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Abstract

Background: Muscle health decline is a major concern in postmenopausal women; however,
most interventions have focused on exercise as an isolated component. It remains unclear
whether embedding exercise within a broader lifestyle framework enhances muscle-related
outcomes. Methods: A total of 100 postmenopausal women took part in this randomized
controlled trial and were randomly assigned to three groups: Nordic walking combined
with high-protein intake and time-restricted eating (NW+HP+TRE, n = 36), Nordic walking
combined with time-restricted eating (NW+TRE, n = 33), and a control group (n = 31).
The intervention lasted 12 weeks. The primary outcome was handgrip strength, and the
secondary outcomes included physical performance (6 m gait speed and five times chair-
stand time) and lean mass-related measures. Adherence to all intervention components was
monitored throughout the study. Results: During the intervention, four participants did
not complete the post-intervention assessment, resulting in 96 participants being included
in the final analysis. Handgrip strength improved in both intervention groups, with the
largest increase observed in the NW+HP+TRE group. Physical performance outcomes
showed a similar pattern. In contrast, the NW+TRE group showed less favorable changes
in lean mass-related measures, whereas the control group showed minimal overall changes.
Adherence to Nordic walking, time-restricted eating, and protein intake was high in the
intervention groups. Conclusions: A Nordic walking-based integrated lifestyle intervention
was associated with a more favorable overall pattern of change in muscle strength, physical
performance, and lean mass-related outcomes in postmenopausal women. These findings
should be interpreted as differences between intervention packages rather than as evidence
for the isolated effect of any single lifestyle component. Further research is needed to
examine the long-term sustainability of such interventions and to clarify the contribution
of individual components.

Keywords: Nordic walking; time-restricted eating; dietary protein; muscle health;
postmenopausal women; randomized controlled trial

1. Introduction

Postmenopausal women are particularly vulnerable to declines in muscle health
owing to aging, estrogen deficiency, and lifestyle-related changes in physical activity
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and diet [1,2]. This decline is characterized by reductions in muscle mass, strength, and
functional performance, increasing the risk of frailty, falls, and loss of independence in later
life. Among these indicators, handgrip strength has emerged as a practical and sensitive
marker of early functional decline and is widely used in contemporary assessments of
sarcopenia [2—4].

Muscle health in postmenopausal women should not be viewed as the result of exercise
alone. In real-life settings, adaptation occurs within a broader physiological and behavioral
context shaped by nutrient availability, metabolic regulation, daily routine, and long-term
adherence [5,6]. However, many intervention studies still examine exercise as an isolated
factor, with limited attention to the lifestyle conditions in which it is performed [5,7]. Given
that muscle decline is influenced by multiple interacting processes, single-component
interventions may not fully capture the complexity of the problem or reflect real-world
conditions. This highlights the need for a more integrated lifestyle approach [5-7].

Nordic walking (NW) is a suitable exercise anchor for such an approach. As a pole-
assisted walking modality, NW engages both the upper and lower limbs, increases whole-
body muscle activation, enhances postural control, and provides a moderate and sustain-
able cardiovascular stimulus with relatively low joint stress [8,9]. These features make
it particularly appropriate for community-dwelling older women. Compared with con-
ventional walking, NW introduces a broader neuromuscular stimulus through active pole
propulsion and coordinated gait mechanics, although its role in preventing muscle decline
in postmenopausal women remains insufficiently studied [9,10].

In addition to physical activity, nutritional adequacy and eating-time organization may
influence the extent to which exercise is translated into functional adaptation. Adequate
protein intake is essential for supporting muscle protein synthesis, particularly in older
adults who may exhibit anabolic resistance [11-13]. In parallel, time-restricted eating (TRE),
which confines daily food intake to a defined time window, has attracted increasing interest
as a behavioral strategy that may improve metabolic regulation and reinforce circadian
organization [14,15]. Regularized meal timing may influence daily fluctuations in insulin
sensitivity, substrate utilization, and metabolic efficiency, all of which may be relevant to
the physiological environment in which exercise adaptation occurs.

This issue may be particularly relevant in postmenopausal women. Menopause is
associated not only with hormonal changes but also with alterations in body composition,
metabolic flexibility, and daily behavioral patterns, all of which may contribute to a higher
risk of sarcopenia and functional decline [6,13,16]. From this perspective, TRE is not
necessarily important because it is inherently anabolic, but because it may help structure
the temporal environment of eating and metabolism. When combined with regular exercise
and adequate protein intake, such temporal organization may provide a more supportive
context for muscle-related adaptation.

Accordingly, exercise, protein availability, and meal timing can be viewed as interact-
ing components within a broader lifestyle framework rather than as isolated exposures.
This perspective is especially relevant for postmenopausal women, whose muscle health is
often affected by insufficient protein intake, irregular daily routines, and reduced partici-
pation in structured physical activity [6,13,16]. A model that combines a feasible exercise
modality with nutritional support and eating-time structure may therefore be more effective
than exercise delivered under less supportive lifestyle conditions.

Therefore, the present study aimed to examine whether embedding exercise within
an integrated lifestyle framework produces greater benefits for muscle-related outcomes
than exercise delivered under less structured conditions. Using a three-arm randomized
controlled design, we compared Nordic walking combined with high-protein intake and
time-restricted eating, Nordic walking combined with time-restricted eating, and a control
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condition. We hypothesized that Nordic walking would improve handgrip strength and
that the addition of protein optimization within a structured eating-time framework would
further enhance muscle-related outcomes.

