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Interval walking training as a
potential contributor to motor
function improvement in adults
with type 2 diabetes mellitus:
a retrospective analysis
Masanori Yamazaki*, Manami Hosokawa, Kohei Kitajima
and Mitsuhisa Komatsu

Division of Diabetes, Endocrinology and Metabolism, Department of Internal Medicine, Shinshu
University School of Medicine, Matsumoto, Japan
Aim: In adults with type 2 diabetes mellitus (T2DM), hyperglycemia and related

complications may impair skeletal muscle mass (SMM) and quality, leading to

reduced motor function. This study aimed to evaluate the effects of interval

walking training (IWT) on three motor function indicators: peak vertical ground

reaction force normalized by body weight (F/w), rate of force development

normalized by body weight (RFD/w), and balance index score (BIS).

Methods: This retrospective analysis utilized data from a previous pilot trial of

IWT. Changes in motor function were assessed using a motor function analyzer,

and factors associated with these changes were identified using multiple linear

regression analysis.

Results: Among 51 adults with T2DM (including 24 aged ≥65 years), IWT

significantly improved F/w (median [IQR]: 1.32 [1.26–1.36] to 1.32 [1.27–1.38]

kgf/kg, p = 0.038), RFD/w (9.50 [8.03–13.12] to 10.2 [9.43–11.00] kgf/s/kg, p =

0.001), and BIS (52.0 [44.5–55.0] to 54.0 [48.0–56.0], p = 0.020). Notably, RFD/w

showed significant improvement in both older (≥65 years: 9.45 [8.25–10.05] to

10.10 [8.80–10.45], p = 0.025) and non-older adults (<65 years: 9.90 [7.75–11.18]

to 10.80 [9.58–11.85], p = 0.005). Baseline muscle quality was associated with

changes in F/w and RFD/w, while increased leg SMMwas linked to improvements

in BIS.

Conclusions: IWT may serve as a potential contributor to improved motor

function in adults with T2DM, particularly when combined with strategies to

maintain or enhance skeletal muscle quality and quantity.
KEYWORDS

type 2 diabetes mellitus, interval walking training, motor function, muscle quality,
muscle mass
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1 Introduction

The increasing number of people with diabetes mellitus (DM)

has become a critical global health issue. In 2021, 537 million adults

aged 20–79 years in 215 countries and territories were estimated to

have DM (1). In particular, with the rapid aging of the population,

the number of older adults with DM increased to 13.9% of those

aged 65 – 69 years in 2019. According to this estimate, the number

of people older than 65 years with DM is projected to reach 195.2

million by 2030 (2).

DM is characterized by chronic hyperglycemic conditions that

cause a high incidence of microangiopathies and atherosclerotic

cardiovascular diseases (3). Musculoskeletal disorders are among

the most common chronic complications of DM. Diabetic

peripheral neuropathy, a major type of diabetic microangiopathy,

has been implicated in the pathogenesis of diabetic muscle

impairment (4). Additionally, hyperglycemia can directly and

negatively affect muscle quality and quantity, leading to

dynapenia, sarcopenia, and frailty. These clinical conditions share

similar pathways with multiple pathological processes (5, 6).

Sarcopenia and frailty can be further exacerbated by established

classical diabetic complications, comorbidities, and various geriatric

conditions, resulting in poor dynamic balance and increased

physical disabilities (4, 5, 7). Muscle weakness resulting from

sarcopenia and frailty often leads to slower movement and gait

instability, which increases the risk of falls and hospitalization.

These complications can diminish activities of daily living, reduce

quality of life, and shorten life expectancy in individuals with DM

(8, 9). Therefore, an effective strategy for addressing muscle health

issues in individuals with DM is warranted.

Exercise is an essential treatment approach for individuals with

DM. Exercise interventions, including both aerobic and resistance

training, help alleviate hyperglycemia, reduce blood pressure, and

improve blood lipid profiles (10). Furthermore, these training

programs can assist individuals with DM in enhancing skeletal

muscle strength and power, as well as improving weight control (11,

12). Balance training has been shown to lower the risk of falls,

especially in older adults with type 2 diabetes mellitus (T2DM) (13).

Based on these benefits, appropriate exercise prescriptions are likely

to prevent skeletal muscle dysfunction and the deterioration of

motor function.

In 1995, the Department of Sports Medical Sciences, Shinshu

University Graduate School of Medicine, devised a unique exercise

training program called ‘interval walking training (IWT)’ (14). The

program includes repeated fast walking at ≥70% of the peak aerobic

capacity (V̇O2 peak) individually estimated by a specially

manufactured triaxial accelerometer JD Mate (Kissei Comtec,

Matsumoto, Japan) and slow walking at ≤40% of the V̇O2 peak,

alternately for 3 minutes each, 5–10 sets per day, and ≥4 days per

week. Previous studies involving middle-aged and older individuals

demonstrated that IWT effectively increased physical fitness, as

evidenced by an increased V̇O2 peak, and reduced lifestyle-related

risk factors, including elevated blood glucose levels, blood pressure,

body mass index (BMI), and body fat percentage, along with lower
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levels of blood high-density lipoprotein cholesterol (HDL-C) (14–

16). IWT has also been shown to be effective in improving thigh

muscle strength (15, 16). In adults with T2DM, IWT produced

excellent results in improving physical fitness, body composition,

and glycemic control, with high training adherence (17). However,

these previous studies (15–17) did not adequately address the

impact of IWT on not only muscle strength but also fundamental

motor functions, including body stability during standing

and moving, instantaneous force, and balance, in individuals

with T2DM.

We hypothesized that IWT contributes positively to muscular

endurance and neuromuscular function, providing benefits to

adults with T2DM who are at risk for muscle impairment. This

study aimed to evaluate the effectiveness of IWT in enhancing

fundamental motor function. Additionally, it sought to identify

physical and metabolic factors associated with improvements in

motor functions among adults with T2DM.
2 Materials and methods

2.1 Study design and subjects

This study was retrospectively performed using data from a pilot

intervention trial to evaluate the applicability of IWT as exercise

therapy, the details of which have already been described (18). Briefly,

the trial included 51 adults with T2DMwho participated in a 20-week

IWT program, aiming to train onmore than four days per week, from

September 2019 to May 2020. The inclusion criteria were: 1) a

diagnosis of T2DM; 2) age between 20 and 80 years; 3) glycated

hemoglobin (HbA1c) levels between 6.5 and 10.0%; 4) BMI between

20 and 34 kg/m2; and 5) the ability to perform exercise therapy in

accordance with the regimen. The exclusion criteria included

individuals with: 1) pre-proliferative or proliferative diabetic

retinopathy; 2) diabetic nephropathy with macroalbuminuria (≥

300 mg/gCre urinary albumin excretion); 3) an estimated

glomerular filtration rate (eGFR), calculated by serum creatinine,

≤30 mL/min/1.73 m2; 4) preexisting coronary heart diseases or

stroke; 5) pregnancy or lactation; or 6) any condition deemed

inappropriate by the attending physician. The weekly target for fast

walking time was set at ≥60 minutes. The intensity of fast walking was

individually monitored using JD Mate devices to ensure it was

performed at ≥70% of V̇O2 peak. Training data collected by the JD

Mate devices were transmitted to a central server via the internet. At

each follow-up visit, participants received personalized exercise

guidance through a remote individualized exercise prescription

system, which provided detailed feedback on the previous two

weeks of training and encouraged continued adherence. All

participants completed the intervention. Individuals with motor

function data both before and after the training were included in

this analysis. This study was approved by the Institutional Review

Board of the Shinshu University School of Medicine in accordance

with the Declaration of Helsinki. Written informed consent was not

required for this retrospective, single-site study.
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2.2 Motor function and body composition
analysis

Lower extremity motor function during the sit-to-stand

movement was assessed using a motor function analyzer, zaRitz®

BT-220 (Tanita Corp., Tokyo, Japan), with a sampling frequency of

80 Hz. The assessment included measurements of peak vertical

ground reaction force (GRF) (kgf) normalized by body weight (kg)

(F/w); rate of force development (RFD) (kgf/s) normalized by body

weight (kg) (RFD/w); and the balance index score (BIS). The BIS

was calculated as the T-score of lateral load sway divided by the

change in vertical load per second at the point of maximal RFD over

87.5 ms, normalized by body weight (kg) (Figure 1). In this analysis,

the older units, kgf/kg and kgf/s/kg, were used for F/w and RFD/w,

respectively, instead of the international system of units,

Newton (N)/kg and N/s/kg, respectively. Previous studies have

demonstrated that F/w, RFD/w, and BIS are correlated with

handgrip strength, Timed Up & Go Test time, and single-leg

standing time (19, 20). A higher BIS indicates greater movement

amplitude and increased postural instability.

