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Abstract

:

The plastic heel cup has been adopted to treat plantar heel problems for years. However, its mechanisms and biomechanical effects are yet to be fully understood. The purpose of this study was to investigate the effects of the plastic heel cup on the microchamber and macrochamber layers of the heel pad by comparing the stiffness (in terms of the shear wave speed) and thickness of these two layers with and without a plastic heel cup during static standing. Fifteen patients with unilateral plantar fasciitis were recruited. The shear wave speed and thickness of the microchamber and microchamber layers of each symptomatic heel pad during standing measured by ultrasound shear wave elastography were compared between conditions with and without a plastic heel cup. It was found that a plastic heel cup reduced the shear wave speed of the microchamber layer to 55.5% and increased its thickness to 137.5% compared with the condition without a plastic heel cup. For the microchamber layer, the shear wave speed was reduced to 89.7%, and thickness was increased to 113.6% compared with the condition without a plastic heel cup. The findings demonstrate that a plastic heel cup can help to reduce the stiffness and increase the thickness for both layers of the heel pad during standing, suggesting that the mechanism of a plastic heel cup, and its resulting biomechanical effect, is to reduce the internal stress of the heel pad by increasing its thickness through confinement.
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1. Introduction


Plantar heel pain is considered a major public health problem and is one of the most common musculoskeletal complaints in elderly people, as well as in athletic populations [1,2]. It significantly limits daily life and sports activities and has a detrimental impact on health-related quality of life [1,3]. Since plantar heel pain is a serious problem in modern society, how to treat plantar heel pain quickly and efficiently has been a hot topic in medical research. There are numerous conservative approaches for treating plantar heel pain, including stretching, night splint, physical therapy, extracorporeal shockwave therapy, nonsteroidal anti-inflammatory drugs, and foot orthoses [4]. In order to optimize the treatment effect for plantar heel pain, there is an essential need to further investigate the underlying mechanism of each treatment approach.



The plastic heel cup (or called M-F heel protector in the commercial market), as shown in Figure 1, is a kind of orthotic device for treating plantar heel pain [5]. By inserting a plastic heel cup into the shoe around the heel, it encloses the soft tissues around the heel and provides additional confinement for the heel. Since originally developed for athletes suffering from heel bruises [5], the plastic heel cup has been adopted to relieve plantar heel problems in clinical practice for several decades, dating back at least to 1966 [6]. Plastic heel cups are inexpensive and effective in relieving plantar heel pain rapidly and have been recommended as one of the initial therapies for treating plantar heel pain [5]. It has been demonstrated that the mechanism of the plastic heel cup or similar devices is to increase the inherent shock absorption ability of the heel pad by preventing collapse of the heel pad through confinement (Figure 2). Plastic heel cups also can reduce plantar pressure and can reduce and change the pattern of ground reaction impact forces [7,8,9,10,11]. However, it is still unknown how the use of plastic heel cups can affect the internal stress of the heel pad under loading. The internal stress is a mechanical indicator of the magnitude of internal force intensity sustained by the tissue under loading that could be related to clinical symptoms [12,13,14]. It is also essential to separately investigate how the different layers of the heel pad, i.e., the microchamber layer (MIC) and macrochamber layer (MAC), respond mechanically to the use of a plastic heel cup, since these two layers have different functional roles [15,16,17,18,19,20,21].



Previously, it was a challenge to implement noninvasive evaluation of the internal stress of tissues in vivo. Thanks to the advancement of technology, ultrasound elastography is an emerging technique that could fulfill this need. Based on the fact that the shear wave speed is directly related to the stiffness of tissues, supersonic shear wave elastography (SWE) is a kind of ultrasound elastography that can quantitatively evaluate the stiffness of tissues by generating shear wave propagation within tissues through acoustic radiation force and then measuring the speed of shear wave propagation [22,23]. Previous studies have shown that the stiffness of tissues can be used as a metric for estimating the amount of internal stress sustained by tissues under loading [24,25,26,27]. Hence, SWE could hold promise as an objective method for noninvasively evaluating the internal stress of tissues under loading, and could be applied as a tool for quantitatively delineating the mechanical interactions between tissues and clinical interventions in research. In literature, SWE has been applied to investigate the relationships between the mechanical properties of the heel pad and pathologies [28,29,30,31,32,33].



