass, low muscle
strength and sarcopenia were influenced by physical activity,
we performed stratified analyses by the levels of physical
activity. Compared with low flexibility, high flexibility was in-
versely associated with low muscle mass, low muscle
strength and sarcopenia in different levels of physical activity.
These findings suggested that the associations between
flexibility and sarcopenia were independent of the physical
activity level.

Other factors such as blood flow might link flexibility to
sarcopenia. Recent studies proposed that reduced blood flow
with aging might contribute to the development of
sarcopenia.**%2°73! Reduced blood flow with aging impaired
the delivery of oxygen and nutrients to skeletal muscle, which
could accelerate the loss of muscle mass and strength. Vascu-
lar dysfunction and decreased capillarity were key factors
that restrict blood flow and muscle perfusion. 123031
Population-based studies had observed that flexibility was as-
sociated with vascular dysfunction,*** and human trials re-
ported that increasing flexibility enhanced blood flow and
capillary growth in skeletal muscle and improved vascular
function.’*%3>73% Animal-based studies also found that mus-
cle stretching enhanced blood flow, improved vessel function
and induced capillarization of aged skeletal muscle.*® These
findings indicated that flexibility exercises might be helpful
in preventing the development of sarcopenia by improving
blood supply in muscles.

In the present study, the average age of participants in the
cross-sectional study was nearly 2 years older than those in
the longitudinal study. It is necessary to elucidate whether
the age difference could affect the interpretation of
cross-sectional versus longitudinal results. The age-stratified
analyses in the cross-sectional study indicated that the
associations of flexibility with low muscle mass, low muscle
strength and sarcopenia were consistent across age groups.
We further investigated the cross-sectional associations of
flexibility with SMI and HGS only among participants who
were included in the longitudinal analyses and found that
the results remained similar (data not shown). Besides, age
was adjusted in all regression models. These findings sug-
gested that the associations of flexibility with muscle mass
and muscle strength might be independent of age.

Evidence suggested that body fat mass had both anabolic
and catabolic effects on muscle,**** and excess adiposity de-
pressed the anabolic action of insulin in stimulating protein
synthesis,** which might contribute to progressive loss of
muscle mass, strength and quality. Population-based studies
also observed that body fat mass was positively associated

with muscle strength, and greater fat mass was associated
with a greater decline in leg lean mass.** Considering the im-
portant role of fat in muscle mass and muscle strength, our
study adjusted for the FMI category in the regression models
to remove the possible influence of body fat mass on associa-
tions of flexibility with low muscle mass, low muscle strength
and sarcopenia.

Implications for sarcopenia prevention and
research

To the best of our knowledge, our study first found that
maintaining high flexibility could reduce the risk of
incident sarcopenia. Flexibility exercise is easy to perform
and can be adopted by people of different ages and health
statuses. Our study suggested that performing flexibility
exercises such as stretching, yoga and taichi could slow
the speed of muscle loss during the aging process. In
addition, we found that the associations between flexibility
and sarcopenia were independent of physical activity level.
This finding suggested that incorporating flexibility exercise
into regular exercise programmes could bring additional
improvement in preventing sarcopenia. Human-based
intervention studies are further needed to determine the
effectiveness of flexibility —exercises in preventing
sarcopenia.

Strengths

Several strengths existed in this study. First, our study ex-
plored the cross-sectional and longitudinal associations of
flexibility with low muscle mass, low muscle strength
and sarcopenia. Second, the sample size of our study
was large, which made our findings convincing and enabled
us to conduct the stratified analysis. Furthermore, our
study was strengthened by using DXA to measure muscle
mass.

Limitations

Our study also had some limitations. First, the measure-
ment of flexibility was joint specific.2 Although the SRT
was commonly used to assess flexibility, this test mainly
reflected the flexibility of the low back and hamstrings.®
We did not measure the flexibility of other regions such
as the neck or upper extremities. Second, because physical
performance data were unavailable, we were unable to de-
fine severe sarcopenia. Third, all participants in our study
were Chinese, which might limit the generalizability of our
findings. Fourth, data on socioeconomic statuses, such as
employment and income status, and subjective measures
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of physical activity were unavailable in our study. Fifth, be-
cause DXA was unable to measure the muscle mass of the
back, shoulders and lumbar regions, we did not take these
components into consideration in exploring the associations
between flexibility and muscle mass. Sixth, in the longitudi-
nal analyses, we did not adjust for the changes in metabolic
variables, which might influence body composition in the
regression models.

Conclusions

High body flexibility was associated with reduced risk of inci-
dent low muscle strength and sarcopenia. Monitoring the dy-
namic change of flexibility was helpful in identifying the risk of
low muscle mass, low muscle strength and sarcopenia. Body
flexibility exercises and continuous measurement of flexibility
might be worth recommending for older adults to prevent sar-
copenia. More prospective studies with comprehensive data
are needed to further explore the associations of flexibility
and changes in flexibility with sarcopenia.
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