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Abstract 

Morphological and mechanical properties of the plantar fascia have been suggested to 

play a role in developing plantar fasciitis. Clinically, plantar fasciitis has been characterized 

by an increase in thickness and a decrease in stiffness of the fascia. However, the true 

etiology and progression of plantar fasciitis are unknown. A more thorough knowledge of the 

behavior of plantar fascia tissue properties prior to injury may establish a foundation to detail 

the relationship between the tissue itself and progression of plantar fasciitis, as there are 

currently no known preventative strategies. Understanding how healthy plantar fascia tissue 

responds to imposed mechanical demands and stressors may bridge the literature gap 

between healthy tissue and plantar fasciitis symptoms, as well as enhance understanding the 

relationship between the tissue’s mechanical properties and symptoms and development of 

plantar fasciitis. Therefore, there is need to determine the acute effects of imposed running 

demands on mechanical and morphological properties of the PF. If these properties are 

related to the progression of plantar fasciitis, these findings may move science towards 

preventing plantar fasciitis, rather than merely treatment. This dissertation was designed to 

explore the effects of different running demands on plantar fascia thickness and stiffness. By 

evaluating the potential relationship between running and foot mechanics with their potential 

association with plantar fascia. 

The first manuscript details the first of the three studies conducted for the present 

dissertation. It focuses on increased intensity of the mechanical loading due to running speed 

and intensity, combined with acute fatigue. The purpose of the study was to evaluate the 

effects of repeated 400 m sprints on plantar fascia thickness and stiffness, while a secondary 

purpose was to explore the predictability of arch height index measurements on tissue 

changes. Sixteen participants completed five maximal effort 400 m sprints, followed by 

additional maximal effort trials until fatigue. For the first study, it is reported that plantar 

fascia stiffness and thickness decreased acutely in response to a single session of high 

intensity track repeats. Both properties returned to pre-run values after 30 minutes of rest. 

Plantar fascia properties also appeared to have been related to arch height index, as there was 

a decrease in foot arch measurements from pre-to post-run.  

The second manuscript focuses on increased duration and frequency of mechanical 

loading. The purpose of this study was to investigate the effects of three consecutive days of 
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5-km maximal effort runs on plantar fascia thickness and stiffness in healthy, active 

individuals. The same 16 participants completed this protocol at least 7 days after they had 

completed the protocol for study 1. It can be reported that plantar fascia thickness in a rested 

state (pre-run) increased across three sessions of maximum effort 5 km running on three 

consecutive days. Within each day, thickness and stiffness decreased post-run and returned to 

pre-run values after 30 minutes of rest. Mechanical overloading and insufficient rest may 

induce conformational change of the plantar fascia.  

The third manuscript introduces a new population, new running surface, and motion 

analysis. Manuscript three evaluated people with resolved plantar fasciitis to understand how 

previously injured tissue recovers, and whether it recovers. Additionally, the manuscript 

aimed to evaluate run and foot mechanics between aforementioned population and 

individuals without history of plantar fasciitis. Thus, the purpose of that study was to 

investigate the effects of 30 minutes treadmill running on plantar fascia properties and 

running mechanics in individuals with resolved plantar fasciitis (RPF) and those with no 

history of plantar fasciitis (NPF). It can be reported that both groups experienced the same 

decrease in thickness and stiffness immediately after the run. However, people with RPF had 

significantly thicker and stiffer tissue compared to never before injured individuals. 

Additionally, the stiffness of the tissue appeared to alter foot mechanics as it prevented the 

RPF group from undergoing vital medial longitudinal arch dorsiflexion during the stance 

phase. It is unclear whether this finding increases risk of re-injury and whether plantar 

fasciitis does have long-term effects on both the soft tissue, as well as foot mechanics during 

running. 

Questions remain regarding the possibility of utilizing the morphological and 

mechanical properties of the plantar fascia to determine risk of plantar fasciitis. However, the 

present series of studies affirms that the plantar fascia is a viscoelastic material in vivo due to 

the change in morphological and mechanical properties in response to application and 

removal of mechanical loading, and that this can be quantified via ultrasound. Individuals, 

whether without plantar fasciitis history or those with resolved plantar fasciitis, displayed the 

same biomechanical response to mechanical loading. This response to the plantar fascia 

occurred regardless of duration, intensity, or frequency of the imposed mechanical demand. 

Future explorations should strive to further evaluate the relationship between the response of 
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plantar fascia tissue to imposed demands and the occurrence of plantar fasciitis. While this 

may require longitudinal studies, the evidence presented in this dissertation provides an 

initial foundation for the continuation of research connecting plantar fascia tissue mechanics 

to the etiology of plantar fasciitis. 
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Introduction 

The plantar fascia (PF) is a band of connective tissue that originates at the anterior 

part of the calcaneus and extends distally into the metatarsophalangeal joints. It is made up of 

three bundles: central, lateral, and medial (Wearing et al., 2006). The central bundle plays the 

most significant role in structure, support, yet also injury diagnosis (McNally & Shetty, 

2010). Per year, PF injuries affect around two million people in the United States, resulting in 

approximately one million visits to physicians (Young, 2012). The annual cost of treatment 

for this injury is estimated to be between 192 and 376 million dollars (Young, 2012). Today, 

researchers and physicians can identify a limited number of anatomical factors associated 

with PF injuries, which are commonly diagnosed when the thickness of the fascia exceeds 

4.0 mm (Gibbon & Long, 1999; Tsai et al., 2002). PF thickness has been identified as one of 

the most common symptoms of PF related injuries (Gibbon & Long, 1999; Tsai et al., 2002). 

Plantar fasciitis is commonly diagnosed via MRI, yet ultrasound has been shown to be a 

reliable tool as well (Jariwala et al., 2011). A healthy PF has a relative thickness of 2-4 mm, 

while plantar fasciitis patients often display a thickness of 4-7 mm and usually report 

symptoms of sharp pain at heel contact, specifically in the morning (Buchbinder, 2004). 

However, most of this research stems from studies with plantar fasciitis symptomatic 

participants. There is no consensus about the relationship between the symptoms and the PF 

before the injury occurs, as well as limited research on the effect of continuous stress in form 

of exercise on the PF in asymptomatic individuals. 

Among all PF injuries, plantar fasciitis is the most diagnosed (Barrett & O’Malley, 

1999). While the underlying mechanisms of developing plantar fasciitis are still widely 

unknown, research has suggested that the morphology of the tissue plays a key role (Wang et 

al., 2009). The PF is a fibrous tissue made up of hyaluronan, a glycosaminoglycan widely 

distributed in connective tissue. The abundance of hyaluronan makes the PF sensitive to 

inflammation. Wang (Tsai et al., 2000) described that fibrous structures display viscoelastic 

biomechanical properties, such as stress relaxation, hysteresis, and tissue creep. Welk et al. 

(2015) investigated tissue creep in relation to PF thickness in runners and walkers. The 

proposed mechanical sequence of tissue creep compensation detailed by Frost (1990) 

suggests that repetitive loading, such as walking or running, would lead to a thinning of the 

PF immediately post-exercise, followed by an inflammatory reparative process. However, 
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this process of inflammation was not investigated (Welk et al., 2015) and has not been 

described in the literature thus far. Additionally, the study did not evaluate gait 

characteristics and their relationship to PF thickness and stiffness. It remains unclear how 

long and how excessive the repetitive loading stress must be to create a consistent 

accumulation of microtears and general fibrous degeneration to lead to plantar fasciitis. 

Therefore, there is dire need for research investigating the effects of various intensities and 

volumes of running in asymptomatic individuals, both trained and untrained. 

Attempting to fill this gap in recent literature, Shiotani et al. (2020) evaluated the 

effects of a single bout of long-distance running (10 km) on PF thickness and stiffness in 

asymptomatic trained runners and untrained individuals. In alignment with the tissue creep 

theory, the researchers found that the PF thickness of untrained individuals decreased 

slightly, yet this difference was statistically insignificant. Overall, there was no significant 

change in PF thickness immediately after the run, 30 minutes, and 60 minutes after the 

termination of running. These results were not surprising as the researchers controlled for 

both distance and intensity, of which the latter was considerably low for trained runners (10 

km/h). The low intensity of a single bout of running appears to be too small of a stimulus to 

elicit tissue changes in thickness. This suggests the need for not only an increase in duration 

of running, but also intensity. On the other hand, both trained and untrained individuals 

displayed a significant decrease in PF stiffness and navicular height, suggesting that one 

single bout of running may cause mechanical fatigue of the foot arch (Shiotani et al., 2020). 

Previous literature suggests that a decrease in PF stiffness may induce excess strain to the 

fascia during exercises such as running, increasing mechanical overload and the possibility of 

micro tears resulting in plantar fasciitis (Taunton et al., 2002). Assessing stiffness via shear 

wave elastography is a relatively modern approach to investigate tissue behavior, especially 

for the PF. Research investigating PF stiffness has been relying on computational modeling 

of the tissue (Wu et al., 2011). However, the study found that PF stiffness significantly 

decreases in individuals diagnosed with plantar fasciitis (Wu et al., 2011). This change in 

stiffness can lead to altered foot kinematics, which can ultimately lead to injury. Thus, more 

research investigating asymptomatic PF stiffness in response to exercises and altered gait 

characteristics is needed. 
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Plantar fasciitis symptomatic individuals display greater total rearfoot eversion, 

midfoot extension, and peak first metatarsal phalangeal joint (FMPJ) dorsiflexion compared 

to their healthy counterparts (Chang et al., 2014). Both aforementioned variables are key 

factors in identifying altered gait characteristics during both walking and running. While 

rearfoot eversion causes excess mechanical stress to the PF at each foot strike, greater FMPJ 

dorsiflexion has been shown to increase PF tension and the likelihood for tearing and 

inflammation, precursors of plantar fasciitis. However, this research is limited to 

comparisons between plantar fasciitis symptomatic and asymptomatic individuals. It remains 

uncertain whether these observations can be considered cause or effect from either direction. 

In other words, it is unknown what came first, the injury or the gait mechanics. Further 

research on the relationship between gait characteristics and the PF, specifically in 

asymptomatic individuals, is necessary to paint a more holistic picture about how the PF 

develops into damaged and injured tissue.  

A strategy to observe PF tissue changes due to imposed running demands may be to 

induce musculoskeletal and neuromuscular fatigue. Research has shown that fatigued runners 

displayed similar foot and gait kinematics as individuals diagnosed with plantar fasciitis 

(Giandolini et al., 2016). Fatigue induced similar rearfoot eversion and flatter foot landing in 

marathon runners (Giandolini et al., 2016), indicating that structural and mechanical 

adaptations of the foot may cause excess stress to the PF. Therefore, it is not surprising that 

plantar fasciitis is often diagnosed in running type sports and in people who are exposed to 

extended periods of time on their feet, such as construction workers or nurses (Sung et al., 

2020; Taunton et al., 2002). 

To date, there is no consensus among researchers and clinicians about the 

mechanisms and progression of PF injuries. While plantar fasciitis is the most common cause 

of heel pain (Buchbinder, 2004), its etiology is still not understood. Understanding how 

healthy tissue reacts to imposed demands and stressors may drastically change the way PF 

injuries are treated. Additionally, bridging the literature gap between healthy tissue and 

plantar fasciitis symptoms would mean a tremendous leap toward the understanding of how 

the PF behaves. There is need to determine the acute effects of imposed running demands on 

mechanical and morphological properties of the PF, in the hope of inching one step closer 

towards preventing plantar fasciitis. Therefore, the purpose of this dissertation was to 
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investigate the effects of different types of running intensities and volumes on the mechanical 

and morphological properties of the plantar fascia, in order to evaluate whether thickness and 

stiffness have the potential to be utilized as indicators for PF tissue changes prior to onset of 

injury. 
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Significance of the Chapter 

 Establishing a theory to prevent plantar fascia injuries necessitates a fundamental 

understanding of the underlying mechanisms behind plantar fascia injury development. 

