
Associations between physical fitness, insulin
resistance, and estimated glomerular filtration rate in
individuals with spinal cord injury
Minjun Kim 

Changwon National University
Chan Mi Jang 

Changwon National University
Joonwoong Kim 

Seowon University
Inhwan Lee 

Changwon National University

Article

Keywords: estimated glomerular filtration rate, insulin resistance, physical fitness, spinal cord injury

Posted Date: April 16th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-8805687/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.   Read
Full License

Additional Declarations: No competing interests reported.

Page 1/21

https://doi.org/10.21203/rs.3.rs-8805687/v1
https://doi.org/10.21203/rs.3.rs-8805687/v1
https://doi.org/10.21203/rs.3.rs-8805687/v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Abstract
Purpose of in this study, to investigate the associations between physical fitness, insulin resistance, and
estimated glomerular filtration rate (eGFR) in individuals with spinal cord injury (SCI). This cross-sectional
study included 112 individuals with SCI (aged ≥ 30 years) who were receiving care at the disability welfare
facilities in G and C Provinces. Physical fitness was assessed based on muscle strength, muscular endurance,
flexibility, and cardiorespiratory fitness. Insulin resistance was determined using triglyceride-glucose index-
body mass index, and eGFR was calculated using modification of diet in renal disease-spinal cord
injury/disability. Odd ratios (ORs) and 95% confidence interval (CI) for exposure to insulin resistance and
kidney dysfunction were calculated according to physical fitness. After adjusting for covariates, the low
fitness groups showed a higher risk of insulin resistance (OR=5.61, 95% CI=1.01-31.04, p=0.048) and kidney
function impairment (OR=6.22, 95% CI=1.01-38.21, p=0.048), compared to the high fitness group (reference,
OR=1.00). In mediation analysis, after adjusting for covariates, physical fitness partially mediated the
association between insulin resistance and eGFR (β=-0.042), explaining 19.9% of the total effect. Physical
fitness may play a protective role against chronic kidney disease associated with high insulin resistance in
individuals with SCI.

Introduction
Chronic kidney disease (CKD) is a progressive condition characterized by structural kidney fibrosis and
decline in kidney function. CKD is typically diagnosed and monitored by evaluating indicators of kidney
filtration function, such as estimated glomerular filtration rate (eGFR) and protein and albumin levels in urine
[1–3]. CKD progresses silently in its early stages, with no noticeable symptoms observed until significant
kidney function decline occurs. Symptoms such as uremia, anemia, electrolyte imbalances, and bone
disorders begin to manifest in the middle stages of CKD [3–5]. If left untreated, CKD can lead to fatal
outcomes [4, 6, 7]. Approximately 10% of the global adult population is affected by CKD [8], and an estimated
5–10 million people die annually due to CKD-related causes [9, 10].

For individuals with spinal cord injury (SCI), autonomic nervous system dysfunction caused by neurological
damage weakens their immune responses, making them more vulnerable to chronic infections [11].
Additionally, bladder dysfunction increases their risk of recurrent urinary tract infections and kidney stones
[12, 13], while a lack of physical activity led to increased insulin resistance, making them more susceptible to
hypertension and diabetes [14–16]. As these are major risk factors for CKD [17–19], individuals with SCI may
have a higher risk of developing CKD than those without disabilities. Notably, comprehensive studies on the
prevalence of CKD in individuals with SCI are lacking. A study on U.S. veterans diagnosed with SCI indicated
that more than one-third of the participants had CKD [20]. Additionally, several epidemiological studies have
identified CKD as a major cause of mortality in individuals with SCI [21–23]. Despite these findings,
considerably limitations exist in systematically understanding the risk of CKD in individuals with SCI and
developing effective management strategies based on this understanding.

Insulin resistance, a pathological condition in which target tissues fail to respond normally to insulin, has been
identified as a pathogenic factor for CKD [24, 25]. Although the molecular mechanisms underlying the
association between insulin resistance and CKD have not been fully elucidated, hyperinsulinemia caused by
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increased insulin resistance is reported to excessively activate the sympathetic nervous system and promote
renal sodium reabsorption, leading to glomerular hyperfiltration and proteinuria, thereby contributing to kidney
damage [24]. Additionally, insulin resistance induces changes in renal cell metabolism and electrolyte
balance, which are established causes of kidney damage, while promoting kidney hypertrophy and hyaluronan
deposition within the renal interstitium, acting as a major pathological mechanism driving kidney fibrosis and
inflammation [24, 26].

Several epidemiological studies have indicated that a high level of physical fitness is an independent
protective factor against the development of CKD [27–31]. Although the physiological mechanisms underlying
the correlation between physical fitness and CKD remain unclear, regular physical activity is suggested to
improve insulin resistance, thereby slowing the progression of CKD. Thus, increased physical fitness in
individuals with SCI may mitigate insulin resistance and inhibit the key pathological mechanisms of CKD [32,
33]. Hence, analyzing whether physical fitness mediates the relationship between insulin resistance and CKD
is critical for understanding its preventive role against CKD. This study aimed to examine the associations
between physical fitness, insulin resistance, and CKD in individuals with SCI.

Results
Demographic characteristics of the participants

A total of 120 individuals with SCI who use manual wheelchairs were initially included in this study. Of these,
eight participants were excluded from the analysis, including six who could not undergo physical fitness
assessments, one who took hypoglycemic agents on the day of testing, and one with missing blood
biomarker data. Therefore, 112 participants were included in the data analysis (Figure 1). 

Comparison of variables according to sex

Comparison of variables according to sex showed that male had significantly higher height (p<0.001), weight
(p<0.001), waist circumference (WC) (p=0.027), smoking (p=0.028), creatinine (p<0.001), muscular strength
(p<0.001), muscular endurance (p=0.023), and cardiorespiratory fitness (CRF) (p<0.001) than female (Table 1).
In contrast, women had a significantly higher body fat than male (p<0.001).

