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Objective: We aimed to explore the relationship between remote resistance

exercise programs delivered via a smartphone application and skeletal muscle

mass among elderly patients with type 2 diabetes, utilizing real-world data.

Methods: The resistance exercises were provided through Joymotion®, a web-

based telerehabilitation smartphone application (Shanghai Medmotion Medical

Management Co., Ltd). The primary outcome was the changes in skeletal muscle

index (SMI) before and after the remote resistance exercises programs. The

secondary outcomes were changes in skeletal muscle cross-sectional area

(SMA), skeletal muscle radiodensity (SMD) and intermuscular adipose tissue (IMAT).

Results: A total of 101 elderly patients with type 2 diabetes were analyzed. The

participants had an average age of 72.9 ± 6.11 years for males and 74.4 ± 4.39

years for females. The pre- and post-intervention SMI mean (± SE) was 31.64 ±

4.14 vs. 33.25 ± 4.22 cm2/m2 inmale, and 22.72 ± 3.24 vs. 24.28 ± 3.60 cm2/m2 in

female respectively (all P < 0.001). Similarly, a statistically significant improvement

in SMA, IMAT, and SMD for both male and female groups were also observed

respectively (P < 0.001). Multiple linear regression models showed potential

confounding factors of baseline hemoglobin A1c and duration of diabetes with
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changes in SMI in male, while hemoglobin A1c and high density lipoprotein

cholesterol with changes in SMI in female.

Conclusion: Remote resistance exercises programs delivered by a smartphone

application were feasible and effective in helping elderly patients with type 2

diabetes to improve their skeletal muscle mass.
KEYWORDS

resistance exercises, smart phone application, skeletal muscle mass, diabetes mellitus,
remote rehabilitation, elderly
Introduction

Elderly patients with type 2 diabetes (T2D) are a distinct and

rapidly expanding group, confronting a wide array of health

challenges, including a heightened risk of developing sarcopenia

(1). Sarcopenia, defined by the loss of muscle mass, strength, and

function, significantly diminishes quality of life, functional

independence, and healthcare outcomes in this demographic (2).

The relationship between T2D and sarcopenia in elderly adults is

intricate and reciprocal. T2D propels the aging process via several

mechanisms, such as chronic inflammation, oxidative stress, and

endothelial dysfunction, all of which contribute to the development

and progression of sarcopenia. In turn, the presence of sarcopenia

can exacerbate diabetes management, complicating glycemic

control, increasing the likelihood of hypoglycemia, and elevating

the risk of hospital admissions, falls and fractures, and even death

(3, 4). Additionally, there is an increasing body of evidence

indicating that both sarcopenia and T2D independently and

together play a role in cognitive deterioration, elevating the risk

of developing dementia, including Alzheimer’s disease (5–7).

Resistance exercise, also known as strength training, is crucial in

managing T2D and addressing sarcopenia, especially among the

elderly population (8–10). This physical activity entails exercises

that force muscles to contract against an external force, aiming for

improvements in strength, tone, mass, and/or endurance. The

advent of remote resistance exercise programs available through

smartphone applications marks a significant progression in

healthcare technology (11, 12). These innovations provide

accessible, personalized, and scalable exercise solutions, featuring

real-time feedback and instructions, some of which can integrate

with wearable technology. While several clinical trials have shed

light on the effectiveness of such interventions in clinical scenarios

(13–15), home-based real-world evidence, particularly within the

Chinese population, remains scarce. Our objective is to explore the

relationship between remote resistance exercise programs delivered

via a smartphone application and skeletal muscle mass among

elderly patients with T2D, utilizing real-world data.
02
Methods

Study design and participants

The Department of Rehabilitation at the Third Affiliated Hospital

of Jinzhou Medical University offers a comprehensive array of services,

including a rehabilitation medicine clinic and specialized clinics. It is

recognized as the most expansive and technologically advanced

rehabilitation facility among the large comprehensive hospitals in

western Liaoning, boasting expertise in several key areas such as

exercise prescriptions, neurological rehabilitation, trauma

rehabilitation, and traditional medicine rehabilitation. We extracted

data from the electronic health records (EHRs) from the Third

Affiliated Hospital of Jinzhou Medical University. Eligible patients

were (1) aged 65 years or older; (2) confirmed diagnosis of T2D; (3)