Theories suggest that continuous mechanical overloading of the foot may play a role in 

plantar fascia deterioration. However, not only do these theories remain uncertain, but 

questions also continue about the framework of mechanical loading: What is the duration, 

distance, or intensity of the mechanical loading that causes plantar fascia injuries? Prior to 

evaluating the progression of a healthy to injured plantar fascia tissue, it was necessary to 

first investigate the effects of varying intensities, durations, and frequencies of mechanical 

loading on plantar fascia properties linked to injury. Chapter two focuses on increased 

intensity of the mechanical loading due to running speed combined with acute fatigue on 

properties of the plantar fascia. Plantar fascia thickness has been a consistent variable used to 

differentiate healthy and injured tissue. Plantar fascia stiffness, on the other hand, is a novel 

variable linked to plantar fascia deterioration. New developments in ultrasound technology, 

specifically shear wave elastography, have introduced tissue stiffness as a promising property 

of plantar fascia research. 

 Understanding how plantar fascia thickness and stiffness respond to varying imposed 

demands of mechanical loading in form of overground running would provide existential 

new information. The aim of this study was to initiate a series of investigations evaluating the 

outcomes of different types of running intensities, durations, and frequencies on mechanical 

and morphological properties of the plantar fascia. This chapter specifically focuses on 

plantar fascia properties in response to high intensity running to induce acute cardiovascular, 

neuromuscular, and mechanical fatigue. 
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Abstract 

 Plantar fascia (PF) thickness and stiffness properties have been linked to plantar 

fasciitis. However, it is unknown whether these properties are the cause of or the response to 

developing plantar fasciitis. Thus, the purpose of the present study was to evaluate the effects 

of high intensity track intervals on PF thickness and stiffness in healthy, asymptomatic 

individuals. A secondary purpose was to explore the predictability of arch height index 

measurements on PF tissue changes. Sixteen participants completed five maximal effort 400 

m sprints with a 1:1 work to rest ratio, followed by additional maximal effort trials until 

fatigue. Thirteen participants reached fatigue after 7 laps total, three participants after 8 laps 

total. PF properties at two sites along the PF length were collected before (pre), after (post), 

and 30 minutes post-run, and arch height measurements were taken pre- and post-run. PF 

thickness and stiffness decreased post-run (0.4 mm; p < 0.001) and increased 30 minutes 

post-run (0.3 mm; p < 0.002). No significant difference was found between pre-run and 30 

minutes post-run thickness (p = 0.577) and stiffness (p = 0.071). Pre-run arch height was 

positively correlated to pre-run PF thickness (p = 0.045, r = 0.54). Arch height decreased 

post-run and was negatively correlated to relative change in PF stiffness from pre- to post-run 

(p = 0.047, r = 0.54). These findings indicate that although high intensity interval running to 

fatigue altered both PF thickness and stiffness, 30 minutes of rest allowed the non-injured PF 

tissue to recover.  

Keywords 

Plantar fascia, thickness, stiffness, ultrasound, shear wave elastography, arch height index 

 

 

 

 

 

 

 



12 
 

 

Introduction 

Plantar fascia (PF) injuries affect around two million people in the United States per 

year (Young, 2012). While plantar fasciitis is the most diagnosed PF injury, its etiology is not 

fully understood (Buchbinder, 2004). Researchers and physicians have associated 

morphological and mechanical properties with plantar fasciitis, such as PF thickness and 

stiffness (Gibbon & Long, 1999; Tsai et al., 2000; Schillizzi et al., 2021). PF thickness has 

been identified as one of the most common diagnostic criteria of plantar fasciitis (Gibbon & 

Long, 1999; Tsai et al., 2000). Additionally, PF stiffness has been implicated as a feasible 

diagnostic tool with decreased stiffness related to symptomatic plantar fasciitis (Schillizzi et 

al., 2021), but little information exists regarding both properties prior to injury.  

While the underlying mechanisms of plantar fasciitis are still widely unknown, tissue 

response to loading may play a key role (Stecco et al., 2013). The PF displays viscoelastic 

biomechanical properties, such as stress relaxation, hysteresis, and creep (Pavan et al., 2011; 

Zhang et al., 2018). Continued repetitive loading, such as running, results in tissue creep and 

could lead to a progressive lengthening and thinning of the PF followed by an inflammatory 

reparative process (Frost, 1990). A reduction in PF thickness due to tissue creep during 

repetitive loading cycles has been documented, but the time course of tissue thickness 

recovery has not been described in the literature thus far (Welk et al., 2015). It remains 

unclear how accumulated magnitudes of repetitive loading create fibrous degeneration and 

lead to plantar fasciitis.  

Prior studies found that training may impact the magnitude of creep in the PF in 

asymptomatic individuals. A submaximal 10 km effort failed to decrease PF thickness in 

trained runners but showed a trend toward a decrease in untrained runners (Shiotani et al., 

2020). While these are coexisting findings among healthy individuals, there are missing 

details on how PF creep and thickness are impacted by maximal effort. More specifically, 

shorter maximal effort bouts such as interval runs may place greater loads on the PF per foot 

contact and consequently induce greater changes in the tissue compared to running at 

submaximal effort.  

Current knowledge of PF stiffness is mostly based on computational modeling of the 

tissue (Cheung et al., 2004; Wang et al., 2016). However, advancements in technology are 

providing the ability to supplement modeling research with human subject research. 
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Assessing stiffness via ultrasound shear wave elastography (SWE) is a relatively modern 

noninvasive approach to investigate tissue structure and mechanical properties. Research 

utilizing SWE suggests that PF stiffness significantly decreases in individuals diagnosed with 

plantar fasciitis (Wu et al., 2011). A decrease in PF stiffness may increase mechanical 

overload through excess strain on the fascia during running. This could diminish the 

functionality of the Windlass Mechanism and decrease foot stability, leading to fascial micro 

tears, and thus increase risk of developing plantar fasciitis (Taunton et al., 2002). 

Furthermore, a relative decrease in arch height correlated to a decrease in PF stiffness 

following submaximal running in asymptomatic individuals (Shiotani et al., 2020). Thus, it is 

reasonable to postulate that a loss in stiffness diminishes the PF’s capacity to prevent the foot 

from overpronation due to a decreased effectiveness of the Windlass Mechanism, during 

which the PF coils around the metatarsals during toe dorsiflexion to provide arch stability. 

Given the likelihood that load affects the tissue, an investigation of high intensity running 

may provide further evidence into previous findings of submaximal running regarding the 

connection between PF properties and foot architecture. 

Therefore, the purpose of the present study was to investigate the effects of high 

intensity interval running on PF thickness and stiffness in healthy, asymptomatic individuals. 

A secondary purpose was to evaluate the predictive relationship of arch height to PF 

properties. It was hypothesized that PF thickness and stiffness would decrease immediately 

after the exercise protocol compared to before, and that PF thickness and stiffness would 

increase after 30 minutes of rest following completion of the intervals. A secondary 

hypothesis was that increased arch height pre-run would predict greater PF thickness and 

stiffness, and that greater arch height decrease from pre- to post-run would predict greater 

relative decrease in PF thickness and stiffness. 

 

Materials and Methods 

Participants 

Sixteen healthy individuals participated in the present study (9 females, 7 males; Age: 

28.6 yrs (± 8.9), Height: 171.6 cm (± 7.5), Mass: 66.3 kg (± 8.7)). Participants were 

considered physically active by having participated in at least 30 minutes of exercise, three 

times per week, for the past three months. Exclusion criteria were previously diagnosed PF 
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injuries or identified previous plantar fasciitis, plantar heel, Achilles’ tendon, or general foot 

and ankle pain. This study was approved by the Institutional Human Research Ethics 

Committee and was carried out in accordance with the Declaration of Helsinki. Written 

informed consent was obtained from all participants before data collection.  

Protocol 

Participants were asked to refrain from physical activity, caffeine, and alcohol 

consumption for 24 hours prior to data collection. Furthermore, participants were instructed 

to avoid non-steroidal anti-inflammatory drug consumption or topical cream application to 

the plantar aspect of their feet. Participants reported to the university laboratory and 

completed maximal effort 400 m interval runs until fatigue. Participants wore their own 

running shoes and exercise clothing during the running trials. PF thickness and stiffness 

measurements were taken via ultrasound at three time points: before running, immediately 

post-run, and following a 30-minute rest. Arch height measurements were taken pre- and 

post-run. All measurements were taken bilaterally and performed by the same investigator. 

During the 30 minutes of rest, participants remained on the treatment table and their feet did 

not have contact with the ground.  

Ultrasound Measurements 

B-mode ultrasonography was used to determine PF thickness (Logiq S8; GE 

Healthcare, Waukesha, WI, USA). All images were taken with a linear ray transducer (9L-D; 

GE; field of view of 43 mm, measurement length of 5.31 x 13.8 mm) at 10 Hz (default 

sampling rate), with a gain of 50 (to optimize brightness), and a depth of 3.5 cm (to capture 

the appropriate tissue). Ultrasonograms of the PF occurred with participants lying in a prone 

position on a treatment table with knees resting in extension and bare feet and ankles hanging 

relaxed over the edge of the table. Two locations along a longitudinal line (proximal [at the 

PF insertion near the calcaneal tuberosity] and distal [at the level of the navicular tuberosity]) 

were marked with a waterproof marker prior to taking the measurements (Jariwala et al., 

2011). PF thickness was measured as the distance between the deep and superficial fascia 

boundaries at the calcaneal origin (proximal) and at the navicular tuberosity (distal) (Figure 

1). B-mode live images (5 seconds per image gave 5 images) were collected and the three 
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Figure 1. Representation of B-mode ultrasound images to measure PF thickness (white 

vertical bar) at the proximal (left) and distal (right) sites. The red arrows aid to visualize 

the trajectory of the PF. The legend on the right displays the image settings ang the scale 

bar in centimeters. 

 

Figure 2. ROI; Region of Interest. Representation of shear wave elastography ultrasound 

images to measure PF stiffness at the proximal (left) and distal (right) sites. The color 

legend on the right represents the shear wave velocity in meters per second. Greatest 

velocity (stiffer tissue) is shown in red, lowest velocity (less stiff tissue) is shown in blue. 

 

middle images per measurement were used for analysis, as the mean of three images has been 

identified to produce the most reliable results (Skovdal Rathleff et al., 2011).  

SWE was used to determine PF stiffness. A region of interest (ROI) box was 

manually placed over the visually identified measurement sites in the PF. Three colorized 

images were taken and used for later analysis. PF stiffness measurement was calculated using 

the mean shear wave velocity of the region of interest (Figure 2). For both properties, the 

mean measurement of three images was used as a single value representative of the data. A 

single trained researcher collected all images. 
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Arch Height Index 

 Arch height index was measured bilaterally before and after the exercise protocol. 

Participants sat on an adjustable chair which was set at a height of 90-degree knee flexion 

with full ground contact of the feet at rest (Butler et al., 2008). A standard measurement tape 

was used to measure the following foot dimensions: foot length, truncated foot length, and 

dorsum height at 50% of foot length (Butler et al., 2008). Arch height index, a unitless value, 

was then calculated with the following equation: 

𝐴𝑟𝑐ℎ 𝐻𝑒𝑖𝑔ℎ𝑡 𝐼𝑛𝑑𝑒𝑥 =  
𝐷𝑜𝑟𝑠𝑢𝑚 𝐻𝑒𝑖𝑔ℎ𝑡 𝑎𝑡 50% 𝑜𝑓 𝐹𝑜𝑜𝑡 𝐿𝑒𝑛𝑔𝑡ℎ

𝑇𝑟𝑢𝑛𝑐𝑎𝑡𝑒𝑑  𝐹𝑜𝑜𝑡 𝐿𝑒𝑛𝑔𝑡ℎ
 

400 m Interval Run 

Participants performed a single session of maximal effort 400 m intervals on an 

outdoor track; intervals were repeated until volitional fatigue. Prior to performing the 400 m 

intervals, participants performed a self-selected dynamic warm-up for a minimum of 5 

minutes. They were then instructed to run a single lap around the track as fast as they could. 

The time to complete the trial was recorded and used to establish a 1:1 work-rest ratio; this 

time was adjusted for each lap such that the 1:1 ratio changed based on cumulative fatigue. 

The mean time for the first 5 intervals was calculated to determine the percentage-based 

fatigue index (FI) (Morin et al., 2011). The FI score was set as 5% below the average interval 

time to indicate volitional fatigue for stopping the intervals beyond the first 5 interval runs 

(Morin et al., 2011). When participants were no longer able to maintain the FI score for two 

consecutive intervals they were stopped.  

