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Abstract

:

The objective of this study is to investigate plantar loads characteristics of habitual forefoot strike runners while running on different surfaces. Twenty-six runners (age: 28.2 ± 6.8 y, height: 172.9 ± 4.1 cm, weight: 67.7 ± 9.6 kg, BMI (body mass index): 22.6 ± 2.8 kg/m2, running age: 5.0 ± 4.2 y, running distance per week: 14.6 ± 11.7 km) with habitual forefoot strike participated in the study. Runners were instructed to run at 3.3 ± 0.2 m/s on three surfaces: grass, synthetic rubber and concrete. An in-shoe pressure measurement system was used to collect and analyze plantar loads data. Running on the synthetic rubber surface produced a lower plantar pressure in the lateral forefoot (256.73 kPa vs. 281.35 kPa, p = 0.006) than running on concrete. Compared with the concrete surface, lower pressure–time integrals were shown at the central forefoot (46.71 kPa⋅s vs. 50.73 kPa⋅s, p = 0.001) and lateral forefoot (36.13 kPa⋅s vs. 39.36 kPa⋅s, p = 0.004) when running on the synthetic rubber surface. The different surfaces influence plantar loads of habitual forefoot strikers and runners should choose appropriate overground surface to reduce the risk of lower extremity musculoskeletal injuries.
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1. Introduction


Running is recognized for its health benefits and low cost as a popular exercise [1]. However, running is also related to a high risk of injuries rate varying from 19.4% to 79.3% at the lower limbs [2]. Many factors contributed to running injuries, such as shod conditions [3], training volume per week [4] and fatigue [5]. The overground surface is also an essential factor that has been studied in recent years [6,7]. Many investigators have identified the overground surface as an important variable that can affect load absorption mechanisms as revealed in the kinematics and kinetics of the lower limbs during running [7,8,9,10]. The accumulation of plantar loads could lead to chronic injuries when running for more than 64 km per week [2] and excessive plantar loads are considered to be a major cause of overuse running injuries [11,12]. Therefore, the overground surface plays an important part to prevent running injuries [4].



Different surfaces may be associated with different plantar loads, which may contribute to running injuries [13,14,15]. Compared to an asphalt surface, running on a natural grass surface has been shown to lower peak pressures at the lateral forefoot, lateral and central rearfoot [16]. Lower maximum pressure was observed on natural grass at the lateral forefoot, central forefoot, lateral midfoot and total foot compared to concrete surface [14]. Therefore, it might lower the risk of musculoskeletal injuries when running on grass surface rather than other surfaces like asphalt, concrete and synthetic rubber [14,15,16]. However, these different surfaces (synthetic, grass, concrete, and treadmill surfaces) did not change the pressure–time integral, the 1st and 2nd maximal plantar pressures and peak pressure distribution for habitual rearfoot strike pattern runners [13]. Overall, results comparing different overground surfaces may show lower plantar loads when running on a softer surface. However, inconsistent results have been discovered and the influence of different surfaces on plantar loads during running remains a contentious issue.



There are three strike patterns in the long-distance runners, namely rearfoot, midfoot and forefoot strikes [17]. Although the proportion of the forefoot strike pattern is small among runners [17,18], great attention has been paid to forefoot strike pattern in recent years because of the lower repetitive stress injury rate compared to rearfoot strikers [19,20]. The force–time integral, maximum force and contact area at the total foot were lower in forefoot strike pattern than rearfoot strike pattern [21]. In addition, the modification from rearfoot strike pattern to forefoot strike pattern can potentially prevent running injuries such as patellofemoral pain syndrome, exertional compartment syndrome [3,19,22] and reduce pain and disability [3,19,22]. However, many studies on plantar loads characteristics of runners focus on rearfoot strike [23,24]. Although the contentious influence of different surfaces on plantar loads appears in the rearfoot striker, few studies exist regarding the plantar loads while running on different surfaces for runners with habitual forefoot strike [21,25].



Therefore, this current study aimed to examine plantar loads characteristics of habitual forefoot strike runners while running on grass (G), concrete (C) and synthetic rubber (R) surfaces. Given that previous researchers identified a higher peak ground reaction force on a concrete surface than on an elastic surface [26], the hypothesis was that plantar loads during running on grass and synthetic rubber surface were lower than those during running on concrete surface.




