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Abstract

:

Exercise has been demonstrated to improve health in people with diabetes. However, exercise may increase risk for foot ulcers because of increased plantar pressure during most weight-bearing physical activities. To date, there is no study investigating the effect of various walking speeds and durations (i.e., the most common form of exercise in daily living) on the plantar foot. The objective of this study was to investigate the effect of various walking intensities on plantar tissue stiffness. A 3 × 2 factorial design, including three walking speeds (1.8, 3.6 and 5.4 mph) and two durations (10 and 20 min), was tested in 12 healthy participants. B-mode and elastographic ultrasound images were measured from the first metatarsal head to quantify plantar tissue stiffness after walking. Two-way ANOVA was used to examine the results. Our results showed that the walking speed factor caused a significant main effect of planar stiffness of the superficial layers (p = 0.007 and 0.003, respectively). However, the walking duration factor did not significantly affect the plantar stiffness. There was no interaction between the speed and duration factors on plantar tissue stiffness. Regarding the walking speed effect, there was a significant difference in the plantar stiffness between 1.8 and 3.6 mph (56.8 ± 0.8% vs. 53.6 ± 0.9%, p = 0.017) under 20 min walking duration. This finding is significant because moderate-to-fast walking speed (3.6 mph) can decrease plantar stiffness compared to slow walking speed (1.8 mph). This study suggests people at risk for foot ulcers walk at a preferred or fast speed (3.6 mph) rather than walk slowly (1.8 mph).
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1. Introduction


Diabetic foot ulcers (DFUs) are the most recognized complication in people with diabetes mellitus (DM). The global prevalence of DFUs was 6.3% in 2016 [1]. DFUs are correlated with an increased risk of death. Five percent of people with newly developed DFUs died within 12 months, and 42.2% of people with newly developed DFUs died within five years [2]. Prevention of DFUs is imperative in people with DM.



The American Diabetes Association (ADA) recommends that people with DM with or without peripheral neuropathy should perform moderate-intensity aerobic exercise at least 150 min/week or vigorous aerobic exercise at least 75 min/week [3]. Exercise has been demonstrated to improve glycemic control [4], maintain body weight [5] and reduce the risk of cardiovascular disease [6]. However, exercise may also increase the risk for DFUs in people with DM because of increased plantar pressure during most weight-bearing exercises [7,8,9,10]. Increased plantar pressure during weight-bearing activities has been demonstrated to be a major risk factor of DFUs [11,12,13].



People with a history of DFUs have been shown to have stiffer plantar tissue [14,15,16]. An increase in plantar stiffness is due to the effect of high blood glucose on increasing intermolecular cross-linking of structural proteins [17]. The stiffer plantar tissue may reduce the attenuating capacity of plantar tissues in response to mechanical stresses during weight-bearing activities, such as brisk walking and jogging, thus increasing risk for DFUs. In the literature, there are only a few studies investigating the effect of exercise intensities on the mechanical property of the plantar foot. Gefen et al. demonstrated that the stiffer plantar pad may increase forefoot stress by 38% and 50% at the first and second metatarsal heads, respectively [18]. Jan et al. showed that people with DM had significantly greater effective Young’s modulus and initial modulus of quasi-linear viscoelasticity compared to people without DM. They also demonstrated that the plantar pressure gradient and mechanical properties were significantly correlated [16]. Williams et al. used magnetic resonance imaging (MRI) to study plantar tissue mechanical property and demonstrated that plantar stiffness in people with DM was 2.00–3.43 times compared to people without DM [19]. However, there is no study investigating the effect of various intensities of exercise (e.g., walking at different speeds and durations (i.e., the most common form of exercise in daily living)) on the changes of mechanical property of the plantar foot in people without and with DM.



To the best of our knowledge, this is the first study investigating the effect of different walking intensities on the mechanical property of the plantar foot. The results from this study can provide a foundation to understand the effect of different weight-bearing exercises on the changes of mechanical property of plantar tissue in people at risk for foot ulcers.




