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A B S T R A C T   

Background: Poor gait performance results in more fall incidents among people with chronic 
kidney disease (CKD). It is unknown what specific quantitative gait markers contribute to high fall 
risk in CKD and the size of their mediation effects. 
Methods: We included 634 participants from the Taizhou Imaging Study who had complete gait 
and laboratory data. Quantitative gait assessment was conducted with a wearable insole-like 
device. Factor analysis was utilized to summarize fifteen highly correlated individual parame
ters into five independent gait domains. Prevalent CKD was defined as an estimated glomerular 
filtration rate (eGFR) < 60 ml/min per 1.73 m2, which was calculated based on cystatin C. 
Regression models were created to examine the associations of prevalent CKD with quantitative 
gait markers and the TUG time. Mediation analysis was used to investigate whether poor quan
titative gait parameters could be mediators and the proportion of their mediation effects. 
Results: Participants with prevalent CKD had a higher TUG time (odds ratio = 2.02, P = 0.025) 
and poor gait performance in the phase domain (standardized β = − 0.391, FDR = 0.009), 
including less time in the swing phase (standardized β = − 0.365, FDR = 0.027) and greater time 
in the double-support phase (standardized β = 0.367, FDR = 0.027). These abnormalities 
mediated the association of prevalent CKD with a high TUG time (for the swing phase: 31.6 %, 
Pmediation = 0.044; for the double-support phase: 29.6 %, Pmediation = 0.042; for the phase domain: 
26.9 %, Pmediation = 0.048). 
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Conclusion: Poor phase-related gait abnormalities mediated the relationship between CKD and a 
high TUG time, suggesting that incorporating quantitative gait markers in specific domains may 
improve fall prevention programs for individuals with CKD.   

1. Introduction 

As a highly prevalent condition, chronic kidney disease (CKD) is estimated to affect 9.1 % (mainly stages 1–2) of the world’s 
population, and its burden is becoming substantial with population aging [1]. CKD is defined as a persistent abnormality in kidney 
structure or function for more than 3 months [2]. It is also a significant risk factor for cardiovascular diseases, correlating with an 
elevated risk of cardiovascular-related fatalities [1], and has become an important public health problem in China [3]. Older adults, 
including 55-65 adults, with CKD are prone to falls due to a complex interaction of comorbidities, such as renal osteodystrophy, muscle 
weakness, and impaired mobility [4]. Therefore, it is urgent to identify the markers of functional decline in the CKD population to 
prevent the occurrence of falls, which would help to take preventive measures to improve health outcomes. 

Based on the coordination among the nervous, skeletal muscle, and cardiovascular systems, abnormal gait performance can reflect 
decreased physical function and predict fall risk [5,6]. People with CKD have been observed with poor gait performance, especially 
spatiotemporal parameters [7,8], which is often assessed by cost-effective standardized tests in clinical settings for a specific situation. 
During the clinical evaluation, the researchers visually observe the walking process of the subjects and then evaluate according to their 
experience or the items specified in the scales. This method of observation refers to qualitative analysis. However, quantitative gait 
measurement is superior to clinical examination in the following aspects. First, it could be carried out efficiently in any setting once 
proper equipment is available. It can also obtain large amounts of objective and accurate spatiotemporal data in a relatively short 
period without complicated clinical training. Furthermore, these subtle gait data could be categorized into independent domains, each 
representing unique clinical or even subclinical information [9]. However, few studies have investigated the predictive value of 
spatiotemporal gait abnormalities to falls in CKD so far. Existing research only revealed the association between kidney dysfunction 
and gait abnormalities as well as their interactions on falls [10,11]. It is unclear to what extent these subtle gait abnormalities explain a 
higher TUG time in CKD. Therefore, identifying the quantitative gait markers of high fall risk in the CKD population needs further 
research. 

This population-based study examined the associations of CKD with the TUG time and spatiotemporal gait abnormalities. In 
addition, we investigated what specific gait parameters or domains and to what extent contribute to high TUG time in CKD to find 
potential gait signs for fall prevention. 