Participants were instructed to sit on a chair approximately 40

cm in height and stand up as quickly as possible. To standardize the

assessment across participants, the starting position required a

natural seated posture with the knees flexed at approximately 90°

and feet placed on designated footprint markings on the analyzer

platform, as initial foot placement can influence sit-to-stand

performance. To eliminate the use of upper body momentum,

participants were required to cross their arms over their chests

and refrain from swinging their arms or using their hands to push

off the chair.

A body composition analyzer (MC-780-A; Tanita Corp., Tokyo,

Japan), employing bioelectrical impedance analysis, was used to

evaluate total body fat mass, body fat percentage (total body fat

mass normalized by body weight), skeletal muscle mass (SMM),

skeletal muscle mass index (SMI) (appendicular skeletal muscle

mass divided by the square of height), and a manufacturer-defined

muscle mass quality score. The muscle mass quality score, ranging

from 0 to 100, is calculated based on the ratio of muscle tissue cross-

sectional area to total muscle cross-sectional area, derived from the
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electrical resistance of low- and high-frequency currents. Data on

appendicular fat mass were unavailable.
2.3 Data collection

The following information, before and after IWT, was extracted

from electronic medical records: age, duration of DM, existing

diabetic complications, blood glucose-lowering prescriptions,

height, weight, body composition, blood pressure, HbA1c, low-

density lipoprotein cholesterol (LDL-C), HDL-C, triglycerides

(TG), estimated glomerular filtration rate (eGFR), urinary

albumin excretion rate (UACR), and motor function. BMI was

calculated using height and weight. eGFR was determined using the

Chronic Kidney Disease (CKD) Epidemiology Collaboration

equation for Japanese individuals (21). Delta (D) was defined as

the difference between the values after and before IWT.
2.4 Statistical analysis

No statistical sample size calculation was conducted. However,

the actual sample size of 51 participants yielded a post hoc statistical

power of 37.2% for F/w, 80.0% for RFD/w, and 50.6% for BIS to

detect mean differences of 0.021 kgf/kg, 0.70 kgf/s/kg, and 2.2,

respectively. These calculations were based on common standard

deviations of 0.0089 kgf/kg, 0.174 kgf/s/kg, 0.78, respectively, using

a paired two-sample t-test with a two-sided significance level

of p < 0.05 to assess changes from baseline in each motor

function parameter.

To identify factors associated with motor function improvement,

participants were divided into two groups, based on whether or not

they demonstrated increased function in each motor parameter. The

term “improved group” referred to participants whose post-training

measurements exceeded their corresponding pre-training values for a

given motor function. Conversely, the “unimproved group” referred

to participants whose post-training value was equal to or lower than

the pre-training values.

Data are expressed as medians (interquartile range, IQR).

Differences in measurement values before and after IWT were

tested using the Wilcoxon signed-rank sum test (two-sided). The

Mann-Whitney U test was used for group comparisons. Categorical

values were compared using the c2 test. Spearman’s rank correlation

and univariate analyses were performed to assess the relationships

between physical and biochemical continuous variables and

changes in motor function before and after training. Stepwise

multiple linear regression analysis was also conducted to identify

independent factors associated with changes in each motor function

indicator. All analyses were performed using StatFlex software

(version 7.0; Arteck Inc., Osaka, Japan) or EZR software (version

1.68, Saitama Medical Center, Jichi Medical University, Saitama,

Japan), a graphical user interface for R (The R Foundation for

Statistical Computing, Vienna, Austria) (22). A p-value of <0.05 was

considered statistically significant.
FIGURE 1

Definition of estimated motor functions during a stand-up motion.
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3 Results

3.1 Demographics of participants

The baseline characteristics of the study participants are

summarized in Table 1. Among the 51 individuals who

underwent the IWT, 24 (47.1%) were older adults (≥65 years, as

defined by the World Health Organization), and the majority were

male (29 individuals, 56.9%). The median age was 62.0 years (IQR,

54.0–72.8), and the median duration of DM was16 years (IQR, 10–
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23). Almost half of the candidates had diabetic neuropathy, with a

significant higher prevalence observed in the older age group

compared to the non-older (<65 years) age group (69.6 vs 26.9%,

p = 0.003). The most prescribed antihyperglycemic agent was

biguanide (metformin) (62.8%), followed by dipeptidyl peptidase

4 inhibitors (51.0%). Angiotensin-II receptor blockers and statins

were administered to more than half of the participants.

The median BMI and total time spent on fast walking were

26.4 kg/m2 (IQR 24.1–29.3) and 1022.0 min (IQR 590.3–

1643.5), respectively.
TABLE 1 Participant demographics.

Characteristics Overall group (N = 51) Older age group (N = 24) Non-older age group (N = 27) p†

Age, years 62.0 (54.0–72.8) 73.0 (70.0–75.5) 54.0 (51.3–59.0) <0.001

Male sex 29 (56.9) 17 (70.8) 35 (44.4) 0.058

Duration of DM, y 16 (10–23) 13.3 (13–25) 6.0 (6–18) 0.006

Current smoking habit 2 (4.0) 0 (0) 2 (7.4) 0.18

Current drinking habit 33 (64.7) 16 (66.7) 17 (63.0) 0.78

Diabetic neuropathy 23 (45.1) 16 (69.6) 7 (26.9) 0.003*

Use of hypoglycemic agents

Glinides 3 (5.9) 2 (8.3) 1 (3.7) 0.46

Sulfonylureas 17 (33.3) 11 (45.8) 6 (22.2) 0.074

Biguanides 32 (62.8) 17 (70.8) 15 (55.6) 0.26

a-glucosidase inhibitors 10 (19.6) 6 (25.0) 4 (14.8) 0.29

Thiazolidine derivatives 1 (2.0) 1 (4.2) 0 (0) 0.47

DPP-4 inhibitors 26 (51.0) 14 (58.3) 12 (44.4) 0.32

SGLT 2 inhibitors 19 (37.3) 9 (37.5) 11 (40.7) 0.81

GLP-1 receptor agonists 13 (25.5) 8 (33.3) 5 (18.5) 0.23

Insulin 14 (27.5) 8 (33.3) 5 (18.5) 0.23

Use of anti-hypertensive agents

Angiotensin-II receptor blockers 29 (56.9) 14 (58.3) 15 (55.6) 0.84

Calcium antagonists 22 (43.1) 10 (41.7) 12 (44.4) 0.84

a and b dual receptor blockers 5 (9.8) 2 (8.3) 3 (11.1) 0.56

Diuretics 6 (11.8) 2 (8.3) 4 (14.8) 0.39

Use of lipid-lowering agents

Statins 25 (49.0) 12 (50.0) 13 (48.1) 0.89

Fibrates 2 (3.9) 0 (0) 2 (7.4) 0.28

SCAI 3 (5.9) 0 (0) 3 (11.1) 0.14

Eicosapentaenoic acid 1 (2.0) 0 (0) 1 (3.7) 0.52

Body mass index, kg/m2 26.4 (24.1–29.3) 24.4 (23.8–26.6) 28.2 (26.0–31.0) 0.002*

Total fast walking time, min 1022.0 (590.3–1643.5) 905.5 (581.0–1445.5) 1071.0 (606.5–1663.5) 0.62
frontie
Continuous variables are presented as median (interquartile range). Categorial variables presented as n (%). *Statistically significant (p <0.05) according to the Mann-Whitney U test.
† Comparison between the groups aged ≥65 y and <65 y. DM, diabetes mellitus; DPP-4, dipeptidyl peptidase-4; SGLT2, sodium-glucose cotransporter 2; GLP-1: glucagon-like peptide-1; SCAI,
selective cholesterol absorption inhibitor.
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3.2 Influence of IWT on physical and
metabolic parameters