2. Methods


A 3 × 2 factorial design, including three walking speeds (1.8 mph, 3.6 mph and 5.4 mph) and two durations (10 and 20 min), was used in this study [9,20]. A total of 6 walking protocols was tested in this study. The participant received the 1.8 mph protocol in the first week, the 3.6 mph protocol in the second week and the 5.4 mph protocol in the third week. The order of duration (10 and 20 min) was randomly assigned. Each protocol was separated by 7 ± 2 days.



	
First walking protocol: walking at 1.8 mph for 10 and 20 min (slow walking speed);



	
Second walking protocol: walking at 3.6 mph for 10 and 20 min (moderate to fast walking speed);



	
Third walking protocol: walking at 5.4 mph for 10 and 20 min (jogging speed).






2.1. Subjects


Healthy participants between 18 and 40 years of age were recruited from students at the University of Illinois at Urbana-Champaign. The exclusion criteria included active foot ulcers, diabetes, vascular diseases, hypertension and inability to walk 20 min independently or walk at the speed of 5.4 mph independently. Each participant signed the informed consent approved by the University of Illinois at Urbana-Champaign Institutional Review Board before the screening and experimental procedures. All examinations were performed in the Rehabilitation Engineering Lab at the University of Illinois at Urbana-Champaign. The room temperature was maintained at 24 ± 2 °C.




2.2. Experimental Procedures


The research participant took off the socks and shoes and lay in the supine position for 30 min before the walking protocol to avoid the influence of previous weight-bearing activity (e.g., walking to the lab) on the plantar tissue mechanical property. Each participant’s first metatarsal head was measured using an ultrasound device in the supine position before the walking protocol. In order to capture the plantar soft tissue covering the first metatarsal head, 5 ultrasound scans were measured (Figure 1A). Then, the participant wore his/her running shoes and walked on a treadmill at a speed of 1.8 mph for either 10 or 20 min at the first visit. After a walking protocol, the participant lay down again for another 5 ultrasound measurements. All ultrasound measurements were performed by the same person. A crossover design was used to randomly assign the order of duration of walking (10 and 20 min) to the participant. The washout period was 20 min to minimize the carryover effects between two durations of walking. The participant returned to the lab for performing 3.6 mph walking for 10 and 20 min in the second visit and 5.4 mph walking for 10 and 20 min in the third visit.




2.3. Plantar Tissue Mechanical Property


An elastographic ultrasound (Aloka Pro Sound Alpha 7, Hitachi Healthcare Americas, Twinsburg, OH, USA) with a linear array transducer (UST-5412, 5–13 MHz, Hitachi Healthcare Americas) was used to measure plantar tissue mechanical property. Elastographic images were obtained by applying cyclic compressions on the first metatarsal head [21,22]. The measurements included both B-mode and elastographic images. Elastographic images represent the tissue strain ratio [23]. The tissue strain ratios of plantar foot were then used to quantify plantar stiffness. The principle of strain elastography is based on the elastic modulus (E), defined as a ratio of stress to strain. Under similar stresses, strain in harder tissue is lower than strain in softer tissue [24]. Thus, a comparison between strains of the different soft tissues can be used to assess elasticity changes. The strain ratio represents the relative difference in tissue stiffness [25].



The stiffness of the plantar foot was calculated based on the strain ratio of the elastographic images [21,22]. First, a rectangular area was drawn on the B-mode image to define the soft tissue region between the skin and bone at the first metatarsal head (Figure 1B). Then, the corresponding elastographic image was superimposed on the B-mode image to define the soft tissue over the first metatarsal head area (Figure 1C). The 5 ultrasound scans were then used to represent soft tissue under the first metatarsal head (Figure 1D). The pixel value of the elastographic image (Figure 2A) was converted to 100 levels (Figure 2B), representing soft (level 1) to hard (level 100) [21,22]. The pixel value of the elastographic image is usually shown in the RGB format for visual inspections by clinicians. In an elastographic image obtained by elastographic ultrasound, the strain ratio is a numeric scale ranging from level 1 (red color indicating soft) to level 100 (blue color indicating hard). In this study, RGB values of elastographic images are defined as (1,0,0) as red, (0,1,0) as green and (0,0,1) as blue [26]. The color map level was converted to use blue as soft (level 1) and red as hard (level 100) (Figure 2B). The mean strain ratio of the plantar soft tissue was calculated within this rectangular area [27]. Third, the stiffness of the metatarsal head, from the skin to the bone (Q-All), was evenly divided into four layers, including the superficial layer (from the skin surface, Q1), sub-superficial layer (Q2), sub-deep layer (Q3) and deep layer (Q4) (Figure 2B).