2. Methods
2.1. Study Design

This 12-week, three-arm randomized controlled trial was designed to evaluate the
effects of a Nordic walking-based integrated lifestyle intervention on muscle health in
postmenopausal women. Rather than treating exercise as an isolated exposure, the trial was
structured to examine muscle-related outcomes within a broader lifestyle framework in
which physical activity, nutritional support, and eating-time organization were combined
in different configurations. Participants were randomly assigned to one of three groups
according to a planned allocation ratio of 1:1:1:

(1) Nordic walking combined with high-protein intake and time-restricted eating
(NW+HP+TRE, n = 36);

(2) Nordic walking combined with time-restricted eating (NW+TRE, n = 33);

(3) a control group receiving usual lifestyle guidance without structured exercise and
dietary prescriptions (Control, n = 31).

The study was conducted under free-living conditions to reflect the practical realities
of community-based lifestyle interventions.

All participants completed baseline assessments before randomization and were
reassessed after the 12-week intervention period. The protocol was approved by the Ethics
Committee of Chengdu Sport University (Approval No. Cheng Ti Lun Li (2025) 97) and
was conducted in accordance with the Declaration of Helsinki. Written informed consent
was obtained from all participants prior to enrolment.

The trial was registered with the Chinese ClinicalTrialRegistry (ChiCTR2500105425,
3 July 2025).

2.2. Intervention Framework

The intervention was conceptualized as an integrated lifestyle model centered around
Nordic walking as the exercise anchor, with protein optimization and eating-window
regulation incorporated as contextual modifiers of adaptation. In this framework, Nordic
walking was intended to provide the primary mechanical and neuromuscular stimulus,
while high-protein intake was used to support substrate availability for muscle adaptation,
and time-restricted eating was implemented to structure daily eating behavior within
a consistent temporal pattern. Accordingly, the three-arm design was used not only to
compare intervention efficacy but also to explore whether embedding exercise within a
more supportive lifestyle structure would be associated with more favorable muscle-related
outcomes than exercise delivered with fewer accompanying lifestyle components.

2.3. Participants

Postmenopausal women were recruited from the community through health promo-
tion activities, public outreach, and local advertisements. Menopausal status was defined
as the absence of menstruation for >12 consecutive months. The target population was
selected because postmenopausal women are at increased risk of muscle decline due to
the combined influences of aging, hormonal changes, and lifestyle-related alterations in
physical activity and dietary behavior.

Eligible participants were women aged 56-80 years who lived independently in the
community, were able to walk without assistive devices, and were willing to comply with
the intervention instructions. Participants were required to be free from contraindica-
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tions to moderate-intensity exercise and capable of completing both baseline and post-
intervention assessments.

The exclusion criteria included diagnosed cardiovascular, respiratory, neurological, or
musculoskeletal conditions that could limit safe participation in exercise; severe metabolic
or endocrine disorders; cognitive impairment that could interfere with compliance; current
participation in structured exercise programs more than two times per week during the
previous three months; and use of medications or treatments known to substantially affect
muscle metabolism or body composition. Women with conditions that would prevent the
safe implementation of the exercise or dietary protocol were also excluded.

All eligible participants received a full explanation of the study procedures and pro-
vided written informed consent prior to enrolment. Recruitment and screening were
completed before random allocation.

According to the trial registration plan, the intended sample size was 90 participants,
with 30 participants allocated to each group. During the actual recruitment process, 100 eli-
gible postmenopausal women were ultimately randomized into the three study groups,
resulting in a final sample that exceeded the originally planned target.

The age range of 56-80 years was selected to focus on community-dwelling post-
menopausal women at relatively higher risk of age-related muscle decline while still being
able to safely participate in a supervised walking-based intervention after screening.

2.4. Randomization, Allocation Concealment, and Blinding

After completion of the baseline assessments and confirmation of eligibility, partici-
pants were randomly allocated to one of the three study groups according to a planned
allocation ratio of 1:1:1. The allocation sequence was generated by an independent statis-
tician using a computer-generated randomization procedure in IBM SPSS Statistics for
Windows, Version 28.0 (IBM Corp., Armonk, NY, USA). Although age stratification had
been considered at the registration stage, the final allocation was performed without age-
stratified assignment because the stratification scheme was not considered suitable during
recruitment and allocation.

Allocation concealment was ensured using the sequentially numbered, opaque, sealed
envelope (SNOSE) method. Each envelope contained one group assignment and was
prepared, sealed, and stored by a research coordinator who was not involved in participant
recruitment, baseline testing, intervention delivery, or outcome assessment. Following
completion of baseline measurements, the next envelope in sequence was opened by desig-
nated personnel to determine group assignment. All allocation materials were archived for
documentation and auditing purposes.

Owing to the nature of the intervention, participants and intervention staff could not
be blinded to group allocation. However, the outcome assessors were not involved in the
randomization process or intervention delivery and were assigned specific assessment
tasks according to standardized procedures. In addition, after completion of the interven-
tion period, all source data were de-identified prior to data entry and statistical analysis.
Electronic datasets were managed using coded study IDs to minimize assessment and
analytical bias.

2.5. Intervention Protocols
2.5.1. Nordic Walking Training

Participants in the NW+HP+TRE and NW+TRE groups participated in a supervised
Nordic walking program for 12 weeks. Training was conducted three times per week,
yielding a total of 36 planned sessions, each lasting approximately 60 min. Each session
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included a standardized warm-up phase, a structured Nordic walking phase, and a cool-
down period.

Each 60 min session consisted of approximately 10 min of warm-up, 40 min of Nordic
walking, and 10 min of cool-down. The warm-up included low-intensity walking, joint
mobilization, and dynamic stretching to prepare participants for the walking task. The
main phase involved supervised Nordic walking performed within the prescribed heart-
rate range, with continued reinforcement of proper pole use and coordinated arm-leg
movement. The cool-down period included slow walking and light stretching exercises to
facilitate recovery.