Comparison of variables according to TyG-BMI and MDRD-SCI/D levels

Comparison of variables according to triglyceride-glucose index-body mass index (TyG-BMI) levels is shown
in Table 2. The results indicated that the group classified as normal exhibited significantly higher modification
of diet in renal disease-spinal cord injury/disability (MDRD-SCI/D) (p=0.017), muscular strength (p=0.004),
flexibility (p=0.004), and total physical fitness z-score (p=0.005) than the abnormal group. Conversely, the
normal group showed significantly lower weight (p<0.001), body mass index (BMI) (p<0.001), body fat
(p<0.001), WC (p<0.001), dyslipidemia (p=0.011), triglyceride (TG) (p<0.001), and creatinine (p=0.035) than the
abnormal group. Comparison according to MDRD-SCI/D levels showed that the group classified as normal
exhibited significantly higher muscular strength (p=0.043), CRF (p=0.028), and total physical fitness Z-score
(p=0.011) than the abnormal group. Conversely, the normal group showed significantly lower TyG-BMI
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(p=0.047), cervical injury (p=0.011), weight (p=0.003), BMI (p=0.028), and creatinine (p<0.001) than the
abnormal group.

Analysis of trends in variables according to physical fitness levels

Results of the analysis of trends in variables according to physical fitness levels are shown in Table 3. The
analysis showed that MDRD-SCI/D (p=0.027) and hypertension (p=0.042) tended to increase as physical
fitness levels improved. Conversely, weight (p=0.012), BMI (p=0.004), body fat (p=0.033), WC (p=0.015), TyG-
BMI (p=0.006), creatinine (p=0.018), and cervical injuries (p=0.018) tended to decrease as physical fitness
levels increased.

Analysis of exposure to abnormal TyG-BMI and MDRD-SCI/D according to physical fitness levels

The odd ratios (ORs) for exposure to abnormal TyG-BMI and MDRD-SCI/D categorized according to physical
fitness levels are presented in Table 4. Analysis of TyG-BMI indicated that in Models 1 and 2, the moderate
fitness group (Model 1, OR=4.21, 95% confidence interval (CI)=1.12-15.76, p=0.033; Model 2, OR=4.16, 95%
CI=1.10-15.60, p=0.035) and the low fitness group (Model 1, OR=6.09, 95% CI=1.44-25.66, p=0.014; Model 2,
OR=5.74, 95% CI=1.32-24.99, p=0.020) showed significantly higher OR for exposure to high insulin resistance
than the high fitness group (reference, OR=1.00). However, in Model 3, only the low fitness group (OR=5.61,
95% CI=1.01-31.04, p=0.048) had significantly higher OR for exposure to high insulin resistance than the high
fitness group. For MDRD-SCI/D, the low fitness group (Model 1, OR=4.88, 95% CI=1.11-21.40, p=0.035; Model
2, OR=4.81, 95% CI=1.01-22.87, p=0.048; Model 3, OR=6.22, 95% CI=1.01-38.21, p=0.048) consistently showed
significantly higher OR for exposure to kidney dysfunction than the high fitness group across all models.

Analysis of the mediation effect of physical fitness on the relationship between TyG-BMI and MDRD-SCI/D

The relationship between TyG-BMI and MDRD-SCI/D as mediated by physical fitness is shown in Table 5 and
shown in Figure 2. The analysis conducted to verify the mediating effect of physical fitness on the relationship
between TyG-BMI and MDRD-SCI/D revealed that TyG-BMI had a direct negative effect on MDRD-SCI/D
(β=-0.169, p=0.015, c’ path) and an indirect effect through its influence on physical fitness. Furthermore, TyG-
BMI was positively associated with physical fitness (β=2.121, p=0.022, b path), which, in turn, was negatively
associated with MDRD-SCI/D (β=-0.020, p=0.009, a path). Bootstrapping analysis of the mediation effect of
physical fitness on the relationship between TyG-BMI and MDRD-SCI/D showed that the 95% CI (-0.108 to
-0.002, ab path) did not include zero, indicating that physical fitness mediates the relationship between TyG-
BMI and MDRD-SCI/D. Additionally, the results showed that 19.9% of the total effect of TyG-BMI on MDRD-
SCI/D is explained through physical fitness. 

Discussion
In this study, we analyzed the associations between physical fitness, insulin resistance, and eGFR in 112
individuals with SCI. The results showed that lower physical fitness levels were significantly associated with
higher odds of high insulin resistance and kidney function impairment. Additionally, the results confirmed that
physical fitness partially mediated the relationship between insulin resistance and eGFR.
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Regular physical activity enhances the translocation and expression of the glucose transporter type 4 to the
cell membrane, increasing glucose uptake by skeletal muscles and improving insulin sensitivity through
insulin-independent pathways, thereby contributing to the alleviation of insulin resistance [34]. Based on this,
physical fitness, which is a quantitative indicator of physical function and is influenced by physical activity, is
considered a predictor of insulin resistance [35–37]. A recent study conducted in Australia revealed that CRF
is an independent predictor of insulin resistance in adults, regardless of obesity or type 2 diabetes status [38].
Additionally, numerous epidemiological studies have identified grip strength, as an independent factor
negatively associated with insulin resistance in adolescents, adults, and patients with type 2 diabetes [39–41].
Similarly, in the present study, analysis of the association between fitness levels and insulin resistance in
individuals with SCI revealed that the group in the low fitness group had a significantly higher risk of exposure
to high insulin resistance than the group in the high fitness group. Considering the results of the present study
and the findings of previous research, physical fitness is strongly associated with insulin resistance,
regardless of the presence of disability. Additionally, the findings of the present study suggest that the overall
physical fitness index of individuals with SCI can be useful for predicting insulin resistance.