using remote resistance exercises programs for at least 3 months; (3)

available data on clinical characteristics and medical history. Exclusion

criteria included: (1) patients without available images in the CT scan

or with poor image quality; (2) patients with loss of rehabilitation

record; (3) without complete clinical data (see Figure 1 in detail). The

analytic plan was approved by the Institutional Review Board of the

Third Affiliated Hospital of JinzhouMedical University (JYDSY-KXYJ-

IEC-2021–009). Our study did not require obtaining informed consent

from individual participants as it utilized retrospective anonymized

data extracted from EHRs.
Data source and measurements

Using the Chinese government-issued unique personal

identification numbers, we developed an electronic database. This

database compiled information such as date of birth, sex, age at

diabetes diagnosis, smoking status, and medication use, including

antihypertensive, glucose-lowering, lipid-lowering, and antiplatelet

or anticoagulant drugs. Data was gathered via a standardized form

for collecting electronic inpatient and outpatient medical record

information. Additionally, at every inpatient admission or
frontiersin.org

https://doi.org/10.3389/fendo.2024.1407408
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Yang et al. 10.3389/fendo.2024.1407408
outpatient visit, standardized methods were used to measure

patients’ height, weight, blood pressure, plasma glucose levels, C-

peptide, total cholesterol (TC), triglycerides (TG), high-density

lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL)

cholesterol, hemoglobin A1c (HbA1c), serum creatinine, and C-

reactive protein. The body mass index (BMI) was calculated using

the formula weight in kilograms (kg) divided by the square of height

in meters (m²). The estimated glomerular filtration rate (eGFR) was

determined using the formula from the Chronic Kidney Disease

Epidemiology Collaboration (CKD-EPI) (16). Comorbidities and

history of diseases were coded using the International Classification

of Diseases 10th version (ICD-10).
Remote resistance exercises programs
delivered by smartphone application

The resistance exercises were provided through Joymotion®, a
web-based telerehabilitation smartphone application (Shanghai

Medmotion Medical Management Co., Ltd) (17). Joymotion®; is
a remote rehabilitation and exercise prescription monitoring device

designed for treating musculoskeletal diseases. It integrates

wearable sensor hardware with an app that features a library of

standardized exercise prescriptions based on evidence-based

practices. These can be tailored by doctors to create personalized

treatment plans. The app guides patients through exercises with

video and written instructions, monitors performance in real-time,

and offers interactive communication with online physiotherapists.

It also pushes educational content tailored to patients’ conditions,

enhancing understanding and engagement in their rehabilitation.

Key features include the ability to facilitate easy follow-ups for

doctors and automatically push tele-rehabilitation as “daily tasks”

and targeted educational videos, improving patient education and

compliance. Through real-time tracking, messaging, and video

consultations, Joymotion® facilitates continuous personalized

care and supports comprehensive disease management, even after
Frontiers in Endocrinology 03
hospital discharge. Within the app, immediate feedback on the

completion of exercises within a session is recorded, determining

success based on whether the patient fully viewed or skipped the

instructional videos.

In this study, a 12-week progressive elastic band resistance

training program was delivered via the Joymotion®. Participants
engaged in a structured series of resistance exercises employing

elastic bands (Thera-Band®, The Hygenic Corporation, Akron,

OH, USA). These bands, differentiated by color (yellow, red,

green, blue, black, or silver), provided varying levels of resistance,

with about 20% increase in resistance intensity. The training

protocol was meticulously designed to encompass all major

muscle groups, incrementally elevating both the volume and

intensity of the exercises. Training intensities were meticulously

tailored to the individual’s clinical profile and historical health data,

ensuring a bespoke rehabilitation process. Adherence to the

resistance training guidelines established by the American College

of Sports Medicine for elderly adults was ensured (18).

Participant compliance and safety were paramount; thus,

participants were instructed to report the perceived exertion and

any difficulties encountered during each session through the

application. Weekly virtual consultations with the physical therapist

were mandated to evaluate training load, ascertain the presence of

any adverse reactions, and adjust training intensity and exercises

progressively optimizing the intervention protocol based on these

evaluations. A series of elastic bands with varying levels of resistance

were provided, allowing for progression based on participants’

training capacity. In instances where participants were unable to

tolerate the increased intensity of the next resistance level, the

resistance intensity of the elastic band was maintained at the

previous level for an additional session. However, in such cases, the

number of repetitions per set might be increased to continue

challenging the participants and promoting strength development.