Exercise intensity was prescribed within a monitored target range and continuously
monitored using wrist-worn heart rate monitors (Polar V800 GPS sport watch; Polar
Electro Oy, Kempele, Finland) throughout each session. Participants were instructed to
maintain exercise intensity within a monitored target range of approximately 60-75% of age-
predicted maximal heart rate (HRmax = 220 — age), and not to exceed 75% HRmax. This
range was selected to ensure a physiologically appropriate, safe, and sustainable training
stimulus for community-dwelling postmenopausal women while providing sufficient
cardiovascular and neuromuscular challenge. According to ACSM-based exercise intensity
classifications, the selected range corresponds primarily to the upper portion of moderate
intensity and approaches the lower threshold of vigorous intensity, and was therefore
considered appropriate for the present supervised intervention context.

Standardized instruction in Nordic walking technique was provided before the in-
tervention and reinforced throughout the training period. Participants were instructed
in proper pole use, including coordinated arm-leg movement, active pole propulsion,
trunk engagement, and symmetrical gait mechanics. Training progression was introduced
gradually during the first two weeks (6 sessions) of the intervention until the target session
structure and movement proficiency were achieved, after which the prescribed intensity
range and session format were maintained for the remainder of the program.

All training sessions were supervised by trained staff to enhance safety, ensure tech-
nique fidelity, and improve intervention consistency.

2.5.2. Time-Restricted Eating

Participants in both intervention groups were instructed to follow a time-restricted
eating (TRE) protocol during the 12-week intervention period. Daily caloric intake was
confined to a 10 h eating window, followed by a 14 h fasting interval. During the fasting
period, participants were permitted to consume water and other non-caloric beverages.

Participants were encouraged to maintain a consistent daily eating schedule through-
out the intervention period.

TRE was implemented as a behavioral timing strategy rather than as a weight-loss
intervention. The purpose of including TRE in the present study was to provide a more
structured daily eating rhythm and a potentially more regulated metabolic context in which
exercise-related outcomes were evaluated. Standardized guidance on meal timing was
provided at baseline and reinforced during follow-up.

2.5.3. High-Protein Intake

In addition to Nordic walking and TRE, participants in the NW+HP+TRE group
were instructed to achieve a daily protein intake target of approximately 1.4 g/kg/day
throughout the intervention period. Nutritional counseling was provided at baseline and
reinforced at regular intervals throughout the study. Guidance emphasized the consump-
tion of high-quality protein sources distributed across meals, including dairy products,
eggs, lean meat, fish, soy products, and legumes, according to participants” habitual dietary
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patterns and feasibility of implementation. To improve data verification and dietary control,
protein intake was monitored using self-reported food records (3-day meal plans and
dietary records supported by the Mint Health app version 14.0.14) which were reviewed
regularly by the research team. Daily protein intake was estimated using standard food
composition tables, and participants received feedback when intake fell below the pre-
scribed target. When necessary, dietary counseling was repeated to improve adherence to
the protein prescription. Thus, achievement of the protein target was based not only on
participant self-report, but also on systematic review and verification of dietary records by
the study team.

The high-protein component was not treated as an isolated supplementation strategy
but as a supportive nutritional condition intended to enhance the adaptive response to
exercise. In this context, protein optimization functioned as a nutritional environment that
facilitated muscle-related adaptation rather than as a standalone intervention.

The present study focused on protein-target attainment and adherence to the pre-
scribed eating schedule rather than on a comprehensive comparative analysis of total
energy intake or overall dietary composition across groups.

2.5.4. Control Condition

Participants in the control group were instructed to maintain their usual daily routines
throughout the 12-week study period and were not provided with structured Nordic walk-
ing training, time-restricted eating instructions, or protein-targeted nutritional guidance.
To maintain participant contact and ethical balance, the control group received general
health education materials but no individualized exercise or dietary interventions.

2.5.5. Intervention Adherence and Fidelity

Intervention adherence was systematically monitored across all components, including
exercise participation, time-restricted eating compliance, and protein intake. Attendance at
Nordic walking sessions was recorded for each participant, and exercise adherence was
calculated as the proportion of completed sessions relative to the total number of planned
sessions (36 sessions over 12 weeks).

Compliance with the TRE protocol was assessed using self-reported daily logs and
was defined as the proportion of days on which food intake was confined to the prescribed
10 h eating window relative to the total intervention period (84 days).

For the NW+HP+TRE group, protein intake adherence was evaluated as the proportion
of days on which participants achieved the target intake of >1.4 g/kg/day relative to the
total intervention period, based on reviewed dietary records.

As the study was conducted under free-living conditions, adherence was treated as
a continuous measure rather than an all-or-none criterion. This approach allowed for a
more realistic representation of intervention implementation and supported assessment of
overall intervention fidelity.

2.6. Outcome Measures

Outcome assessments were conducted at baseline and after the 12-week intervention
period by trained assessors following standardized procedures. All measurements were
performed under consistent conditions to minimize variability.

2.6.1. Primary Outcome: Handgrip Strength

Handgrip strength was assessed as the primary outcome measure using a calibrated
handheld dynamometer (Jamar hydraulic hand dynamometer). Participants were tested in
a seated position with the shoulder adducted and neutrally rotated, the elbow flexed at
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90°, and the forearm in a neutral position. The wrist was maintained in slight extension
according to standardized testing guidelines.

Although Nordic walking is not a conventional strength-training modality, its active
pole propulsion, coordinated upper-limb use, and whole-body engagement support the use
of handgrip strength as a clinically relevant muscle-related outcome in the present study.