Several epidemiological studies have indicated that physical fitness plays a protective role against the
development of CKD in the general population [30, 42]. A recent study conducted using data from the Kuopio
Ischemic Heart Disease study, which was a Finnish study that followed adult men for an average of 25.8
years, showed that high cardiorespiratory fitness is independently associated with a reduced risk of
developing CKD and offset the increased risk of CKD due to lower socioeconomic status [43]. Additionally, a
study conducted using data from the Korea National Health and Nutrition Examination Survey, to examine the
association between grip strength and CKD in adults, confirmed that lower grip strength is significantly and
independently associated with an increased prevalence of CKD [30]. Considering the results of these previous
studies, we analyzed the association between physical fitness and CKD in individuals with SCI. The results
showed that the group with lower physical fitness levels had a significantly higher risk of exposure to CKD
than the group with higher fitness levels, which is consistent with those of previous research. To the best of
our knowledge, this is the first study to demonstrate the association between physical fitness and CKD in
individuals with SCI, suggesting that improving physical fitness could be an effective strategy for preventing
CKD in this population.

Considering that insulin resistance is a major cause of CKD [24, 25], and that physical fitness is negatively
associated with insulin resistance [35-41]. physical fitness potentially mediates the relationship between
insulin resistance and CKD. However, no previous study has investigated the role of physical fitness in the
relationship between insulin resistance and CKD. Therefore, we conducted an analysis of the mediation effect
of physical fitness on the relationship between insulin resistance and eGFR in individuals with SCI, who are
particularly susceptible to CKD. Given the strong bidirectional relationship between metabolic syndrome and
CKD [43], and the fact that both conditions share common risk factors, such as insulin resistance and
hypertension [44,45], it is unsurprising that the findings of the present study align with those of Heiston et al.
who found that regular exercise reduces the severity of metabolic syndrome by improving insulin resistance
[46], and with those of Kim et al., who identified cardiorespiratory fitness as a modulating factor in the
relationship between insulin resistance and metabolic syndrome [47]. The findings of the present study
extend the existing knowledge regarding these associations to the population of individuals with SCI and

Page 5/21



presents the first evidence of the effect of physical fitness on the relationship between insulin resistance and
eGFR. 

The primary limitation of this study was its cross-sectional design, which did not allow for inference of causal
relationships. In addition, the insulin resistance and CKD markers used in this study were based on
hematological surrogate indicators, which may have limited diagnostic accuracy. Furthermore, the possibility
that some uninvestigated confounding variables may have influenced the study results cannot be completely
excluded.

Considering these limitations, the results of this study should be interpreted with caution. Future longitudinal
studies with larger sample sizes conducted using more comprehensive diagnostic methods are needed to
validate the findings of this study. Nevertheless, to the best of our knowledge, this study is the first to
demonstrate the mediation effect of physical fitness on the relationship between insulin resistance and CKD
in individuals with SCI.

In conclusions, this study demonstrated that high physical fitness levels are independently associated with
insulin resistance and eGFR in individuals with SCI. In addition, the results of this study showed that the
relationship between insulin resistance and eGFR is partially mediated by physical fitness. This study provides
important evidence that could facilitate the development of strategies targeted at improving physical fitness
for the prevention of CKD in individuals with SCI.

Methods
Study participants

This was a cross-sectional study conducted from September 2022 to September 2024. The participants were
adults aged ≥ 30 years with SCI who use manual wheelchairs and utilize sports and welfare facilities designed
for individuals with disabilities. Only those who voluntarily consented to participate and provided written
informed consent to participate were included in the study. This study was approved by the Institutional
Review Board of Changwon National University (approval no.: 7001066-202401-HR-009). 

Body composition and anthropometrics measurements

Body composition was assessed by measuring body fat percentage (S10, Inbody, Seoul, Republic of Korea).
The anthropometric indices measured included height, weight, BMI, and WC. Height was measured using an
anthropometric tape while the participant lay on a bed. Weight was measured using a wheelchair scale (AD-
6105NP, AND, Bucheon, Republic of Korea). To determine the participant's body weight, the weight of the
wheelchair was subtracted from the total weight measured. BMI was calculated using the following formula:
weight (kg)/height (m²). WC was measured using an anthropometric tape wrapped around the participant at
the midpoint between the lowest rib and the iliac crest.

Blood analysis and calculation of TyG-BMI and MDRD-SCI/D

A 70 μL blood sample was collected from the tip of the left index finger after a minimum 12-h fasting period.
The collected blood sample was placed in a cartridge and analyzed using a dry chemistry analyzer (Labgeo
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PT10, Samsung Electronics, Seoul, Republic of Korea). The blood analysis device used in this study is capable
of immediate analysis without preprocessing whole blood. The high precision and accuracy of the device and
its strong correlations with various blood markers, including serum creatinine level, have been validated
previously [48]. 

TyG-BMI, a surrogate marker considered the most reliable indicator of insulin resistance in Koreans, was
calculated based on the participants’ TG and fasting blood glucose (FBG) levels [49]. Additionally, MDRD-
SCI/D, an eGFR formula used for the evaluation of individuals with SCI, was calculated based on the
participants’ creatinine levels [20]. For TyG-BMI, participants in the top 30% were considered to have high
insulin resistance. For MDRD-SCI/D, values below the cut-off of 60, which indicates severe kidney function
impairment, were considered indicative of kidney dysfunction [1].

The formulas used for calculating TyG-BMI and MDRD-SCI/D in this study are as follows:

TyG-BMI = Ln [TG (mg/dL) × FBG (mg/dL)/2] × BMI

MDRD-SCI/D = 186 × (creatinine)^-1.154 × (age)^-0.203 × (0.742, if female) × 0.69

Physical fitness

We analyzed four components of physical fitness based on the fitness assessment methods for individuals
with SCI provided by the Physical Fitness Certification Center under the Korea Paralympic Committee [50].
Muscular strength was measured using a digital grip dynamometer (TKK-5401, Takei, Tokyo, Japan). The
highest value obtained was divided by body weight to calculate relative grip strength, which was expressed as
a percentage (%). Muscular endurance was assessed by counting the number of times participants could lift a
dumbbell (4 kg for men, 2 kg for women) within 2 min. Flexibility was measured using a back scratch test.
CRF was evaluated by measuring the total distance the participants covered within 5 min as they propelled
their wheelchairs back and forth along a 20-m course. The standardized scores for the four fitness
components were calculated based on sex and age and summed to produce a comprehensive fitness score.
The total fitness scores were categorized into three groups based on sex- and age-specific quartiles: the top
25% were classified as ‘high fitness’, the middle 50% as ‘moderate fitness,’ and the bottom 25% as ‘low
fitness’.