2. Materials and Methods


2.1. Participants


Twenty-six male runners (age: 28.2 ± 6.8 y, height: 172.9 ± 4.1 cm, weight: 67.7 ± 9.6 kg, BMI: 22.6 ± 2.8 kg/m2, running age: 5.0 ± 4.2 y, running distance per week: 14.6 ± 11.7 km) with habitual forefoot strike were recruited in the study. All participants had self-reported running routine of more than 20 km per week. The dominant lower limb, which was confirmed as one’s preferred leg using the way to kick a ball, was the right leg [27]. The exclusion criteria were as follows: reported cardiovascular diseases, surgery and musculoskeletal diseases in lower limbs over the past 6 months and other conditions (visual, vestibular and mental illnesses) that runner could not participant in this study. All participants gave their informed consent for inclusion before the trail. This study was approved by the Ethics Committee of Shanghai University of Sport (2018076).




2.2. Running Surfaces


Three different running surfaces were used artificial grass, concrete and synthetic rubber. The mechanical characteristics of the three surfaces were tested by measuring the index of ball rebound from American Society for Testing Materials (ASTM) standard [13]. The rebound height was calculated from five trials with a standard basketball (size 7#) which was dropped vertically on each surface from a height of 2 m for each surface. The average rebound height from five trials for each surface indicated the surface hardness. The average heights were 102.7 ± 0.8 cm (grass), 112.9 ± 2.9 cm (concrete) and 131.5 ± 1.4 cm (synthetic rubber). Each type of paved runway was 15 m long and 1 m wide, and the thickness of the synthetic rubber and grass was 2 cm. The concrete runway was paved using concrete tiles with a thickness of 1cm. Each kind of surface was paved with polyvinyl chloride mattress (1.6 mm) to prevent the friction between running surface and floor.




2.3. Data Acquisition


This study was developed at the biomechanics laboratory in Shanghai University of Sport. All participants’ body mass and height were measured. Data on self-reported strike pattern, age, running age and running distance per week were recorded. Running shoes (Sortiemagic Rp 4 Tmm467-0790, European size 41 to 43, ASICS, Osaka, OSA, Japan) were distributed to each runner. Plantar loads data was collected using a Pedar-X system (Version 25.3.6e, Novel, Munich, Germany, 2009) with a sampling frequency of 100 Hz. The thickness of each insole is 1.9 mm and the insoles were covered with soft artificial leather. The validity of the Pedar system has been demonstrated previously [28]. Pedar-X was calibrated utilizing a standard device before the beginning of the protocol (Trublu Calibration, Version 25.3.6e, Novel, Munich, Germany, 2009) [14,23]. Before the formal test, participants’ strike pattern at the target velocity (3.3 ± 0.2 m/s) [13] was verified using the Pedar-X system and by calculating the centre of pressure (COP) to verify the participants’ strike pattern. If COP was anterior to 33% of foot length at initial loading contact at the speed of 3.3 ± 0.2 m/s [29,30], the foot striking pattern was confirmed as a forefoot strike. In addition, each participant ran on a treadmill for 5 min to warm up at their preferred speeds. After the warm-up, participants practiced in order to become comfortable to the three different surfaces and to adjust their running speed to the one requested (3.3 ± 0.2 m/s).



The protocol consisted of running at the target velocity (3.3 ± 0.2 m/s) on each of the three 15-m runway surface for three times. The order of the three different running surfaces was randomised for each participant. The target running velocity of 3.3 ± 0.2 % m/s was chosen to reduce the impact of running speed on the plantar pressure [13]. During the test, the running velocity was controlled by a 3-m photoelectric timing system (WittySEM, Microgate, Bolzano, Italy) which was placed in the middle of the 15-m runway. A high-speed video camera (MotionPro X-4, Integrated Design Tools Inc., Pasadena, CA, USA) at a sampling rate of 100 Hz was used to record the steps of the participants and confirm that the right foot fell within the 3-m measurement zone of the photoelectric timing system (WittySEM, Microgate, Bolzano, Italy). When the camera captured a turning-on flash of Pedar-X system, the data collection began. A total of nine valid trials were collected, with three per each running surface. A running repetition was considered valid if the right foot fell within the 3 m measurement zone of the speed controlled machine (WittySEM, Microgate, Bolzano, Italy) and the running speed was within 3.3 ± 0.2 m/s, otherwise the trial was repeated.