Participants performed three maximal voluntary contractions with each hand, with
adequate rest between trials to avoid fatigue. For each hand, the highest value across trials
was recorded, and the mean of the left- and right-hand values was used for analysis as a
representative measure of overall handgrip strength.

Handgrip strength is widely recognized as a practical and reliable indicator of overall
muscle strength and is recommended as a core component of contemporary sarcopenia
assessment frameworks.

2.6.2. Secondary Outcomes: Physical Performance

Physical performance was evaluated using functional tests commonly applied in older
adult populations.

The 6 m walk test was used to assess habitual gait speed. Participants were instructed
to walk at their usual pace over a 6 m distance, and the time taken was recorded using a
stopwatch. Gait speed (m/s) was calculated by dividing the distance by time.

Lower-extremity functional performance was assessed using the five-times chair stand
test (FTCS). Participants were instructed to rise from a seated position to a full standing
position and return to a sitting position five times as quickly as possible without using
their arms. The total time required to complete five repetitions was recorded. A shorter
completion time indicated better lower-limb function.

2.6.3. Body Composition and Lean Mass-Related Outcomes

Body composition was assessed using bioelectrical impedance analysis (BCA-2A,
Tsinghua Tongfang, Beijing, China). Participants were measured under standardized
conditions, including fasting status and avoidance of strenuous physical activity prior to
assessment. Appendicular lean mass (ALM) was calculated as the sum of the lean masses of
the four limbs. The appendicular skeletal muscle index (ASMI) was derived by normalizing
ALM to height squared (kg/m?). These indicators are commonly used to evaluate muscle
mass status in older adults. In addition to the overall lean-mass indices, segmental lean
masses of the upper and lower limbs were recorded, where applicable, to provide a more
detailed description of body composition changes.

2.6.4. Anthropometric Measures

Body weight and height were measured using standardized equipment, with partici-
pants wearing light clothing and no shoes. Body mass index (BMI) was calculated as body
weight divided by height squared (kg/m?).

2.6.5. Adherence-Related Measures

In addition to physiological outcomes, adherence-related measures were collected to
evaluate intervention implementation. These included Nordic walking attendance rate,
compliance with the TRE protocol, and achievement of the prescribed protein intake target,
as described in Section 2.5.5.

2.7. Statistical Analysis

All statistical analyses were performed using R version 4.5.1 (R Foundation for Statisti-
cal Computing, Vienna, Austria). Continuous variables are presented as mean =+ standard
deviation (SD), and categorical variables are presented as frequencies and percentages
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where appropriate. Baseline characteristics were compared among the three groups us-
ing one-way analysis of variance (ANOVA) for continuous variables. For intervention
outcomes, within-group changes were described from baseline to 12 weeks, and between-
group differences in post-intervention values were evaluated using analysis of covariance
(ANCOVA), with group entered as the fixed factor and the corresponding baseline value
included as a covariate. Descriptive changes are presented as mean =+ standard deviation
(SD) to facilitate interpretation of the direction and magnitude of response. A two-sided
p value < 0.05 was considered statistically significant.

3. Results
3.1. Participant Flow and Baseline Characteristics

A total of 123 postmenopausal women were assessed for their eligibility. Of these,
23 did not proceed to randomization because of screening exclusion, withdrawal, or other

reasons. The remaining 100 participants were randomized into three groups: NW+HP+TRE
(n =36), NW+TRE (n = 33), and control (1 = 31) (Figure 1).

Assessed for eligibility (n = 123)

¥

Exduded before randomization {n = 23)

Randomized {n = 100)

Y Y ¥
NW-+HP+TRE {n = 36) NW+TRE {n = 33) Control (n = 31)
Completed (n = 34) Completed (n = 31} Completed (n = 31}
Lost to follow-up (n = 2) Lost to follow-up {n = 2} Lost to follow-up {n = 0)

¥

Included in analysis (n = 96}

Figure 1. Flow diagram.

During the 12-week intervention period, four participants did not complete the post-
intervention assessment (two in the NW+HP+TRE group and two in the NW+TRE group),
whereas all participants in the control group completed the follow-up. Therefore, outcome
data were available for 96 participants (NW+HP+TRE, n = 34; NW+TRE, n = 31; control,
n = 31), corresponding to an overall retention rate of 96.0%.

The baseline characteristics are presented in Table 1. The three groups were compa-
rable in terms of sample size and most baseline variables. The mean BMI values were
22.08 4 2.47 kg/m? in the NW+HP+TRE group, 22.95 4 3.01 kg/m? in the NW+TRE group,
and 22.32 4 2.02 kg/m? in the control group. Baseline grip strength, chair stand perfor-
mance, and body composition measurements were generally similar across the groups.
Significant between-group baseline differences were observed in age, height, and 6 m gait
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speed. Therefore, between-group comparisons of intervention outcomes were performed
using baseline-adjusted ANCOVA models.

Table 1. Baseline characteristics of the participants.

Characteristic NW+HP+TRE NW+TRE Control p Value
(n =36) (n=33) (n=31)

Age, years 61.81 4+ 7.00 65.67 £+ 7.80 64.81 +4.81 0.027
Height, cm 157.96 £ 4.52 154.30 £ 5.11 158.45 + 2.84 0.003
Body weight, kg 54.62 £ 8.16 54.58 + 6.85 56.02 £ 5.67 0.635
BMI, kg/m2 22.08 4+ 2.47 22.95 4+ 3.01 22.30 + 1.99 0.344
Overall grip strength, kg 25.63 + 4.10 24.71 + 5.42 25.75 + 3.88 0.652
6 m gait speed, m/s 1.64 +0.18 1.77 £ 0.21 1.80 + 0.17 0.002
5-times chair-stand time, s 6.75 £+ 0.73 7.04 £ 1.70 7.25 + 1.36 0.290
Appendicular lean mass, kg 15.87 £1.77 15.89 £1.32 16.04 £ 1.07 0.861
ASMI, kg/m? 6.47 £0.77 6.69 + 0.65 6.39 4+ 0.42 0.075

Data are presented as the mean =+ SD. p values were derived from one-way ANOVA.