Covariates

For disability characteristics, the survey included questions on the location of spinal pathology and the
duration of disability. Household monthly income was calculated by dividing the total household income
earned over the past year by 12. Educational level was categorized into three groups: elementary school
graduate or below, middle and high school graduate, and college graduate or higher. Marital status was
classified as married, divorced/widowed, and single. Smoking was defined as a lifetime history of smoking at
least five packs of cigarettes [51]. Heavy drinking was defined as consuming at least seven drinks per
occasion for men and five drinks for women [52]. Physical activities were assessed using the physical activity
scale for individuals with physical disabilities (PASIPD), with the results recorded in MET-hours/day [53].
Additionally, the survey included questions on whether participants had been diagnosed with hypertension,
hyperlipidemia, or diabetes by a physician.
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Data analysis

Independent t-tests were conducted to compare continuous variables according to sex and TyG-BMI or MDRD-
SCI/D classifications, whereas chi-square tests were used to compare categorical variables. Trends in
variables were analyzed according to fitness levels using polynomial contrasts in one-way analysis of variance
and linear-by-linear association in chi-square tests. Binary logistic regression analysis was performed to
calculate ORs and 95% CI for exposure to abnormal TyG-BMI and MDRD-SCI/D status according to fitness
levels. Mediation effects of fitness on the relationship between TyG-BMI and MDRD-SCI/D were analyzed
using Process macro model 4 by Andrew F. Hayes, and applying a bootstrapping method with repeated
random sampling. All analyses were conducted using SPSS-PC statistics software (version 28.0, IBM, New
York, USA). The statistical significance level for hypothesis testing was set at α=0.05.

Declarations
Authors’ contributions

Conceptualization: MK and IL. Methodology: MK, CMJ, and IL. Formal analysis: MK, JK, and IL. Investigation:
MK and IL. Data curation: CMJ, JK, and IL. Writing-original draft preparation: MK and I.L. Writing-review and
editing: MK and IL. Funding acquisition: IL. All authors contributed to the manuscript equally and approved the
submitted version. 

Data availability 

The datasets generated and/or analyzed during the current study are available from the corresponding author
upon reasonable request.

Ethics approval and consent to participate

This study was conducted in accordance with the principles of the Declaration of Helsinki and approved by
the Institutional Review Board of Changwon National University (IRB-7001066-202401-HR-009). All
participants provided written informed consent prior to participation.

Funding

This research was supported by the basic science research program through the national research foundation
of Korea funded by the ministry of education (grant number: 2022R1I1A1A01066469).

References
1. Charles, C. & Ferris, A. H. Chronic kidney disease. Prim Care. 47, 585–595 (2020).

2. Romagnani, P. et al. Chronic kidney disease. Nat Rev Dis Primers. 11, 8; 10.1038/s41572-024-00589-9
(2025).

3. Webster, A. C., Nagler, E. V., Morton, R. L. & Masson P. Chronic kidney disease. Lancet. 389, 1238-1252
(2017).

Page 8/21



4. Bello, A. K. et al. Complications of chronic kidney disease: current state, knowledge gaps, and strategy for
action. Kidney Int Suppl (2011). 7, 122-129 (2017).

5. McGuigan, F. E. & Malmgren, L. Bone health as a co-morbidity of chronic kidney disease. Best Pract Res
Clin Rheumatol. 36, 101760; 10.1016/j.berh.2022.101760 (2020).

6. Kim, K. M., Oh, H. J., Choi, H. Y., Lee, H. & Ryu, D. R. Impact of chronic kidney disease on mortality: A
nationwide cohort study. Kidney Res Clin Pract. 38, 382-390 (2019).

7. Tonelli, M. et al. Chronic kidney disease and mortality risk: a systematic review. J Am Soc Nephrol. 17,
2034–2047 (2006).

8. Sundström, J. et al. Prevalence, outcomes, and cost of chronic kidney disease in a contemporary
population of 2·4 million patients from 11 countries: The CaReMe CKD study. Lancet Reg Health Eur. 20,
100438; 10.1016/j.lanepe.2022.100438 (2022).

9. Luyckx, V. A., Tonelli, M. & Stanifer, J. W. The global burden of kidney disease and the sustainable
development goals. Bull World Health Organ. 96, 414-422D (2018).

10. Foreman, K. J. et al. Forecasting life expectancy, years of life lost, and all-cause and cause-specific
mortality for 250 causes of death: reference and alternative scenarios for 2016-40 for 195 countries and
territories. Lancet. 392, 2052-2090 (2018).

11. Allison, D. J. & Ditor, D. S. Immune dysfunction and chronic inflammation following spinal cord injury.
Spinal Cord. 53, 14-18 (2015).

12. Sekido, N. et al. Clinical guidelines for the diagnosis and treatment of lower urinary tract dysfunction in
patients with spinal cord injury. Int J Urol. 27, 276-288 (2020).

13. Wu. S. Y. et al. Long-Term Surveillance and Management of Urological Complications in Chronic Spinal
Cord-Injured Patients. J Clin Med. 11, 7307; 10.3390/jcm11247307 (2022).

14. Saunders, L. L., Clarke, A., Tate, D. G., Forchheimer, M. & Krause, J. S. Lifetime prevalence of chronic
health conditions among persons with spinal cord injury. Arch Phys Med Rehabil. 96, 673-679 (2015).

15. Lai, Y. J. et al. Spinal cord injury increases the risk of type 2 diabetes: a population-based cohort study.
Spine J. 14, 1957-1964 (2014).

16. Adriaansen, J. J. et al. Prevalence of hypertension and associated risk factors in people with long-term
spinal cord injury living in the Netherlands. Disabil Rehabil. 39, 919-927 (2017).

17. Gris, D., Hamilton, E. F. & Weaver, L. C. The systemic inflammatory response after spinal cord injury
damages lungs and kidneys. Exp Neurol. 211, 259-270 (2008).