In order to better understand the mechanisms and biomechanical effects of the plastic heel cup for optimizing its design and treatment effects for plantar heel pain, the purpose of the present study was to apply SWE to investigate the effects of the plastic heel cup on the stiffness (which indicates the internal stress, in terms of the shear wave speed) and thickness of MIC and MAC of the heel pad on plantar fasciitis patients during static standing.




2. Materials and Methods


2.1. Participants


A total of 15 patients (4 men and 11 women; age = 56.9 ± 12.0 years; BMI = 23.2 ± 2.4 kg/m2) diagnosed with unilateral plantar fasciitis for more than 1 year were recruited from the outpatient clinic of the department of orthopedic surgery at the National Taiwan University Hospital. The exclusion criteria were neurological diseases with abnormal motor control, as well as trauma or surgical history of foot and ankle. Before testing, each participant was informed of the testing procedures and asked to sign the informed consent approved by the Institutional Review Board of National Taiwan University Hospital.




2.2. Experimental Systems and Setups


The Aixplorer ultrasound system (SuperSonic Imagine, Aix-en-Provence, France) equipped with a linear array transducer (SuperLinear SL15-4, 256 elements, center frequency = 8.5 MHz, bandwidth = 4–15 MHz) was used to perform the SWE measurement. The tissue preset and SWE optimization settings of the system were set as general and penetration, respectively. Other settings were set as default. The shear wave speed measured using the system was used as the metric for quantifying the stiffness of tissues since it has been reported that the shear wave speed is directly related to the stiffness of tissues; that is, the higher the shear wave speed, the stiffer the tissue [22,34]. During the SWE measurement, a color map was superimposed on the corresponding B-mode image for displaying the spatial distribution of the magnitude of shear wave speed by colors continuously ranged from red (stiffest) to dark blue (softest). The mean value of the shear wave speed of a local region can be quantitatively measured by a size-adjustable circular region of interest (ROI).



The experimental setup for measuring the shear wave speed and thickness of MIC and MAC of the heel pad using SWE during static standing is illustrated in Figure 3a. The ultrasound transducer was secured by a fixture secured inside the standing platform. The transducer head was embedded in a molded slot so that the surface of the transducer and the surface of the platform were at the same level. Before the measurement, the transducer was applied with an ample amount of ultrasound coupling gel, and then the participant was asked to stand upright on the platform. The foot was carefully positioned so that the tested heel was right on the transducer with the long axis of the foot (the line connecting the second toe and the center of the heel) along the length direction of the transducer (Figure 3b). The other foot was on a weight scale on the other parallel platform (Figure 3b) for ensuring that the weight on each foot was equal and about half of the body weight [35]. The dimensions of both platforms were carefully designed so that there was no height difference between both platforms (Figure 3c).



During the measurement, B-mode imaging was firstly used to target the heel pad before the SWE measurement. Once a clear image of the heel pad was observed (that is, the calcaneal tuberosity, MIC, and MAC of the heel pad were clearly identified on the image), the SWE mode was activated to measure the shear wave speed. Then, after observing that the color map showing the spatial distribution of the shear wave speed was stable, the image was then captured for further analysis. MIC, MAC, and their thickness values can be clearly identified and measured by B-mode imaging, and please note that the thickness of the skin cannot be included (Figure 4a). To measure the shear wave speed of MIC and MAC, several ROIs (as much as possible) were selected within each layer (Figure 4b). The mean shear wave speed value of each ROI was obtained directly from the SWE system. The shear wave speed of each layer was then defined as the average value of the mean shear wave speed values of all ROIs within each layer. The size of each ROI was adjusted based on the individual anatomy (that is, the thickness of each layer) of each participant. Please note that the plantar fascia should be avoided during the selection of the ROIs for MAC.