The IWT-induced changes in physical parameters are presented

in Table 2 (overall group) and Supplementary Table 2 (older vs.

non-older adult age groups). Overall, body weight tended to

increase 68.1 (IQR, 64.1–80.7) to 69.2 (IQR, 64.8–79.7) kg (p =

0.19). Total body fat mass significantly decreased from 22.4 (IQR,

16.5–29.0) to 22.2 (IQR, 16.8–28.0) kg (p = 0.016). Meanwhile, a

slight increase in body fat percentage was observed from 31.1%

(IQR, 22.5–39.5%) to 31.3% (IQR, 24.8–39.5%) (p = 0.029). These

significant changes were also observed in both age groups. In older

participants, total body fat mass decreased from 18.4 (IQR, 16.5–

23.1) to 17.4 (IQR, 15.0–23.2) kg (p = 0.016), while body fat

percentage increased from 26.7% (IQR, 23.4–36.6%) to 26.9%

(IQR, 24.0–34.8%) (p = 0.029). In non-older participants, total

body fat mass decreased from 26.2 (IQR, 21.4–32.5) to 25.2 (IQR,

15.0–23.2) (p = 0.003), and body fat percentage increased from

36.9% (IQR, 29.8–42.3%) to 37.1% (IQR, 26.4–41.5%) (p = 0.001).

The muscle quality score increased from 51.0 (IQR, 41.0–63.8) to

55.0 (IQR 42.5–64.8) (p = 0.051). Regarding laboratory data, serum

HDL-C significantly increased from 55.0 (IQR, 44.3–61.0 mg/dL) to

57.0 (IQR, 48.0–65.0) mg/dL overall (p = 0.014) and 54.0 (IQR,

44.5– 61.0) to 58.0 (IQR, 50.0–65.0) in the non-older age group
Frontiers in Endocrinology 05
(p = 0.012). In contrast, both LDL-C and casual triglyceride levels

remained unchanged. HbA1c levels increased from 7.10% (IQR,

6.83–7.70%) to 7.30% (IQR, 7.00–7.78%) overall (p = 0.055).
3.3 Enhancement of F/w, RFD/w, and BIS
score through IWT

We first examined IWT-induced changes in each motor function.

The median (IQR) of F/w before and after IWT were 1.32 (1.26–1.36)

and 1.32 (1.27–1.38) kgf/kg, respectively. This difference was

statistically significant (p = 0.038). IWT also increased RFD/w from

9.50 (8.03–13.12) to 10.2 (9.43–11.00) kgf/s/kg (p = 0.001) and

improved BIS from 52.0 (44.5–55.0) to 54.0 (48.0–56.0) (p = 0.020)

(Figure 2). In both older and non-older age groups, IWT increased

RFD/w (older age group: 9.45 [8.25–10.05] to 10.10 [8.80–10.45] kgf/

s/kg, p = 0.025; non-older age group: 9.90 [7.75–11.18] to 10.80 [9.58–

11.85] kgf/s/kg, p = 0.005). However, it did not significantly affect F/w

(older age group: 1.31 [1.25–1.35] to 1.29 [1.24–1.37] kgf/kg, p =

0.198; non-older age group: 1.33 [1.26–1.37] to 1.33 [1.29–1.40] kgf/

kg, p = 0.055) or BIS (older age group: 47.5 [40.5–53.5] to 49.5 [46.5–

54.5], p = 0.068; non-older age group: 54.0 [51.0–59.7] to 56.0 [52.0–

57.0] (p = 0.085) (Figure 3). These data indicate that IWT has the

potential to enhance motor functions such as F/w, RFD/w, and BIS.
TABLE 2 Changes in anthropometric measurements and laboratory data induced by interval walking training in the overall group (N = 51).

Characteristics Pre-IWT Post-IWT Difference p

Weight, kg 68.1 (64.1–80.7) 69.2 (64.8–79.7) 1.1 0.19

Total body fat mass, kg 22.4 (16.5–29.0) 22.2 (16.8–28.0) -0.2 0.016*

Body fat percentage, % 31.1 (25.5–39.5) 31.3 (24.8–39.5) 0.2 0.029*

Muscle quality score 51.0 (41.0–63.8) 55.0 (42.5–64.8) 0.4 0.051

SMI, kg/m2 7.80 (7.10–8.40) 7.80 (7.13–8.70) 0 0.15

SMM

Whole body, kg 46.7 (38.1–49.9) 46.1 (38.3–50.5) -0.6 0.46

Trunk, kg 25.6 (20.2–27.4) 25.4 (20.1–27.4) -0.2 0.80

Left leg, kg 8.2 (7.0–9.1) 8.1 (7.0–9.1) -0.1 0.58

Right leg, kg 8.0 (6.9–9.1) 8.2 (6.9–9.2) 0.2 0.37

Systolic blood pressure, mmHg 123.0 (112.3–130.8) 122.0 (116.0–130.0) -1.0 0.56

Diastolic blood pressure, mmHg 76.0 (70.0–81.8) 78.0 (68.5–82.0) 2.0 0.33

HbA1c, % 7.10 (6.83–7.70) 7.30 (7.00–7.78) 0.20 0.055

eGFR, mL/min/1.73 m2 67.0 (58.0–79.0) 66.0 (55.3–74.0) -0.1 0.26

LDL-C, mg/dL 98.0 (83.3–114.0) 104.0 (90.3–122.5) 6.0 0.16

HDL-C, mg/dL 55.0 (44.3–61.0) 57.0 (48.0–65.0) 2.0 0.014*

Casual triglycerides, mg/dL 141.0 (103.5–180.5) 146.0 (94.8–184.3) 5.0 0.14

UACR, mg/gCre 18.0 (8.0–41.8) 17.0 (8.0–43.0) -1.0 0.52
Each value is represented as median (interquartile range). *Statistically significant (p <0.05) according to the Wilcoxon signed-rank sum test (two-sided). SMI, skeletal muscle index; SMM,
skeletal muscle mass; eGFR, estimated glomerular filtration rate; LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol; UACR, urinary albumin
creatinine ratio.
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FIGURE 3

Change in motor functions induced by interval walking training in older and non-older age groups. Statical significance was determined using the
Wilcoxon signed-rank sum test. In each box plot, the horizontal line within the box represents the median; the box extends from the 25th to the
75th percentile (interquartile, IQR); the vertical lines (whiskers) indicate adjacent values, defined as the most extreme values within 1.5 × IQR from the
25th and 75th percentiles; and dots represent outliers beyond the adjacent values.
FIGURE 2

Change in motor functions following interval walking training in the overall group. Statical significance was determined using the Wilcoxon signed-
rank sum test. In each box plot, the horizontal line within the box represents the median; the box extends from the 25th to the 75th percentile
(interquartile, IQR); the vertical lines (whiskers) indicate adjacent values, defined as the most extreme values within 1.5 × IQR from the 25th and 75th
percentiles; and dots represent outliers beyond the adjacent values.
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3.4 Comparison between the groups with
and without F/w, RFD/w, and BIS

To identify significant factors related to motor function

improvement, participants were divided into two groups: those

with and those without improvements in each motor function, and

their baseline characteristics and IWT-induced changes were

compared. The results are shown in Supplementary Table 2, and

the main differences are listed in Table 3. The F/w-improved group

was less frequently treated with biguanides (48.0% vs. 76.9%, p =

0.033), insulin (12.0% vs. 38.5%, p = 0.030), and a- and b- dual
receptor blockers (0 vs. 15.4%, p = 0.041). Additionally, the

improved group had higher systolic blood pressure (128.0 vs.