Statistical Analysis 

Dependent variables (PF thickness and stiffness at two measurement sites) were 

analyzed by two-way (2 measurement site x 3 time points) repeated measures analyses of 

variance (ANOVA) to evaluate the effect of time (pre, post, and 30 min post-run) on PF 

thickness and stiffness, and whether time affected the measurement differently. Main effects 

were followed up with post-hoc analyses for pairwise comparisons using Bonferroni 

adjustments. Interactions were followed up with simple main effects and pairwise 

comparisons using Bonferroni adjustments. Effect sizes were calculated as partial eta-

squared  (𝜂𝑝
2 ) for the ANOVA and Cohen’s d for the post-hoc analyses. Arch height 
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measurements were analyzed with dependent t-tests to evaluate potential changes pre- and 

post-run. Linear regression analyses estimated changes in PF properties and arch height 

predictability. To demonstrate reasonableness of fit, standard error and R2 values were 

calculated. Additionally, two-sample t-tests with PF thickness and stiffness were conducted 

to evaluate potential differences between right and left limb, males and females, and relative 

change (%Δ) from pre- to post-run. An a priori alpha level was set at  = 0.05. Statistical 

analyses were performed using IBM SPSS Statistics v.28.  

Results 

Across each time point, PF thickness and stiffness were not significantly different 

between right and left foot (p > 0.05), as well as between males and females (p = 0.067). 

Similarly, the relative change in thickness and stiffness did not differ between males and 

females (p > 0.05) from pre- to post-run. No significant differences in foot dimensions were 

found between the right and left side for each participant. Thus, the mean values of the right 

foot were used for statistical analysis.  

PF thickness had a significant main effect across measurement site (F[1, 15] = 140.6, 

p < 0.001, 𝜂𝑝
2  = 0.92) and time (F[2, 28] = 14.6, p < 0.001, 𝜂𝑝

2    = 0.53) (Figure 3). PF 

thickness was greater at the proximal site than the distal site at each timepoint (pre: 3.46 vs. 

1.66; post: 3.1 vs. 1.49; 30 min post: 3.35 vs 1.63 mm, respectively; p < 0.001). PF thickness 

decreased from pre- to post-run at the proximal (3.5 to 3.1 mm; p < 0.001; d = 1.6), but not 

the distal (1.6 to 1.5; p = 0.074; d = 0.68) site. PF thickness significantly increased from post-

run to 30 minutes post-run at the proximal (3.1 to 3.4 mm; p = 0.015; d = 0.9) and the distal 

(1.5 to 1.63; p = 0.012; d = 0.94) site. There was no significant difference in PF thickness 

between pre-run and 30 min post-run at either measurement site (p = 0.577 and p = 1.0, 

respectively).  
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Figure 3. PF thickness for proximal and distal measurement sites at each measurement 

time (pre-run, post-run, 30 minutes post-run). * Denotes a significant decrease in PF 

thickness between pre- and post-run measurements. ** Denotes a significant increase in 

PF thickness between post- and 30 minutes post-run measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

PF stiffness had a significant interaction between measurement site and time (F[2, 28] 

= 4.34, p = 0.024, 𝜂𝑝
2  = 0.25) (Figure 4). PF stiffness had significant simple main effects 

across time at the proximal (F[2, 28] = 28.58, p < 0.001, 𝜂𝑝
2  = 0.69) and distal (F[2,28] = 

5.61, p = 0.009, 𝜂𝑝
2  = 0.31) measurement sites. Pairwise comparison analyses revealed a 

significant decrease in PF stiffness from pre- to post-run at the proximal (4.49 to 2.99 m/s; p 

< 0.001; d = 2.0) and the distal (3.67 to 2.88 m/s; p < 0.001; d = 0.68) sites. PF stiffness 

significantly increased from post-run to 30 minutes post-run at the proximal site (2.99 to 4.00 

m/s; p = 0.001; 1.24). However, there was no significant difference between these two 

measurements at the distal site (2.88 to 3.28 m/s; p = 0.08; d = 0.65). Both sites did not differ 

significantly between pre- and 30 minutes post-run protocol (p = 0.071 and p = 0.059, 

respectively). PF stiffness had significant main effects across measurement sites pre-run 

(F(1,15) = 7.07, p = 0.02, 𝜂𝑝
2  = 0.35) and 30 minutes post-run (F(1,15) = 4.78, p = 0.048, 𝜂𝑝

2  

= 0.27). There was no significant main effect for PF stiffness across measurement sites post -

run (F(1,15) = 0.40, p = 0.54, 𝜂𝑝
2  = 0.03). Pairwise comparison analyses revealed a greater PF 
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Figure 4. PF stiffness for proximal and distal measurement sites at each measurement 

time (pre-run, post-run, 30 minutes post-run). * Denotes a significant decrease in PF 

stiffness between pre- and post-run measurements. ** Denotes a significant increase in PF 

stiffness between post- and 30 minutes post-run measurements. 

 

stiffness at the proximal versus the distal measurement sites pre-run (4.49 vs. 3.68 m/s, p = 

0.02, d = 0.71), and 30 minutes post-run (4.00 vs. 3.28 m/s, p = 0.048, d = 0.58).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Dorsum height and arch height index decreased significantly from pre- to post-run (p 

= 0.02 and p = 0.009, respectively). Table 1 displays dorsum height and mean arch height 

index values for the overall sample population and each group separately. 

 

 

 

 

 

Table 1      

Mean (± SD) values of dorsum height and arch height index  

 Pre-Run Post-Run    

DH (cm) 7.2 (0.91) 6.8 (0.91)†    

AHI 0.306 (0.03) 0.293 (0.03)†    

note. †Significant difference pre- to post-run (p < 0.05)   

SD, Standard Deviation; DH, Dorsum Height; AHI, Arch Height Index 
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Figure 5. Linear regression analysis between proximal PF thickness and arch height index 

indicating that greater arch height index is related to an increased PF thickness. 

 

Figure 6. Linear regression analysis between relative change of PF stiffness from pre- to 

post-run and arch height index indicating that a greater arch height index is related to a 

larger relative change in PF stiffness per participant. 

 

Pre-run PF thickness showed a significant positive relationship to arch height index (p 

= 0.045, r = 0.54) (Figure 5), but not for dorsum height. Arch height index explained 

approximately 30% of the variance in PF thickness values. No relationship was found for 

pre-run stiffness and arch height measurements. Relative change of PF stiffness showed a 

significant relationship to pre-run arch height index (p = 0.047, r = 0.54) (Figure 6), but not 

dorsum height. Arch Height Index explained approximately 30% of the variance in relative 

change in PF stiffness from pre- to post-run. No relationship was found for relative change of 

PF thickness and arch height measurements. 
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Discussion 

The decrease in PF thickness and stiffness immediately post-run, and the consequent 

increase of both properties approximating pre-run values after 30 minutes of rest, align with 

the initial hypothesis. Concurrently, there was a significant decrease in arch height index 

immediately post-run. These findings indicate that high intensity 400 m intervals until fatigue 

induced acute morphological and mechanical changes to the PF, as well as acute deformation 

of the medial longitudinal arch. However, these values returned to baseline after 30 minutes 

of recovery in healthy individuals without prior PF injuries. 

PF thickness and stiffness changes were found for both the proximal and the distal 

site, indicating that the PF responds similarly to high intensity running near its origin and 

more proximally towards its insertion. Thus, the changes in PF tissue thickness and stiffness 

appear to be a natural response of the PF to mechanical loading, indicative of the viscoelastic 

behavior of the fascia (Cheung et al., 2004). Specifically, healthy PF tissue has been shown to 

experience hysteresis due to mechanical loading at various loading rates and magnitudes 

(Crary et al., 2003). The initial decrease post-run, and recovery of PF thickness and stiffness 

by 30 minutes in the present study suggests the occurrence of hysteresis in vivo, preceded by 

tissue creep throughout the interval running (Crary et al., 2003; Frost, 1990).    

The change in PF thickness was expected especially at the proximal site, as it is 

widely considered the area of greatest mechanical loading, and most affected part of the 

tissue in people with plantar fasciitis (Cheng et al., 2008; League, 2008; Lin et al., 2014). The 

decrease in thickness at the distal site suggests that increased mechanical loads due to high 

intensity running affect the PF beyond its proximal site. Tissues under continuous or constant 

mechanical loading will experience creep (e.g., an increased strain or elongation) (Wren et 

al., 2003). As the PF is cyclically stretched in the longitudinal direction throughout the stance 

phase, from each initial contact to push off, the transverse direction is expected to decrease 

due to the Poisson effect. The decrease in PF thickness after running may be due in part to 

the lengthening of the PF and the resulting tissue volume loss from fluid flow (Lavagnino et 

al., 2014; Swedberg et al., 2014). Thus, the return to pre-run PF thickness after 30 minutes of 

rest may be due to fluid resorption in the PF and a return to pre-run PF length. These 

potential mechanisms warrant further investigation. Furthermore, the decrease in thickness 

immediately following a bout of running aligns with previous findings (Shiotani et al., 2020). 



22 
 

 

The intensity and consequent impact load of the 400 m intervals were likely greater than the 

10 km run at a prescribed pace (Shiotani et al., 2020). Thus, the maximal effort running in 

the present study may have exceeded a threshold of loading to cause a decrease in PF 

thickness.   

The decrease in stiffness also aligns with previous findings, with a significant 

decrease in stiffness at the proximal and distal site (Shiotani et al., 2020). The decrease was 

followed by a return to near-baseline values after 30 minutes of rest at the proximal but not at 

the distal site. As the proximal site of the PF experiences the greatest amount of stress and 

strain (Cheng et al., 2008; Lin et al., 2014), the difference in PF stiffness at that site was not 

surprising. Changes in PF stiffness with running as measured by SWE may be due to changes 

in tissue hydration, collagen fiber organization, or tissue laxity due to creep induced 

lengthening along the loading direction. Yet, the underlying mechanisms are unclear and 

require further investigation. Finite modeling analysis of gait has identified that reduction in 

stiffness caused increased midfoot pronation (Cheung et al., 2004). Furthermore, plantar 

fasciitis symptomatic individuals present with decreased PF stiffness (Baur et al., 2021), 

suggesting further injury risk due to altered gait mechanics associated with the decrease in 

stiffness (Cheung et al., 2004). In asymptomatic individuals, a decrease in PF stiffness 

coincided with a decrease in arch height (Shiotani et al., 2020), indicative of a similar effect 

on gait mechanics as in injured individuals. A reduction in PF stiffness reduces the tension 

along the medial longitudinal arch and changes the mechanical function of the Windlass 

Mechanism, increasing mechanical load and stress to the plantar aspect of the foot (Cheung 

et al., 2004). The relationship between the relative change in PF stiffness and arch height 

index in the present study aligns with the secondary hypothesis, suggesting that PF stiffness 

plays an integral role in the support of the foot during mechanical loading.  

The present findings should be interpreted with the following limitations in mind. The 

analysis included individuals without history of plantar fasciitis only. Differences in PF 

thickness and stiffness have been identified in individuals with plantar fasciitis compared to 

asymptomatic individuals (Irving et al., 2006). However, the response of PF tissue properties 

to exercise in people with current and with resolved plantar fasciitis remains undocumented. 

Further, participants were instructed to provide maximal effort, yet effort was subjective and 

the desire to end the exercise protocol may have altered performance nearing the end of it. 
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Additionally, PF length was not assessed at any point throughout the data collection. Creep 

likely affected the length of the tissue (Purslow et al., 1998), alongside the changes found in 

thickness.  