2.4. Statistical Analysis


A 3 × 2 two-way analysis of variance (ANOVA) with repeated measures was used to compare the stiffness among the three speeds (1.8, 3.6 and 5.4 mph) and two durations (10 and 20 min) and the interaction between the speeds and durations. The two-way ANOVA can examine the effect of two main factors (the speed factor and the duration factor) on plantar stiffness and can examine the interaction between the speed and duration factors on plantar stiffness. A one-way ANOVA with Fisher’s least significant difference correction was used for pairwise comparisons of the plantar stiffness between three walking speeds (1.8, 3.6 and 5.4 mph) under each walking duration (10 and 20 min). Ultrasound images were analyzed using MATLAB R2019b (Mathworks, Inc., Natick, MA, USA). All statistical tests were performed using SPSS 26 (IBM, Somers, NY, USA) at the significance level of 0.05.





3. Results


Twelve healthy participants (five men and seven women) were recruited into this study. The demographic data were (mean ± standard deviation): age, 27.1 ± 5.8 years; height, 170.3 ± 10.0 cm; and weight, 63.5 ± 13.5 kg.



The 3 × 2 two-way ANOVA shows that the walking speed factor caused a significant main effect of planar stiffness (Q-All, p < 0.05) (Table 1). However, the walking duration factor did not significantly affect the plantar stiffness. There was no interaction between the speed and duration factors on plantar tissue stiffness (non-significant). (Table 1).



Regarding the walking speed effect, under 20 min walking duration, there was a significant difference in the plantar stiffness (Q-All) between 1.8 and 3.6 mph (56.8 ± 0.8% vs. 53.6 ± 0.9%, p = 0.017). In the superficial layer (Q1), there was a significant difference between 1.8 and 3.6 mph (40.4 ± 1.3% vs. 34.0 ± 1.5%, p = 0.003) and between 1.8 and 5.4 mph (40.4 ± 1.3% vs. 35.5 ± 1.4%, p = 0.018). In the sub-superficial layer (Q2), there was a significant difference between 1.8 and 3.6 mph (41.4 ± 1.4% vs. 35.3 ± 1.0%, p = 0.001) and between 1.8 and 5.4 mph (41.4 ± 1.4 vs. 37.9 ± 1.0%, p = 0.040) (Table 1) (Figure 3).



For the walking durations, the paired t-test showed that there was no significant pairwise difference in plantar tissue stiffness (Table 2). This is consistent with the finding from the ANOVA analysis, indicating that the walking duration factor did not significantly affect the plantar tissue stiffness.




4. Discussion


The results of this study demonstrated that the walking speeds (1.8, 3.6 and 5.4 mph) significantly affected plantar tissue stiffness and the walking durations (10 and 20 min) did not. Our results indicate that plantar tissue stiffness after walking at 3.6 mph for 20 min was significantly lower compared to walking at 1.8 mph for 20 min. This finding is significant because moderate-to-fast walking speed (3.6 mph) can decrease plantar tissue stiffness compared to slow walking speed (1.8 mph). On the other hand, slow walking speed can increase plantar tissue stiffness that may cause a higher risk of foot ulcers [28]. This study suggests people at risk for foot ulcers walk at a preferred or fast speed (3.6 mph) rather than walk slowly (1.8 mph).



Mueller and Maluf proposed the physical stress theory to provide a conceptual framework for guiding the prescription of physical activity to improve health in various physiological and pathological conditions [29]. An appropriate intensity of exercise can provide needed physical stress to maintain tissue health; when the intensity is either too low or too high, tissue injury may occur. However, there are no definitive values of the appropriate stress for various tissues. The authors indicate a need to establish thresholds for various conditions. In this study, we demonstrated that walking at 1.8 mph for 20 min resulted in higher stiffness of plantar tissue compared to walking at 3.6 mph for 20 min. This implies that walking speed at 3.6 mph is more appropriate in people at risk for foot ulcers, especially people with DM. Our finding also suggests that slow walking speed (1.8 mph for 20 min) may not be a good strategy for people at risk for foot ulcers. The increased stiffness after slow walking may increase the potential for ischemic injury [30,31].