120.0 mmHg, p = 0.020) and higher HDL-C levels (58.0 vs. 47.5

mg/dL, p = 0.025). Those who experienced improvement in BIS

used fewer glinides (0% vs. 14.3%, p = 0.032) and had greater D SMI

(0.10 vs. -0.10 kg/m2, p = 0.047) and D SMM in the right leg (0.10 vs.

-0.10 kg, p = 0.036), in addition to a lower eGFR (65.0 vs. 71.0 mL/
Frontiers in Endocrinology 07
min/1.73 m2, p = 0.030). The analysis found no significant factors

affecting RFD/w.
3.5 Significant factors related to IWT-
induced changes in F/w, RFD/w, and BIS

Next, we performed a univariate analysis to identify specific factors

associated with changes in motor function. The results are shown in

Table 4. D F/w was weakly positively correlated with the baseline

muscle quality score (r = 0.374, p = 0.007), systolic blood pressure (r =
0.394, p = 0.004), HDL-C (r = 0.309, p = 0.027), and F/w (r = -0.307, p

= 0.028). Moreover, D F/w had a strong correlation with D RFD/w (r =
0.729, p <0.001). D RFD/w exhibited a weak correlation with baseline

values of total body fat mass (r = 0.305, p = 0.030), F/w (r = -0.308, p =

0.028), and RFD/w (r = -0.386, p = 0.005). D BIS was weakly associated

with a greater D SMM in the right leg (r = 0.324, p = 0.020) and

strongly associated with a lower baseline BIS (r = -0.648, p <0.001).
TABLE 3 Main differences in baseline characteristics and interval walking training-induced changes between groups with and without motor
function improvements.

Motor function/characteristics Improved group Unimproved group p

F/w

N 25 26

Biguanide 12 (48.0) 20 (76.9) 0.033*

Insulin 3 (12.0) 10 (38.5%) 0.030*

Calcium antagonists 7 (28.0) 14 (53.8) 0.061

a- and b- dual receptor blockers 0 (0) 4 (15.4) 0.041*

Systolic blood pressure, mmHg 128.0 (117.0–197.3) 120.0 (110.0–125.0) 0.020*

HDL-C, mg/dL 58.0 (49.0–64.5) 47.5 (46.0–57.0) 0.025*

Muscle quality score 58.0 (46.5–67.5) 47.5 (41.0–58.0) 0.051

RFD/w

N 33 18

Body fat percentage, % 33.7 (27.0–42.3) 29.9 (25.0–36.3) 0.073

BIS

N 30 21

Glinides 0 (0) 3 (14.3) 0.032*

eGFR, mL/min/1.73 m2 65.0 (53.0–71.0) 71.0 (64.0–80.0) 0.030*

D Weight 0.05 (-1.2–1.6) -0.80 (-2.3–0.2) 0.060

D BMI, kg/m2 0 (-0.4–0.5) -0.30 (-0.9–0.1) 0.067

D SMI, kg/m2 0.10 (-0.10–0.40) -0.10 (-0.13–0.13) 0.047*

D SMM in the left leg, kg 0.10 (-0.2–0.4) -0.10 (-0.3–0.2) 0.077

D SMM in the right leg, kg 0.10 (-0.1–60.4) -0.10 (-0.2–0) 0.036*
Delta (D) represents the subtraction of pre-IWT value from post-IWT value of each item. *Statistically significant (p <0.05). F/w, the maximum ground reaction force based on weight; HDL-C,
high density lipoprotein cholesterol; RFD/w, rate of force development based on weight; BIS, balance index score, BMI, body mass index; SMI, skeletal muscle index; SMM, skeletal muscle mass;
eGFR, estimated glomerular filtration rate.
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TABLE 4 Significant factors associated with change in motor function in the overall group (N = 51).

Independent variables D F/w, kgf/kg D RFD/w, kgf/s/kg D BIS

r p r p r p

Age, years -0.061 0.67 -0.165 0.25 0.124 0.39

Duration of DM, years -0.105 0.47 -0.159 0.27 -0.137 0.34

Total fast walking time, min -0.032 0.83 -0.021 0.89 0.263 0.062

Weight, kg 0.042 0.77 0.192 0.18 -0.046 0.75

D weight, kg -0.007 0.96 0.008 0.95 0.263 0.062

BMI, kg/m2 0.118 0.41 0.233 0.10 -0.197 0.17

Total body fat mass, kg 0.146 0.31 0.305 0.030* -0.156 0.28

D total body fat mass, kg 0.067 0.64 -0.021 0.88 -0.039 0.79

Body fat percentage, % 0.151 0.29 0.286 0.042* -0.194 0.17

D body fat percentage, % 0.100 0.48 0.001 0.99 -0.156 0.28

Muscle quality score, points 0.374 0.007* 0.274 0.052 0.019 0.90

D muscle quality score, points -0.063 0.66 0.066 0.64 0.026 0.86

SMI, kg/m2 -0.019 0.89 -0.037 0.79 0.063 0.66

D SMI, kg/m2 0.064 0.66 0.112 0.43 0.281 0.046*

SMM

Whole body, kg -0.079 0.58 -0.129 0.37 0.172 0.23

D whole body, kg 0.074 0.60 0.176 0.22 0.233 0.10

Trunk, kg -0.062 0.66 -0.144 0.31 0.142 0.32

D trunk, kg 0.119 0.41 0.224 0.11 0.118 0.41

Left leg, kg -0.007 0.96 -0.024 0.87 0.196 0.25

D Left leg, kg 0.053 0.71 0.090 0.53 0.244 0.084

Right leg, kg -0.015 0.91 -0.033 0.82 0.163 0.25

D right leg, kg 0.050 0.73 0.117 0.42 0.324 0.020*

Systolic blood pressure, mmHg 0.394 0.004* 0.253 0.073 0.016 0.91

D systolic blood pressure, mmHg -0.096 0.50 -0.168 0.23 0.041 0.78

Diastolic blood pressure, mmHg 0.222 0.12 0.081 0.57 0.100 0.49

D diastolic blood pressure, mmHg -0.207 0.14 -0.148 0.30 0.071 0.62

HbA1c, % -0.007 0.96 -0.037 0.80 -0.047 0.75

D HbA1c, % 0.287 0.041* 0.130 0.36 0.082 0.57

eGFR, mL/min/1.73 m2 0.015 0.91 0.036 0.80 -0.357 0.24

D eGFR, mL/min/1.73 m2 0.117 0.41 0.117 0.41 0.069 0.63

LDL-C, mg/dL 0.051 0.72 -0.002 0.99 -0.169 0.24

D LDL-C, mg/dL 0.264 0.061 0.202 0.16 0.078 0.58

HDL-C, mg/dL 0.309 0.027* 0.132 0.36 -0.189 0.18

D HDL-C, mg/dL -0.144 0.31 -0.145 0.31 0.089 0.58

Casual triglyceride, mg/dL -0.040 0.78 0.076 0.60 -0.040 0.78

D casual triglyceride, mg/dL 0.010 0.94 0.006 0.97 -0.087 0.54

(Continued)
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Among the entire analytical data for older or non-older adults

shown in Supplementary Table 3, several correlations were

observed. In older adults, D F/w was moderately correlated with

baseline systolic blood pressure (r = 0.548, p = 0.006) and D RFD/w

(r = 0.607, p = 0.002). D RFD/w showed a weak correlation with D
HDL-C (r = -0.448, p = 0.028) and a moderate correlation with

baseline RFD/w (r = -0.414, p = 0.044). D BIS exhibited correlations

with multiple variables, including duration of DM (r = -0.455, p =

0.029), D weight (r = 0.434, p = 0.034), and baseline values such as

SMMs in the whole body (r = 0.461, p = 0.023), left leg (r = 0.491, p

= 0.015), and right leg (r = 0.445, p = 0.029), as well as eGFR (r =

-0.439, p = 0.032) and LDL-C (r = -0.407, p = 0.049). Meanwhile, in

non-older adults, D F/w was associated with higher baseline values

of body fat percentage (r = 0.408, p = 0.035), muscle quality score (r
= 0.638, p <0.001), and DHDL-C (r = 0.398, p = 0.040). Delta RFD/

w was correlated with age (r = -0.381, p = 0.049), baseline BMI (r =

0.423, p = 0.028), total body fat mass (r = 0.457, p = 0.017), body fat

percentage (r = 0.442, p = 0.021), and muscle quality score (r =

0.514, p = 0.006). Factors related to D BIS were D SMI (r = 0.348, p

= 0.075) and DSMM in the right leg (r = 0.408, p = 0.035).