3.2. Intervention Adherence and Fidelity

Adherence to the intervention protocol was high in both groups. Attendance at the su-
pervised Nordic walking sessions averaged 95.45% in both the NW+HP+TRE and NW+TRE
groups. Compliance with the time-restricted eating protocol was also high, with adherence
rates of 94.11% and 94.81% in the NW+HP+TRE and NW+TRE groups, respectively.

In the NW+HP+TRE group, participants achieved the prescribed protein intake target
(>1.4 g/kg/day) on 94.05% of the intervention days. No crossover between the groups
was observed.

3.3. Primary Outcome: Handgrip Strength

Handgrip strength improved in both intervention groups over the 12-week period,
with the greatest increase observed in the NW+HP+TRE group. Changes in the primary
and secondary outcomes across the groups are presented in Table 2.

The increase in overall grip strength (maximum value of either hand) was the largest
in the NW+HP+TRE group, followed by the NW+TRE group, whereas no meaningful
change was observed in the control group.

When examined separately, left-hand grip strength increased by 4.06 &+ 1.80 kg in
the NW+HP+TRE group and by 0.83 = 0.98 kg in the NW+TRE group, while it remained
unchanged in the control group (—0.07 = 0.55 kg). A similar pattern was observed for right-
hand grip strength, with changes of +2.77 & 2.01 kg, +1.36 £ 0.64 kg, and —0.25 £ 0.53 kg.
The distribution of the changes in overall grip strength is shown in Figure 2.

To further address between-group comparisons, ANCOVA-adjusted pairwise differ-
ences with 95% confidence intervals were calculated for the primary and key secondary
outcomes (Table 3). For handgrip strength, both intervention groups showed significantly
higher adjusted post-intervention values than the control group, and the NW+HP+TRE
group also remained significantly higher than the NW+TRE group. A similar pattern was
observed for gait speed and chair-stand performance. For appendicular lean mass and
ASMI, the NW+HP+TRE group showed significantly more favorable adjusted values than
both the NW+TRE and control groups, whereas the difference between NW+TRE and
control was not significant.
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Table 2. Baseline, 12-week, and change values for primary and secondary outcomes across the three groups.

Outcom NW+HP+TRE NW+HP+TRE NW+HP+TRE NW+TRE NW+TRE NW+TRE Control Control Control p (Between-
utcome Baseline Week 12 Change Baseline Week 12 Change Baseline Week 12 Change Group)

Primary outcome

Grip strength, kg 2439 +5.24 28.06 + 5.25 +3.41+191 2352 £5.42 25.58 + 3.94 +1.10 £ 0.83 2427 +4.24 2410 +4.18 —0.16 £ 0.54 <0.001
Physical performance

6 m gait speed, m/s 1.64 +£0.21 1.84+0.21 +0.19 £+ 0.07 177 +£0.21 192 +0.16 +0.13 £ 0.08 1.80 +£0.17 1.81+0.17 +0.01 £ 0.06 <0.001

Chair-stand time, s 6.75+0.73 6.08 & 0.69 —0.61 +0.27 7.04 +1.70 649 +1.24 —0.26 £ 0.20 7.25+1.36 728 +£143 +0.02 £0.20 <0.001
Lean mass-related outcomes

Lower-limb lean mass (left), kg 5.65 4+ 0.40 594 +0.31 +0.26 £ 0.15 5.55 4+ 0.34 5.52 +0.27 —0.07 £0.12 5.47 £ 0.32 5.47 +0.30 —0.00 £ 0.06 <0.001

Lower-limb lean mass (right), kg 5.78 4 0.42 6.01 +0.39 +0.21 £ 0.09 5.61 4 0.32 5.5540.33 —0.10 + 0.09 5.63 +0.31 5.62 +0.29 —0.01 £ 0.07 <0.001

Appendicular lean mass, kg 1592 +£1.19 17.14 £ 1.03 +1.19 +0.30 15.89 £+ 1.32 16.05 + 1.11 +0.04 +0.32 16.04 £+ 1.07 16.05 £ 1.02 +0.00 £ 0.35 <0.001

ASMI, kg/m? * 6.50 & 0.51 6.99 +0.51 +0.49 £0.13 6.73 + 0.64 6.75 +0.58 +0.02 £0.14 6.39 +0.42 6.39 £ 043 +0.00 £0.14 <0.001
Body composition

Body weight, kg 54.62 +£7.87 54.80 +7.10 +0.19 & 1.46 54.58 + 6.85 52.67 + 5.76 —1.91+£2.03 56.02 + 5.67 56.37 + 5.74 +0.35 £ 0.99 0.002

BMI, kg/m? 22.08 +2.47 2217 +£2.18 +0.09 £ 0.59 22.95 + 3.01 22.14 +2.46 —0.81 +£0.87 22.30 +1.99 22.44 £+ 2.06 +0.14 £ 0.39 0.003

Footnote: Data are presented as mean & SD at baseline and week 12, together with change values (week 12 — baseline). Between-group comparisons were evaluated using ANCOVA with
baseline values entered as covariates. Sample sizes vary slightly across outcomes because some participants had missing 12-week values for specific measures. * ASMI = appendicular
skeletal muscle index.
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NW+HP+TRE NW+TRE Control

Figure 2. Changes in handgrip strength across groups.