This maintenance continued until participants could successfully

achieve a 20% increase in resistance intensity, signaling readiness to

progress to the next color-coded elastic band. The program stipulated
FIGURE 1

Participant flow diagram.
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a thrice-weekly engagement over 12 weeks, culminating in 36

sessions. Each session was structured to last 50 minutes,

comprising a 5-minute general warm-up, 40 minutes of targeted

elastic band resistance exercises, and a concluding 5-minute cool-

down and stretching phase. The exercise component was designed to

target specific muscle groups—including the lower limbs, core, arms,

and shoulders—through 1 or 2 exercise variations. For each exercise,

participants were instructed to perform 2–3 sets of 8–12 repetitions,

focusing on controlled concentric and eccentric muscle contractions

across the full movement range, facilitated by the resistance offered by

the elastic bands.
Evaluation of skeletal muscle mass

We used computed tomography (CT) images at the thoracic 12

(T12) vertebral level to assess the muscle area and quality. This

method is commonly used in many other studies for assessing

sarcopenia or the loss of skeletal muscle mass and function (19–21).

Since the COVID-19 pandemic in 2019, chest CT scanning is

routine at every clinical visit and the reports and images were

stored in the EHR systems. The T12 vertebra is identified on the CT

scan by locating the last rib’s attachment point, as T12 is the last

thoracic vertebra to which ribs attach. We used SliceOmatic 6

(TomoVision, Magog, Canada) to analyze the images. The skeletal

muscle cross-sectional area (SMA) at the T12 level is delineated

manually. The muscles analyzed include the paraspinal muscles

(erector spinae and multifidus), and intercostal muscles. The

software calculated the total cross-sectional area of skeletal muscle

in square centimeters (cm²) and we further adjusted these

measurements for height to derive a skeletal muscle index (SMI).

Skeletal muscle radiodensity (SMD) and intermuscular adipose

tissue (IMAT) were determined using the images at T12 level

based on the Hounsfield Unit (HU) values. The SMD and IMAT

were reported as the mean HU value within the erector spinae

muscle area.
Outcomes

The primary outcome was the changes in SMI before and after

the remote resistance exercises programs. The secondary outcomes

included the changes in SMA, SMD and IMAT.
Statistical analysis

For the primary outcome measure of SMI, we determined that a

sample size of 44 patients in each gender would grant the study 90%

statistical power, with a two-sided alpha level of 0.05, in a two-sided

paired t-test, to detect a treatment difference of 2 cm2/m2 in male

and 1.5 cm2/m2 in female, assuming a standard deviation of 4 in

male and 3 in female. G*power version 3.1 (Heinrich-Heine-

Universität Düsseldorf Universitätsstr, Germany) was employed

in the calculation (22). To accommodate potential exclusion, we

increased the target enrollment to 133 patients.
Frontiers in Endocrinology 04
Data with a normal distribution were described using the mean

and standard deviation, while skewed data were presented as the

median alongside interquartile ranges. Frequencies and percentages

were used to describe categorical variables. To compare between

groups, Student’s t-tests were applied to normally distributed data,

the Wilcoxon rank-sum test was used for skewed data, and the c2
test was utilized for categorical variables. Baseline variables that

were considered clinically relevant or that showed a univariate

relationship with outcome were entered into multiple regression

model (Table 1). Variables for inclusion were carefully chosen,

given the number of events available, to ensure parsimony of the

final model. Stepwise multiple linear regression models (lmtest,

caret in R) were used to estimate the confounding factors associated

with the outcomes (Table 2). The primary analysis was performed

according to sexes separately. The model employed the Breusch-

Pagan test to assess the homoscedasticity of the residuals for the

validity of Ordinary Least Squares (OLS) regression. A P-value of

less than 0.05 was considered of statistical significance. The R

software version 4.3.3 (R Foundation for Statistical Computing,

Vienna, Austria) was utilized to carry out all the statistical analysis.
Results

Baseline characteristics

From November 2022 to December 2023, 133 patients were

screened for eligibility, and 101 were analyzed, with 46 male (45.5%)

and 55 female (54.5%) patients (Figure 1). The demographic and
TABLE 1 Univariable regression analysis to explore the associations of
baseline characteristics with DSMI.