Our previous study demonstrated that people with DM have impaired skin blood flow response to mechanical and thermal stresses [32,33]. Additionally, when exercise intensity is sufficient, microvascular function would benefit from exercise to improve blood flow function. Wu et al. demonstrated that walking speed at 3.6 mph would increase more skin blood flow compared to 1.8 mph [9]. Combined with the findings from this study, walking at 3.6 mph will have a higher increase in skin blood flow and lower stiffness of the foot compared to walking at 1.8 mph. The result of this study indirectly supports that weight-bearing exercise may not increase risk for foot ulcers because weight-bearing exercise (e.g., moderate-to-fast walking (brisk walking)) can improve skin blood flow and reduce stiffness of the plantar foot compared to slow walking (1.8 mph).



The superficial layer (near the skin surface, Q1) showed lower stiffness, and the deep layer (near the bone, Q4) showed higher stiffness after walking. Our results are consistent with previous studies [34,35,36]. Fung suggested that the viscoelasticity and strain rate effects of soft tissue are related to the structure of soft tissue [37]. For superficial pressure ulcers/injury, the causative factor is mainly friction and shear. For the deep pressure ulcers/injury, the causative factor is pressure [38]. Our results (softer superficial layer and stiffer deep layer) provide a reason for this clinical observation. Under pressure, the superficial layer has lower stiffness that can withstand pressure compared to the deep layer. This finding is supported by a previous study. Daniel et al. demonstrated that superficial soft tissue can withstand two times the prolonged loading of deep soft tissue [39].



Regarding the walking duration effect, there is no significant difference after walking 10 or 20 min. Although there is no difference, this provides evidence to walk up to 20 min because walking at various speeds for either 10 min or 20 min will not change plantar tissue stiffness. People at risk for foot ulcers may exercise up to 20 min without significantly increasing the stiffness of plantar tissue. According to the physical stress theory [26], these stresses caused by various walking durations are still within the safe threshold; therefore, plantar tissue can adapt to these stresses. This could also be explained by the interstitial fluid theory fluid flow within the plantar foot to absorb various plantar loads [40,41].



Behforootan et al. suggested that the measurement of strain, along with plantar pressure, can improve the understanding of the mechanical behavior of the plantar soft tissue [42]. Previous studies showed that faster walking speeds resulted in higher plantar pressure [43,44]. However, stiffness is an indicator of the tendency for an element to return its original shape after applied force/stress/pressure. In this study, we used the strain ratio from the elastographic ultrasound to measure plantar tissue stiffness after walking at various intensities. Our results showed that in the superficial layer and the sub-superficial layer, the plantar tissue stiffness was significantly lower after 3.6 mph compared to 1.8 mph. The results are consistent with the force-relaxation curve of biological tissues (i.e., viscoelastic materials) [45]. This could also be explained by the increase in plantar skin temperature. Wu et al. demonstrated that walking at 3.6 mph can significantly increase plantar skin blood flow compared to walking at 1.8 mph. An increase in skin blood flow is generally accompanied by an increase in skin temperature [9]. Vawter et al. demonstrated that soft tissue stiffness decreased when temperature increased [46,47]. This could partly explain a lower stiffness of plantar tissue after walking at 3.6 mph compared to 1.8 mph because of a higher increase in plantar skin blood flow during walking at 3.6 mph [9].



There are limitations to this study. The first limitation is the lack of a stress ratio validation for this elastographic ultrasound study. The strain ratio by elastographic ultrasound was used to quantify plantar tissue stiffness [23]. Naemi et al. found that the viscous and elastic model parameters of plantar foot were significantly correlated with maximum strain, indicating the need to perform indentation tests at the maximum strain similar to the strain of the plantar foot during walking [48]. The second limitation is that the boundary between plantar soft tissue and the first metatarsal head is not a flat surface. The use of a popular rectangular ROI would not be able to fully capture plantar soft tissue adjacent to the bone. Third, we used a two-way 3 × 2 factorial design to examine plantar tissue stiffness after walking at different speeds and durations. Due to the high number of comparisons in the two-way ANOVA analyses, we only compared stiffness after walking and did not add the pre-post comparison into this study that may significantly decrease the statistical power of this study. Future studies may need to examine the changes between before and after walking.