For all participants, multiple linear regression analysis identified

the following independent factors influencing each motor function:

baseline systolic blood pressure (b = 0.002, p = 0.006), muscle

quality score (b = 0.002, p = 0.003), and F/w (b = -0.233, p = 0.029)

for D F/w; baseline muscle quality score (b = 0.042, p = 0.006), RFD/

w (b = 0.575, p < 0.001), and BIS (b = 0.052, p = 0.031) for D RFD/w;

and baseline eGFR (b = -0.134, p = 0.023), BIS (b = 0.453, p <

0.001), and D SMM in the right leg (b = 5.090, p = 0.048) for D
BIS (Table 5).
4 Discussion

This study demonstrated that IWT enhanced three motor

function indicators: F/w, RFD/w, and BIS. In both older and non-

older age groups, IWT significantly improved RFD/w. Although F/

w and BIS also exhibited an upward trend in both age groups, these
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changes did not reach statistical significance. To the best of our

knowledge, this is the first study to report improvements in

fundamental motor function induced by IWT.

In this study, IWT resulted in a significant improvement in F/w

in the overall group; however, no significant changes were observed

between the older and non-older age groups. This statistical

discrepancy may be attributed to the smaller sample size within

each subgroup. Previous studies have indicated that F/w reflects

dynamic strength and power in the lower limbs (23, 24), with results

comparable to or even exceeding those of the five-times STS test

(24). In particular, a decline in F/w among older adults can lead to

impaired balance due to muscle weakness, thereby increasing the

risk of future falls (25, 26). Kera et al. (25) also found that reduced

skeletal muscle strength associated with sarcopenia could be

detected by identifying a lower power function, even without

directly measuring skeletal muscle mass. This highlights muscle

strength as a key factor in functional improvement. Muscle quality,

often assessed by muscle density (i.e., the ratio of muscle mass to its

volume), is also crucial for generating muscle strength. This is

supported by findings from a cross-sectional study of 316

volunteers aged 59–85 years, in which muscle density showed a

stronger association with muscle strength and physical

performance, as assessed by the Timed Up and Go Test, than

with muscle size (27). The importance of exercise training is further

supported by evidence that continuous exercise improves muscle

contraction dysfunction caused by impaired Ca2+ flux in skeletal

muscles. This may lead to enhanced muscle quality and strength in

the db/db mouse model of T2DM (28).

Baseline systolic blood pressure, muscle quality score, and F/w

were markedly associated with increases in F/w in this study. This

finding suggests that individuals with a lower baseline F/w may

suggest greater improvements in F/w through IWT. The influence

of blood pressure on F/w is considered to be mediated through its

effect on muscle strength and quality. However, the mechanisms by

which blood pressure affects muscle strength and quality are

complex. Blachard et al. (29) reported that middle-aged,

overweight adults in the early stages of hypertension, including
TABLE 4 Continued

Independent variables D F/w, kgf/kg D RFD/w, kgf/s/kg D BIS

r p r p r p

UACR, mg/gCre 0.066 0.65 0.039 0.79 -0.019 0.90

D UACR, mg/gCre 0.065 0.67 0.001 1.0 -0.077 0.61

F/w -0.307 0.028* -0.308 0.028* -0.045 0.76

RFD/w -0.182 0.201 -0.386 0.005* -0.080 0.58

D RFD/w 0.729 <0.001* ― ― ― ―

BIS 0.022 0.88 0.179 0.209 -0.648 <0.001*

D BIS 0.080 0.58 -0.048 0.74 ― ―
Delta (D) represents the subtraction of pre-IWT value from post-IWT value of each item. *Statistically significant (p <0.05) according to the Spearman’s rank correlation. F/w, the maximum
ground reaction force based on weight; RFD/w, rate of force development based on weight; BIS, balance index score; DM, diabetes mellitus; BMI, body mass index; HDL-C, high density
lipoprotein cholesterol; eGFR, estimated glomerular filtration rate; SMI, skeletal muscle index; SMM, skeletal muscle mass; UACR, urinary albumin creatinine ratio.
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systolic hypertension, exhibited greater muscle strength than those

with normal blood pressure. This may be due to physical

adaptations involving a shift in muscle fiber composition from

Type I to Type IIb/x and a transition from oxidative to glycolytic

metabolism. Similarly, Laddu et al. (30) found that higher grip

strength was associated with higher systolic and diastolic blood

pressure in older women. In contrast, Bai et al. (31) reported that

muscle quality—defined as handgrip strength divided by lean soft

tissue mass of the dominant arm—was negatively associated with

hypertension prevalence and systolic blood pressure in adults aged

20−59 years. These findings suggest that the effect of blood pressure

on muscle strength and quality may vary depending on

characteristics of the study population, including age, sex, and the

stages of hypertension. Our findings regarding the factors

associated with increased F/w indicate that improvements in

muscle strength may be strongly influenced by baseline muscle

quality and strength. Therefore, in cases where conditions that

impair muscle quality and strength—such as hyperglycemia (32)

and malnutrition (33)—are present, addressing these underlying

issues should be prioritized to facilitate improvement.

This study also demonstrated that IWT led to an improvement in

RFD/w. The exact mechanism underlying this improvement remains

unclear. One possible explanation is that increased lower limb strength

may contribute to enhanced RFD. RFD, the primary component of

RFD/w, is derived from the ascending part of the force-time curve of an

explosive contraction, either as a mean time-locked value or as the

maximal force-to-time ratio. RFD is considered more sensitive than

maximal voluntary contraction force in detecting physiological changes
Frontiers in Endocrinology 10
induced by aging, immobilization, disuse, strength training, and

rehabilitation (34). Moreover, RFD is influenced by both neuronal

factors (such as neuronal drive, including motor unit firing rates) and

muscular factors, including muscle fiber composition, stiffness of

connective tissues including tendons, active cross-sectional area of

muscles, and fast skeletal muscle contraction velocity (35, 36). Previous

studies have reported that adults with DM exhibited increased Achilles

tendon stiffness (37, 38), which may negatively affect walking

performance. Considering these factors, the observed increase in

peak GRF, as reflected by higher F/w, may be closely associated with

enhanced lower limb strength, which in turn contributes to increased

RFD/w.

In this study, baseline muscle quality score, RFD/w, and BIS

were identified as significant positive factors for an increase in D
RFD/w. This finding suggests that maintaining pre-IWT muscle

quality, along with RFD/w and balance function, may be crucial for

enhancing RFD/w through improved lower limb strength, which

contributes to increases in F/w.

Maintaining better balance is essential for preventing falls and

musculoskeletal injuries caused by unexpected shifts in the center of

gravity, especially in the daily lives of older adults, with or without

DM (39). This study revealed that BIS considerably improved

through IWT in all participants, but not within each age group.

Although this statistical discrepancy may be due to the smaller

sample size in each group, IWT appears to have a greater tendency

to enhance the balance in both groups.