Male R2 P-
value

Female R2 P-
value

b b

Age -0.389 0.152 0.007 0.006 0.019 0.967

BMI 0.138 -0.003 0.360 0.057 -0.016 0.681

HbA1c 0.922 0.847 <0.001 0.954 0.908 <0.001

LDL 0.031 -0.022 0.837 0.168 0.010 0.220

HDL 0.256 0.044 0.086 -0.321 0.086 0.017

TG -0.321 0.022 0.161 -0.321 0.012 0.203

eGFR 0.164 0.005 0.276 -0.132 -0.001 0.336

Insulin -0.145 -0.001 0.336 0.417 0.159 0.002

Oral glucose
lowering drugs

0.095 -0.014 0.530 0.225 0.033 0.098

Anti-
hypertension
drugs

-0.205 0.020 0.171 0.144 0.002 0.294

Statins -0.029 -0.022 0.847 0.135 0.000 0.325

Aspirin -0.100 -0.012 0.507 -0.025 -0.018 0.858

Duration 0.800 0.631 <0.001 -0.063 -0.015 0.648
front
R2, adjusted R2.
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clinical characteristics of the patients at baseline are shown in

Table 3. The participants had an average age of 72.9 ± 6.11 years

for males and 74.4 ± 4.39 years for females (P < 0.05). The mean

diastolic blood pressure (DBP) was 72.3 ± 5.62 mmHg for males

and 70.8 ± 5.60 mmHg for females. Systolic blood pressure (SBP)

was 132 ± 9.08 mmHg for males and 136 ± 10.8 mmHg for females.

BMI was balanced across genders, with males at 28.0 ± 3.76 kg/m2

and females at 28.2 ± 4.43 kg/m2. Medication usage varied across

the cohort, with higher percentages using insulin (male 50%, female

47.2%) in male and metformin (male 54.3%, female 70.9%) in

female. Anti-hypertensive drug use was prevalent, with over 89% of

each gender using these medications. Statin use was also high, with

76.1% of males and 78.2% of females on these cholesterol-lowering

drugs. Smoking status was reported by 34.8% of males and 27.3% of

females (P < 0.05).
The primary and secondary outcomes

The primary outcome assessed in this study was the change in

SMI following participation in a remote resistance exercise program

(Figure 2). A statistically significant improvement in SMI for both

male and female groups were observed after the program when

compared to the SMI at baseline (P < 0.001). The pre- and post-

intervention mean SMI was 31.64 ± 4.14 vs. 33.25 ± 4.22 cm2/m2 in

male, and 22.72 ± 3.24 vs. 24.28 ± 3.60 cm2/m2 in female respectively

(all P < 0.001). The secondary outcomes were the changes in SMA,

IMAT, and SMD (Figure 2). Similarly, a statistically significant

improvement in SMA, IMAT, and SMD for both male and female

groups was also found respectively (P < 0.001).
Multiple linear regression models

We further explored the correlations between the changes in

SMI before and after the resistance training program (DSMI), and

various baseline characteristics of patients were analyzed separately

in univariate models (Table 1), then a forward stepwise approach

used to inform the final variables for inclusion into the multiple

regression model (Table 2). The analysis was conducted separately

for male and female groups to identify variables significantly

associated with DSMI within each gender. In the male group,

HbA1c and duration of diabetes showed significant positive

association with DSMI (HbA1c, coefficient 0.208 (0.164, 0.251),

P < 0.001; duration of diabetes, coefficient 0.030 (0.014, 0.047),

P < 0.001). In the female group, HbA1c was also found to have a
Frontiers in Endocrinology 05
significant positive correlation with DSMI (coefficient 0.349 (0.320,

0.378), P <0.001). HDL cholesterol levels were negatively associated

with DSMI (coefficient -0.004 (-0.006, -0.002), P <0.001).
Discussion

In this study, we demonstrated the significant improvements in

SMI, SMA, IMAT, and SMD for both males and females by a
TABLE 2 Multiple linear regression analysis for DSMI.

Variable Co-efficient 95% CI P- value

Male HbA1c 0.208 0.164, 0.251 <0.001

Duration 0.030 0.014, 0.047 <0.001

Female HbA1c 0.349 0.320, 0.378 <0.001

HDL -0.004 -0.006, -0.002 <0.001
TABLE 3 Baseline characteristics of the patients.