2. Materials and methods 

2.1. Design and study population 

A cross-sectional study was conducted on a sample of community-dwelling 55-65 adults. Participants were enrolled in the Taizhou 
Imaging Study (TIS), an ongoing community-based cohort study, the design of which has been described previously [12]. The par
ticipants of the TIS are: [1] aged from 55 to 65 [2]; Han Chinese and residing in Taixing for >10 years [3]; free of physician-diagnosed 
dementia, stroke, cancer, psychiatric disorders, severe liver, or renal disease [4]; able to walk, communicate, participate in physical 
examinations, and provide informed consent normally and independently [5]; free of MRI contraindications, such as claustrophobia 
[12]. Among the 904 individuals in baseline, 809 participants had blood samples with complete serum cystatin C data. Exclusion 
criteria for our study included missing data for gait (n = 160) and a history of fracture (n = 15). The final analysis included 634 
participants (Fig. S1). TIS was approved by the Ethics Committee of the School of Life Sciences, Fudan University, Shanghai, China 
(Institutional Review Board Approval No. 496) and Fudan University Taizhou Institute of Health Sciences (Institutional Review Board 
Approval No. B017). An informed consent was obtained from all subjects before enrollment. 

2.2. Study measures 

Kidney function was evaluated using the estimated glomerular filtration rate (eGFR), calculated based on the Chronic Kidney 
Disease Epidemiology Collaboration (CKD-EPI) equation; eGFR = 141× min(Scr/κ, 1)α

× max(Scr/κ, 1)− 1.209
× 0.993Age ×

1.108if female × 1.159if black, Scr is serum creatinine κ is 0.7 for females and 0.9 for males, α is − 0.329 for females and − 0.411 for males 
[13]. Compared with creatinine-estimated GFR, cystatin C eGFR (eGFRcys) could offer a measure independent of muscle mass [14]. 
Thus, to avoid the influence of muscle mass on outcomes, we used the CKD-EPI cystatin C equation to calculate eGFRcys: eGFRcys =

133× min(Scys/0.8,1)− 0.499
× max(Scys/0.8,1)− 1.328

× 0.996Age × 0.932if female, Scys is serum cystatin C (13). Morning fasting blood 
samples were stored in the cryogenic refrigerator to ensure quality and then transported to the laboratory of Fudan University Taizhou 
Institute of Health Sciences through the cold chain for subsequent processing. Serum cystatin C was analyzed using an automatic 
biochemical analyzer (TBA-40FR; TOSHIBA Corp., Tokyo, Japan). CKD is categorized into different stages according to the eGFR. The 
stages 1–5 are defined as follows: eGFR ≥90; 60 ≤ eGFR <90; 30 ≤ eGFR <59; 15 ≤ eGFR <30; eGFR <15. The higher the stage of CKD, 
the more severe the kidney dysfunction. CKD staging assists doctors in evaluating the kidney health of patients, devising personalized 
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treatment plans, and forecasting the progression and prognosis of the disease [2]. Participants in our study with eGFRcys <60 ml/min 
per 1.73 m2 were considered to have prevalent CKD (15). Because there were few people in stages 4–5 (stage 4, N = 3; stage 5, N = 0), 
stratified analysis was carried out based on functional stages defined as follows: 60 ≤ eGFR <90, and 30 ≤ eGFR <59, compared with 
eGFR ≥90 mL/min/1.73 m2 [15]. 

Quantitative gait data in multiple dimensions were obtained using a gait tracking device embedded in insoles (Senno gait, Sen
notech Co. Ltd., China). The gait device includes a 16 pressure sensors array and a 9-axis inertial measurement unit. The 16 pressure 
sensors were tested by the TA. XTplus Texture Analyser, achieving an accuracy rate of over 95 % for the pressure values. When 
comparing the SennoGait with the SparkFun 9DoF Razor IMU M0, the Pearson correlation coefficients between the two were higher 
than 0.8 (16). Additionally, participants performed a 14-m flat ground walk wearing shoes equipped with SennoGait to verify the 
device’s capability in gait feature extraction, using a Vicon motion capture system as the reference data. The results showed the ac
curacy rate above 90 % [16]. With insoles comfortably placed in their shoes, participants walked at their usual pace in a straight line 
forth and back, including a total of 20 m. The gait parameters for each stride we collected throughout this procedure included stride 
time, stance time, swing time, stance time percentage of the gait cycle (%GC) symmetry, swing time (%GC) symmetry, stride time 
symmetry, stride time coefficient of variation (CV), stance time CV, swing time CV, heel strike angle, stride length, maximum swing 
velocity, gait velocity, swing time (%GC), and double support time (%GC). The definitions of each gait parameter are exhibited in 
Table S1. Symmetry variables are metrics used to quantify the symmetry of limb movement in gait. It may indicate the presence of 
muscle strength imbalance, limited joint mobility, or other issues affecting gait if the stance phase or swing phase time on one side is 
significantly longer than on the other. 