Conclusion 

PF thickness and stiffness showed significant changes in response to high intensity 

intervals in healthy individuals. Both properties decreased initially, yet recovered after 30 

minutes of resting, aligning well with the expected viscoelastic tissue responses to cyclic 

mechanical loading. The running protocol also decreased arch height index, and a significant 

relationship was identified between PF stiffness and arch height index. These findings are 

reflective of both males and females, as there were no differences in thickness and stiffness 

between sexes. This warrants an investigation between relative and absolute impact loads 

regarding changes in PF tissue properties. Future research should focus on the repetitive 

nature of running as well as an increase in intensity and duration of the running, time to 

recover, and their effects on the PF over an extended period of time. 
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Significance of the Chapter 

The plantar fascia (PF) exhibits viscoelastic biomechanical properties such as stress-

relaxation, hysteresis, and creep under isolated conditions with cadaveric tissue. In-vivo, 

research has shown that the PF exhibits creep during exercise, as the tissue exhibits 

continuous stress which leads to lengthening and thinning (Welk et al., 2015). After exercise, 

as demonstrated in Chapter Two’s interval run, the PF has lost significant thickness and  

stiffness in healthy individuals (Shiotani et al., 2020). It is hypothesized that the thinning of 

the PF makes the tissue more susceptible to microfractures. Insufficient rest, or progressive 

overloading of the PF may cause these microfractures to persist, cause inflammation, and 

potentially lead to plantar fasciitis. Additionally, the decrease in stiffness may affect the 

structure of the medial longitudinal arch, as well as the support thereof.  

Chapter 2 indicated that arch height decreases significantly after a bout of running, 

coinciding with the decrease in PF stiffness. Nevertheless, the changes in the tissue 

disappeared with a short rest period, suggesting that these properties require continuous 

overloading to forego sufficient recovery. In theory, the decrease in thickness, stiffness, and 

arch height are the main contributors to the development of a PF injury. However, this theory 

has not been evidenced in the literature. There is a gap in understanding the mechanistic 

etiology of PF injuries. The significance of this chapter is to expand the knowledge of the 

potential relationship of tissue creep in the PF and a decrease in thickness. Furthermore, does 

the decrease in stiffness introduce a mechanical fatigue effect altering the medial longitudinal 

arch. Therefore, the aim of this study was to evaluate the effects of maximal effort 5 km runs 

on three consecutive days on mechanical and morphological properties of the PF. The intent 

was to provide an overload to the tissue at a relatively high intensity, reduce recovery time, 

and repeat the load stimulus to identify the ability of the tissue to return to the original 

properties.   
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Abstract 

Objective: To investigate the effects of consecutive day 5 km maximal effort run on 

morphological mechanical properties of the plantar fascia (PF) in healthy, active individuals.  

Materials and Methods: Sixteen recreational runners, with a mean running distance 

of 22.4 kilometers (± 8.9) in the last month completed the protocol consisting of three 5 km 

maximal effort runs separated by 24 hours, with ultrasound imaging of the PF before, after, 

and 30 minutes after each run. Arch height index was evaluated before and af ter each run. 

Outcome measures were PF thickness, stiffness, and arch height index. Multiple two-way (3 

session x 3 measurement) repeated measures ANOVAs were used to evaluate the effect of 

session and measurement on PF properties.  

Results: PF thickness and stiffness decreased from pre- to post-run during session 1 

(3.19 to 2.98 mm, p = 0.008, d = 0.90), session 2 (3.34 to 3.04 mm, p = 0.041, d = 0.76), and 

session 3 (3.52 to 3.04 mm, p < 0.001, d = 1.33), yet returned to baseline values after 30 

minutes of recovery (p > 0.05). PF thickness at the pre-run measurement increased between 

session 1 and session 2 (3.19 to 3.34 mm, p = 0.003, d = 1.12), and between session 1 and 

session 3 (3.19 to 3.52 mm, p = 0.003, d = 1.8). While arch height also decreased after each 

run, PF stiffness and arch height did not change between session. 

Conclusion: The increase in PF thickness following session 1 may indicate the 

importance of adequate recovery time between high intensity runs in response to repeated 

mechanical loading to allow the appropriate inflammatory response in healthy tissue. This 

finding may inform running programs to emphasize rest days and consider low intensity runs 

to avoid further damage to the PF.  

Highlights 

• PF thickness and stiffness decrease after each of three 5 km running bouts. 

• Pre-run PF thickness increased progressively from session 1 to session 3. 

• Evidence of PF tissue change may inform training programs. 
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Introduction 

The plantar fascia (PF) provides vital structural support to the foot and the medial 

longitudinal arch during locomotion. During the stance phase of the gait cycle, the PF 

prevents the arch from excessive eversion and collapse by lengthening during weight-

bearing, and then recoiling after removal of the applied load [1]. The viscoelastic properties 

of the tissue allow absorption of the applied forces and assist with minimizing changes in 

arch height throughout the gait cycle [2]. However, this functionality makes the PF 

susceptible to overloading if continuous stress is applied and recovery is insufficient to retain 

its viscoelastic properties. Thus, PF injuries are amongst the most identified ankle and foot 

pathologies in runners [3]. These injuries are primarily located at the origin near the 

calcaneal tuberosity, which is the most proximal site [4]. Plantar fasciitis is the most 

diagnosed of all heel pain related injuries [5]. It accounts for up to 15% of all foot related 

symptoms [6]. While the underlying mechanisms of developing plantar fasciitis are still 

widely unknown, the morphological and mechanical properties of the tissue are theorized to 

be key etiological factors [7]. 

Thickness and stiffness can be evaluated via ultrasonographic imaging. Increased PF 

thickness is one of the most common symptoms of PF related injuries, such as plantar 

fasciitis [8,9]. PF thickness of asymptomatic individuals generally ranges from 2-4 mm [6]. 

Individuals diagnosed with plantar fasciitis show a thickness of 4-7 mm and generally 

indicate sharp pain around heel region [6]. However, knowledge is limited on the progression 

of PF thickness prior to the diagnosis of plantar fasciitis, and on the effect of continuous 

mechanical loading in form of running on the PF in asymptomatic individuals. 

Asymptomatic runners have demonstrated changes in PF that lead to a non-significant 

decreased thickness following exercise [10,11]. Asymptomatic runners PF recovered as 

quickly as 30 minutes following cessation of exercise [10]. While thickness has been a 

frequently utilized property to determine injury status, it remains unclear whether PF 

morphology in asymptomatic runners progressively changes until pain or injury occurs. 

PF stiffness can be evaluated via shear-wave elastography and may provide essential 

information regarding the structural support the PF can provide to the foot and the medial 

longitudinal arch [12]. Individuals with plantar fasciitis show a significantly lower PF 

stiffness to their healthy counterparts [13, 14]. Furthermore, continuous long-distance 
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running induced a significant decrease in PF stiffness, accompanied by a decrease in medial 

longitudinal arch height [10]. This suggests a potential connection between PF stiffness and 

its capacity to prevent the foot from overpronation or eversion. A decrease in PF stiffness 

may induce excess strain to the fascia during exercises such as running, increasing 

mechanical overload and the possibility of micro tears resulting in plantar fasciitis [15]. 

While decreased PF stiffness has been identified as a symptom of plantar fasciitis, it is 

currently unknown whether this mechanical property exhibits a pattern of decline under 

overloading conditions which may eventually lead to injury. 

Therefore, the purpose of the present study was to investigate the effects of  maximal 

effort 5 km running on three consecutive days on morphological and mechanical properties 

of the plantar fascia. It was hypothesized that (1) high intensity distance running will 

decrease plantar fascia thickness and stiffness acutely as measured immediately after 

completion, (2) consecutive days of high intensity distance running will increase resting 

plantar fascia thickness and decrease stiffness, and (3) any relative changes in PF stiffness 

predict relative changes in arch height index between pre- and post-run, and between days of 

measurements.  

Material and Methods 

Participants 

Sixteen healthy individuals participated in the present study (9 Females, 7 Males; 

Age: 28.6 yrs (± 8.9), Height: 171.6 cm (± 7.5), Mass: 66.3 kg (± 8.7)). All participants were 

considered physically active by having participated in at least 30 minutes of exercise, three 

times per week, for the past three months [16]. Participants indicated a mean running 

distance of 22.4 kilometers (± 8.9) within the last month, with a low of 8 and a high of 43.5 

kilometers. Participants were excluded if previously diagnosed with a PF injury or have 

experienced PF, plantar heel, Achilles’ tendon, or general foot and ankle pain within the last 

two years. Additional exclusion criteria were existing diseases (cardiovascular disease, 

metabolic disease, renal disease), any history of lower-extremity injuries and surgeries within 

the past 6 months, current musculoskeletal injuries, wearing prescription inserts, and regular 

use of non-steroidal anti-inflammatory drugs (NSAIDs) or topical creams. This study was 

approved by the Institutional Human Research Ethics Committee and was carried out in 
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accordance with the Declaration of Helsinki. Written informed consent was obtained from all 

participants before data collection. 

Protocol 

The present study was designed as a repeated measures quasi-experimental pre-test, 

post-test design. Participants were asked to refrain from additional physical activity, caffeine, 

and alcohol consumption for 24 hours prior to each run as well as throughout the days of data 

collection. Furthermore, participants were instructed to avoid non-steroidal anti-

inflammatory drug consumption or topical cream application to the plantar aspect of their 

feet for the entire time of their enrollment. Participants reported to the university laboratory 

for three consecutive days (24 hour between sessions) and were asked to complete a maximal 

effort 5-km run an outdoor track per day. For the protocol, participants wore their own shoes 

and exercise clothing. However, no participant used a shoe that would be confounding to the 

data analysis, such as minimalist or maximalist shoes. Immediately pre-, and post-run, and 

after 30 minutes of recovery, plantar fascia thickness and stiffness measurements were taken 

via ultrasound, and arch height measurements were taken pre- and post-run. All 

measurements were taken on the right side of the participants, as research has shown no 

significant difference between sides in asymptomatic individuals [17]. During the 30 minutes 

of rest, participants remained on the treatment table and their feet did not have contact with 

the ground.  

Ultrasound Measurements 

Ultrasound imaging was used to evaluate morphological and mechanical properties of 

the PF (Logiq S8; GE Healthcare, Waukesha, WI, USA) with a linear array transducer (9L-

D; GE). B-mode imaging provides the measurement of distances between anatomical 

landmarks (thickness), while shear wave elastography measures velocity of propagation 

(stiffness) by acoustic push pulses sent through soft tissue. All ultrasound measures were 

taken by a single researcher. Ultrasound measures were taken with the participant in a prone 

position on a treatment table. Their lower limbs were in full extension with bare feet over the 

edge of the table so that their feet and ankles were in a relaxed position. The proximal site of 

the PF near the calcaneal tuberosity was manually palpated and marked with a waterproof 

marker prior taking the measurements [18]. Ultrasound gel was applied to the transducer to 
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increase conductivity between the foot and transducer during measurement along the 

longitudinal orientation of the PF. All images were taken at 12 Hz (default sampling rate), a 

gain of 50 (to optimize brightness), and a depth of 4 cm (to capture the appropriate tissue). 

PF thickness was measured via B-mode live images (5 seconds per image). The middle three 

images of five captured were used for analysis. Plantar fascia stiffness was measured with 

shear wave elastography. A region of interest box with a size of approximately 0.1 mm2 was 

placed manually over the measurement site to indicate the measurement area. Three color 

images were taken of the measurement area and analyzed for thickness and stiffness. All 

analyses were completed by the same researcher that collected all US images. 

Arch Height Index  

Arch height index was collected before and after each 5km run. Participants sat on an 

individually adjustable chair with 90-degree knee flexion, and full ground contact of the feet 

[19]. A measurement tape was used to record the following foot dimensions: foot  length, 

truncated foot length, and dorsum height at 50% of foot length [19]. After measurements 

were recorded, arch height index, a unitless value, was calculated with the following 

equation: 

𝐴𝑟𝑐ℎ 𝐻𝑒𝑖𝑔ℎ𝑡 𝐼𝑛𝑑𝑒𝑥 =  
𝐷𝑜𝑟𝑠𝑢𝑚 𝐻𝑒𝑖𝑔ℎ𝑡 𝑎𝑡 50% 𝑜𝑓 𝐹𝑜𝑜𝑡 𝐿𝑒𝑛𝑔𝑡ℎ

𝑇𝑟𝑢𝑛𝑐𝑎𝑡𝑒𝑑  𝐹𝑜𝑜𝑡 𝐿𝑒𝑛𝑔𝑡ℎ
 

5km Run 

Participants performed a maximal effort 5km run each day for three consecutive days, 

totaling three 5km runs within a 72-hour period. Each run was completed on a standard 400-

meter loop outdoor track and conducted in the same direction (counter-clockwise) and at the 

same time of day for each participant. All participants were able to complete the run 

maximally without having to break into a walk or take a break altogether. Verbal 

encouragement was provided during each lap.  
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Figure 1. Representation of a B-mode ultrasound image to measure PF thickness at the 

proximal site. 