Male (n = 46) Female (n = 55)

Age, yrs 72.9 (6.11) 74.4 (4.39)*

Height, cm 170 (6.31) 154 (6.33)

Weight, kg 80.8 (12.8) 67.4 (11.5)

DBP, mmHg 72.3 (5.62) 70.8 (5.60)

SBP, mmHg 132 (9.08) 136 (10.8)*

BMI, kg/m2 28.0 (3.76) 28.2 (4.43)

LDL, mmol/L 2.32 (0.64) 2.47 (0.80)

HbA1c, % 7.28 (1.38) 7.15 (1.02)

HDL, mmol/L 1.08 (0.29) 1.33 (0.35)

Tg, mmol/L 1.50 (0.73) 1.34 (0.52)

eGFR, mL/min/1.73m2 70.4 (27.2) 85.4 (28.7)*

Duration of diabetes, yrs 10.8 (3.59) 11.0 (4.26)

insulin, n(%) 23 (50.0) 26 (47.2)*

SUs, n(%) 13 (28.3) 23 (41.8)

metformin, n(%) 25 (54.3) 39 (70.9)*

DPP 4, n(%) 11 (23.9) 9 (16.4)

AGI, n(%) 0 (0.00) 1 (1.82)

SGLT 2 inhibitors, n(%) 1 (2.17) 0 (0.00)

GLP 1, n(%) 3 (6.52) 4 (7.27)

TZD, n(%) 3 (6.52) 1 (1.82)

Oral glucose lowering
drugs, n(%)

40 (87.0) 49 (89.1)

Beta Blockers, n(%) 30 (65.2) 33 (60.0)

Calcium Channel
Blockers, n(%)

24 (52.2) 34 (61.8)*

ACE Inhibitors, n(%) 27 (58.7) 31 (56.4)

ARBs, n(%) 14 (30.4) 17 (30.9)

Anti-hypertension drugs,
n(%)

41 (89.1) 51 (92.7)

Statins, n(%) 35 (76.1) 43 (78.2)

Aspirin, n(%) 13 (28.3) 14 (25.5)*

Smoking, n(%) 16(34.8) 15(27.3)*
Data were mean (SD) or number (percentage).
*P < 0.05.
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remote resistance exercise program. Multiple linear regression

analysis highlighted significant correlations between post-

interventional SMI and various factors. These findings underscore

the effectiveness of resistance training in enhancing muscle metrics

among older adults, along with the complex interplay of metabolic

health factors in modulating these outcomes.

The effectiveness of resistance exercises in addressing

sarcopenia, particularly among elderly patients with T2D, has

been substantiated by some clinical trials and studies. One

prospective study (23) aimed to assess the impact of combined

strength and aerobic exercises on frailty levels in elderly diabetic

patients over 70 years of age with relatively high functional and

cognitive capacities. The study demonstrated that a 6-month

regimen of strength exercises with elastic bands and aerobic

activities can effectively reduce frailty prevalence among elderly

diabetic patients. Another randomized clinical trial (24) assessed

the impact of high-protein diets both with and without resistance

exercise training on weight loss, body composition, and

cardiovascular disease risk factors over a 16-week period. The

study found significant group effects for body weight, fat mass,

and waist circumference, with the most substantial reductions

observed in the low fact hypocaloric diet + resistance exercise

group. Specifically, this group experienced the largest decrease in

body weight (-13.8 ± 6.0 kg), fat mass (-11.1 ± 3.7 kg), and waist

circumference (-13.7 ± 4.6 cm). Bouchi et al (25) also assessed the

impact of combining resistance training, with the sodium-glucose

cotransporter 2 inhibitor dapagliflozin on body composition and

metabolic health in type 2 diabetes patients over a 24-week period of

intervention. While this trial revealed no significant difference
Frontiers in Endocrinology 06
between the two groups in terms of changes in fat-free mass and

SMI, a notable reduction in trunk fat mass was observed in the

combination group. Our study showed notable improvements in

the SMI following participation in remote resistance exercise

programs, alongside a reduction in IMAT. These findings indicate

the effectiveness of such a remote program, though further research

is required to substantiate these results.