The Timed Up and Go (TUG) test was used to evaluate the risk of falls [17]. Participants were instructed to stand up from an 
armchair, walk 3 m, and then return to sit down. The completion time (seconds) was recorded from standing up to sitting down. A high 
TUG time, which is greater than 12 s was defined as having a high risk of falls [18]. 

A comprehensive questionnaire was used to collect demographic and lifestyle characteristics data containing age, sex, smoking 
habits, alcohol consumption, and physical activity. Height was obtained through physical examinations. Current smoking was defined 
as the use of at least one cigarette every 1–3 days in the past six months. Current alcohol drinking was defined as drinking at least three 
times per week in the past six months. Physical activity was defined by the frequency of exercise during the past year, including 
“never”, “1–3 times per month”, “1–2 times per week”, “3–5 times per week”, and “6–7 times per month”. We categorized physical 
activity into “no exercise” and “exercise” by classifying “1–3 times per month”, “1–2 times per week”, “3–5 times per week”, and “6–7 
times per month” into the “exercise” group and incorporated it as a binary variable in our models. The definitions of medical history, 
including hypertension, diabetes, and hyperlipidemia, have been previously described [19]. 

2.3. Statistical analysis 

The characteristics of participants were described as mean (standard deviation, SD) or frequencies (%) as appropriate. The 
normality of continuous variables was evaluated by the Shapiro-Wilk test, and the homogeneity of variance by Levene’s test. Since the 
symmetry and variability gait data presented skewness, logarithmic transformation and square root transformation was applied 
respectively. Differences between participants with and without prevalent CKD were examined using two-sample t-tests or Wilcoxon 
rank sum tests for continuous variables and Pearson’s chi-squared tests or Fisher’s exact tests for categorical variables. 

Considering the strong correlation of these fifteen quantitative gait parameters, factor analysis was performed to categorize them 
into independent gait domains using the principal component method with varimax rotation based on a prior study [19]. To represent 
poorer gait performances with lower values, the original variables in the rhythm, symmetry, variability, and phase domains were 
inverted before. The independent factors were standardized and expressed as z-scores for further analysis. 

The association between prevalent CKD and the high TUG time was evaluated using binary logistic regression models. Associations 
of prevalent CKD with quantitative gait markers and gait domains were investigated using general linear regression models. The 
regression analysis was fitted in two models: Model 1 was adjusted for age, sex, and height; Model 2 was further adjusted for hy
pertension, diabetes, hyperlipidemia, smoking, alcohol consumption, and physical activity. The results of general linear regression 
were shown as standardized beta coefficients. Multiple testing problem was corrected by the false discovery rate (FDR) method. We 
additionally performed a power analysis to assess the statistical power in our study using the R package “pwr”. 

A causal mediation analysis was used to determine whether gait parameters mediated the association of prevalent CKD with the 
high TUG time. The mediation analysis was conducted using the R package “mediation” with 1,000 repetitions. We estimated the 
direct effect c’ (the direct effect of prevalent CKD on the high TUG time), the mediation effect a*b (a, the effect of prevalent CKD on gait 
markers; b, the effect of gait markers on the high TUG time), and the total effect c (c = direct effect c’+indirect effect a*b). If c is 
significant while c’ is not, it indicates that the independent variable has a significant impact on the dependent variable without the 
consideration of the mediating variable. However, when the mediating variable is taken into account, the influence of the independent 
variable on the dependent variable becomes insignificant, suggesting that a complete mediation is present. If both c and c’ are sig
nificant, it means that the independent variable significantly affects the dependent variable, and even after considering the mediating 
variable, the independent variable still has a significant direct effect on the dependent variable, indicating that there is a partial 
mediation [20]. 

To mitigate differences in sample size between prevalent CKD participants and non-CKD participants, we employed a 1:2 ratio 
propensity score matching (PSM) analysis as a sensitivity analysis. Variables, including sex, diabetes, and physical activity were used to 
match to minimize the impact of unbalanced potential confounding factors and make each standardized mean difference (SMD) < 0.1, 
which is considered negligible. The threshold of statistical significance was set at corrected P < 0.05. Statistical analyses were 

X. Zhang et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e35292

4

performed using R software (Version 4.2.2). 