Statistical Analysis 

The present study was designed to be a within-subjects design, comparing variables 

across multiple timepoints and trials. Dependent variables (PF thickness and stiffness) were 

analyzed using multiple two-way (3 session x 3 measurement) repeated measures analyses of 

variance (ANOVA) to evaluate the effect of repeated running bouts (sessions: day 1, 2, and 

3), and individual running bouts (measurement: pre, post, 30 min post run) on plantar fascia 

thickness and stiffness. If an interaction between these factors was found, one-way repeated 

measure ANOVAs were performed for session and measurement separately. Post-hoc 

analysis with Bonferroni adjustments were made for pairwise comparisons. Effect sizes were 

calculated as partial η2 (𝜂𝑝
2) for the ANOVA and Cohen’s d for the post-hoc analyses. Arch 

height measurements were analyzed with dependent t-tests to evaluate potential changes in 

arch height pre- and post-run and between sessions, and linear regression analyses to 

determine the predictability of relative change of PF properties. To demonstrate 

reasonableness of fit, standard error (SE) and R2 values were calculated. To analyze PF 

thickness, the distance between the deep and superficial boundaries at the calcaneal origin 

was measured (mm) using the ultrasound measurement functionality (Figure 1). To analyze 

PF stiffness, the mean shear wave velocity of the region of interest was used  (m/s) (Figure 2). 

Measurements were taken on the right foot and for both properties, the mean of three images 

was taken to obtain a single value representing the data. A priori alpha level was set to 0.05. 

Statistical analyses were performed using IBM SPSS Statistics v.28.  
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Figure 2. Representation of a shear wave elastography ultrasound image to measure PF 

stiffness at the proximal site. 

 

 

 

 

 

 

 

 

 

 

 

 

Results 

Run times and speeds did not differ significantly between days. Mean run times for 

runs 1, 2, and 3 were 28:35, 28:07, and 28:47 minutes, respectively. Mean run speed for runs 

1, 2, and 3 were 3.38, 3.42, and 3.36 m/s, respectively.  

An interaction was found for PF thickness between sessions and measurements (F(4, 60) 

= 4.41, p = 0.004, 𝜂𝑝
2 = 0.25). Therefore, simple main effects were run. PF thickness had 

significant main effect differences across measurements at session 1 (F(2,30) = 19.46, p < 

0.001, 𝜂𝑝
2 = 0.60), session 2 (F(2,30) = 9.20, p < 0.001, 𝜂𝑝

2 = 0.42), and session 3 (F(2,30) = 

22.60, p < 0.001, 𝜂𝑝
2 = 0.64). Pairwise comparisons revealed a significant decrease in PF 

thickness between pre-run and post-run measurements at session 1 (3.19 to 2.98 mm, p = 

0.008, d = 0.90), session 2 (3.34 to 3.04 mm, p = 0.041, d = 0.76), and session 3 (3.52 to 3.04 

mm, p < 0.001, d = 1.33). Thickness significantly increased between the post-run and 30-

minutes post exercise measurements at session 1 (2.98 to 3.31, p < 0.001, d = 1.73), session 2 

(3.04 to 3.37, p < 0.001, d = 1.31), and session 3 (3.04 to 3.45 mm, p < 0.001, d = 1.84). PF 

thickness had a significant main effect across sessions at the pre-run measurement only 

(F(2,30) = 11.37, p < 0.001, 𝜂𝑝
2 = 0.47). Pairwise comparisons revealed a significant increase 

in PF thickness at the pre-run measurement between session 1 and session 2 (3.19 to 3.34 

mm, p = 0.003, d = 1.12), and between session 1 and session 3 (3.19 to 3.52 mm, p = 0.003, d 

= 1.8). There was no significant main effect across sessions at the post-run (F(2,30) = 0.86, p 

= 0.44, 𝜂𝑝
2 = 0.06) and the 30 minutes post-run measurement (F(2,30) = 3.11, p = 0.06, 𝜂𝑝

2 = 
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0.19). Figure 3 displays mean PF thickness as a function of measurement, Figure 4 displays 

mean PF thickness as a function of session. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Mean plantar fascia thickness (mm) values at each measurement (pre-run, post-

run, 30 min post run) separated by session. † Denotes a significant decrease in PF 

thickness between pre-run and post-run for all session 1 (p = 0.008), session 2 (p = 0.041), 

and session 3 (p < 0.001). * Denotes a significant increase in PF thickness between post-

run and 30-minute post-run for all three sessions (p < 0.001). 
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There was an interaction for PF stiffness between sessions and measurements (F(4, 

60) = 3.44, p = 0.014, 𝜂𝑝
2 = 0.21). Therefore, simple main effects were run. PF stiffness had 

significant main effect differences across measurements at session 1 (F(2,30) = 12.65, p < 

0.001, 𝜂𝑝
2 = 0.49), session 2 (F(2,30) = 19.805, p < 0.001, 𝜂𝑝

2 = 0.60), and session 3 (F(2,30) 

= 15.53, p < 0.001, 𝜂𝑝
2 = 0.54). Pairwise comparisons revealed a significant decrease in PF 

stiffness between pre- and post-run measurements at session 1 (4.64 to 3.27 m/s, p = 0.002, d 

= 1.20), session 2 (3.99 to 3.02 m/s, p = 0.001, d = 1.28), and session 3 (4.16 to 2.90 m/s, p = 

0.001, d = 1.25). No significant change in PF stiffness was found from post-run to 30-minute 

post run measurements at session 1 (3.27 to 3.60 m/s, p = 0.76). However, PF stiffness 

significantly increased at session 2 (3.02 to 4.08 m/s, p < 0.001, d = 1.61), and session 3 

(2.90 to 4.03, p = 0.002, d = 1.16). PF stiffness had a significant main effect across sessions 

at the pre-run (F(2,30) = 3.39, p = 0.049, 𝜂𝑝
2 = 0.21), and the 30 minutes post-run 

Figure 4. Mean plantar fascia thickness (mm) values at each session (1, 2, and 3) 

separated by run. † Denotes a significant increase in PF thickness between session 1 and 2 

(p = 0.003) at the pre-run measurement. * Denotes a significant increase in PF thickness 

between session 1 and 3 (p = 0.003) at the pre-run measurement. 
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measurements (F(2,30) = 3.45, p = 0.047, 𝜂𝑝
2 = 0.21), yet not for the post-run measurements 

(F(2,30) = 0.81, p = 0.46, 𝜂𝑝
2 = 0.06). Pairwise comparisons revealed no significant 

differences between sessions 1, 2, and 3 at the pre-run (4.64, 4.00, 4.16 m/s; p = 0.13) and 30 

minutes post-run measurements (3.59, 4.08, 4.03 m/s; p = 0.42). Figure 5 displays mean PF 

stiffness as a function of measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

Paired-samples t-test analyses revealed a significant decrease in arch height index 

from pre-to post-run at sessions 1 (0.417 to 0.399, p < 0.001, d = 1.8), 2 (0.416 to 0.398, p < 

0.001, d = 2.1), and 3 (0.417 to 0.400, p < 0.001, d = 1.8). There was no change in arch 

height index between sessions. Linear regression analyses failed to show a significant 

relationship between relative change of arch height index and relative change of PF 

thickness, and stiffness between pre- and post-run measurements at session 1 (p = 0.35, R2 = 

0.07, SE = 18.3), session 2 (p = 0.48, R2 = 0.04, SE = 13.5), session 3 (p = 0.39, R2 = 0.06, 

Figure 5. Mean plantar fascia stiffness (m/s) values at each measurement (pre-run, post-

run, 30 min post run) separated by session. † Denotes a significant decrease in PF stiffness 

between pre-run and post-run for all three sessions (p < 0.003). * Denotes a significant 

increase in PF thickness between post-run and 30-minute post-run for sessions 2 (p < 

0.001) and 3 (p = 0.002) only. 
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SE = 23.4). The decrease in arch height index did not explain the decrease in morphological 

and mechanical properties at any session or measurement. 

Discussion 

This study looked to examine the effects of repeated bouts of high intensity running 

across consecutive days on morphological and mechanical properties of the PF. The main 

findings were PF thickness and stiffness decreased between pre-exercise and post-run; and 

PF thickness increased across sessions (1-3) at the pre-exercise measurement. These findings 

align with the initial hypothesis of the present study regarding PF thickness yet are partially 

accepted for PF stiffness. The PF is known to exhibit viscoelastic behavior under mechanical 

loading which can be interpreted as acute changes within the tissue. Following the 30-minute 

rest period of each run the acute effects of running on PF properties returned to baseline. The 

viscoelastic response is similar to the recovery following a 10-km one hour run [10]. 

However, part of the hypothesis must be rejected as PF stiffness did not increase as the 

running session progressed.  

The decrease in PF thickness and stiffness immediately post-run was expected 

[10,11]. The repetitive nature of the runs produced continuous mechanical loading which 

may have induced the PF tissue to creep [20,21]. This creep mechanism likely caused the 

thinning of the tissue due to continuous repetitive tensile loading during the running session. 

The consequent increase in thickness 30 minutes after cessation of running suggests the 

occurrence of hysteresis, which has been documented in asymptomatic PF tissue [22]. While 

the PF appears to operate within the elastic region of its stress and strain curve throughout 

each of the three runs, the increase in thickness from day 1 to day 3 suggests an acute 

deformational change within the tissue. This discrepancy requires further investigation of in 

vivo PF properties in response to continued mechanical loading. The mechanical loading 

response of the PF appears to be similar to other fascia tissues (e.g. fascia lata) and was 

found to experience failure level with increasing strain over time [23]. While the present 

study did not experience failure level, the increased thickness at the initial session each day is 

reflective of deformation caused by the repetitive loading and lack of recovery from the 

previous session. An increased deformation over time may exceed the PF’s ability to 

withstand stress, yet that the PF has the ability to experience stress-relaxation under 

consistent strain [23]. Therefore, the increased PF thickness across sessions may be reflective 
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of the increasing amount of strain to the tissue without sufficient recovery time and 

strategies. However, future studies are needed to solidify this theory with in-vivo studies. 

Another theory regarding the increase in PF thickness relates to morphology of the 

tissue. The PF is a fibrous tissue made up of hyaluronan, a glycosaminoglycan widely 

distributed in connective tissue. The hyaluronan makes the PF sensitive to inflammation, as 

accumulation thereof increases inflammation in soft tissues [24,25]. The tissue creep 

compensation suggests that repetitive loading would lead to a thinning of the PF immediately 

post-exercise, followed by an inflammatory reparative process [26]. However, this process of 

inflammation in the PF of asymptomatic individuals has not been described in the literature 

thus far and the degree of inflammation was outside the scope of the present study and 

factors such as echogenicity were not evaluated. Nevertheless, the increase in PF thickness 

identifies a need for running training programs to implement adequate recovery time to allow 

PF property recovery.  

While the decreased PF stiffness immediately post-run was an expected outcome, the 

hypothesis regarding a progressive decrease in stiffness is rejected as PF stiffness did not 

change across sessions. A decrease in PF stiffness has been linked to an increased risk of 

mechanical overload, overpronation, and the possibility of micro tears resulting in plantar 

fasciitis as a result of excessive strain [15]. Individuals diagnosed with plantar fasciitis 

present with decreased PF stiffness [27], leading to altered foot mechanics, which can 

ultimately lead to injury [15]. However, the present study did not evaluate gait mechanics 

and any implications regarding altered running mechanics should be stated with caution. 

Arch height index also decreased after each run yet had no change across sessions. While the 

mechanical fatigue induced by the 5k intensity induced acute changes to PF stiffness and 

arch height, the linear regression analyses failed to display a significant relationship between 

relative changes of arch height and PF stiffness, which means the initial hypothesis must be 

rejected. Thus, it remains unclear whether PF properties and changes in arch height, and 

potential gait mechanics adaptations are connected.  

Although pain was not evaluated in the present study, participants stated that they did 

not experience any pain at the proximal site of the PF. As a healthy PF has a relative 

thickness of 2 to 4 mm, it is likely that any inflammatory effects to the PF were insufficient 

to elicit a pain receptor response and recovered after finishing the protocol of the present 
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study. No participant experienced a tissue thickness exceeding 4 mm, a threshold used in 

plantar fasciitis patients [6]. These thickness values align with previous findings [10]. The 

increase in PF thickness across sessions warrants further investigation in the number of 

repetitive days needed to cross said thickness threshold, and if said threshold coincides with 

occurrence of pain. 