2.4. Data Reduction


The plantar loads data under the right foot were analysed by the multimask evaluation (Novel Multimask, Version 25.3.6e, Novel, Munich, Germany, 2013). The right foot was divided into nine regions as shown in Figure 1. This division was consistent with previous studies [14,23]. During the stance phase, Peak pressure (PP), maximum force (MF), contact area (CA), pressure–time integral (PTI) and force–time integral integral (FTI) for the total foot and for each of the nine selected areas were calculated. PP is the maximum pressure of the foot, MF is maximum impact force of the foot, CA is the maximum area of the foot, PTI is the integration of plantar pressure over time of the foot, FTI is the integration of plantar force over time of the foot. FTI and MF were normalized by the body weight of each participant.




2.5. Statistical Analysis


The Shapiro–Wilk test was performed to test data normal distribution and Levene’s test was used to check homoscedasticity. The data of plantar loads were normally distributed and therefore parametric tests were implemented. A one-way variance analysis of repeated measurements was used to assess the data of the three surfaces on plantar loads and a Bonferonni post-hoc test was performed for further multiple comparisons A 95% confidence interval (CI) was also calculated for the multiple comparisons. The significance level was set at α < 0.05. The statistics were executed using SPSS software (Version 20.0, IBM Corp, Armonk, NY, USA,2011).





3. Results


The plantar loads express in terms of peak pressure, maximum force, contact area, pressure–time integral and force–time integral integral for the total foot and for each of the nine plantar regions are presented in Table 1.



The analysis of variance (ANOVA) demonstrated difference in PP among the different surfaces in lateral forefoot [F(2,50) = 6.523, p = 0.003]. The Bonferonni post-hoc test showed that running on synthetic rubber revealed lower plantar pressure on the lateral forefoot (p = 0.006, 95%CI = 6.41 to 42.94 kPa) than running on concrete (Table 1). No significant differences were showed in PP at this region between grass and rubber and between grass and concrete. No significant differences were observed in PP for the total foot and for the other regions between the three surfaces.



In terms of MF and CA, no significant differences were found for the total foot and for each of nine foot regions between the three surfaces in Table 1.



Differences were found in PTI for the central forefoot [F(2,50) = 5.713, p = 0.006] and lateral forefoot [F(2,50) = 4.707, p = 0.013 ]. Running on concrete revealed higher PTIs on the central forefoot (p = 0.001, 95%CI = 1.13 to 6.92 kPa⋅s) and lateral forefoot (p = 0.004, 95%CI = 1.53 to 5.01 kPa⋅s) than running on synthetic rubber surface in the post hoc test. No significant differences were found in PTIs for synthetic rubber at central and lateral forefoot regions when compared to grass surfaces or concrete surfaces. No significant differences were found in PTIs for the total foot and for the other regions between the three surfaces.



No significant differences were observed in FTI for the total foot and for all nine foot regions between the three surfaces in Table 1.




4. Discussion


This study examined the influence of surfaces on plantar loads among runners with habitual forefoot strike. The hypothesis in the current study was that lower plantar loads would be found on rubber and grass surfaces when compared with the loads on concrete surface. Our hypothesis was partially supported because running on synthetic rubber showed significantly lower plantar pressure in lateral forefoot and lower pressure-time integral in central forefoot and lateral forefoot when compared to running on concrete. However, no differences were found in plantar pressure and pressure-time integral for grass surface compared to synthetic rubber or concrete. No differences were found for maximum force, contact area, and force–time integral integral while runners run on the three surfaces.