Table 3. ANCOVA-adjusted pairwise between-group differences with 95% confidence intervals for
the primary and key secondary outcomes.

Outcome Comparison Adjusted Mean Difference 95% CI p Value
Handgrip strength (kg) NW+HP+TRE vs. NW+TRE 2.328 1.802 to 2.854 <0.001
NW+HP+TRE vs. Control 3.590 3.063 to 4.116 <0.001

NW+TRE vs. Control 1.262 0.724 to 1.800 <0.001

6 m gait speed (m/s) NW+HP+TRE vs. NW+TRE 0.048 0.013 to 0.082 0.007
NW+HP+TRE vs. Control 0.168 0.134 to 0.203 <0.001

NW+TRE vs. Control 0.121 0.087 to 0.154 <0.001

Chair-stand time (s) NW+HP+TRE vs. NW+TRE —0.351 —0.462 to —0.239 <0.001
NW+HP+TRE vs. Control —0.640 —0.754 to —0.526 <0.001

NW+TRE vs. Control —0.289 —0.405 to —0.173 <0.001

Appendicular lean mass (kg) NW+HP+TRE vs. NW+TRE 1.133 0.994 to 1.272 <0.001
NW+HP+TRE vs. Control 1.170 1.031 to 1.309 <0.001

NW+TRE vs. Control 0.036 —0.106 to 0.178 0.613

ASMI (kg/m?) NW+HP+TRE vs. NW+TRE 0.450 0.384 to 0.517 <0.001
NW+HP+TRE vs. Control 0.491 0.426 to 0.557 <0.001

NW+TRE vs. Control 0.041 —0.028 t0 0.110 0.240

Adjusted between-group differences were estimated using ANCOVA, with post-
intervention values as dependent variables, group as the fixed factor, and the corresponding
baseline value as a covariate. Data are presented as adjusted mean differences with 95%
confidence intervals. Negative values for chair-stand time indicate shorter completion time
and therefore better performance.
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3.4. Secondary Outcomes
3.4.1. Physical Performance

Functional performance improved most prominently in the NW+HP+TRE group,
followed by the NW+TRE group, whereas minimal changes were observed in the con-
trol group.

For 6 m walk time, the mean change was —0.39 £ 0.14 s in the NW+HP+TRE group,
compared with —0.25 £ 0.16 s in the NW+TRE group and —0.01 £ 0.10 s in the control
group. Correspondingly, the gait speed increased by 0.19 £ 0.07 m/s, 0.13 = 0.08 m/s, and
0.01 +0.06 m/s, respectively.

For chair stand performance, the NW+HP+TRE group improved by —0.61 £ 0.27 s,
compared with —0.26 £ 0.20 s in the NW+TRE group, while no change was observed in
the control group (+0.02 & 0.20 s). Changes in chair-stand time and 6 m gait speed across
the three groups are shown in Figure 3.
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Figure 3. Changes in physical performance outcomes across the three groups after the 12-week
intervention. (A) Chair-stand time. (B) Gait speed of 6 m.

3.4.2. Lean Mass-Related Outcomes

The NW+HP+TRE group showed increases in bilateral lower limb lean mass, whereas
the NW+TRE group showed slight reductions, and the control group remained stable.

The left lower-limb lean mass changed by +0.26 £ 0.15 kg in the NW+HP+TRE group,
compared with —0.07 &£ 0.12 kg in the NW+TRE group and —0.00 £ 0.06 kg in the control
group. The right lower limb lean mass changed by +0.21 4 0.09 kg, —0.10 £ 0.09 kg, and
0.01 £ 0.07 kg, respectively.

Total appendicular lean mass increased by +1.19 £ 0.30 kg in the NW+HP+TRE group
compared with +0.04 £ 0.32 kg in the NW+TRE group and 0.00 £ 0.35 kg in the control
group. Changes in ASMI across the three groups are shown in Figure 4.

3.4.3. Body Weight and BMI

The NW+TRE group showed the largest reductions in body weight and BMI
(—1.91 £ 2.03 kg and —0.81 4 0.87 kg/m?, respectively), whereas the NW+HP+TRE group
remained relatively stable (+0.19 + 1.46 kg and +0.09 & 0.59 kg/m?, respectively). The
control group showed minimal change (+0.35 + 0.99 kg and +0.14 + 0.39 kg/m?).
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Figure 4. Changes in appendicular skeletal muscle index (ASMI) across the three groups after the
12-week intervention. The dashed horizontal line indicates no change from baseline (A = 0).

3.5. Overall Pattern of Response

A consistent graded pattern was observed across the outcomes. The NW+HP+TRE
group showed the most favorable improvements in muscle strength, physical performance,
and lean mass-related measures. The NW+TRE group demonstrated moderate improve-
ments, primarily in functional outcomes, whereas the control group showed minimal
changes in functional outcomes.

4. Discussion
4.1. Principal Findings

This randomized controlled trial examined the effects of a Nordic walking-based
integrated lifestyle intervention on muscle-related outcomes in postmenopausal women.
The principal finding was that the group receiving Nordic walking combined with high-
protein intake and time-restricted eating showed the most consistent favorable pattern of
change across handgrip strength, physical performance, and lean mass-related outcomes.

Although both intervention groups demonstrated improvements in selected outcomes,
the integrated lifestyle group showed greater gains in muscle strength and functional
performance, along with more favorable changes in lower limb and appendicular lean
mass [17,18]. In contrast, the group receiving Nordic walking combined with time-restricted
eating but without protein optimization showed a less favorable body composition profile
despite some functional improvement, whereas the control group remained largely stable
over the 12-week period.