The findings of the present study should be interpreted with the following limitations 

in mind. First, participants were instructed to provide maximal effort during the 5 km runs. 

However, effort was subjective and the monotony of circling a 400 m track may have altered 

performance, specifically nearing the end of each session. Additionally, participants wore 

their own shoes in the present study, which may have contributed to different responses to 

the tissue based on footwear. Yet, all participants wore shoes that would not be categorized 

as either minimalist or extreme cushioning variants. While not specifically evaluated in the 

present study, participants did not experience any discomfort with the morphological and 

mechanical changes of the plantar fascia. Thus, it cannot be determined whether the increase 

in PF thickness from across sessions was an adaptive or degenerative response. Lastly, while 

the exercise protocol induced changes to the tissue, the duration of the protocol may have 

been too short to bring about more impactful changes to the tissue leading to injury. A 

continuation of the protocol to consistently overload the PF with minimal recovery may 

provide further insight whether the tissue changes could be utilized as means to monitor 

individuals prior to injury. Future studies may address this by evaluating tissue changes 

following increasingly numerous bouts of running or exercising across multiple days. The 

increase in PF thickness across three days may be a first indicator of the predictability of PF 

injuries. However, it remains unclear whether morphological and mechanical properties can 

be used as predictors as no PF injury occurred in the present study, and no long-term injury 

tracking was conducted.  

Conclusions 

The present study showed that the PF exhibits viscoelastic behavior in response to 

maximal effort 5km running by displaying a decrease in thickness and stiffness immediately 

after the cessation of the exercise. A 30-minute recovery period was sufficient to return both 

properties to baseline values, suggesting that any conformational changes are acute. 

However, the increase in PF thickness from session 1 to session 3 at the pre-run 
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measurements may indicate a first sign toward tissue deterioration in form of accumulated PF 

inflammation. The change in PF stiffness and arch height immediately after each run 

suggests mechanical fatigue of the foot after each run; however, there is no progressive 

change in PF stiffness throughout the sessions.  
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Significance of the Chapter 

The plantar fascia has been shown to play an integral role in maintaining foot and 

arch control during the stance phase of the gait cycle. The results reported in chapter 2 and 3 

showed that the plantar fascia significantly decreases in thickness and stiffness immediately 

after running but experiences quick recovery approximating pre-running values after 30 

minutes of recovery. This was the case after a high intensity interval running bout until 

performance fatigue, as well as a 5km run repeated on three consecutive days. While there 

was an increase in thickness between day 1 and day 3 in study 2, values did not exceed what 

is generally identified as the 4 mm thickness threshold for increased injury risk (Buchbinder, 

2004; Stecco et al., 2013). 

Interestingly, there is possibility of an intensity threshold that could be surpassed to 

create an adaptation effect to the plantar fascia, making it more resistant to imposed demands 

(Shiotani et al., 2022). A population who may have crossed this intensity threshold without 

leading to adaptation of the tissue, but rather an injury, are individuals with resolved plantar 

fasciitis. However, at this point, it cannot be concluded that neither plantar thickness nor 

stiffness are known predictors of a future plantar fascia injury. The difference in thickness 

(injured tissue is thicker), and stiffness (injured tissue is less stiff) in symptomatic individuals 

compared to asymptomatic individuals may be a remaining symptom present after injury 

occurrence. 

 Thus, in order to provide further understanding of the behavior of the tissue and its 

role in the development of injury, evaluating the difference in plantar fascia response to 

mechanical loading of individuals with resolved plantar fasciitis and those without history of 

plantar fasciitis may provide important context. First, it is currently unknown whether plantar 

fascia tissue recovers in terms of its morphological and mechanical properties. Secondly, it is 

unknown whether the tissue of healthy and previously injured individuals respond differently 

to continuous running.  

 Therefore, the purpose of the proposed study was to investigate the a) effects of 

imposed treadmill running demands on plantar fascia thickness and stiffness, and b) identify 

potential differences in gait mechanics in individuals with resolved plantar fasciitis, and 

individuals with no history of plantar fasciitis. 
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Abstract 

While the mechanism of developing plantar fasciitis is uncertain, properties of the 

plantar fascia (PF) such as thickness and stiffness may possess indicators of tissue 

degradation. These properties are affected by repetitive mechanical loading such as running. 

However, little is known as to whether changes to PF tissue properties remain altered post-

injury. Thus, the purpose of the present study was to investigate the effects of a submaximal 

treadmill run on PF properties and running mechanics in individuals with resolved plantar 

fasciitis. Twenty participants (12 without plantar fasciitis history, eight had resolved plantar 

fasciitis) completed a 30-minute treadmill run at 80% of their speed at ventilatory threshold 

2. PF measurements were collected before, post-, 15 min post-, and 30 min post-treadmill 

run. Motion capture data were collected at minutes 1:30, 15:00, and 29:30 during the run. PF 

thickness and stiffness decreased post-run (p < 0.001), increased 15 min- (p < 0.001), and 30 

min (p < 0.001) post-run in both groups. The RPF group had a thicker and stiffer PF before 

the run (p < 0.001). While thickness was greater for all four measurements, stiffness was 

different at pre-run and 30 minutes post-run only. Leg and vertical stiffness did not change 

throughout the run and were not different between groups. NPF group had a significantly 

greater midfoot dorsiflexion during the stance phase, specifically during the midway point 

(15 minutes). While this was a retrospective study missing information on PF properties of 

the RPF group pre-injury, these findings indicate that resolved plantar fasciitis may maintain 

a thicker tissue compared to a previously uninjured PF. However, the difference in 

morphology did not alter the PF’s response to mechanical loading. Resolved plantar fasciitis 

reduced lowering of the medial longitudinal arch during the stance phase. This may result in 

diminished foot arch functioning during running as well as a decreased foot spring 

mechanism to properly transmit forces. 

Key Words 

Tissue thickness & stiffness, ultrasound, shear wave elastography, leg & vertical stiffness, 

foot mechanics, statistical parametric mapping 
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Introduction 

The etiology and underlying mechanisms of plantar fasciitis are still unknown. 

Theories regarding the mechanical sequence of tissue creeps suggest that repetitive loading, 

such as walking or running, would lead to an initial thinning of the plantar fascia (PF), 

followed by an inflammatory reparative process (Frost, 1990). Continued repetitive loading 

may cause chronic thickening of the PF, as well as a loss of stiffness (Baur et al., 2021; Welk 

et al., 2015). Both properties, but especially thickness have been utilized as clinical factors to 

diagnose plantar fasciitis (Buchbinder, 2004; Stecco et al., 2013). Individuals with plantar 

fasciitis show increased PF thickness (Goff & Crawford, 2011) and decreased PF stiffness 

(Baur, 2021). As theorized, PF thickness and stiffness decrease significantly after one 

running bout, but approximate pre-exercise values after 30 minutes of recovery in individuals 

without a history of plantar fasciitis (Shiotani et al., 2020, Welk et al., 2015). The immediate 

decrease and consequent return of thickness and stiffness after running in asymptomatic 

individuals affirms the viscoelastic load and rate dependent response of the PF to mechanical 

loading (Shiotani, 2020). The concurrent decrease in arch height suggests that changes in 

these PF tissue properties affect lowering of the medial longitudinal arch and thus potentially 

increase risk for injury to the tissue. (Shiotani, 2020). Whether this sequence of decrease in 

thickness and stiffness occurs in previously injured PF tissue, and the connection between PF 

tissue properties and running gait mechanics have not been evaluated thus far. A theory 

suggesting a different response of tissue and running mechanics in individuals with resolved 

plantar fasciitis is the occurrence of scar tissue build-up during the inflammatory phase of the 

healing process (Grant et al., 2012). Scar tissue shows reduced load compliance compared to 

healthy tissue affecting how the PF responds to induced continuous mechanical loading in an 

injured and resolved state (Corr et al., 2009; Corr et al., 2013). 

The PF also plays an integral part in maintaining foot and arch control during the 

stance phase of the gait cycle (Gefen, 2003). The involvement of the PF in the Windlass 

Mechanism allows it to react to being loaded during ground contact by coiling around the 

toes and providing tension within the foot to control midfoot pronation and dorsiflexion 

under weightbearing conditions in asymptomatic individuals (Erdemir, 2004; Gefen, 2003; 

Stecco, 2013). This function is impaired in people with plantar fasciitis (Crary, 2003). 

Furthermore, apart from the commonly reported heel pain, individuals with plantar fasciitis 
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display increased midfoot extension and eversion, synonymous with flattening of the medial 

longitudinal arch, and decreased forefoot dorsiflexion during initial contact compared to 

asymptomatic individuals (Chang et al., 2014; Wiegand et al, 2022).  

While running, lower extremity muscles and tendons act as springs, storing and 

releasing elastic energy, forming the basis of the "spring-mass model” (Morin et al., 2006; 

McMahon & Cheng, 1990). Thus, measurements for the spring-mass model require an 

interaction of various anatomical structures, including fascia, tendons, muscles, cartilage, and 

bones. The mechanical theory examined in the spring-mass model is leg stiffness, which is 

calculated as the maximum force divided by the maximum leg compression at the midpoint 

of the stance phase (Morin et al., 2006). Additionally, vertical stiffness simulates the vertical 

movement of the center of mass during ground contact phase (Morin et al., 2006). It is 

determined as the maximum force divided by the maximum downward vertical displacement 

of the CM. Information regarding the occurrence of soft tissue foot injuries in relation to leg 

and vertical stiffness is conflicting. Both greater and lower values for leg and vertical 

stiffness have been associated with lower extremity injuries (Davis & Gruber, 2021). In 

particular, decreased stiffness may increase the risk of soft tissue foot injuries, such as plantar 

fasciitis or sesamoiditis, due to excessive joint motion (Davis & Gruber, 2021; Williams et 

al., 2001). As leg and vertical stiffness both influence the way forces are transmitted through 

the lower extremities during mechanical loading, these factors may play a role in the 

development or exacerbation of plantar fasciitis as a soft tissue injury.  

Plantar fasciitis symptomatic individuals report increased lower extremity vertical 

stiffness during the initial loading phase of the stance phase (from foot strike to vertical 

ground reaction force exceeding 75% bodyweight), while leg stiffness remains 

undocumented (Johnson et al., 2020). However, it is unclear if the mechanical changes 

during running in people with plantar fasciitis are related to changes in PF tissue mechanical 

properties. Furthermore, little is known as to whether PF property and run mechanic 

adaptations maintain after injury and pain have subsided. Despite plantar fasciitis being a 

frequently diagnosed running injury (Taunton et al., 2002), limited research has evaluated 

running mechanics in people with resolved plantar fasciitis (Wiegand et al., 2022). There 

were no differences in multi-segment foot kinematics between individuals with resolved 

plantar fasciitis and individuals with no injury history (Wiegand et al., 2022). However, their 
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protocol was not a continuous run and thus may have not induced the required magnitude or 

volume of loading and stress to illicit differences in gait mechanics. This is important 

because potential differences in the tissue’s response to running can be connected to changes 

in foot and run mechanics and provide a better understanding of potential long-term effects 

of plantar fasciitis, even after being resolved. 

Waveform analyses depicting multi-segment foot angles from foot strike to toe-off 

have been shown to indicate differences in forefoot and midfoot kinematics (Leardini et al., 

2007). This analysis technique enables the evaluation of potential differences in medial 

longitudinal arch control between healthy and previously injured individuals during the entire 

stance phase rather than discrete timepoints. This analysis would be of specific importance as 

research has shown that the PF experiences the greatest strain at the end of stance phase, 

rather than during initial contact (Lin, 2014).  

Given the evidence that the PF’s response to mechanical loading is quantifiable via 

ultrasound (Shiotani et al., 2020), and that change in PF properties can be used clinically to 

identify plantar fasciitis (Baur et al., 2021; Buchbinder, 2004), thickness and stiffness of the 

tissue have the potential to monitor progression of tissue degradation prior to an injury. 