18. Rule, A. D. et al. Kidney stones and the risk for chronic kidney disease. Clin J Am Soc Nephrol. 4, 804-811
(2009).

19. Kazancioğlu, R. Risk factors for chronic kidney disease: an update. Kidney Int Suppl (2011). 3, 368-371
(2013).

20. Fischer, M. J. et al. Prevalence of chronic kidney disease in patients with spinal cord injuries/disorders.
Am J Nephrol. 36, 542-548 (2012).

21. Greenwell, M. W., Mangold, T. M., Tolley, E. A. & Wall, B. M. Kidney disease as a predictor of mortality in
chronic spinal cord injury. Am J Kidney Dis. 49, 383-933 (2007).

Page 9/21



22. Yu, S. C. et al. One-Year Mortality of Patients with Chronic Kidney Disease After Spinal Cord Injury: A 14-
Year Population-Based Study. World Neurosurg. 105, 462-469 (2017).

23. Frankel, H. L. et al. Long-term survival in spinal cord injury: a fifty year investigation. Spinal Cord. 36, 266-
274 (1998).

24. De Cosmo, S., Menzaghi, C., Prudente, S., & Trischitta, V. Role of insulin resistance in kidney dysfunction:
insights into the mechanism and epidemiological evidence. Nephrol Dial Transplant. 28, 29-36 (2013).

25. Artunc, F. et al. The impact of insulin resistance on the kidney and vasculature. Nat Rev Nephrol. 12, 721-
737 (2016).

26. Mogensen, C. E. The kidney and hypertension in diabetes mellitus (3rd ed.) 91 (Springer, 2013).

27. Kokkinos, P. et al. Exercise capacity and risk of chronic kidney disease in US veterans: a cohort study.
Mayo Clin Proc. 90, 461-468 (2015).

28. Alexandrou, M. E. et al. Cardiorespiratory fitness assessed by cardiopulmonary exercise testing between
different stages of pre-dialysis chronic kidney disease: A systematic review and meta-analysis.
Nephrology (Carlton). 26, 972-980 (2021).

29. Erman Helper, O. et al. Physical fitness is an independent predictor of chronic kidney disease
development in apparently healthy individuals. J Nephrol. 37, 2285-2292 (2024).

30. Lee, Y. L., Jin, H., Lim, J. Y. & Lee, S. Y. Relationship Between Low Handgrip Strength and Chronic Kidney
Disease: KNHANES 2014-2017. J Ren Nutr. 31, 57-63 (2021).

31. Cheng, Y. et al. Chronic kidney disease: prevalence and association with handgrip strength in a cross-
sectional study. BMC Nephrol. 22, 246; 10.1186/s12882-021-02452-5 (2021).

32. Stump, C. S. Physical Activity in the Prevention of Chronic Kidney Disease. Cardiorenal Med. 1, 164-173
(2011).

33. Teta, D. Insulin resistance as a therapeutic target for chronic kidney disease. J Ren Nutr. 25, 226-229
(2015).

34. Bird, S. R. & Hawley, J. A. Update on the effects of physical activity on insulin sensitivity in humans. BMJ
Open Sport Exerc Med. 2, e000143; 10.1136/bmjsem-2016-000143 (2017).

35. Dwyer, T. et al. Decline in physical fitness from childhood to adulthood associated with increased obesity
and insulin resistance in adults. Diabetes Care. 32, 683-687 (2009).

36. Chen, C. N., Chuang, L. M. & Wu, Y. T. Clinical measures of physical fitness predict insulin resistance in
people at risk for diabetes. Phys Ther. 88, 1355-1364 (2008).

37. Clarke, S. L. et al. Cardiorespiratory Fitness, Body Mass Index, and Markers of Insulin Resistance in
Apparently Healthy Women and Men. Am J Med. 133, 825-830.e2 (2020).

38. Sabag, A. et al. The association between cardiorespiratory fitness, liver fat and insulin resistance in adults
with or without type 2 diabetes: a cross-sectional analysis. BMC Sports Sci Med Rehabil. 13, 40;
10.1186/s13102-021-00261-9 (2021).

39. Joo, K. C., Son, D. H. & Park, J. M. Association between Relative Handgrip Strength and Insulin Resistance
in Korean Elderly Men without Diabetes: Findings of the 2015 Korea National Health Nutrition
Examination Survey. Korean J Fam Med. 43, 199-205 (2022).

Page 10/21



40. Li, S., Zhang, R., Pan, G., Zheng, L. & Li, C. Handgrip strength is associated with insulin resistance and
glucose metabolism in adolescents: Evidence from National Health and Nutrition Examination Survey
2011 to 2014. Pediatr Diabetes. 19, 375-380 (2018).

41. Zaharia, O. P. et al. Reduced Muscle Strength Is Associated With Insulin Resistance in Type 2 Diabetes
Patients With Osteoarthritis. J Clin Endocrinol Metab. 106, 1062-1073 (2021).

42. Kunutsor, S. K., Jae, S. Y., Kauhanen, J. & Laukkanen, J. A. High Fitness Levels Offset the Increased Risk
of Chronic Kidney Disease due to Low Socioeconomic Status: A Prospective Study. Am J Med. 135, 1247-
1254.e2 (2022).

43. Zhang, X. & Lerman, L. O. The metabolic syndrome and chronic kidney disease. Transl Res. 183, 14-25
(2017).

44. Singh, A. K. & Kari, J. A. Metabolic syndrome and chronic kidney disease. Curr Opin Nephrol Hypertens. 22,
198-203 (2013).

45. Ruan, X. & Guan, Y. Metabolic syndrome and chronic kidney disease. J Diabetes. 1, 236-245 (2009).

46. Heiston, E. M., Eichner, N. Z., Gilbertson, N. M. & Malin, S. K. Exercise improves adiposopathy, insulin
sensitivity and metabolic syndrome severity independent of intensity. Exp Physiol. 105, 632-640 (2020).

47. Kim, S. et al. Combined impact of cardiorespiratory fitness and visceral adiposity on metabolic syndrome
in overweight and obese adults in Korea. PLoS One. 9, e85742; 10.1371/journal.pone.0085742 (2014).