In the current study, there were significant different plantar loads on the lateral and central forefoot when participants were running at the target velocity of 3.3 ± 0.2 m/s on synthetic rubber and concrete surfaces. Direct comparison with other studies was unreasonable, as there were few studies on plantar loads with forefoot strike pattern. Although the participants performed running on a forefoot strike pattern and significant difference of PTI in forefoot area was also found in a previous study [31], the participants ran with regular rearfoot strike pattern before participating in the trail. In a previous study, significantly different plantar loads were presented on the lateral and central forefoot [23]. However, the surfaces (natural grass, treadmill and concrete) and running speed (3.8 m/s) used in the study [23] were not exactly the same as these in the current study. Although similar plantar loads were showed in an investigation into different strike patterns at the same running speed (3.3 m/s) in another study [21], the data were only collected in synthetic rubber surface. Although the plantar loads of nonrearfoot strikers during running were investigated in a previous study [32], the study aimed to compare the plantar loading of rearfoot strikers and nonrearfoot strikers after receiving a 4-week running program with minimalist footwear instead of overground surfaces. In addition, the current results are in line with a previous study that showed different impact absorbing ability comparing overground surfaces [14,23], although different strike patterns (rearfoot and forefoot) were tested in these previous studies. However, a study found that four different surfaces (grass, concrete, synthetic track and treadmill) had no significant effect on PP and PTI under the same running speed (12 km/h) [13]. Differences between the current work and the previous study [13] could be attributed to different effects of foot striking pattern (forefoot strike vs. rearfoot strike) on plantar loads distribution [21], different cushioning of foot wear (Shanghong Shoes Co. Ltd., Shanghai, China vs. ASICS, Osaka, OSA, Japan) [33], and different insole measuring devices (Version 4.4; T&T Medilogic Medizintechnik GmbH, Schönefeld, Germany vs. Version 25.3.6e, Novel, Munich, Germany, 2009) for plantar regional division [28].



It has been shown previously that running on different overground surfaces produces significant differences in plantar loads [14,23,31]. However, the participants in these previous studies were rearfoot strikers, which has larger plantar loads during the stance phase when compared with forefoot strike pattern. In the current study, the plantar loads were tested in habitual forefoot strikers and no significant differences were found on total foot. These findings were consistent with a previous study [3], confirming that the lower limbs can show similar loading rate with a forefoot strike pattern between barefoot and shod conditions. This study therefore indicates that the lower limbs can show more compliance with a forefoot strike pattern during running on different overground surfaces.



Higher and repetitive plantar loading might play a risk factor leading to forefoot injuries [34]. When running on concrete surfaces for repetitive and long-distance training, a high peak pressure might load excessive stress on the human skeletal musculature. Previous investigators have shown that metatarsal stress fractures accounted for 14% to 18% of all stress fractures in high-impact sports involving jumping and running [35,36]. Approximately 80% of these fractures were found in the second and third metatarsals in the forefoot [37]. Therefore, results of the current study are in line with the literature, suggesting that concrete surfaces might have a greater potential to increase the risk of diseases of musculoskeletal system caused by overuse and lead to sports injury in runners under higher forefoot loads when comparing running on the synthetic rubber surface.



In the current study, peak pressure and pressure-time integral showed differences between concrete and synthetic rubber; however, no significant difference was found in the same parameters comparing running on grass and concrete surfaces or grass and synthetic rubber surfaces. The grass surface did not perform like a compliant surface and the result was different from several studies which showed that the grass surface could reduce lower plantar loads when running in different surfaces [14,16,23]. This finding was possible because the impact of the grass surface, which was artificial in the current study, might differ from that of the natural grass surface. The average rebound height of grass surface (102.7 ± 0.8 cm) in the current study is also close to that in concrete surface (112.9 ± 2.9 cm). When football players trained on artificial ground, the anterior cruciate ligament injuries were more than that on natural grass [38] and the peak force on artificial turf in is higher than that on natural grass during running [39]. Therefore, instead of a artificial grass surface, a natural grass surface should be considered to reduce the incidence of sport injuries lower limbs [40].



Maximal forces and force–time integral integral did not show significant differences between the three surfaces running at 3.3 ± 0.2 m/s. Similarly to Wang et al. [14], no statistical differences were found in maximal force while running on grass surfaces, concrete and synthetic rubber, though the participant were rearfoot strike pattern in their study. Regardless of the strike pattern used while running, runners might compensate for different ground surfaces loads to protect themselves from injury [13]. Ferris et al. [41] found human runners could change leg stiffness when loading on different surfaces and keep similar contact time, stride frequency, and peak vertical ground reaction force during running on all of the surfaces.