Especially in the absence of pain, progressive change in PF properties and concurring 

compensations of running mechanics may remain unnoticed. Thus, foot and running 

mechanics via kinematic gait analyses may provide supplemental information related to 

changes to PF properties alongside investigations of tissue properties. Therefore, the purpose 

of the present study was to investigate the effects of submaximal treadmill running on PF 

properties and run mechanics in individuals with resolved plantar fasciitis (RPF). It was 

hypothesized that (1) the RPF group would possess thicker and less stiff (more compliant) PF 

at rest (pre-run) and (2) that the ‘no history of plantar fasciitis’ (NPF) group, but not the RPF 

group, would exhibit a decrease in PF thickness and stiffness after running. It was also 

hypothesized that the RPF group would have greater midfoot dorsiflexion and eversion and 

reduced forefoot flexion during the stance phase at the middle and at the end of the 30-

minute run. 
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Methods 

Population 

Twenty healthy individuals participated in the present study (6 females; age: 24.3 yrs 

[± 7.5]; mass: 70.0 kg [± 10.1], height 178.0 cm [± 8.64]). A sample size of 16 participants, 8 

per group, was determined via a priori (α = 0.05, β = 0.8, effect size = 0.6) power analysis 

based upon previous research on individuals with plantar fasciitis using thickness and 

stiffness powered variables (Shiotani et al., 2020). Eight participants were individuals with 

resolved plantar fasciitis (4 females; age: 25.1 yrs [± 9.8]; mass: 69.4 kg [± 12.2], height 

180.2 cm [± 11.3]). Resolved plantar fasciitis was defined as having had no symptoms for at 

least one month prior to participant in the study (Wiegand et al., 2022). Participants reported 

previous plantar fasciitis as far as 7 years ago and as close as 2.5 months ago, with a mean 

duration of 2 months. All RPF participants stated that they believe their plantar fasciitis was 

exercise related. Three participants experienced unilateral plantar fasciitis on the right, two 

experienced unilateral plantar fasciitis on the left, and three participants experienced it 

bilaterally. Twelve participants were individuals without a history of plantar fasciitis (2 

females; age: 23.7 yrs [± 5.4]; mass: 70.8 kg [± 8.5], height 177.5 cm [± 7.1]). Participants 

were physically active (ACSM) and recreational runners with a minimum monthly running 

distance of 5 kilometers (km). The average monthly running distance for the RPF group was 

50.3 km (± 40.1), while the NPF group reported 85.0 km (± 81.4). A two-sample t-test 

revealed no significant difference between the two groups (p = 0.13). All participants 

indicated their ability to currently run pain free and to run on a motorized treadmill 

comfortably. Exclusion criteria were existing diseases (cardiovascular disease, metabolic 

disease, renal disease), any history of lower-extremity injuries and surgeries within the past 6 

months, current musculoskeletal injuries, wearing prescription inserts, and regular use of 

non-steroidal anti-inflammatory drugs (NSAIDs) or topical creams. This study was approved 

by the Institutional Human Research Ethics Committee and was carried out in accordance 

with the Declaration of Helsinki. Written informed consent was obtained from all 

participants before data collection. 
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Procedures 

The present study was designed as a repeated measures quasi-experimental pre-test, 

post-test design. Participants were instructed to avoid non-steroidal anti-inflammatory drug 

consumption and topical cream application to the superficial aspect of the plantar fascia prior 

to participation. Additionally, participants were asked to refrain from vigorous physical 

activity (such as high intensity running or weightlifting), alcohol (potential inflammatory 

effect), and caffeine consumption for 24 hours prior to participation. 

Participants had performed a maximal effort graded exercise test (GXT) on a 

motorized treadmill (4FRONT, Woodway, Waukesha, WI, USA) at least 48 hours prior to 

the submaximal 30-minute treadmill run. This session functioned to determine individual 

ventilatory threshold 2 (VT2) (TrueOne 2400; Parvo Medics, Salt Lake City, UT, USA). 

VT2 was determined by visual inspection of a concomitant increase in VE/VO2 and 

VE/VCO2 (Elsangedy et al., 2013). The individualized speed for the 30-minute treadmill run 

was 80% of the speed VT2 was achieved at. For participants who did not reach VT2 during 

the GXT, 80% of the speed at test termination was used. This was the case for five of the 20 

participants. 

Upon reporting to the lab for a second session, participants performed a 30-minute 

run on a motorized treadmill at their 80% VT speed with their own running shoes. Prior to 

the run, participants underwent bilateral ultrasound imaging to determine PF thickness and 

stiffness. Participants were then equipped with retro-reflective markers (14 mm) using a 

custom cluster-based model for the torso, pelvis, and lower extremities. A multi-segment foot 

model was used to equip the shoes to represent three segments of the foot model (Leardini et 

al., 2007; Wiegand et al., 2022). Dynamic trial markers were attached bilaterally to the shoe 

according to Leardini et al. (2007), anterior superior iliac spine (ASIS), iliac crest, posterior 

superior iliac spine (PSIS), sacrum, manubrium, xyphoid process, and acromion. Bilateral 

rigid clusters were attached on the lateral aspect of the shank and thigh. Static trial markers 

were attached bilaterally to the medial and lateral malleoli, medial and lateral epicondyle of 

the femur, and greater trochanter (Wiegand et al., 2022). Three-dimensional marker 

trajectories were collected with an eight-camera motion capture system (250 Hz; VICON, 

Oxford Metric Ltd., Oxford, UK). Following a static calibration and removal of calibration 
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markers, a 5-minute warm-up at a self-selected speed was completed before the 30-minute 

run on the same treadmill.  

Run trials were collected as 20-second intervals at minutes 1:30, 15:00, and 29:30 

during the 30-minute run. Participants were not aware when the trials were being recorded. 

Following the completion of the run, participants transitioned to have three more ultrasound 

recordings collected (immediately post-, 15 minutes post-, and 30 minutes post-run) 

bilaterally. To ensure the PF was in the same position during each measurement, participants' 

feet were positioned by the researcher to hang off the treatment table. To reduce any post run 

loads on the PF, participants remained on the treatment table and their feet did not have 

contact with the ground for the 30 minutes following the run.  

Ultrasound measurements 

Ultrasound imaging was used to evaluate thickness and stiffness of the PF (Logiq S8; 

GE Healthcare, Waukesha, WI, USA), with a linear array transducer (9L-D; GE). 

Participants were positioned in a prone position on a treatment table with their lower limbs in 

full extension and their bare feet hanging over the edge of the table. The proximal site of the 

PF near the calcaneal tuberosity was marked with a waterproof marker prior taking the 

measurements (Jariwala et al., 2011). After locating the PF on the ultrasound, markings were 

placed around the transducer head to ensure the same location for all measurements. 

Ultrasound gel was applied to the transducer to increase conductivity between the skin and 

the probe, evaluating the PF in a longitudinal orientation. All images were taken at 12 Hz, a 

gain of 50, and a depth of 4 cm. PF thickness was measured via B-mode imaging (5 seconds 

per image). After taking a total of five images per measurements, the three middle images 

were used for analysis (Skovdal Rathleff et al., 2011). PF stiffness was measured with shear 

wave elastography. A region of interest with a size of 0.1 mm2 was used to identify the 

measurement area. Three color images were collected and used for later analysis. All 

measurements were performed by the same examiner, with the transducer manually operated . 

Data Analysis 

To analyze PF thickness, the distance between the deep and superficial boundaries at 

the calcaneal origin was measured (mm) using the ultrasound measurement application. To 

analyze PF stiffness, the mean shear wave velocity of the region of interest was identified 
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(m/s). The mean value of three thickness and three stiffness images was used to obtain a 

mean (SD) for each measurement time (pre-, post-, 15 min post-, and 30 min post-run). For 

participants within the RFP group that reported unilateral plantar fasciitis history, PF 

measurements were taken on the involved limb and used for analysis. For participants within 

the RFP group that reported bilateral plantar fasciitis history, PF measurements were taken 

bilaterally. PF measurements were also taken bilaterally for those participants within the NPF 

group. For the NPF and bilateral RFP participants, the relative difference between pre- and 

post-run thickness and stiffness values were calculated bilaterally. The limb selected per 

participant was chosen based on which limb had the greatest combined relative difference of 

both thickness and stiffness. This combined difference of thickness and stiffness was 

calculated as the relative change of PF properties. Therefore, the limb with the greatest 

relative change was used for analysis for the NPF and bilateral RFP participants.  

Kinematic variables were computed using Visual 3D (v.6, C-Motion, Germantown, 

MD, USA) following preliminary processing within Vicon Nexus (v.2.11, Vicon, Oxford, 

UK). Marker trajectories were filtered using a lowpass fourth-order Butterworth filter at 8 Hz 

(Arampatzis et al., 1999; Edwards et al., 2008). Joint angles were calculated using a standard 

Cardan sequence (XYZ). The multi-segment foot model separates the foot into three 

segments (Leardini et al., 2007). The present study utilized the midfoot (rearfoot-midfoot) 

and forefoot (midfoot-forefoot) segments for analyses, to determine motion of the medial 

longitudinal arch and toe sagittal plane motion during the stance phase, respectively 

(Leardini et al., 2007; Wiegand et al., 2022). A positive sagittal and negative frontal angle of 

the midfoot described medial longitudinal arch decrease, while a negative sagittal angle and 

positive frontal angle of the midfoot described medial longitudinal arch increase (Wiegand et 

al., 2022). A positive sagittal angle of the forefoot described toe dorsiflexion (Wiegand et al., 

2022).  

Midfoot and forefoot angles were extracted and normalized to 100% of the stance 

phase. Stance phase was defined as foot strike to toe off. A custom Matlab (The Mathworks 

Inc., Boston, MA, USA) code was used to identify the initial contact and toe-off events to 

determine stance phase based on marker trajectories (Handsaker et al., 2016). Duration of 

contact time, flight time, and estimated peak vertical ground reaction forces were used to 

calculate leg and vertical stiffness during the stance phase at the three time points during the 
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treadmill run (Morin et al., 2005). Mean (SD) of 10 strides were used for kinematic and 

stiffness variables. 

Statistical Analysis 

The present study was designed to be a between-subjects design, comparing variables 

across multiple timepoints and trials. For the primary purpose, changes in PF thickness and 

stiffness were analyzed by multiple mixed model (2 group x 4 measurement) repeated 

measures analyses of variance (ANOVA) to evaluate the effects of plantar fasciitis injury 

history (NPF, RPF) and time (pre, post, 15 min post, and 30 min post run measurements) on 

plantar fascia thickness and stiffness, and a potential interaction between these factors. Any 

interactions were followed up with individual simple main effects analyses using one-way 

ANOVAs and independent t-tests following Bonferroni corrections. Statistically significant 

main effects were further investigated using post-hoc Bonferroni corrections for pairwise 

comparisons. Effect sizes were calculated as partial eta-squared (𝜂𝑝
2 ) for the ANOVA and 

Cohen’s d (0.2 = small, 0.5 = medium, 0.8 = large) (Lakens, 2013) for the post-hoc analyses.  

Leg and vertical stiffness were analyzed by multiple mixed model (2 group x 3 

measurement) repeated measures ANOVA, with the same follow-up procedures for main 

effects and interactions as described for PF thickness and stiffness. Midfoot and forefoot 

sagittal and frontal angle waveforms were analyzed via statistical parametric mapping (SPM) 

(Moisan et al., 2021). Multiple two-way repeated measures ANOVA SPM (2 group x 3 time) 

followed by post-hoc two-sample t-test SPM were used to compare midfoot and forefoot 

angles at each percentage (0-100%) of stance phase (Moisan et al., 2021). As with the 

previous variables, significant main effects or interactions were followed up with pairwise 

comparisons. Running velocity was not used as a covariate for the present analyses, as there 

was no difference (p = 0.54) in velocity between the RPF group (3.14 m/s ± 0.49) and the 

NPF group (3.25 m/s ± 0.36). For all analyses, an a priori alpha level was set to 0.05. 

Statistical analyses were performed using IBM SPSS Statistics v.28 and MATLAB.  
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Figure 1. PF Thickness (mm) measurements (means ± SD) for the no plantar fasciitis 

(NPF) and resolved plantar fasciitis groups (RPF). *Denotes a significant difference 

between the two adjacent PF measurements regardless of group. †Denotes a significant 

difference in PF thickness measurements between the two groups.   