The IWT-induced improvement in BIS was strongly associated

not only with a higher baseline BIS but also with a lower baseline
TABLE 5 Independent factors associated with interval walking training-induced change in motor function.

Motor function Variables b SE t p

D F/w† Age 1.92 × 10-4 9.12 × 10-4 0.211 0.83

Sex (female) -0.001 0.019 -0.359 0.70

Systolic blood pressure 0.002 6.32 × 10-4 2.869 0.006*

Muscle quality score 0.002 7.83 × 10-4 3.188 0.003*

F/w -0.233 0.103 -2.252 0.029*

DRFD/w‡ Age 0.017 0.018 0.957 0.34

Sex (female) 0.135 0.355 0.382 0.70

Muscle quality score 0.042 0.015 2.862 0.006*

RFD/w 0.575 0.093 6.156 < 0.001*

BIS 0.052 0.023 2.228 0.031*

DBIS§ Age -0.124 0.091 -1.367 0.179

Sex (female) -1.723 1.732 -0.995 0.325

eGFR -0.134 0.057 -2.362 0.023

D SMM in the right leg 5.090 2.505 2.032 0.048*

BIS 0.453 0.118 -3.824 < 0.001*
Delta (D) represents the subtraction of pre-IWT value from post-IWT value of each item. *Statistically significant (p <0.05) based on multiple linear regression analysis using the step-wise
method. †Adjusted R2 = 0.35. ‡Adjusted R2 = 0.38. §Adjusted R2 = 0.41. F/w, the maximum ground reaction force based on weight; RFD/w, rate of force development based on weight; BIS, balance
index score; BMI, body mass index; BMI, body mass index; HDL-C, high density lipoprotein cholesterol; eGFR, estimated glomerular filtration rate; SMI, skeletal muscle index; SMM, skeletal
muscle mass; UACR, urinary albumin creatinine ratio.
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eGFR and enhanced SMM in the right leg. Our findings regarding

the relationship between BIS and eGFR did not support previous

reports suggesting that impaired renal function can lead to a decline

in motor function including balance function (40, 41). Given the

fact that serum creatinine levels are positively correlated with SMI

(42), this discrepancy may be attributed to an elevation in serum

creatinine levels induced by an increase in SMI. The growth and

maintenance of SMM are also significantly important for improving

balance function, as a cross-sectional study of 802 volunteers

demonstrated a positive association between balance function and

SMM (43). In fact, the present study showed that participants who

exhibited an improvement in BIS experienced a greater increase in

D SMI than those who did not. Additionally, a correlation was

observed between an increase in SMM in the right leg, possibly the

dominant foot, and the enhancement of BIS. Based on the results of

the univariate analysis, this finding may be largely attributed to

changes in SMM in the right leg among non-older adults. However,

the influence of leg dominance on increases in SMM and balance

function remains unclear in this study. Among individuals without

specific conditions, such as athletes engaged in specific sports (44),

differences in muscle mass between the dominant and non-

dominant lower limbs have not been clearly established.

Furthermore, a systematic review and meta-analysis reported that

leg dominance does not significantly influence balance performance

(45). Therefore, further research is necessary to elucidate the

underlying mechanism of this phenomenon. To effectively

support and maintain SMM for improved balance function, a

combination of adequate protein supplementation and consistent

resistance exercise training is strongly recommended (46).

The effect of IWT on glycometabolic profiles has been

investigated in the pilot intervention trial linked to this study

(18). The trial report indicated that IWT considerably increased

serum HDL levels, while it did not improve HbA1c levels. The

report suggested that the lack of improvement in HbA1c levels

could be attributed to: 1) unregulated changes in the dosage of

hypoglycemic agents and 2) seasonal fluctuations in blood glucose

levels, which tend to be higher during the winter months at the trial

site due to lower ambient temperatures.

A key strength of this study is its examination of the beneficial

effects of IWT on fundamental motor function parameters in adults

with T2DM. The findings from this study provide valuable evidence

supporting the potential of IWT as an exercise therapy to help

maintain motor function in individuals with T2DM. However, this

study has some limitations. First, the study was conducted with a

small sample size, which made it difficult to sufficiently identify

motor-function-enhancing factors across the different age groups.

Second, this study lacked a control group, which may have limited the

ability to draw causal inferences. Third, this study was conducted as a

retrospective study, which may have introduced potential selection

biases and limited the ability to establish a clear causal relationship.

Additionally, potential cofounding factors—such as actual daily

physical activity levels, dietary habits, and changes in medication

use that may affect muscle condition and function—could not be

accounted for in the analysis due to the unavailability of detailed
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personal data. However, according to a report of the trial related to

this study (18), there was no difference in daily energy intake or basal

physical activity energy expenditure before and after the training,

evaluated by brief-type self-administered diet history questionnaire

(BDHQ) and measurement system JD mate (47). Taken together,

future large-scale, multicenter, international randomized controlled

trials are warranted to validate our findings and establish causality.

Fourth, bioelectrical impedance analysis (BIA) may have limited

sensitivity in detecting changes in body composition and is

susceptible to measurement errors. Each parameter can be affected

by the individual’s hydration status. Therefore, the absence

of standardized measurement conditions and the lack of

complementary methods—including computed tomography (CT),

magnetic resonance imaging (MRI), and dual-energy X-ray

absorptiometry (DXA)—may have compromised the accuracy of

the results. Finally, supportive findings from a basic research

perspective are lacking. Additional histological and biochemical

examinations of skeletal muscles could provide valuable insights

into the mechanisms underlying the beneficial effects of IWT on

motor function improvement.

In conclusion, this study demonstrated that IWT considerably

improved motor functions—including F/w, RFD/w, and BIS—in

adults with T2DM. Notably, these improvements may be related to

pre-IWT skeletal muscle mass and quality, as well as IWT-induced

increases in lower limb muscle mass. IWT may thus serve as a

potential contributor to improved motor function in adults with

T2DM, particularly when combined with strategies to maintain or

enhance skeletal muscle quality and quantity.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Ethics statement

The studies involving humans were approved by the Institutional

Review Board of the Shinshu University School of Medicine. The

studies were conducted in accordance with the local legislation and

institutional requirements. Written informed consent for

participation was not required from the participants or the

participants’ legal guardians/next of kin because this study was

conducted as a retrospective, single-site study.
Author contributions

MY: Data curation, Formal analysis, Writing – original draft.

MH: Data curation, Writing – review & editing. KK: Data curation,

Writing – review & editing. MK: Conceptualization, Supervision,

Writing – review & editing.
frontiersin.org

https://doi.org/10.3389/fendo.2025.1544831
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Yamazaki et al. 10.3389/fendo.2025.1544831
Funding

The author(s) declare that no financial support was received for

the research and/or publication of this article.
Acknowledgments

The authors are grateful to the patients included in this

study for their participation. We would like to thank Editage

(www.editage.jp) for English language editing.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Frontiers in Endocrinology 12
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2025.