The running surfaces used in the present study did not result in significant differences in the contact area when running. This finding is similar to that of Wang et al. [14], although the participants in their study were habitual rearfoot strike pattern runners. However, Tessutti et al. [15] reported that contact area on a grass surface was significantly greater at the central rearfoot compared with that contact area asphalt surface. The use of a different number of region divisions (9 in current study vs. 6 in the study of Tessutti et al.) in the foot, different surfaces (grass, concrete and synthetic rubber in current study vs. grass and asphalt in the study of Tessutti et al.) likely led to the differences between present findings and those of Tessutti et al. [15].



Previous researchers have reported that the peak loading rates in each direction (3D resultant, vertical, mediolateral and anterior–posterior directions) were influenced by the foot strike pattern of runners [42]. A previous study found that the nonrearfoot group showed a visible impact peak in the anteroposterior and mediolateral ground reaction force [43]. In the current study, three-dimensional plantar loads were not investigated because the Pedar-X system allows showing only vertical direction; therefore, further research on three-dimensional loads during forefoot running is needed. However, the present study provides evidence that a synthetic rubber surface is more appropriate for runners to prevent running injuries and further work should explore the effect of different overground surfaces on plantar loads in 3D resultant and vertical, mediolateral and anterior–posterior directions. This study has several limitations. Firstly, although the participants’ foot strike pattern was affirmed as the same way some previous studies presented [29,30] and the insole mask was used following the method described in previous studies [14,23], some data in heel seemed to vary widely and variation might be caused by the slight backward movement of centre of planter pressure after forefoot contacting the ground [30]. Secondly, the experiment was carried out in a laboratory, which was different from the real running environment. Such difference might lead to some difficulties in reflecting a real situation.




5. Conclusions


The findings of the current study show the different effect of overground surfaces on plantar loads during running among habitual forefoot strike runners. The current study indicates that the synthetic rubber surface used in running can help to reduce plantar loads on the forefoot for habitual forefoot strike pattern runners when compared to running on concrete. Therefore, runners should choose a synthetic rubber surface to attenuate overloads on the musculoskeletal system and reduce the risk of musculoskeletal injuries in the lower extremity.
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Figure 1. Insole masks. M1 (medial heel), M2 (lateral heel), M3 (medial midfoot), M4 (lateral midfoot), M5 (medial forefoot), M6 (central forefoot), M7 (lateral forefoot), M8 (great toe), and M9 (lesser toes). 
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Table 1. Comparison of Plantar Loads between Different Surfaces.






Table 1. Comparison of Plantar Loads between Different Surfaces.



















	Parameters
	Surface
	Total
	M1
	M2
	M3
	M4
	M5
	M6
	M7
	M8
	M9





	PP (kPa)
	C
	448.03
	31.49
	35.67
	67.93
	102.84
	393.99
	371.49
	281.35
	197.69
	108.89



	
	
	(118.58)
	(23.54)
	(50.14)
	(27.18)
	(38.83)
	(142.95)
	(92.69)
	(78.26)
	(169.79)
	(77.71)



	
	G
	448.36
	36.15
	29.86
	66.97
	94.95
	401.73
	365.38
	264.13
	230.63
	116.39



	
	
	(113.44)
	(25.51)
	(22.97)
	(25.32)
	(31.41)
	(137.12)
	(102.25)
	(62.31)
	(183.41)
	(73.41)



	
	R
	426.01
	34.28
	28.61
	66.73
	98.32
	384.47
	344.18
	256.73*
	192.84
	110.53



	
	
	(105.46)
	(28.11)
	(24.04)
	(26.31)
	(35.73)
	(125.51)
	(88.07)
	(74.16)
	(162.61)
	(77.76)



	MF (%BW)
	C
	169.33
	3.47
	3.84
	11.27
	17.54
	43.37
	59.32
	38.72
	7.59
	7.84



	
	
	(30.54)
	(3.59)
	(6.12)
	(6.86)
	(7.39)
	(13.96)
	(11.42)
	(10.57)
	(7.21)
	(7.15)