It has been reported that, during the SWE measurement using the Aixplorer ultrasound system, there could be a total of three longitudinal band-like artifacts, 1.3 cm apart from each other along the length of the SuperLinear SL15-4 transducer surface, with the middle one at the center of the transducer [36]. If the ROI is mistakenly selected on the region within an artifact, the measurement result is false and cannot reflect accurate information regarding the mechanical properties of tissues. Hence, in order to avoid the artifacts, we had to carefully observe the color map during the measurement and carefully replace the tested heel pad such that the heel pad on the image was in the middle of the region between the artifacts.




2.3. Reliability Test of the Measurement Protocol


In order to test the reliability of the measurement protocol, a reliability test group was recruited, consisting of 6 healthy participants (6 men; age = 25.7 ± 3.1 years; BMI = 24.9 ± 2.5 kg/m2) without any history of plantar heel pain on both feet. Before testing, each participant was informed of the testing procedures and asked to sign the informed consent approved by the institutional review board of National Taiwan University Hospital. Both heel pads of each participant were tested using the measurement protocol described above, and each heel pad was tested for three successive trials. The heel was repositioned between two successive trials. In each trial, the shear wave speed and thickness of MIC and MAC were measured. The intraclass correlation coefficient ICC (3,1) with 95% confidence interval (CI) was applied to calculate the intra-rater reliability. The reliability test was performed without a plastic heel cup (that is, in barefoot).



The results of the reliability test are described as follows. For MIC, the ICC values for the shear wave speed and thickness were 0.820 (95% CI = 0.607–0.938) and 0.838 (95% CI = 0.595–0.948), respectively. For MAC, the ICC values for the shear wave speed and thickness were 0.845 (95% CI = 0.651–0.948) and 0.981 (95% CI = 0.951–0.994), respectively. These results suggest that the reliability of the measurement protocol was adequate. Please note that this reliability test must be considered as a preliminary test since the number of participants was limited. In addition, only young male participants were recruited. Nevertheless, the reliability of the measurement protocol could be preliminarily verified in this limited number of samples.




2.4. Testing Procedure and Analysis Method for Plantar Fasciitis Patients


The shear wave speed and thickness of MIC and MAC of the symptomatic heel pad of each plantar fasciitis patient during static standing were measured with and without plastic heel cup (Innovative Healthcare Ltd., New Taipei City, Taiwan), respectively, using the measurement protocol described above performed by a single tester having more than 5 years of experience in musculoskeletal ultrasound. In the measurement with the plastic heel cup, the plastic heel cup was secured to the heel by a strap after applying an ample amount of ultrasound coupling gel to the contact surface of the plastic heel cup and heel (Figure 5). Each condition (with or without a plastic heel cup) of each heel pad was tested for three successive trials, and the mean value of these three trials was used for the statistical analysis. Paired t-test was applied to determine the difference in the shear wave speed (or thickness) of MIC (or MAC) between the conditions with and without plastic heel cup. The level of statistical significance was set at p < 0.05. Statistical analysis and data processing were performed using MATLAB R2021a (The MathWorks, Natick, MA, USA).





3. Results


The results are summarized in Figure 6. For MIC, the shear wave speed values with and without the plastic heel cup were 8.41 ± 0.55 and 9.38 ± 0.71 m/s, respectively (p < 0.001; statistical power = 98.56%), while the thickness values with and without the plastic heel cup were 2.5 ± 0.3 and 2.2 ± 0.3 mm, respectively (p < 0.001; statistical power = 84.88%), showing that MIC was significantly softer and thicker with the use of the plastic heel cup; these results show that, for MIC, the plastic heel cup helped to reduce the shear wave speed to 89.7% and increase its thickness to 113.6%, compared with the condition without the plastic heel cup. For MAC, the shear wave speed values with and without the plastic heel cup were 4.34 ± 0.97 and 7.82 ± 1.14 m/s, respectively (p < 0.001; statistical power = 100%), while the thickness values with and without the plastic heel cup were 9.9 ± 1.8 and 7.2 ± 1.9 mm, respectively (p < 0.001; statistical power = 98.64%), showing that MAC is significantly softer and thicker with the use of the plastic heel cup; these results show that, for MAC, the plastic heel cup helped to reduce the shear wave speed to 55.5% and increase its thickness to 137.5%, compared with the condition without the plastic heel cup. In summary, the shear wave speed decreased and the thickness increased significantly with the plastic heel cup for both MIC and MAC, showing that the use of a plastic heel cup can make both layers of the heel cup (and therefore the entire heel cup) significantly softer and thicker. The effect for MAC was more prominent than that for MIC.