1544831/full#supplementary-material
References
1. Sun H, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova K, Duncan BB, et al. IDF
Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for
2021 and projections for 2045. Diabetes Res Clin Pract. (2022) 183:109119.
doi: 10.1016/j.diabres.2021.109119

2. Sinclair A, Saeedi P, Kaundal A, Karuranga S, Malanda B, Williams R. Diabetes
and global ageing among 65-99-year-old adults: Findings from the International
Diabetes Federation Diabetes Atlas, 9(th) edition. Diabetes Res Clin Pract. (2020)
162:108078. doi: 10.1016/j.diabres.2020.108078

3. Lu Y, Wang W, Liu J, Xie M, Liu Q, Li S. Vascular complications of diabetes: A
narrative review. Med (Baltimore). (2023) 102:e35285. doi: 10.1097/MD.0000000000035285

4. Bianchi L, Volpato S. Muscle dysfunction in type 2 diabetes: a major threat to
patient’s mobility and independence. Acta Diabetol. (2016) 53:879–89. doi: 10.1007/
s00592-016-0880-y

5. Mori H, Kuroda A, Matsuhisa M. Clinical impact of sarcopenia and dynapenia on
diabetes. Diabetol Int. (2019) 10:183–7. doi: 10.1007/s13340-019-00400-1

6. Jang HC. Sarcopenia, frailty, and diabetes in older adults. Diabetes Metab J. (2016)
40:182–9. doi: 10.4093/dmj.2016.40.3.182

7. Lin CC, Ou HY, Hsu HY, Cheng KP, Hsieh TJ, Yeh CH, et al. Beyond Sarcopenia:
older adults with type II diabetes mellitus tend to experience an elevated risk of poor
dynamic balance-a case-control study. BMC Geriatr. (2022) 22:138. doi: 10.1186/
s12877-022-02826-w

8. Jang HC. Diabetes and muscle dysfunction in older adults. Ann Geriatr Med Res.
(2019) 23:160–4. doi: 10.4235/agmr.19.0038

9. Andersen H. Motor dysfunction in diabetes. Diabetes Metab Res Rev. (2012) 28
Suppl 1:89–92. doi: 10.1002/dmrr.2257

10. Kanaley JA, Colberg SR, Corcoran MH, Malin SK, Rodriguez NR, Crespo CJ,
et al. Exercise/physical activity in individuals with type 2 diabetes: A consensus
statement from the American college of sports medicine. Med Sci Sports Exerc.
(2022) 54:353–68. doi: 10.1249/MSS.0000000000002800

11. Wahl MP, Scalzo RL, Regensteiner JG, Reusch JEB. Mechanisms of aerobic
exercise impairment in diabetes: A narrative review. Front Endocrinol (Lausanne).
(2018) 9:181. doi: 10.3389/fendo.2018.00181

12. Pesta DH, Goncalves RLS, Madiraju AK, Strasser B, Sparks LM. Resistance
training to improve type 2 diabetes: working toward a prescription for the future. Nutr
Metab (Lond). (2017) 14:24. doi: 10.1186/s12986-017-0173-7

13. Morrison S, Simmons R, Colberg SR, Parson HK, Vinik AI. Supervised balance
training and wii fit-based exercises lower falls risk in older adults with type 2 diabetes. J
Am Med Dir Assoc. (2018) 19:185 e7– e13. doi: 10.1016/j.jamda.2017.11.004

14. Masuki S, Morikawa M, Nose H. Interval walking training can increase physical
fitness in middle-aged and older people. Exerc Sport Sci Rev. (2017) 45:154–62.
doi: 10.1249/JES.0000000000000113
15. Nemoto K, Gen-no H, Masuki S, Okazaki K, Nose H. Effects of high-intensity
interval walking training on physical fitness and blood pressure in middle-aged and
older people. Mayo Clin Proc. (2007) 82:803–11. doi: 10.4065/82.7.803

16. Morikawa M, Okazaki K, Masuki S, Kamijo Y, Yamazaki T, Gen-no H, et al.
Physical fitness and indices of lifestyle-related diseases before and after interval walking
training in middle-aged and older males and females. Br J Sports Med. (2011) 45:216–
24. doi: 10.1136/bjsm.2009.064816

17. Karstoft K, Winding K, Knudsen SH, Nielsen JS, Thomsen C, Pedersen BK, et al.
The effects of free-living interval-walking training on glycemic control, body
composition, and physical fitness in type 2 diabetic patients: a randomized,
controlled trial. Diabetes Care. (2013) 36:228–36. doi: 10.2337/dc12-0658

18. Kitajima K, Oiwa A, Miyakoshi T, Hosokawa M, Furihata M, Takahashi M, et al.
Interval walking training in type 2 diabetes: A pilot study to evaluate the applicability as
exercise therapy. PloS One. (2023) 18:e0285762. doi: 10.1371/journal.pone.0285762

19. Oba K, Ishikawa J, Tamura Y, Fujita Y, Ito M, Iizuka A, et al. Serum growth
differentiation factor 15 level is associated with muscle strength and lower extremity
function in older patients with cardiometabolic disease. Geriatr Gerontol Int. (2020)
20:980–7. doi: 10.1111/ggi.14021

20. Abe T, Tsuji T, SomaY, Shen S, Okura T. Composite variable of lower extremitymuscle
strength and balance ability for evaluating risks of mobility limitation and falls in community-
dwelling older adults. J Phys Fitness Sports Med. (2016) 5:257–66. doi: 10.7600/jpfsm.5.257

21. Japanese Society of N. Essential points from evidence-based clinical practice
guideline for chronic kidney disease 2023. Clin Exp Nephrol. (2024) 28:473–95.
doi: 10.1007/s10157-024-02497-4

22. Kanda Y. Investigation of the freely available easy-to-use software ‘EZR’ for
medical statistics. Bone Marrow Transplant. (2013) 48:452–8. doi: 10.1038/bmt.2012.244

23. Lindemann U, Claus H, Stuber M, Augat P, Muche R, Nikolaus T, et al.
Measuring power during the sit-to-stand transfer. Eur J Appl Physiol. (2003) 89:466–
70. doi: 10.1007/s00421-003-0837-z

24. Tsuji T, Tsunida K, Mitsuishi Y, Okura T. Ground reaction force in sit-to-stand
movement reflects lower limb muscle strength and power in community-dwelling older
adults. Int J Gerontol. (2015) 9:111–8. doi: 10.1016/j.ijge.2015.05.009

25. Kera T, Kawai H, Takahashi J, Hirano H, Watanabe Y, Fujiwara Y, et al.
Association between ground reaction force in sit-to-stand motion and falls in
community-dwelling older Japanese individuals. Arch Gerontol Geriatr. (2020)
91:104221. doi: 10.1016/j.archger.2020.104221

26. Tateoka K, Tsuji T, Shoji T, Tokunaga S, Okura T. The relationship between
acceleration in sit-to-stand and falls in community-dwelling older adults: cross-
sectional study. J Phys Ther Sci. (2024) 36:74–80. doi: 10.1589/jpts.36.74

27. Wang L, Yin L, Zhao Y, Su Y, Sun W, Chen S, et al. Muscle density, but not size,
correlates well with muscle strength and physical performance. J Am Med Dir Assoc.
(2021) 22:751–9 e2. doi: 10.1016/j.jamda.2020.06.052
frontiersin.org

http://www.editage.jp
https://www.frontiersin.org/articles/10.3389/fendo.2025.1544831/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2025.1544831/full#supplementary-material
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/j.diabres.2020.108078
https://doi.org/10.1097/MD.0000000000035285
https://doi.org/10.1007/s00592-016-0880-y
https://doi.org/10.1007/s00592-016-0880-y
https://doi.org/10.1007/s13340-019-00400-1
https://doi.org/10.4093/dmj.2016.40.3.182
https://doi.org/10.1186/s12877-022-02826-w
https://doi.org/10.1186/s12877-022-02826-w
https://doi.org/10.4235/agmr.19.0038
https://doi.org/10.1002/dmrr.2257
https://doi.org/10.1249/MSS.0000000000002800
https://doi.org/10.3389/fendo.2018.00181
https://doi.org/10.1186/s12986-017-0173-7
https://doi.org/10.1016/j.jamda.2017.11.004
https://doi.org/10.1249/JES.0000000000000113
https://doi.org/10.4065/82.7.803
https://doi.org/10.1136/bjsm.2009.064816
https://doi.org/10.2337/dc12-0658
https://doi.org/10.1371/journal.pone.0285762
https://doi.org/10.1111/ggi.14021
https://doi.org/10.7600/jpfsm.5.257
https://doi.org/10.1007/s10157-024-02497-4
https://doi.org/10.1038/bmt.2012.244
https://doi.org/10.1007/s00421-003-0837-z
https://doi.org/10.1016/j.ijge.2015.05.009
https://doi.org/10.1016/j.archger.2020.104221
https://doi.org/10.1589/jpts.36.74
https://doi.org/10.1016/j.jamda.2020.06.052
https://doi.org/10.3389/fendo.2025.1544831
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Yamazaki et al. 10.3389/fendo.2025.1544831
28. Eshima H, Tamura Y, Kakehi S, Nakamura K, Kurebayashi N, Murayama T,
et al. Dysfunction of muscle contraction with impaired intracellular Ca(2+) handling in
skeletal muscle and the effect of exercise training in male db/db mice. J Appl Physiol
(1985). (2019) 126:170–82. doi: 10.1152/japplphysiol.00048.2018