3. Results 

3.1. Participant characteristics 

Seventy-two (11.4 %) of the 634 participants in our study had prevalent CKD. Participants with prevalent CKD were more likely to 
have diabetes and exhibit longer time of TUG test. They also showed worse spatiotemporal gait performances, including less time in the 
swing phase, and greater time in double support (Table 1). 

3.2. Prevalent CKD and the TUG time 

The association between prevalent CKD and the high TUG time is presented in Table 2. In the basic model (adjusted for age, sex, and 
height), prevalent CKD was associated with a higher TUG time (OR: 1.95, 95%CI: 1.04 to 3.50). The association remained significant 
after adjusting for cardiovascular risk factors (OR: 2.02, 95%CI: 1.07 to 3.67). 

3.3. Prevalent CKD and individual quantitative gait markers 

Fig. S2 shows the associations of prevalent CKD with individual quantitative gait parameters. After full adjustment, prevalent CKD 
was associated with significant abnormalities in the percent of the gait cycle in the swing and double-support phases (both FDR =
0.027). Prevalent CKD was associated with less time in the swing phase of the gait cycle (standardized β = − 0.365, 95%CI: 0.610 to 
− 0.119) and longer time in the double-support phase (standardized β = 0.367, 95%CI: 0.122 to 0.613). 

3.4. Prevalent CKD and gait domains 

Quantitative gait parameters were summarized into five independent domains with factor analysis, which accounted for 89.2 % of 

Table 1 
Characteristics of study participants by CKD status.  

Variable Total, n = 634 No CKD, n = 562 Prevalent CKD, n = 72 P 

Female, n (%) 374 (59.0) 331 (58.9) 43 (59.7) 0.995 
Age, y 59.8 (2.9) 59.8 (2.9) 59.9 (3.1) 0.987 
Height, cm 159.08 (7.83) 159.15 (7.78) 158.60 (8.26) 0.574 
Current smoker, n (%) 80 (12.6) 68 (12.1) 12 (16.9) 0.338 
Alcohol consumption, n (%) 173 (27.3) 153 (27.2) 20 (27.8) 1.000 
Physical activity, n (%)    0.357 
Never 536 (84.5) 474 (74.8) 62 (9.8)  
1–3 times/month 6 (0.9) 4 (0.6) 2 (0.3)  
1–2 times/week 22 (3.5) 19 (3.0) 3 (0.5)  
3–5 times/week 25 (3.9) 23 (3.6) 2 (0.3)  
6–7 times/month 45 (7.1) 42 (6.6) 3 (0.5)  
Hypertension, n (%) 344 (55.6) 299 (54.7) 45 (62.5) 0.258 
Hyperlipidemia, n (%) 365 (57.6) 322 (57.3) 43 (59.7) 0.791 
Diabetes, n (%) 68 (10.7) 53 (9.4) 15 (20.8) 0.006 
eGFR, ml/min/1.73 m2 88.67 (24.95) 93.46 (22.12) 51.25 (9.07) <0.001 
TUG test, s 10.38 (2.53) 10.27 (2.41) 11.22 (3.23) 0.003 
TUG>12s, n (%) 92 (14.5) 75 (13.3) 17 (23.6) 0.031 
Gait parameters 
Stride time, s 1.05 (0.13) 1.04 (0.13) 1.05 (0.08) 0.595 
Swing time, s 0.36 (0.04) 0.36 (0.04) 0.36 (0.03) 0.395 
Stance time, s 0.68 (0.08) 0.68 (0.08) 0.69 (0.06) 0.132 
Stance time symmetry 1.02 (0.06) 1.03 (0.06) 1.02 (0.02) 0.701 
Swing time symmetry 1.05 (0.10) 1.05 (0.10) 1.04 (0.04) 0.779 
Stride time symmetry 1.02 (0.07) 1.02 (0.07) 1.01 (0.01) 0.354 
Stance time CV, % 3.14 (3.71) 3.18 (3.91) 2.76 (1.21) 0.506 
Swing time CV, % 3.84 (4.91) 3.90 (5.17) 3.38 (1.79) 0.506 
Stride time CV, % 2.48 (3.19) 2.51 (3.37) 2.28 (1.18) 0.800 
Swing time (%GC), % 35.14 (2.26) 35.23 (2.26) 34.41 (2.13) 0.004 
Double support time (%GC), % 30.14 (4.53) 29.96 (4.54) 31.58 (4.15) 0.004 
Stride length, m 1.16 (0.17) 1.16 (0.17) 1.16 (0.17) 0.865 
Maximum swing velocity, m/s 3.87 (0.54) 3.87 (0.55) 3.86 (0.53) 0.774 
Heel strike angle, ◦ 7.19 (6.82) 6.99 (6.82) 8.76 (6.67) 0.038 
Gait velocity, m/s 1.08 (0.16) 1.08 (0.16) 1.10 (0.15) 0.564 