Certain gaps between clinical trials and real-world evidence

may limit the interpretation of the findings above. Differences in

population diversity, intervention adherence, data collection and

outcomes, and study design and flexibility were huge (26). Evidence

from real world setting of resistance exercises on skeletal muscle

mass is few. Remote resistance exercise programs thus offer a series

of advantages for real world use (27). Remote programs can be

accessed from any location at any time, eliminating the need for

transportation to a gym or fitness center. This is especially beneficial

for individuals with mobility issues or those living in areas with

limited access to fitness facilities. Remote exercise programs can be

highly personalized to meet the specific needs and limitations of

elderly individuals. This ensures that exercises are both safe and

effective, contributing to improvements in strength, balance, and

functional ability without risking injury. By reducing or eliminating

the need for clinical visits, personal trainers, or specialized

equipment, remote resistance exercises can provide a cost-

effective way to combat sarcopenia. This is particularly important

for those on a fixed income, such as many elderly individuals. The

Joymotion®; incorporates elements of gamification, social

interaction, and progress tracking, which can significantly

enhance motivation and adherence. Being part of a virtual
FIGURE 2

Box plots of SMI, SMA, IMAT, and SMD values before and after training by sex. HU, Hounsfield unit. (*** P < 0.001).
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community or having the ability to share achievements with friends

and family can provide additional encouragement to continue with

the program. The programs and instructions within the

Joymotion®; are designed based on the Standards of Care in

Diabetes by the American Diabetes Association (28), and the

consensus statement on exercises/physical activity in individuals

with T2D from the American College of Sports Medicine (18),

which provides interventions that are scientifically proven to be

effective in improving strength, mobility, and frailty among elderly

patients with T2D. This study with real world evidence provided a

flexible, personalized, and accessible means of engaging in remote

resistance exercises, representing a valuable tool in the fight against

frailty, empowering individuals to maintain and improve their

health and independence.

In our study, we also analyzed the potential confounding factors

associated with the improvement of skeletal muscle mass. We found

that elderly patients with long duration of diabetes may have a great

improvement in SMI. Interestingly, high hemoglobin A1c level may

also contribute to a significant improvement in SMI. Although we

did not observe any association between insulin use and changes in

skeletal muscle mass, insulin plays a critical role in muscle protein

synthesis and glucose uptake in muscle tissues (29, 30). Therefore,

individuals who manage diabetes without insulin might have a

metabolic environment more conducive to gaining muscle mass

when engaged in resistance training. The positive correlation

between the duration of diabetes, as well as the hemoglobin A1c

levels at baseline and SMI improvement might seem

counterintuitive, as long-term diabetes along with poor glycemic

control is often associated with complications that could impair

muscle function. However, this finding could indicate that

individuals with a longer history of diabetes and poorer glycemic

control have more to gain from engaging in a resistance exercise

program. It’s possible that these individuals had greater initial

muscle loss or more pronounced muscle quality deterioration,

thereby experiencing more significant gains when exposed to

resistance training. Engaging in resistance exercise can lead to

various metabolic adaptations that improve muscle protein

synthesis, increase glucose uptake by muscles, and enhance

insulin sensitivity (31, 32). These adaptations could be more

pronounced in individuals who start with higher levels of

metabolic dysfunction. Further studies are needed to validate

these hypotheses.

The association between resistance exercises and sarcopenia is

underpinned by several biological mechanisms and physiological

adaptations that contribute to improved health outcomes and a

reduction in frailty indicators. As aging is associated with

sarcopenia, resistance training can stimulate muscle protein

synthesis and inhibits protein degradation through the activation

of the mammalian target of rapamycin (mTOR) pathway (33),

leading to increases in muscle mass and strength. Resistance

exercises also enhance neuromuscular efficiency, improving the

recruitment of muscle fibers, and increasing motor unit

activation. The mechanical stress applied to bones during

resistance training stimulates osteogenesis (34), helping to prevent

or reverse osteopenia and osteoporosis, which contributes to
Frontiers in Endocrinology 07
sarcopenia through increased fracture risk. Resistance exercises

have been shown to reduce systemic inflammation (35), through

the downregulation of pro-inflammatory cytokines and the

enhancement of anti-inflammatory mediators. Meanwhile, AMP-

activated protein kinase (AMPK) can be activated by resistance

training in response to changes in cellular energy status (36). AMPK

activation further promotes glucose uptake, fatty acid oxidation,

and mitochondrial biogenesis by upregulating peroxisome

proliferator-activated receptor gamma coactivator 1-alpha (PGC-

1a) (37). Research also supports the hypothesis that resistance

exercises can increase the levels of IGF-1 (38), which binds to its

receptor on muscle cells, activating the Akt pathway. This also leads

to increased protein synthesis and muscle cell growth, as well as

decreased protein degradation. Other benefits from resistance

exercises may include the reduction of myostatin and modulating

the activity of NF-kB, further reducing muscle loss and dysfunction

associated with sarcopenia (39).