48. Jeong, T. D., Lee, W., Chun, S. & Min, W. K. Performance evaluation of the LABGEO PT10 point-of-care
chemistry analyzer. J Lab Med Qual Assur. 35, 70–80 (2013).

49. Lim, J., Kim, J., Koo, S. H. & Kwon, G. C. Comparison of triglyceride glucose index, and related parameters
to predict insulin resistance in Korean adults: An analysis of the 2007-2010 Korean National Health and
Nutrition Examination Survey. PLoS One. 14, e0212963; 10.1371/journal.pone.0212963 (2019).

50. Korea Paralympic Committee. Korea Paralympic Committee Disability Fitness Certification Center.
https://nfa.koreanpc.kr/front/certify/cer0303_list.do?menu_seq=956 (2026).

51. Centers for Disease Control and Prevention. Cigarette smoking among adults--United States, 1992, and
changes in the definition of current cigarette smoking. MMWR Morb Mortal Wkly Rep. 43, 342-346 (1994).

52. Seo, S., Chun, S., Newell, M. A. & Yun, M. Association between alcohol consumption and Korean young
women's bone health: a cross sectional study from the 2008 to 2011 Korea National Health and Nutrition
Examination Survey. BMJ Open. 5, e007914; 10.1136/bmjopen-2015-007914 (2015).

53. Washburn, R. A., Zhu, W., McAuley, E., Frogley, M. & Figoni, S. F. The physical activity scale for individuals
with physical disabilities: development and evaluation. Arch Phys Med Rehabil. 83, 193-200 (2002).

Tables

Page 11/21



Table 1. Characteristics of the study participants

Variables Total (n=112) Male (n=86) Female (n=26) p-value

Socio-demographic status        

Age (years)  57.5±7.9 56.9±7.9 59.3±7.8 0.167

Location of spinal pathology, n
(%) 

      0.158

Cervical  26 (23.2) 20 (23.3) 6 (23.1)  

Thoracic  60 (53.5) 47 (54.6) 13 (50.0)  

Lumbar  19 (17.0) 16 (18.6) 3 (11.5)  

Myelitis 7 (6.3) 3 (3.5) 4 (15.4)  

Duration of injury (years) 25.3±11.9 24.2±10.8 28.9±14.7 0.080

Anthropometric parameters        

Height (cm) 165.0±7.9 167.6±6.4 156.4±5.8 <0.001

Weight (kg) 66.2±11.6 68.7±10.8 58.2±10.8 <0.001

BMI (kg/m2) 24.3±3.9 24.5±3.9 23.8±3.9 0.398

Body fat (%) 39.0±8.1 37.6±7.9 44.0±6.9 <0.001

WC (cm) 92.3±11.4 93.6±10.9 88.0±12.0 0.027

Socio-economic status        

Income (10,000 won/month) 301.8±229.1 304.4±218.7 293.2±265.3 0.827

Education, n (%)       0.087

Lower than elementary school 7 (6.3) 3 (3.5) 4 (15.4)  

Middle/high school 84 (75.0) 66 (76.7) 18 (69.2)  

College or higher 21 (18.2) 17 (19.8) 4 (15.4)  

Marital status, n (%)       0.198

Married/cohabitation 76 (67.9) 57 (66.3) 19 (73.1)  

Widowed/divorced 20 (17.9) 14 (16.3) 6 (23.1)  

Unmarried 16 (14.2) 15 (17.4) 1 (3.8)  

Health-related factors        

Smoking, n (%) 32 (28.6) 29 (33.7) 3 (11.5) 0.028

Binge drinking, n (%) 28 (25.0) 23 (26.7) 5 (19.2) 0.438

Physical activity (METs-hr/day) 22.9±12.0 22.9±12.7 22.9±9.4 0.997
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Menopause, n (%) 22 (196) 0 (0.0) 22 (84.6) <0.001

Hypertension, n (%) 32 (28.6) 27 (31.4) 5 (19.2) 0.229

Dyslipidemia, n (%) 23 (20.5) 17 (19.8) 6 (23.1) 0.714

Diabetes, n (%) 21 (18.8) 18 (20.9) 3 (11.5) 0.282

Laboratory parameters        

TG (mg/dL) 163.5±78.8 161.0±80.9 172.0±72.0 0.534

FBG (mg/dL) 111.7±24.6 113.2±26.1 106.9±18.5 0.174

TyG-BMI 219.4±38.4 220.8±38.7 214.8±37.5 0.483

Creatinine (mg/dL) 0.7±0.2 0.7±0.2 0.5±0.2 <0.001

MDRD-SCI/D (mL/min/1.73m2) 80.7±23.9 79.8±23.1 83.7±26.5 0.470

Physical fitness        

Muscular strength (%) 53.0±18.0 57.1±16.7 39.5±15.7 <0.001

Muscular endurance (rep/2 min) 87.5±26.9 90.7±26.9 77.1±24.5 0.023

CRF (m/5min) 403.2±132.4 434.3±117.2 300.1±129.0 <0.001

Flexibility (cm) -19.6±11.1 -20.7±10.8 -15.8±11.6 0.050

BMI: body mass index, WC: waist circumference, MET: metabolic equivalent of task, TG: triglyceride, FBG:
fasting blood glucose, TyG-BMI: triglyceride-glucose index-body mass index, MDRD-SCI/D: modification of
diet in renal disease-spinal cord injury/disability, CRF: cardiorespiratory fitness
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Table 2. Comparison of variables according to TyG-BMI and MDRD-SCI/D values

Variables TyG-BMI  p-
value

MDRD-SCI/D p-
value

Normal

(n=78)

Abnormal

(n=34)

Normal

(n=92)

Abnormal

(n=20)

TyG-BMI  199.3±22.5 265.6±24.6 <0.001 216.1±38.5 234.8±34.8 0.047

MDRD-SCI/D
(mL/min/1.73m2)

84.2±23.8 72.5±22.3 0.017 86.9±21.4 51.9±9.4 <0.001

Socio-demographic
status

           