Notes: Categorical variables are presented as numbers (percentages), and continuous variables as means (SDs). 
Abbreviation: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; TUG, Timed-Up-and-Go; CV, coefficient of variation; %GC, 
percentage of the gait cycle. 
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the total variance (Table S2). Referring to previous studies [9,21,22], we categorized them as rhythm domain (stride time, stance time, 
swing time), phase domain (double support time percentage of the gait cycle, swing time percentage of the gait cycle), symmetry 
domain (stance time percentage of the gait cycle symmetry, swing time percentage of the gait cycle symmetry, stride time symmetry), 
variability domain (stance time coefficient of variation, swing time coefficient of variation, stride time coefficient of variation), and 
pace domain (stride length, maximum swing velocity, heel strike angle, gait velocity). Table 3 shows the associations of prevalent CKD 
with gait domains. After full adjustment, prevalent CKD was associated with poorer performance in the phase domain (standardized β 
= − 0.391, 95 % CI: 0.636 to − 0.146). There were no significant associations between prevalent CKD and other gait domains. 

3.5. Prevalent CKD, gait markers and the TUG time 

Mediation analysis was used to determine whether these identified quantitative gait abnormalities could explain a higher TUG time 
in participants with prevalent CKD. We found that the association of prevalent CKD with the high TUG time was completely mediated 
by time in the swing and double support phases of the gait cycle, which manifested the performance in the phase domain (Fig. 1 A - C 
and Table S3). The mediating effects of the swing time (%GC) and double support time (%GC) accounted for 31.6 % and 29.6 % 
(Pmediation = 0.044 and 0.042, respectively), and the effect of the performance in the phase domain for 26.9 % (Pmediation = 0.048). 

3.6. Stratified analysis by eGFR levels 

We further investigated the associations between different stages of CKD and the high TUG time as well as quantitative gait 
performance. According to CKD severity, participants were classified into four groups, of which the proportions were 45.7 % (eGFR 
≥90, N = 290), 42.9 % (60 ≤ eGFR <90, N = 272), and 10.8 % (30 ≤ eGFR <59, N = 69), respectively. The associations between CKD 
stages and the TUG time were examined (Table S4). Compared with stage 1, stage 3 showed a significantly higher TUG time after full 
adjustment (OR: 2.13, 95%CI: 1.06 to 4.15). We also observed a trend (P = 0.047) across different groups, indicating that participants 
with severer CKD may exhibit a higher TUG time when walking. Tables S5 and S6 exhibited the associations between CKD stages and 
their gait features. Participants with stage 3 CKD had less time in the swing phase of the gait cycle (standardized β = − 0.481, 95%CI: 
0.743 to − 0.219), longer time in the double-support phase (standardized β = 0.488, 95%CI: 0.225 to 0.750), and larger heel strike 
angle (standardized β = 0.370, 95%CI: 0.112 to 0.628). In addition to the above three individual gait parameters, longer stance time 
also had a linear trend with CKD stages. Among gait domains, stage 3 CKD was associated with poorer performance in the phase 
domain (standardized β = − 0.535, 95 % CI: 0.796 to − 0.274). And, participants with severer CKD may exhibit linear trends in rhythm, 
variability, and phase domain (P for trend<0.05). 

Table 2 
The association of prevalent and the high TUG time.   

Model TUG >12s 

OR 95 % CI P 

Prevalent CKD Model 1 1.95 (1.04,3.50) 0.030 
Model 2 2.02 (1.07,3.67) 0.025 

Model 1 was adjusted for sex, age, and height; Model 2 was further adjusted for hypertension, diabetes, hyperlipidemia, smoking, alcohol con
sumption, and physical activity. 
Abbreviation: CKD, chronic kidney disease; TUG, Timed-Up-and-Go; OR, odds ratio; 95 % CI, 95 % confidence interval. 