5. Conclusions


The results of this study demonstrated that the walking speed (1.8, 3.6 and 5.4 mph) significantly affected plantar tissue stiffness and the walking durations (10 and 20 min) did not. Our results indicate that plantar tissue stiffness after walking at 3.6 mph for 20 min was significantly lower compared to walking at 1.8 mph for 20 min. This study suggests people at risk for foot ulcers walk at a preferred or fast speed (3.6 mph) rather than walk slowly (1.8 mph).
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Figure 1. B-mode and elastographic ultrasound images of the plantar tissue of the first metatarsal head. (A) The ultrasound probe is placed over the first metatarsal head. Five measurements are taken for each condition. (B) The rectangular area is placed on the B-mode ultrasound image to define the region of interest (ROI) of the soft tissue over the first metatarsal head. (C) The same rectangular area is superimposed on the corresponding elastographic ultrasound image to acquire strain ratios of the ROI. (D) The elastographic images of five measurements are then used to calculate the plantar tissue stiffness of the first metatarsal head. 






Figure 1. B-mode and elastographic ultrasound images of the plantar tissue of the first metatarsal head. (A) The ultrasound probe is placed over the first metatarsal head. Five measurements are taken for each condition. (B) The rectangular area is placed on the B-mode ultrasound image to define the region of interest (ROI) of the soft tissue over the first metatarsal head. (C) The same rectangular area is superimposed on the corresponding elastographic ultrasound image to acquire strain ratios of the ROI. (D) The elastographic images of five measurements are then used to calculate the plantar tissue stiffness of the first metatarsal head.



[image: Applsci 10 07498 g001]







[image: Applsci 10 07498 g002 550] 





Figure 2. The elastographic image and its quantification process of an elastographic scan of the plantar foot. (A) The elastographic image shows the stiffness of scanned plantar soft tissue ranging from 1 (red color, soft) to 100 (blue color, hard). (B) The stiffness level was converted to use blue color as soft and red color as hard. (C) The mean stiffness of the plantar tissue is calculated from the average 4 sub-layers of 5 elastographic images shown in Figure 1. 
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Figure 3. Comparisons of the effect of walking speeds (1.8, 3.6 and 5.4 mph) on the plantar tissue stiffness of the first metatarsal head at two walking durations (A) 10 min walking duration and (B) 20 min walking duration). There is a significant difference in the plantar stiffness (Q-All) between 1.8 and 3.6 mph (56.8 ± 0.8% vs. 53.6 ± 0.9%, p = 0.017). In the superficial layer (Q1), there is a significant difference between 1.8 and 3.6 mph (40.4 ± 1.3% vs. 34.0 ± 1.5%, p = 0.003) and between 1.8 and 5.4 mph (40.4 ± 1.3% vs. 35.5 ± 1.4%, p = 0.018). In the sub-superficial layer (Q2), there is a significant difference between 1.8 and 3.6 mph (41.4 ± 1.4% vs. 35.3 ± 1.0%, p = 0.001) and between 1.8 and 5.4 mph (41.4 ± 1.4% vs. 37.9 ± 1.0%, p = 0.040). Data are shown as mean ± standard errors. *, a significant difference (p < 0.05). **, a significant difference (p < 0.01). 
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Table 1. Effect of walking speeds on plantar tissue stiffness (Q-All) and evenly divided four layers (from superficial (skin) to deep (bone), Q1, Q2, Q3 and Q4).
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Duration

	
Level

	
Speed

	
One-Way

	
Fisher’s LSD




	
ANOVA

	
Post Hoc




	

	
1.8 mph (Mean ± SE)

	
3.6 mph (Mean ± SE)

	
5.4 mph (Mean ± SE)

	
p Value

	
1.8 mph vs

	
1.8 mph vs

	
3.6 mph vs




	
3.6 mph

	
5.4 mph

	
5.4 mph






	
10 min

	
Q-All

	
56.9 ± 1.0

	
55.1 ± 1.0

	
56.4 ± 0.8

	
0.363

	
0.170

	
0.696

	
0.321




	