These findings suggest that muscle-related adaptations in postmenopausal women
may depend not only on participation in exercise but also on the broader lifestyle context
in which exercise is performed. In the present study, Nordic walking served as the shared
exercise stimulus across the two intervention groups; however, the magnitude and quality
of adaptation differed according to the accompanying nutritional and behavioral conditions.
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From this perspective, the added value of the NW+HP+TRE condition should not be
interpreted simply as the result of “more components,” but rather as the effect of embedding
exercise within a more supportive adaptive environment [5].

4.2. Interpretation Within an Integrated Lifestyle Framework

A central contribution of the present study is that it moves beyond the conventional
logic of single-component exercise interventions. In many intervention studies, exercise is
treated as an isolated exposure, as though its effects occur independently of the nutritional
and behavioral contexts surrounding it. However, muscle adaptation in daily life rarely
occurs under isolated conditions [18]. In postmenopausal women, whose muscle health is
influenced by aging, estrogen deficiency, altered dietary patterns, and reduced physiological
resilience, the response to exercise is likely shaped by multiple interacting factors.

Thus, the present findings support a more integrated interpretation of intervention
design. Nordic walking can be understood as the primary mechanical and neuromuscular
stimulus; protein optimization may provide a more favorable substrate environment for
adaptation; and time-restricted eating may contribute to a more structured behavioral and
metabolic context. These elements should not be viewed as merely additive components
but as interrelated parts of a broader lifestyle framework within which adaptation takes
place [9]. Accordingly, the results of the present trial are consistent with the possibility that
muscle-related outcomes are influenced not only by whether exercise occurs but also by
whether exercise is embedded within conditions that support its adaptive effects [8,19].

Importantly, this interpretation does not imply that all lifestyle components contribute
equally or independently of each other. The present study was not designed to isolate the
mechanistic effects of each component, and the relative contributions of exercise, protein
optimization, and meal timing cannot be fully disentangled within the current three arm
structure. Nevertheless, the observed graded pattern across groups supports the broader
idea that lifestyle structure matters when exercise is used as a preventive strategy for muscle
decline in postmenopausal women. The present findings should therefore be understood
as comparisons between intervention packages delivered within different nutritional and
behavioral contexts, rather than as evidence for the isolated mechanistic effect of any
single component.

4.3. Nordic Walking as an Exercise Anchor

Nordic walking was selected as the exercise anchor for the intervention because it
offers a form of whole-body physical activity that is feasible, scalable, and potentially more
relevant to musculoskeletal function than ordinary walking alone. Unlike conventional
walking, Nordic walking incorporates active upper limb propulsion, coordinated use of
poles, trunk engagement, and greater postural involvement, thereby broadening the neuro-
muscular demands of locomotion. In postmenopausal women, this may be particularly
relevant because an effective preventive exercise strategy should be safe, accessible, and
acceptable, while still providing a sufficient stimulus to influence muscle-related outcomes.
This broader relevance is also consistent with previous exercise-intervention studies in
postmenopausal women showing that structured training programs can improve physical
fitness and selected anthropometric or metabolic outcomes, even when the intervention
model differs from the present Nordic walking-based approach [20,21].

The observed improvements in handgrip strength and functional performance in
both intervention groups support the practical value of Nordic walking in this popula-
tion [9,22,23]. Notably, these improvements were not limited to mobility-related measures.
The direction of change in handgrip strength is consistent with the idea that pole-assisted
walking may provide a broader training stimulus than lower-limb-dominant aerobic ac-
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tivity alone [24,25]. In this context, the use of handgrip strength as the primary outcome
should be understood not as an attempt to evaluate Nordic walking as a pure strength-
training modality, but as the assessment of a clinically relevant indicator of muscle function
within a broader muscle-health framework. However, this interpretation should be ap-
proached with caution. The present study was not designed to directly compare Nordic
walking with ordinary walking or resistance training, and no biomechanical, electromyo-
graphic, or metabolic measurements were collected to clarify the underlying mechanisms.
Accordingly, the present findings support the usefulness of Nordic walking as a feasible
exercise foundation, but they should not be considered as evidence that Nordic walking is
inherently superior to other forms of exercise for all muscle-related outcomes.

A further practical advantage of Nordic walking is that it can be implemented in
community settings with minimal equipment and relatively low technical barriers once
basic instructions are provided. This is relevant for postmenopausal women, among whom
long-term adherence may depend as much on feasibility and comfort as on physiological
efficacy [26]. In this sense, the value of Nordic walking in the present study lies not only in
its training stimulus but also in its suitability as a sustainable exercise platform within a
broader lifestyle intervention.

4.4. The Role of Nutritional and Behavioral Context

One of the most important observations of the present study is that the addition of
protein optimization was associated with a more favorable adaptation pattern than Nordic
walking combined with time-restricted eating alone. This was evident not only in handgrip
strength but also in lower limb and appendicular lean mass-related outcomes. These
findings are biologically plausible. Adequate dietary protein is essential for supporting
muscle protein synthesis [27,28] particularly in older adults, who may experience anabolic
resistance and reduced adaptive remodeling efficiency. From this perspective, exercise
provides the primary stimulus, but protein availability may influence the extent to which
this stimulus is translated into tissue maintenance or gain [29,30].

Therefore, the present results suggest that the nutritional environment surrounding
exercise is relevant. In the NW+HP+TRE group, participants were exposed to the same
exercise regimen as those in the NW+TRE group but under conditions of more intentional
protein support. This may help explain why the integrated intervention showed a more
favorable lean-mass profile. However, the present findings should not be interpreted as
demonstrating that protein alone was responsible for the between-group difference. A
more cautious interpretation is that protein optimization may have enhanced the adaptive
response to exercise within the specific behavioral structure used in the present study.