This study underscores the potential of emerging digital

technologies in managing T2D in the elderly population, along

with precise quantification of skeletal muscle mass through CT

imaging. However, several limitations should be fully addressed.

Firstly, the study’s reliance on a self-control design may restrict the

strength of the evidence provided. Secondly, it was conducted with a

small participant group at a single center, suggesting the need for a

larger, multi-center study to validate the findings. Lastly, the

omission of dietary data, a significant confounding factor, was

noted, although all participants were local residents likely sharing

similar dietary habits. In future research, we plan to employ food

recall questionnaires to meticulously document nutrient intake,

with a focus on protein consumption, to address this limitation.
Conclusion

Remote resistance exercises programs delivered by a

smartphone application were feasible and effective in helping

elderly patients with type 2 diabetes to improve their skeletal

muscle mass. Future prospective randomized controlled trials are

warranted to provide further evidence on this digital technology-

based intervention.
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35. El Assar M, Álvarez-Bustos A, Sosa P, Angulo J, Rodrıǵuez-Mañas L. Effect of
physical activity/exercise on oxidative stress and inflammation in muscle and vascular
aging. Int J Mol Sci. (2022) 23(15):8713. doi: 10.3390/ijms23158713

36. Kjøbsted R, Wojtaszewski JF, Treebak JT. Role of AMP-activated protein kinase
for regulating post-exercise insulin sensitivity. Exp Suppl. (2016) 107:81–126.
doi: 10.1007/978-3-319-43589-3_5

37. Ruas JL, White JP, Rao RR, Kleiner S, Brannan KT, Harrison BC, et al. A PGC-
1a isoform induced by resistance training regulates skeletal muscle hypertrophy. Cell.
(2012) 151:1319–31. doi: 10.1016/j.cell.2012.10.050

38. Feng L, Li B, Xi Y, Cai M, Tian Z. Aerobic exercise and resistance exercise
alleviate skeletal muscle atrophy through IGF-1/IGF-1R-PI3K/Akt pathway in mice
with myocardial infarction. Am J Physiol Cell Physiol. (2022) 322:C164–c176. doi:
10.1152/ajpcell.00344.2021

39. Townsend JR, Stout JR, Jajtner AR, Church DD, Beyer KS, Oliveira LP, et al.
Resistance exercise increases intramuscular NF-kb signaling in untrained males. Eur J
Appl Physiol. (2016) 116:2103–11. doi: 10.1007/s00421-016-3463-2
frontiersin.org

https://doi.org/10.1507/endocrj.EJ20-0599
https://doi.org/10.3390/ijerph191610159
https://doi.org/10.2196/45321
https://doi.org/10.2337/dc24-S013
https://doi.org/10.1123/ijsnem.11.1.109
https://doi.org/10.1007/s00125-015-3751-0
https://doi.org/10.1249/MSS.0000000000002929
https://doi.org/10.1249/MSS.0000000000002929
https://doi.org/10.1159/000445156
https://doi.org/10.3390/biom13010002
https://doi.org/10.1155/2018/4840531
https://doi.org/10.3390/ijms23158713
https://doi.org/10.1007/978-3-319-43589-3_5
https://doi.org/10.1016/j.cell.2012.10.050
https://doi.org/10.1152/ajpcell.00344.2021
https://doi.org/10.1007/s00421-016-3463-2
https://doi.org/10.3389/fendo.2024.1407408
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Association between remote resistance exercises programs delivered by a smartphone application and skeletal muscle mass among elderly patients with type 2 diabetes– a retrospective real-world study
	Introduction
	Methods
	Study design and participants
	Data source and measurements
	Remote resistance exercises programs delivered by smartphone application
	Evaluation of skeletal muscle mass
	Outcomes
	Statistical analysis

	Results
	Baseline characteristics
	The primary and secondary outcomes
	Multiple linear regression models

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