Figure 7 shows an example of the color maps with and without the plastic heel cup of a symptomatic heel pad of a plantar fasciitis patient. It can be clearly observed that the heel pad (especially for the deep MAC) was significantly softer and thicker with a plastic heel cup, demonstrating that the effects of a plastic heel cup on reducing the stiffness and increasing the thickness of the heel cup are remarkable. Figure 7 just shows an example, but this phenomenon can be observed in each tested heel pad.




4. Discussion


The most important finding of the present study is that a plastic heel cup can effectively help to reduce the stiffness (in terms of the shear wave speed) and increase the thickness for both MIC and MAC of the heel pad of the affected side in plantar fasciitis patients during static standing, evaluated by ultrasound SWE. This finding suggests that the mechanism of the plastic heel cup is related to the reduction in the internal stress of the heel pad by increasing its thickness (that is, lowering its deformation) through confinement. It has been reported that the mechanical behaviors of the heel pad are determined by its deformability and mechanical properties [37,38,39], and therefore an alteration in the deformability of the heel pad can change its state of the internal stress, which could explain the finding of the present study. This finding is beneficial for better understanding the mechanisms and biomechanical effects of plastic heel cups, and can be useful for optimizing the design and treatment effects of plastic heel cups for plantar heel pain. To our best knowledge, the present study is the first to investigate the biomechanical effects of the plastic heel cup on the state of the internal stress (in terms of the shear wave speed, which indicates the stiffness) of the heel pad during standing, and we believe that investigating the internal stress of tissues under loading is an important topic to explore because the internal stress is an important mechanical parameter for understanding the mechanisms of pathologies of tissues in the musculoskeletal system. In the present study, we show a new application of SWE, in that SWE can be an objective method for noninvasively evaluating the state of the internal stress of plantar soft tissues during weight-bearing activities. In the future, more studies should be conducted to further investigate the reliability and feasibility of SWE for evaluating the mechanical behaviors of tissues under loading conditions.



The results of the present study show that the effect of a plastic heel cup on MAC is quite considerable, helping to reduce its mean shear wave speed to 55.5% compared with the condition without a plastic heel cup. For MIC, the plastic heel cup helped to reduce its shear wave speed to 89.7% compared with the condition without the plastic heel cup. The degree of the reduction in MIC is lower than that for MAC, probably because MIC is stiffer and thinner in nature. Since MIC is thin and adjacent to the plantar skin, the shear wave speed (that is, the internal stress) of MIC could be positively correlated with the plantar pressure, and the reduction in the shear wave speed of MIC by using a plastic heel cup could imply a reduction in the plantar pressure. Indeed, some previous studies found that the plastic heel cup and similar contoured heel cup inserts can help to reduce plantar heel pressure [10,11,40]. In a finite element computational simulation study, it was found that the effect of a rigid heel cup was to reduce the peak shear stress of the heel pad and plantar skin to 20–42% and 72–78%, respectively [41]. These findings were very similar to those found in the present study. In the future, experimental studies using SWE and plantar pressure sensor simultaneously are needed to further confirm the hypothesis stated above.



MIC and MAC have different functional roles [15]. The functional role of the thicker and softer MAC is to provide cushion and that of the thinner and stiffer MIC is to function as an inherent heel cup to prevent excessive deformation of the deep MAC. The present study found that the shear wave speeds of both layers reduced significantly with the use of a plastic heel cup, suggesting that a plastic heel cup can help to lower the internal stress for both layers. However, the reduction in the shear wave speed of MIC was much lower than that of MAC. Consequently, MIC is still significantly stiffer than MAC during standing with the use of a plastic heel cup, implying that the function of MIC as an inherent heel cup can be well retained.