Age (years) 57.7±7.7 57.0±8.4 0.665 56.9±7.7 59.9±8.5 0.137

Female, n (%) 18 (23.1) 8 (23.5) 0.958 24 (26.1) 2 (10.0) 0.122

Location of spinal
pathology, n (%) 

    0.051     0.011

Cervical  15 (19.2) 11 (32.3)   17 (18.5) 9 (45.0)  

Thoracic  43 (55.2) 17 (50.0)   54 (58.7) 6 (30.0)  

Lumbar  17 (21.8) 2 (5.9)   17 (18.5) 2 (10.0)  

Myelitis 3 (3.8) 4 (11.8)   4 (4.3) 3 (15.0)  

Duration of injury
(years)

25.7±11.8 24.5±12.4 0.632 25.9±12.2 22.5±10.4 0.241

Anthropometric
parameters

           

Height (cm) 165.9±7.6 163.0±8.2 0.078 164.4±8.4 167.7±3.9 0.091

Weight (kg) 61.8±8.7 76.3±11.1 <0.001 64.7±11.3 73.2±10.3 0.003

BMI (kg/m2) 22.4±2.5 28.6±2.8 <0.001 23.9±3.9 26.0±3.4 0.028

Body fat (%) 37.3±7.9 43.0±7.3 <0.001 39.2±8.3 38.4±7.2 0.715

WC (cm) 88.4±8.8 101.3±11.8 <0.001 91.4±11.4 96.5±10.9 0.074

Socio-economic
status

           

Income (10,000
won/month)

329.1±239.3 239.1±192.9 0.056 309.9±238.9 264.5±177.8 0.424

Education, n (%)     0.384     0.189

Lower than
elementary school

4 (5.1) 3 (8.8)   5 (5.4) 2 (10.0)  

Middle/high school 57 (73.1) 27 (79.4)   67 (72.8) 17 (85.0)  
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College or higher 17 (21.8) 4 (11.8)   20 (21.8) 1 (5.0)  

     Marital status, n
(%)

    0.173     0.431

Married/cohabitation 56 (71.8) 20 (58.8)   60 (65.2) 16 (80.0)  

Widowed/divorced 14 (17.9) 6 (17.6)   18 (19.6) 2 (10.0)  

Unmarried 8 (10.3) 8 (23.6)   14 (15.2) 2 (10.0)  

Health-related
factors

           

Smoking, n (%) 22 (28.2) 10 (29.4) 0.897 28 (30.4) 4 (20.0) 0.349

Binge drinking, n (%) 21 (26.9) 7 (20.6) 0.477 26 (28.3) 2 (10.0) 0.087

Physical activity
(METs-hr/day)

23.4±13.2 22.0±8.6 0.585 23.0±12.4 22.9±10.3 0.982

Menopause, n (%) 14 (17.9) 8 (23.5) 0.494 20 (21.7) 2 (10.0) 0.231

Hypertension, n (%) 21 (26.9) 11 (32.4) 0.559 24 (26.1) 8 (40.0) 0.212

Dyslipidemia, n (%) 11 (14.1) 12 (35.3) 0.011 17 (18.5) 6 (30.0) 0.248

Diabetes, n (%) 16 (20.5) 5 (14.7) 0.469 17 (18.5) 4 (20.0) 0.874

Laboratory
parameters

           

TG (mg/dL) 143.5±67.4 209.5±84.5 <0.001 162.8±81.1 166.9±68.5 0.837

FBG (mg/dL) 111.9±27.2 111.2±17.5 0.442 112.6±25.7 107.5±18.6 0.399

Creatinine (mg/dL) 0.7±0.2 0.8±0.2 0.035 0.6±0.1 1.0±0.2 <0.001

Physical fitness            

Muscular strength
(%)

56.2±16.8 45.6±18.8 0.004 54.6±17.2 45.6±20.2 0.043

Muscular endurance
(rep/2 min)

89.2±25.3 83.7±30.3 0.325 89.8±224.8 77.2±34.0 0.057

CRF (m/5min) 409.6±130.7 388.4±137.0 0.439 416.0±121.3 344.5±165.6 0.028

Flexibility (cm) -17.6±11.6 -24.1±8.4 0.004 -19.0±11.5 -22.1±8.7 0.256

Total physical fitness
Z-score

0.489±2.571 -1.121±3.130 0.005 0.405±2.517 -1.863±3.502 0.011

TyG-BMI: triglyceride-glucose index–body mass index, MDRD-SCI/D: modification of diet in renal disease-
spinal cord injury/disability, BMI: body mass index, WC: waist circumference, MET: metabolic equivalent of
task, TG: triglyceride, FBG: fasting blood glucose, CRF: cardiorespiratory fitness
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Table 3. Comparison of variables according to physical fitness level

Variables Low fitness

(n=26)

Moderate fitness

(n=59)

High fitness

(n=27)

p for

linear
trend

Physical fitness        

Total physical fitness Z-score -3.595±1.570 0.170±1.086 3.089±1.366 <0.001

Muscular strength (%) 35.9±17.1 54.8±14.7 65.5±12.6 <0.001

Muscular endurance (rep/2
min)

61.0±24.0 89.6±20.9 108.6±19.6 <0.001

CRF (m/5 min) 297.2±126.7 409.3±112.8 491.9±107.1 <0.001

Flexibility (cm) -25.2±8.4 -20.5±9.6 -12.0±12.6 <0.001

Socio-demographic status        

Age (years) 58.2±8.7 57.7±8.1 56.3±6.7 0.378

Female, n (%) 6 (23.1) 14 (53.8) 6 (22.2) 0.940

Location of spinal pathology, n
(%) 

      0.018

Cervical  13 (50.0) 10 (16.9) 3 (11.1)  

Thoracic  9 (34.7) 35 (59.3) 16 (59.3)  

Lumbar  3 (11.5) 9 (15.3) 7 (25.9)  

Myelitis 1 (3.8) 5 (8.5) 1 (3.7)  