Table 3 
Associations of prevalent CKD with gait domains.  

Gait domains Model Prevalent CKD 

β (95%CI) P P (FDR) 

Rhythm Model 1 − 0.100 (− 0.321,0.120) 0.371 0.572 
Model 2 − 0.096 (− 0.320,0.128) 0.401 0.668 

Symmetry Model 1 0.018 (− 0.231,0.267) 0.887 0.887 
Model 2 0.017 (− 0.236,0.270) 0.896 0.896 

Variability Model 1 0.089 (− 0.146,0.323) 0.457 0.572 
Model 2 0.071 (− 0.168,0.309) 0.560 0.700 

Phase Model 1 − 0.382 (− 0.623,-0.141) 0.002 0.010 
Model 2 − 0.391 (− 0.636,-0.146) 0.002 0.009 

Pace Model 1 0.162 (− 0.074,0.397) 0.178 0.444 
Model 2 0.155 (− 0.081,0.390) 0.197 0.494 

Notes: Values are estimated coefficients (95%CI). Model 1 was adjusted for sex, age, and height; Model 2 was further adjusted for hypertension, 
diabetes, hyperlipidemia, smoking, alcohol consumption, and physical activity. 
Abbreviations: CKD, chronic kidney disease; 95 % CI, 95 % confidence interval; FDR, false discovery rate. 
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3.7. Propensity score matching analysis 

The characteristics of 144 participants in the control group and 72 participants in the prevalent CKD group were effectively 
balanced (Table S7). And the SMD of each covariate between the two groups was negligible (<0.1). After PSM, prevalent CKD par
ticipants continued to exhibit a higher TUG time (OR: 2.16, 95%CI: 1.01 to 4.63) (Table S8). And they still showed poorer performance 
in the phase domain (standardized β = − 0.391, 95 % CI: 0.662 to − 0.119), including less time in the swing phase of the gait cycle 
(standardized β = − 0.392, 95%CI: 0.653 to − 0.131) and longer time in the double-support phase (standardized β = 0.408, 95%CI: 
0.155 to 0.661). Even after full adjustment, the above associations we found retained significant (Tables S9 and S10). 

4. Discussion 

Among community-dwelling 55-65 adults, we observed a higher TUG time in people with prevalent CKD than those without. They 
exhibited worse gait performance in the phase domain, including time spent in the swing and double support phases of the gait cycle, 
which could explain their higher TUG time. Our findings suggest that abnormal gait signs in the phase domain might be potential 
markers to detect individuals with CKD at a higher TUG time. 

In our study, there was no significant association between CKD status and gait speed, which is different from other cohort studies 
[11,23]. The possible explanations for our findings could be as follows: the small sample size of our study, the relatively younger 
overall age, and the milder conditions of the participants. Our results may indeed support that gait parameters related to phase are 
sensitive indicators of gait impairment. Phase covers several quantitative gait parameters associated with the temporal aspects of gait 
[9,10], potentially being more sensitive to changes in gait. The gait domains are capable of detecting alterations within the gait cycle 
[24] that may not be readily apparent in single gait parameter. Given that the parameters within the phase can reflect subtle dif
ferences in gait at the early stage, they may demonstrate abnormalities before any significant decline in gait speed. 

Prior research has revealed that kidney dysfunction was associated with falls and physical performance limitations, such as muscle 
function and mobility [10,11,25,26]. In the Rotterdam Study, the investigators showed that worse kidney function evaluated by eGFR 
or albumin-to-creatinine ratio (ACR) is associated with a higher risk of self-reported falls [10]. The Health, Aging and Body 
Composition (Health ABC) Study, including participants aged 70–79, found that higher cystatin C level is associated with worse 
performance on physical function tested by 400-m walk, extremity performance, and grip and knee extension strength [27]. Several 
functional mobility tests have been proven effective in identifying individuals at high fall risk, among which the TUG test was the most 
frequently assessed single test [28]. Consistently, we found that kidney dysfunction is associated with a higher risk of falls (as defined 
by TUG). 