	
Q1

	
39.4 ± 1.8

	
35.6 ± 1.6

	
37.9 ± 1.6

	
0.293

	
0.123

	
0.556

	
0.331




	

	
Q2

	
39.4 ± 1.4

	
36.8 ± 1.4

	
38.3 ± 0.9

	
0.374

	
0.165

	
0.542

	
0.428




	

	
Q3

	
65.1 ± 1.3

	
63.5 ± 1.8

	
64.2 ± 1.2

	
0.741

	
0.444

	
0.663

	
0.740




	

	
Q4

	
80.8 ± 1.3

	
80.5 ± 1.4

	
82.3 ± 1.4

	
0.603

	
0.864

	
0.442

	
0.349




	
20 min

	
Q-All

	
56.8 ± 0.8

	
53.6 ± 0.9

	
55.3 ± 1.0

	
0.057

	
0.017 *

	
0.251

	
0.191




	

	
Q1

	
40.4 ± 1.3

	
34.0 ± 1.5

	
35.5 ±1.4

	
0.007 **

	
0.003 **

	
0.018 *

	
0.449




	

	
Q2

	
41.4 ± 1.4

	
35.3 ± 1.0

	
37.9 ± 1.0

	
0.003 **

	
0.001 **

	
0.040

	
0.113




	

	
Q3

	
63.2 ± 1.4

	
62.3 ± 2.1

	
63.4 ± 1.8

	
0.901

	
0.732

	
0.931

	
0.668




	

	
Q4

	
79.2 ± 1.4

	
80.0 ± 1.5

	
81.4 ± 1.2

	
0.467

	
0.684

	
0.229

	
0.420








Note: The plantar tissue stiffness (Q-All) under the first metatarsal head consisting of four layers, including the outer layer (Q1, near skin surface), sub-outer layer (Q2), sub-inner layer (Q3) and inner layer (Q4, near bone surface); *, p < 0.05; **, p < 0.001.
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Table 2. Effect of walking duration on the soft tissue stiffness of the foot (Q-All) and four sublayers (from superficial (skin) to deep (bone), Q1, Q2, Q3 and Q4).
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Duration

	
Paired t-Test




	
Speed

	
Layer

	
10 min (Mean ± SE)

	
20 min (Mean ± SE)

	
p Value






	
1.8 mph

	
Q-All

	
56.9 ± 1.0

	
56.8 ± 0.8

	
0.874




	

	
Q1

	
39.4 ± 1.8

	
40.4 ± 1.3

	
0.283




	

	
Q2

	
39.4 ± 1.4

	
41.4 ± 1.4

	
0.149




	

	
Q3

	
65.1 ± 1.3

	
63.2 ± 1.4

	
0.191




	

	
Q4

	
80.8 ± 1.3

	
79.2 ± 1.0

	
0.139




	
3.6 mph

	
Q-All

	
55.1 ± 1.0

	
53.6 ± 0.9

	
0.053




	

	
Q1

	
35.6 ± 1.6

	
34.0 ± 1.5

	
0.153




	

	
Q2

	
36.8 ± 1.4

	
35.3 ± 1.0

	
0.336




	

	
Q3

	
63.5 ± 1.8

	
62.3 ± 2.1

	
0.326




	

	
Q4

	
80.5 ± 1.4

	
80.0 ± 1.5

	
0.548




	
5.4 mph

	
Q-All

	
56.4 ± 0.8

	
55.3 ± 1.0

	
0.356




	

	
Q1

	
37.9 ± 1.6

	
35.5 ± 1.4

	
0.051




	

	
Q2

	
38.3 ± 0.9

	
37.9 ± 1.0

	
0.814




	

	
Q3

	
64.2 ± 1.2

	
63.4 ± 1.8

	
0.699




	

	
Q4

	
82.3 ± 1.4

	
81.4 ± 1.2

	
0.585








Note: The plantar soft tissue (Q-All) under the first metatarsal head consisting of four layers, including the outer layer (Q1, near skin surface), sub-outer layer (Q2), sub-inner layer (Q3) and inner layer (Q4, near bone surface).
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