Duration of injury (years) 24.1±14.8) 25.2±11.3 26.6±10.6 0.448

Anthropometric parameters        

Height (cm) 165.5±6.1 164.6±8.1 165.5±9.0 0.990

Weight (kg) 69.1±10.9 67.3±12.0 61.2±9.9 0.012

BMI (kg/m2) 25.2±3.9 24.9±4.0 22.2±2.6 0.004

Body fat (%) 40.4±7.3 40.0±7.8 35.7±8.8 0.033

WC (cm) 95.8±13.3 92.7±11.2 88.2±8.9 0.015

Socio-economic status        

Income (10,000 won/month) 306.9±275.4 287.9±208.0 327.2±231.5 0.749

Education, n (%)       0.168

Lower than elementary school 3 (11.5) 4 (6.8) 0 (0.0)  

Middle/high school 19 (73.1) 44 (74.6) 21 (77.8)  
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College or higher 4 (15.4) 11 (18.6) 6 (22.2)  

Marital status, n (%)       0.307

Married/cohabitation 17 (65.4) 37 (62.8) 22 (81.5)  

Widowed/divorced 6 (23.1) 11 (18.6) 3 (11.1)  

Unmarried 3 (11.5) 11 (18.6) 2 (7.4)  

Health-related factors        

Smoking, n (%) 7 (26.9) 119 (32.2) 6 (22.2) 0.697

Binge drinking, n (%) 6 (23.1) 16 (27.1) 6 (22.2) 0.937

Physical activity (METs-hr/day) 23.8±15.6 22.5±10.2 23.2±12.2 0.852

Menopause, n (%) 5 (19.2) 13 (22.0) 4 (14.8) 0.680

Hypertension, n (%) 5 (19.2) 15 (25.4) 12 (44.4) 0.042

Dyslipidemia, n (%) 6 (32.1) 11 (18.6) 6 (22.2) 0.945

Diabetes, n (%) 6 (23.1) 11 (18.6) 4 (14.8) 0.443

Laboratory parameters        

TG (mg/dL) 170.5±86.0 161.3±76.3 161.7±79.4 0.685

FBG (mg/dL) 109.8±21.0 112.5±24.7 111.9±28.1 0.765

TyG-BMI 228.6±39.5 224.3±40.3 199.9±25.1 0.006

Creatinine (mg/dL) 0.8±0.3 0.7±0.2 0.7±0.2 0.018

MDRD-SCI/D (mL/min/1.73m2) 70.8±23.4 82.9±22.5 85.2±25.6 0.027

CRF: cardiorespiratory fitness, BMI: body mass index, WC: waist circumference, MET: metabolic equivalent
of task, TG: triglyceride, FBG: fasting blood glucose, TyG-BMI: triglyceride-glucose index–body mass index,
MDRD-SCI/D: modification of diet in renal disease-spinal cord injury/disability
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Table 4. Odd ratios and 95% confidence intervals for TyG–BMI and MDRD–SCI/D according to fitness level

  High fitness Moderate fitness Low fitness

  OR (95% CI) p–value OR (95% CI) p–value

TyG–BMI          

Model 1 1 (reference) 4.21 (1.12–15.76) 0.033 6.09 (1.44–25.66) 0.014

Model 2 1 (reference) 4.16 (1.10–15.60) 0.035 5.74 (1.32–24.99) 0.020

Model 3 1 (reference) 3.26 (0.68–15.62) 0.139 5.61 (1.01–31.04) 0.048

MDRD–SCI/D          

Model 1 1 (reference) 0.99 (0.23–4.31) 0.996 4.88 (1.11–21.40) 0.035

Model 2 1 (reference) 0.97 (0.22–4.28) 0.976 4.81 (1.01–22.87) 0.048

Model 3 1 (reference) 1.30 (0.25–6.76) 0.675 6.22 (1.01–38.21) 0.048

OR: odd ratio, CI: confidence interval, TyG-BMI: triglyceride-glucose index–body mass index, MDRD-SCI/D:
modification of diet in renal disease-spinal cord injury/disability

Model 1: adjusted for age and sex.

Model 2: Model 1 + location of spinal pathology and duration of injury. 

Model 3: Model 2 + body fat, income, education, marital status, smoking, binge drinking, physical activity,
menopause, hypertension, dyslipidemia, and diabetes.
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Table 5. Association between TyG-BMI and MDRD-SCI/D, mediated by physical fitness, in individuals with
spinal cord injury

Path ß SE t 95% CI p-value

LLCI ULCI

TyG-BMI → Physical fitness,
a

-0.020 0.007 -2.681 -0.034 -0.005 0.009

Physical fitness → MDRD-
SCI/D, b

2.121 0.913 2.324 0.309 3.933 0.022

Total effect, c -0.211 0.068 -3.118 -0.345 -0.077 0.002

Direct effect, c` -0.169 0.068 -2.466 -0.305 -0.033 0.015

Indirect effect, ab -0.042 0.028   -0.108 -0.002  

Indirect to total effect 19.9%

SE: standard error, CI: confidence interval, LLCI: lower limit of confidence interval, ULCI: upper limit
confidence interval, TyG-BMI: triglyceride-glucose index–body mass index, MDRD-SCI/D: modification of
diet in renal disease-spinal cord injury/disability 

Adjusted for age, sex, location of spinal pathology, duration of injury, body fat, income, education, marital
status, smoking, binge drinking, physical activity, menopause, hypertension, dyslipidemia, and diabetes.

In the mediation model, the indirect effect is the product of path coefficients a (TyG-BMI → physical
fitness) and b (physical fitness → MDRD-SCI/D). The direct effect is the coefficient c

+ ab). 

Figures
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Figure 1

Flow chart of eligible participants in the study

Figure 2
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Mediation analysis. Path coefficients of triglyceride-glucose index-body mass index (TyG-BMI) on
modification of diet in renal disease-spinal cord injury/disability (MDRD-SCI/D) through physical fitness.

Path a, estimated coefficient for the regression with TyG-BMI predicting physical fitness; Path b, estimated
coefficient for the regression with physical fitness predicting MDRD-SCI/D; Path c, total effects for the
regression with TyG-BMI predicting MDRD/SCI-D; Path c`, direct effects for the regression with TyG-BMI
predicting MDRD-SCI/D independent of physical fitness
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