The causes of plantar heel pain are multiple, including plantar fasciitis, plantar fibromatosis (or called Ledderhose disease), plantar warts, heel pad syndrome, calcaneal stress fracture, and nerve entrapment [42,43]. Heel spurs are often seen in plantar fasciitis patients, but it seems that a heel spur could be merely a phenomenon coexisting with plantar fasciitis but not correlating with the symptoms [42,44,45,46]. In the present study, we recruited patients of plantar heel pain caused specifically by plantar fasciitis as our participants, since plantar fasciitis is considered as the most common cause that leads to plantar heel pain [42,44]. Plantar fasciitis is a pathological degenerative condition of plantar fascia, a connective tissue that connects the plantar heel to the metatarsophalangeal joints [42,43,44]. Plantar fascia plays an important functional role for the biomechanics of foot and locomotion, helping to support the medial longitudinal arch to maintain the foot structure, to dissipate forces during gait to prevent injuries, and to participate in the mechanism of propulsion to enhance locomotion efficiency [44]. Hence, a pathological condition involving plantar fascia such as plantar fasciitis can cause severe adverse effects on the biomechanics of the foot and locomotion. There are several conservative treatment options for plantar fasciitis, including corticosteroid injection, anti-inflammatory medication, extracorporeal shock wave therapy, stretching, night splint, physical therapy, and foot orthoses [4,42,44]. The plastic heel cup investigated in the present study is just one of the treatment options. In an interesting study investigating the anatomy of plantar fascia, it was found that plantar fascia is rich in hyaluronan [44]. Hyaluronan in plantar fascia is produced by fasciacytes, which are fibroblastic-like cells responsible for the production of hyaluronan and fascial gliding regulation [44,47]. Based on this finding demonstrating the richness of hyaluronan in plantar fascia, hyaluronan injection therapy for plantar fascia could be a novel and promising treatment alternative for plantar fasciitis.



There is a major concern in the present study that must be discussed. In the measurement with the plastic heel cup, there was a plastic material between the ultrasound transducer and heel pad, and ultrasound beams had to penetrate through this plastic material before entering the heel pad. However, in the measurement without a plastic heel cup (that is, in barefoot), there was no such plastic material between the transducer and heel pad. In theory, an additional material between the transducer and target tissue might alter the properties of ultrasound transmission, attenuate the energy of ultrasound beams, and therefore cause a decrease in the amplitude of ultrasound beams. However, we believe that this study design could be appropriate since the shear wave speed is dependent on the mechanical properties and density of the tissue but not the amplitude of ultrasound beams [29]. In order to understand whether this study design could be appropriate or not, we performed a preliminary investigation in which we cut a piece of plastic material from a plastic heel cup and put it between the transducer and heel pad of a participant (male; 36 years old; height: 175 cm; weight: 68 kg) during standing, and compared the measured shear wave speeds of both layers to those measured in barefoot. For the left heel pad, the shear wave speeds of MIC and MAC were 7.93 ± 0.12 and 6.97 ± 0.09 m/s, respectively, without the plastic material, and they were 8.03 ± 0.03 and 7.00 ± 0.06 m/s, respectively, with the plastic material. For the right heel pad, the shear wave speeds of the MIC and MAC were 8.07 ± 0.03 and 6.90 ± 0.06 m/s, respectively, without the plastic material, and they were 8.10 ± 0.06 and 6.93 ± 0.07 m/s, respectively, with the plastic material. These results show that the shear wave speeds seem similar under the two conditions without and with the plastic material. Hence, the plastic material between the transducer and heel pad may not affect the measurement of the shear wave speed, and therefore, it could be appropriate to perform the measurement without placing a plastic material between the transducer and heel pad in the condition without the plastic heel cup. Please note that the above finding is only based on one participant and must be considered as a preliminary finding.