	
	G
	173.45
	4.47
	3.42
	11.86
	17.02
	45.31
	59.14
	37.66
	8.38
	8.67



	
	
	(33.12)
	(3.98)
	(3.48)
	(6.31)
	(6.02)
	(14.78)
	(12.99)
	(9.85)
	(7.06)
	(6.56)



	
	R
	170.71
	3.98
	2.81
	11.86
	17.35
	44.01
	58.22
	38.69
	7.41
	8.28



	
	
	(32.43)
	(4.53)
	(2.95)
	(6.08)
	(7.18)
	(12.14)
	(12.83)
	(10.91)
	(7.22)
	(7.51)



	CA (cm2)
	C
	125.09
	7.86
	6.91
	20.69
	20.75
	15.95
	22.21
	20.97
	3.06
	7.07



	
	
	(18.05)
	(5.96)
	(5.45)
	(5.69)
	(2.41)
	(1.33)
	(1.02)
	(0.64)
	(1.97)
	(4.51)



	
	G
	129.23
	9.21
	7.45
	21.67
	20.99
	16.04
	22.08
	20.91
	3.28
	7.59



	
	
	(15.85)
	(5.91)
	(5.05)
	(4.56)
	(1.95)
	(1.32)
	(1.59)
	(1.28)
	(1.88)
	(4.34)



	
	R
	127.06
	8.33
	6.81
	21.63
	20.86
	16.13
	22.17
	20.96
	3.07
	7.11



	
	
	(15.81)
	(5.28)
	(4.55)
	(5.42)
	(2.03)
	(0.93)
	(1.11)
	(0.89)
	(1.84)
	(4.21)



	PTI (kPa⋅s)
	C
	62.58
	1.78
	1.58
	6.66
	10.14
	52.04
	50.73
	39.36
	21.54
	13.38



	
	
	(19.89)
	(2.02)
	(2.13)
	(3.61)
	(3.86)
	(19.68)
	(13.32)
	(9.69)
	(23.22)
	(11.92)



	
	G
	61.11
	2.35
	1.51
	7.18
	9.87
	52.78
	48.99
	36.95
	24.76
	14.29



	
	
	(19.57)
	(2.57)
	(1.44)
	(4.71)
	(4.12)
	(21.16)
	(14.32)
	(7.44)
	(22.79)
	(10.51)



	
	R
	57.89
	1.75
	1.32
	6.62
	9.75
	50.32
	46.71*
	36.13*
	20.79
	13.32



	
	
	(17.75)
	(1.77)
	(1.36)
	(3.28)
	(4.09)
	(18.98)
	(13.55)
	(9.12)
	(21.33)
	(11.72)



	FTI (%BW⋅s)
	C
	23.01
	0.14
	0.15
	0.89
	1.37
	5.55
	7.97
	5.12
	0.82
	0.956



	
	
	(4,79)
	(0.17)
	(0.27)
	(0.69)
	(0.63)
	(1.93)
	(1.59)
	(1.31)
	(0.99)
	(1.07)



	
	G
	23.17
	0.22
	0.14
	1.03
	1.38
	5.77
	7.79
	4.91
	0.89
	1.03



	
	
	(4.39)
	(0.25)
	(0.19)
	(0.85)
	(0.62)
	(1.97)
	(1.41)
	(1.07)
	(0.89)
	(0.91)



	
	R
	22.58
	0.16
	0.11
	0.95
	1.34
	5.54
	7.68
	4.99
	0.81
	0.99



	
	
	(4.51)
	(0.19)
	(0.12)
	(0.63)
	(0.61)
	(1.71)
	(1.66)
	(1.33)
	(0.95)
	(1.09)







All data were means and standard deviation (SD). PP, peak pressure; MF, maximum force; CA, contact area; PTI, pressure–time integral; FTI, force–time integral integral; M1, medial heel; M2, lateral heel; M3, medial midfoot; M4, lateral midfoot; M5, medial forefoot; M6, central forefoot; M7, lateral forefoot; M8, great toe; M9, lesser toes. C, concrete; G, grass; R, synthetic rubber; * Significant differences (p < 0.05) between rubber surface and concrete surface.
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