29. Blanchard AR, Taylor BA, Thompson PD, Lepley LK, White CM, Corso LM,
et al. The influence of resting blood pressure on muscle strength in healthy adults. Blood
Press Monit. (2018) 23:185–90. doi: 10.1097/MBP.0000000000000325

30. Laddu DR, LaMonte MJ, Haring B, Kim H, Cawthon P, Bea JW, et al.
Longitudinal physical performance and blood pressure changes in older women:
Findings form the women’s health initiative. Arch Gerontol Geriatr. (2022)
98:104576. doi: 10.1016/j.archger.2021.104576

31. Bai X, Zhao J, Shi S, Zhu C, Wang Y. Muscle quality is negatively related to
hypertension prevalence in adults: Results from NHANES 2011-2014. J Clin Hypertens
(Greenwich). (2023) 25:1027–35. doi: 10.1111/jch.14734

32. Kalyani RR, Metter EJ, Egan J, Golden SH, Ferrucci L. Hyperglycemia predicts
persistently lower muscle strength with aging. Diabetes Care. (2015) 38:82–90.
doi: 10.2337/dc14-1166

33. Lopez-Pedrosa JM, Camprubi-Robles M, Guzman-Rolo G, Lopez-Gonzalez A,
Garcia-Almeida JM, Sanz-Paris A, et al. The vicious cycle of type 2 diabetes mellitus
and skeletal muscle atrophy: clinical, biochemical, and nutritional bases. Nutrients.
(2024) 16:172. doi: 10.3390/nu16010172

34. D’Emanuele S, Maffiuletti NA, Tarperi C, Rainoldi A, Schena F, Boccia G. Rate of
force development as an indicator of neuromuscular fatigue: A scoping review. Front
Hum Neurosci. (2021) 15:701916. doi: 10.3389/fnhum.2021.701916

35. Maffiuletti NA, Aagaard P, Blazevich AJ, Folland J, Tillin N, Duchateau J. Rate of
force development: physiological and methodological considerations. Eur J Appl
Physiol. (2016) 116:1091–116. doi: 10.1007/s00421-016-3346-6

36. Rodriguez-Rosell D, Pareja-Blanco F, Aagaard P, Gonzalez-Badillo JJ. Physiological
and methodological aspects of rate of force development assessment in human skeletal
muscle. Clin Physiol Funct Imaging. (2018) 38:743–62. doi: 10.1111/cpf.12495

37. Couppe C, Svensson RB, Kongsgaard M, Kovanen V, Grosset JF, Snorgaard O,
et al. Human Achilles tendon glycation and function in diabetes. J Appl Physiol (1985).
(2016) 120:130–7. doi: 10.1152/japplphysiol.00547.2015
Frontiers in Endocrinology 13
38. Petrovic M, Maganaris CN, Deschamps K, Verschueren SM, Bowling FL,
Boulton AJM, et al. Altered Achilles tendon function during walking in people with
diabetic neuropathy: implications for metabolic energy saving. J Appl Physiol (1985).
(2018) 124:1333–40. doi: 10.1152/japplphysiol.00290.2017

39. Aagaard P. Training-induced changes in neural function. Exerc Sport Sci Rev.
(2003) 31:61–7. doi: 10.1097/00003677-200304000-00002

40. Hellberg M, Hoglund P, Svensson P, Abdulahi H, Clyne N. Decline in measured
glomerular filtration rate is associated with a decrease in endurance, strength, balance
and fine motor skills. Nephrol (Carlton). (2017) 22:513–9. doi: 10.1111/nep.12810

41. Reese PP, Cappola AR, Shults J, Townsend RR, Gadegbeku CA, Anderson C,
et al. Physical performance and frailty in chronic kidney disease. Am J Nephrol. (2013)
38:307–15. doi: 10.1159/000355568

42. Yim J, Son NH, Kyong T, Park Y, Kim JH. Muscle mass has a greater impact on
serum creatinine levels in older males than in females. Heliyon. (2023) 9:e21866.
doi: 10.1016/j.heliyon.2023.e21866

43. Gouveia ER, Ihle A, Gouveia BR, Kliegel M, Marques A, Freitas DL. Muscle mass
and muscle strength relationships to balance: the role of age and physical activity. J
Aging Phys Act. (2020) 28:262–8. doi: 10.1123/japa.2018-0113

44. McCreesh K, Egan S. Ultrasound measurement of the size of the anterior tibial
muscle group: the effect of exercise and leg dominance. Sports Med Arthrosc Rehabil
Ther Technol. (2011) 3:18. doi: 10.1186/1758-2555-3-18

45. Schorderet C, Hilfiker R, Allet L. The role of the dominant leg while assessing
balance performance. A systematic review and meta-analysis. Gait Posture. (2021)
84:66–78. doi: 10.1016/j.gaitpost.2020.11.008

46. Vieira AF, Santos JS, Costa RR, Cadore EL, Macedo RCO. Effects of protein
supplementation associated with resistance training on body composition and muscle
strength in older adults: A systematic review of systematic reviews with meta-analyses.
Sports Med. (2022) 52:2511–22. doi: 10.1007/s40279-022-01704-0

47. Kobayashi S, Murakami K, Sasaki S, Okubo H, Hirota N, Notsu A, et al.
Comparison of relative validity of food group intakes estimated by comprehensive and
brief-type self-administered diet history questionnaires against 16 d dietary records in
Japanese adults. Public Health Nutr . (2011) 14:1200–11. doi: 10.1017/
S1368980011000504
frontiersin.org

https://doi.org/10.1152/japplphysiol.00048.2018
https://doi.org/10.1097/MBP.0000000000000325
https://doi.org/10.1016/j.archger.2021.104576
https://doi.org/10.1111/jch.14734
https://doi.org/10.2337/dc14-1166
https://doi.org/10.3390/nu16010172
https://doi.org/10.3389/fnhum.2021.701916
https://doi.org/10.1007/s00421-016-3346-6
https://doi.org/10.1111/cpf.12495
https://doi.org/10.1152/japplphysiol.00547.2015
https://doi.org/10.1152/japplphysiol.00290.2017
https://doi.org/10.1097/00003677-200304000-00002
https://doi.org/10.1111/nep.12810
https://doi.org/10.1159/000355568
https://doi.org/10.1016/j.heliyon.2023.e21866
https://doi.org/10.1123/japa.2018-0113
https://doi.org/10.1186/1758-2555-3-18
https://doi.org/10.1016/j.gaitpost.2020.11.008
https://doi.org/10.1007/s40279-022-01704-0
https://doi.org/10.1017/S1368980011000504
https://doi.org/10.1017/S1368980011000504
https://doi.org/10.3389/fendo.2025.1544831
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Interval walking training as a potential contributor to motor function improvement in adults with type 2 diabetes mellitus: a retrospective analysis
	1 Introduction
	2 Materials and methods
	2.1 Study design and subjects
	2.2 Motor function and body composition analysis
	2.3 Data collection
	2.4 Statistical analysis

	3 Results
	3.1 Demographics of participants
	3.2 Influence of IWT on physical and metabolic parameters
	3.3 Enhancement of F/w, RFD/w, and BIS score through IWT
	3.4 Comparison between the groups with and without F/w, RFD/w, and BIS
	3.5 Significant factors related to IWT-induced changes in F/w, RFD/w, and BIS

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