There are other limitations in the present study. First, the sample size in the present study (N = 15) is relatively small. Although our results demonstrate that the levels of statistical significance and power are appropriate enough to draw the conclusions even if with a relatively small sample size, we suggest that it is needed to recruit more participants in future studies to test whether the same conclusions can be reached. Second, the commercial one-size plastic heel cup used in the present study could not fit every heel perfectly. The confinement effect could be compromised if the size of the heel of a participant is much smaller than that of the plastic heel cup. However, custom-molded heel cups available in our hospital or commercial market were not suitable for use in the present study because they did not allow transmission of ultrasound beams. Based on the finding of the present study, in order to maximum the confinement and treatment effects, it is suggested that a custom-molded heel cup that perfectly fits the individual size of the heel of a patient should be adopted in the clinical treatment for plantar heel pain. Third, the focus of the present study was to investigate the biomechanical effects of the plastic heel cup; therefore, we did not use a questionnaire to quantify the subjective feelings of patients with the use of the plastic heel cup, and we did not assess the short-term as well as long-term clinical outcomes of plastic heel cups for relieving plantar heel pain. Hence, the relationship between the reduction in the stiffness of the heel pad with the use of a plastic heel cup and the degree of plantar heel pain is still unclear. It is important to investigate this issue in the future in order to confirm the clinical applicability of plastic heel cups. Fourth, the ultrasound elastography system used in the present study can only be applied to static conditions and is not suitable for dynamic activities such as walking because of the relative low frame rate of the SWE acquisition. Hence, the biomechanical effects of the plastic heel cup found in the present study were those during static standing and may not be directly applied to dynamic activities. Nevertheless, it is meaningful to investigate the biomechanical effects of plastic heel cups during standing since some papers reported that prolonged standing not only could trigger and aggravate plantar heel pain [3,48] but also could be a risk factor for plantar heel pain [49,50]. However, understanding of the biomechanical effects of plastic heel cups during dynamic activities is still an important goal in future research. Some technologies can be used to measure the mechanical properties of the heel pad during dynamic activities [11,51], but they can only measure the bulk properties and cannot measure the spatial distribution of the properties within the heel pad; therefore, they might not be able to investigate the respective properties of MIC and MAC. Hence, a novel technology or methodology must be developed for this future research goal.




5. Conclusions


In conclusion, by using shear wave ultrasound elastography, we demonstrated that a plastic heel cup can effectively help to reduce the stiffness (in terms of the shear wave speed) and increase the thickness for both microchamber and macrochamber layers of the heel pad during static standing. This finding suggests that the mechanism of a plastic heel cup, and its resulting biomechanical effect, is related to a reduction in the internal stress of the heel pad by increasing its thickness (that is, lowering its deformation) through confinement. This finding is beneficial for better understanding the mechanism and biomechanical effects of plastic heel cups for further optimizing their design and treatment effects for plantar heel pain. Based on the finding of the present study, in order to maximum the confinement and treatment effects, it is suggested that a custom-molded heel cup that perfectly fits the individual size of the heel of a patient should be adopted in the clinical treatment of plantar heel pain.
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Figure 1. Illustration of plastic heel cup. 
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Figure 2. Illustration of the mechanism of the plastic heel cup. (a) The heel pad deforms significantly and becomes thinner under loading condition. (b) The plastic heel cup confines the heel, helping maintain the thickness of the heel pad. 
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Figure 3. (a) The experimental setup for measuring the shear wave speed and thickness of MIC and MAC of the heel pad using SWE during static standing. (b) The foot was positioned so that the tested heel was right on the transducer. The other foot was on a weight scale on the other parallel platform. (c) The dimensions of both platforms were carefully designed so that there was no height difference between both platforms. 
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Figure 4. Illustration of the measurement methods for the shear wave speed (a) and thickness (b) of the microchamber (MIC) and macrochamber (MAC) layers of the heel pad. 
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Figure 5. In the measurement with a plastic heel cup, the plastic heel cup was secured to the heel by a strap after applying an ample amount of ultrasound coupling gel to the contact surface of the plastic heel cup and heel. 
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Figure 6. The statistical results. For both the microchamber (MIC) and macrochamber (MAC) layers of the heel pad, the shear wave speed decreased and thickness increased significantly with a plastic heel cup (C) compared with the condition without a plastic heel cup (NC). The asterisk symbol indicates a statistically significant difference. 
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Figure 7. Illustration of an example of the color maps with (a) and without (b) a plastic heel cup of a symptomatic heel pad of a plantar fasciitis patient. It can be clearly observed that the heel pad (especially for the deep MAC) was significantly softer and thicker with a plastic heel cup. 
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