In alignment with previous studies [8,23,29], we found that CKD individuals exhibited worse gait performance. However, a recent 
systematic review noted the dearth of studies investigating spatiotemporal gait characteristics in patients with CKD (7). Our study used 
a validated wearable insole-like device to collect spatiotemporal gait parameters and then extracted independent domains from vast 
individual gait variables with factor analysis. Among all the gait domains, we only found the phase domain (including the swing and 
double-support phases) to be significantly related to kidney function. Similarly, the Central Control of Mobility in Aging (CCMA) study 

Fig. 1. Mediation effects of gait markers in the associations between prevalent CKD and fall risk (All models were adjusted for sex, age, height, 
hypertension, diabetes, hyperlipidemia, smoking, alcohol consumption, and physical activity. CKD, chronic kidney disease; %GC, percentage of the 
gait cycle; a, the effect of prevalent CKD on gait markers; b, the effect of gait markers on the risk of falls; a*b, the mediation effect; c’, the direct 
effect of prevalentCKD on the risk of falls; c, the total effect of prevalent CKD on the risk of falls.). 
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showed that the rhythm domain (including the swing phase, stance phase, double support phase, and step length) was associated with 
eGFR among participants with CKD (23). In the Rotterdam Study, eGFR was only associated with the variability domain (including the 
variability in step length and stance time), and ACR was additionally associated with slower scores in the pace domain (including step 
length and velocity) and phase domain (including single-support phase only) [10]. In general, we could detect various spatiotemporal 
gait abnormalities among CKD individuals based on quantitative measurements. However, there were also several differences in these 
results, which may be partly due to the different gait parameters collected or defined, the different indicators chosen to represent 
kidney function, and disparities in the characteristics of participants. 

The abnormal gait characteristics in the phase domain that we identified to be associated with CKD have been proven to be 
specifically related to a higher risk of falls [6]. Given that people with kidney dysfunction experience a higher TUG time, spatio
temporal gait abnormalities could be considered potential markers to detect them. Based on mediation analysis, we found that the 
association of prevalent CKD with high TUG time was completely mediated by time in the swing and double-support phases of the gait 
cycle, which manifested poor performance in the phase domain. Hence, quantitative gait assessment might be a potential screening 
tool for 55-65 adults with CKD in need of fall prevention. 

Several limitations of this study should be acknowledged. First, our results are based on cross-sectional data, which makes it 
difficult for us to obtain longitudinal changes in gait. Therefore, the causal relationship between CKD and gait characteristics is hard to 
determine. Secondly, our population was relatively healthier and younger and showed a lower prevalence of CKD as well as milder 
kidney dysfunction according to the value of eGFR. Thus, people with later-stage CKD are under-represented in our study. However, we 
performed a power analysis to assess the statistical power. The minimum power value in our study was 0.76, which showed that our 
analysis had guaranteed sufficient power to detect the effect we’re investigating, although with a relatively small sample size. Notably, 
our findings indicate that subtle gait abnormalities could be detected even among mild CKD individuals, revealing its screening value 
to fall prevention. Thirdly, CKD was defined by the baseline cystatin C levels, while a single measurement may be limited in reflecting 
true situations because of its variability over time. Fourthly, information on inflammation and metabolic factors, musculoskeletal 
factors, and neurological factors were not taken into account, which may cause residual confounding. Nonetheless, this study was 
based on TIS, which excluded individuals with diagnosed circulatory, neurological, psychiatric, or endocrinological diseases. Fifthly, 
we did not considerate the cognitive impairment factors because individuals with neuropsychiatric diseases have been excluded at 
baseline. However, studies have demonstrated that cognitive impairment significantly influence the risk of falls [30,31], it could be 
beneficial to explore whether cognitive domains related to executive functions have an impact on the association in subsequent 
research. Finally, causal conclusions cannot be drawn in this mediation analysis on the basis of a cross-sectional study. However, we 
evaluated the risk of falls by the TUG test instead of fall incidents and excluded those with a history of fractures that might be caused by 
falls. To some extent, it can reduce the possibility of reverse causality that falls result in gait abnormalities. 

5. Conclusion 

The present study indicates that prevalent CKD is associated with a higher TUG time and worse performance in quantitative 
spatiotemporal gait indicators and gait patterns. Quantitative gait markers in the phase domain, including the swing and double- 
support phases, are mediators of prevalent CKD and high TUG time in 55–65 adults. Our findings suggest that even mild CKD in
dividuals exhibit subtle gait impairments, which may increase the TUG time. Future studies should investigate the predictive value of 
spatiotemporal gait markers to falls at each stage of kidney dysfunction, improving the quality of life in CKD. 
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