The NW+TRE group was also informative. On the one hand, participants in this
group showed improved handgrip strength and several functional outcomes, indicating
that Nordic walking combined with time-restricted eating was not ineffective. However,
this group did not show the same favorable lean-mass response as the NW+HP+TRE group
and, in some lower-limb lean-mass indicators, showed a slight decline. In addition, this
group exhibited the greatest reductions in body weight and BMI.

This pattern requires careful interpretation. A reduction in body mass during lifestyle
interventions is not inherently undesirable, particularly when accompanied by improved
physical function. However, in the context of muscle health and sarcopenia prevention,
weight reduction should not be automatically interpreted as a superior outcome. When
viewed alongside the lower limb lean mass findings, the present results raise the possibility
that time-restricted eating combined with exercise, in the absence of explicit protein op-
timization, may not provide the most supportive condition for preserving lean tissue in
postmenopausal women.
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This does not imply that time-restricted eating is inappropriate or harmful to this pop-
ulation. This suggests that its effects may depend on the nutritional conditions under which
it is implemented. In the present trial, TRE should therefore be understood not as an inde-
pendently validated anabolic strategy, but as a behavioral and temporal framework whose
value may vary according to whether nutritional adequacy is maintained within the eating
period. This interpretation is more consistent with the study design and avoids attributing
causal effects to the TRE that cannot be isolated in the current intervention structure.

From a broader perspective, these findings have practical implications for community-
based prevention strategies. Postmenopausal women often face a combination of declining
muscle resilience, reduced habitual activity, and suboptimal dietary patterns; however,
many are unlikely to adopt highly specialized or facility-dependent exercise programs.
This broader relevance is also supported by recent evidence showing that physical ac-
tivity levels in postmenopausal women are closely associated with abdominal obesity
and metabolic markers, reinforcing the importance of lifestyle-oriented interventions in
this population [30,31]. In this context, a Nordic walking-based integrated lifestyle in-
tervention may represent a realistic preventive model because it combines accessibility
with multidimensional support. The intervention can be implemented outside laboratory
settings, requires limited equipment, and incorporates behaviors that can be integrated
into daily life [8,31].

More broadly, the present findings support a shift in the conceptualization of muscle
health interventions. Rather than asking which single exercise modality is effective, it may
be more useful to ask under what lifestyle conditions an exercise stimulus becomes most
beneficial. Such a perspective may be particularly relevant for healthy aging, in which
physical activity, dietary patterns, and daily routines are closely interrelated in practice.

Therefore, the present study supports a more context-sensitive view of intervention design,
especially for populations in which prevention must be feasible, acceptable, and sustainable.

4.5. Strengths and Limitations

This study had several strengths. First, the three-arm randomized controlled design
enabled a comparison of different levels of lifestyle structuring around a shared exercise an-
chor, rather than simply contrasting one intervention with a passive control. This provides a
more informative framework for examining how adaptation may differ across intervention
contexts. Second, the intervention was implemented under free-living conditions with high
adherence and retention, which enhanced the practical relevance of the findings. Third,
the pattern of results was not limited to a single endpoint but extended across handgrip
strength, functional performance, and lean mass-related outcomes, thereby supporting the
interpretation of a broader muscle-related response.

This study has several limitations. The intervention duration was limited to 12 weeks,
and a longer follow-up is needed to determine whether the observed changes are sustained
over time. Some adherence measures, particularly dietary and eating-time compliance,
relied on self-reports, which may have introduced reporting bias. The study population
consisted exclusively of postmenopausal women, which improved population specificity
but limited generalizability to other groups.

In addition, significant baseline between-group differences were observed in age,
height, and gait speed. Although baseline-adjusted analyses were applied, residual im-
balance cannot be fully excluded. A further limitation is that the study did not include
a Nordic walking plus high-protein intake group without time-restricted eating. As a
result, the present design cannot fully disentangle the independent contribution of protein
optimization from the overall intervention package.
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In addition, although dietary records were used to monitor adherence to protein-
target attainment and eating-time prescriptions, the study did not include a comprehensive
comparative analysis of total energy intake and overall nutrient composition across groups.
Moreover, physical activity outside the structured exercise sessions was not systematically
quantified. Therefore, the potential influence of non-intervention physical activity on the
observed outcomes cannot be fully excluded.

In addition, minor imbalance in group size occurred after random allocation (36, 33,
and 31 participants), which may arise in practice even under randomized assignment in free-
living community-based trials. This does not invalidate the randomized design, but should
be interpreted together with the baseline-adjusted analyses used in the present study.

Finally, the study was designed to compare lifestyle structures rather than isolate the
mechanistic effects of each component. Accordingly, the respective contributions of Nordic
walking, protein optimization, and time-restricted eating should be interpreted within an
integrated intervention framework rather than as fully separable causal effects.

5. Conclusions

In this randomized controlled trial, a Nordic walking-based integrated lifestyle inter-
vention was associated with a more favorable overall pattern of change in muscle-related
outcomes in postmenopausal women than less structured conditions.

These findings are consistent with the view that muscle-related adaptation may de-
pend not only on exercise participation but also on the broader lifestyle context in which
physical activity is embedded. In the present study, combining Nordic walking with pro-
tein optimization and structured eating time patterns was associated with more coherent
improvements in muscle strength, physical performance, and lean mass-related measures.

From a practical perspective, this integrated approach may represent a feasible strategy
for supporting muscle health in community-dwelling, postmenopausal women. However,
the present findings should be interpreted within the context of this study’s design. Future
research is needed to examine the long-term sustainability of such interventions and
further clarify the relative contributions of individual components within an integrated
lifestyle framework.
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