† 

† 

† 

† 

* 

Results 

 No significant interaction was found PF thickness between time and groups, F(3, 54) 

= 0.651, p = 0.59, 𝜂𝑝
2  = 0.035. There was a significant main effect of time for PF thickness at 

the four different measurements, F(3, 54) = 77.277, p < 0.001, 𝜂𝑝
2  = 0.811. There was also a 

significant main effect of group for PF thickness between the RPF and NPF groups, F(1, 18) 

= 5.241, p = 0.034, 𝜂𝑝
2  = 0.226. Between groups, post-hoc pairwise comparisons revealed that 

the RPF group had a greater PF thickness compared to the NPF group at the pre-run (p = 

0.017; 3.86 vs. 3.19 mm; d = 0.56), the post-run (p = 0.049; 3.3 vs. 2.72 mm, d = 0.60), the 

15 min post-run (p = 0.037; 3.6 vs. 2.98 mm, d = 0.60), and the 30 min post-run (p = 0.045; 

3.83 vs. 3.18, d = 0.61) measurements (Figure 1). Regardless of group, post-hoc comparisons 

revealed that thickness decreased between pre- and post-run (p < 0.001; 3.53 to 3.01 mm, d = 

0.21) & increased from post- to 15 min post-run (p < 0.001; 3.01 to 3.29 mm, d = 0.16) and 

from 15 min post- and 30 min post-run (p < 0.001; 3.29 to 3.53 mm, d = 0.15) (Figure 1).   
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Figure 2. PF Stiffness (m/s) measurements (means ± SD) for the no plantar fasciitis 

(NPF) and resolved plantar fasciitis groups (RPF). *Denotes a significant difference 

between the two adjacent PF measurements regardless of group. †Denotes a significant 

difference in PF thickness measurements between the two groups.   

† † 

No significant interaction effect was found for PF stiffness between time and groups, 

F(3, 54) = 0.634, p = 0.59, 𝜂𝑝
2  = 0.034. There was a significant main effect of time for PF 

stiffness at the four different measurements, F(3, 54) = 27.171, p < 0.001, 𝜂𝑝
2  = 0.602. There 

was also a significant main effect of group for PF stiffness between the RPF and NPF groups, 

F(1, 18) = 5.293, p = 0.034, 𝜂𝑝
2  = 0.227. Between groups, post-hoc pairwise comparisons 

revealed that the RPF group had a greater PF stiffness compared to the NPF group at the pre-

run (p = 0.048; 4.58 vs. 3.76 m/s, d = 0.83), and the 30 min post-run (p = 0.007; 4.63 vs. 3.67 

m/s, d = 0.68) measurements. No differences were found at the post-run (p = 0.087; 3.46 vs. 

2.79 m/s, d = 0.80) and the 15 min post-run (p = 0.146; 4.10 vs. 3.47 m/s, d = 0.91) 

measurements (Figure 2). Regardless of group, post-hoc comparisons revealed that stiffness 

decreased between pre- and post-run (p < 0.001; 4.18 to 3.13 m/s, d = 0.49) & increased from 

post- to 15 min post-run (p < 0.001; 3.13 to 3.79 m/s, d = 0.55). No difference in stiffness 

was found from 15 min to 30 min post-run (p = 0.057; 3.79 to 4.15 m/s, d = 0.56) (Figure 2).  
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Figure 3. Boxplots displaying leg stiffness (kNm) by group (NPF, RPF) at minutes 1:30, 

15, and 29:30.    

Figure 4. Boxplots displaying vertical stiffness (kNm) by group (NPF, RPF) at minutes 

1:30, 15, and 29:30.   

No significant interaction effect was found for leg stiffness between time and groups, 

F(2, 28) = 0.086, p = 0.92, 𝜂𝑝
2  = 0.006. There was no significant main effect of time for leg 

stiffness at three measurements during the 30-minute treadmill run, F(2, 28) = 1.257, p = 

0.30, 𝜂𝑝
2  = 0.082. Also, no significant main effect of group between the RPF and NPF groups 

for leg stiffness was found, F(1, 14) = 3.774, p = 0.072, 𝜂𝑝
2  = 0.212. (Figure 3). 

No significant interaction effect was found for vertical stiffness between time and 

groups, F(2, 28) = 0.238, p = 0.79., 𝜂𝑝
2  = 0.017. There was no significant main effect of time 

for vertical stiffness at three measurements during the 30-minute treadmill run, F(2, 28) = 

1.598, p = 0.22, 𝜂𝑝
2  = 0.102. Further, there was no significant main effect of group between 

the RPF and NPF groups for vertical stiffness, F(1, 14) = 1.174, p = 0.297, 𝜂𝑝
2  = 0.077 

(Figure 4). 
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Figure 5. Means (lines) and SD (shaded region) for forefoot sagittal plane angle at 

minute 1:30 (a), 15 (b), and 29:30 (c). The dashed red lines indicate the threshold for 

significant differences. RPF (red) and NPF (black) showed no differences at all time 

points.   

Figure 6. Means (lines) and SD (shaded region) for midfoot frontal plane angle at minute 

1:30 (a), 15 (b), and 29:30 (c). The dashed red lines indicate the threshold for significant 

differences. RPF (red) and NPF (black) showed no differences at all time points.   

   

a b c 

a b c 

The SPM analysis indicated no significant main effects for neither group, nor time for 

forefoot (Figure 5), and midfoot frontal angles (Figure 6). There were also no interactions 

between group and time. 
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Figure 7. SPM repeated measures ANOVA outcome for midfoot sagittal plane angle. The 

dashed red lines indicate the threshold for significant differences. RPF and NPF group 

showed significant differences twice during the stance phase throughout the 30-minute 

run. 

Figure 8. SPM post-hoc pairwise comparisons of means (lines) and SD (shaded region) 

for midfoot angle in the sagittal plane at minute 1:30 (a), 15 (b), and 29:30 (c). The 

dashed red lines indicate the threshold for significant differences. RPF (red) and NPF 

(black) group showed significant differences twice (p<0.001) during the stance phase at 

the 15-minute measurement. 

a b c 

The SPM analysis revealed a significant main effect of group for midfoot sagittal 

angles, yet no effect of time. No interaction was found (Figure 7).  

 

 

 

 

 

 

Post-hoc pairwise comparisons revealed that the RPF and NPF group showed 

significant differences for midfoot sagittal angles at the 15-minute measurement only. No 

significant differences were found at the 1:30-minute, and 29:30-minute measurement 

(Figure 8). 
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Discussion 

The purpose of the present study was to investigate the effects of treadmill running on 

plantar fascia properties and gait mechanics in individuals with resolved plantar fasciitis. To 

the knowledge of the authors, this is the first study to evaluate PF tissue response to 

submaximal running in individuals with resolved plantar fasciitis. The difference in PF 

thickness between the RPF and the NPF group at the pre-run measurement aligns with the 

initial hypothesis. Individuals with resolved plantar fasciitis d isplayed a significantly thicker 

tissue compared to their counterparts. Yet, PF stiffness was also greater in the RPF group, 

rejecting the initial hypothesis of a less stiff tissue in people with resolved plantar fasciitis. 

The decrease in PF thickness and stiffness from pre- to post-run measurements also partially 

align with the secondary hypothesis. It was hypothesized that both properties would decrease 

in the NPF group only, suggesting that previous plantar fasciitis would alter the tissue’s 

viscoelastic response to running. However, it was found that the RPF group displayed the 

same decrease in thickness and stiffness at the post-run measurements. The acute decrease in 

both properties was followed by a gradual increase returning approximating baseline values. 

PF thickness has been widely used as a clinical factor to diagnose plantar fasciitis 

(Buchbinder, 2004; Stecco et al., 2013). Individuals with plantar fasciitis generally display a 

tissue significantly thicker compared to their healthy counterparts (Gibbon & Long, 1999; 

Jariwala et al., 2011). Individuals with resolved plantar fasciitis showed a significantly 

thicker tissue compared to those who have never experienced said injury. Consistent with the 

literature is the mean thickness of approximately 4 mm in previously injured individuals of 

the present study, as that threshold or greater is considered consistent with plantar fasciitis 

(League, 2008). The PF thickness of participants with resolved plantar fasciitis falling just 

below 4 mm aligns with the evidence that a decrease in thickness over time after various 

treatment methods has been shown previously (Fabrikant & Park, 2011; Hansen et al., 2018; 

Mahowald et al., 2011). Plantar fasciitis symptomatic individuals experience a less stiff 

tissue compared to healthy individuals (Baur et al., 2021; Welk et al., 2015). The present 

findings do not concur, as people with resolved plantar fasciitis showed stiffer tissue 

compared to the healthy participants.  

The decrease in thickness and stiffness in individuals without plantar fasciitis history 

after the submaximal 30-minute run was expected (Shiotani et al., 2013). Similarly, the 
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recovery within 30 minutes post-run aligns with previous research (Shiotani et al., 2013), as 

well as what is generally understood about the behavior of biomechanical tissues in response 

to the removal of a mechanical load. The submaximal 30-minute run applied continuous 

mechanical loading to the tissue, inducing deformation of the PF because of the principle of 

tissue creep. However, due to the potential of scar tissue within the PF (Grant et al, 2012), it 

was unexpected to see a similar response in PF thickness and stiffness in people with 

resolved plantar fasciitis. Despite the increased thickness and stiffness at the pre-run 

measurement, the PF of previously injured participants displayed a similar pattern of 

decrease post-run, followed by a recovery approaching baseline values. These findings 

suggest that the properties of the PF of both non-injured and resolved plantar fasciitis 

individuals behave similarly in response to submaximal treadmill running stimuli. This 

indicates that previous plantar fasciitis alters the morphology of the tissue long term, yet its 

viscoelastic properties and responses to mechanical loading maintain. However, as this is a 

retrospective study, tissue behavior of the RPF group prior to their injury history was not 

determined.  

The discrepancy in thickness and stiffness may be due to the formation of scar tissue, 

which can alter the tissue behavior by changing the composition and mechanical properties 

(Grant et al., 2012). Scar tissue has been shown to display stiffer behavior and decrease 

capability to dissipate energy (Grant et al., 2012). This is important as individuals with 

resolved plantar fasciitis may have remnants of scar tissue explaining the increased thickness 

of the tissue. However, it appears the mechanical loading response of the PF in individuals 

with resolved plantar fasciitis behaves similar to healthy tissue, despite any potential changes 

to tissue composition. This may be due to several factors, including the ability of the tissue to 

remodel and adapt in response to mechanical stimuli, and the effectiveness of rehabilitation 

and recovery programs in restoring the tissue's mechanical properties (Hildebrand et al., 

2005).  

It is important to note that while the mechanical loading response may be similar 

between the groups, the tissue’s thickening may still have implications for tissue function and 

overall mechanical performance. These changes can affect the tissue's ability to dissipate 

stored elastic energy, absorb shock, and resist deformation, and may increase the risk of re-

injury or damage in the future (Grant et al., 2012). Leg and vertical stiffness are two 
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variables frequently referred to as measures to evaluate the body’s capacity to store for 

utilizing stored elastic energy and shock absorption by the lower extremities. The spring-

mass model is commonly utilized as a representation of the leg's spring-like compression 

caused by the weight of the body. It illustrates the mechanisms by which the lower 

extremities, comprising joints, muscles, tendons, ligaments, and bones work together to 

manage an external force and transfer elastic potential energy (Grant et al., 2012). In the 

present study, leg and vertical stiffness did not change throughout the submaximal effort 30-

minute run. This was expected as both leg and vertical stiffness are strongly correlated to 

running speed (Morin et al., 2005), and the present protocol was conducted at a constant 

speed. Furthermore, no change in these variables throughout the 30-minute run may also 

indicate the run did not produce fatigue, as leg and vertical stiffness have been shown to 

decrease with fatigue (García-Pinillos et al., 2020; Morin et al., 2006). While the findings for 

leg and vertical stiffness were not statistically different between the RPF and NPF group, 

participants in the RPF group had consistently lower leg and vertical stiffness throughout the 

30-minute run. Increased leg and vertical stiffness are suggested to improve the ability of the 

lower extremities to utilize stored elastic energy and recruit the stretch-shortening cycle for a 

more efficient running economy (Brazier et al., 2019). A trend toward lower leg and vertical 

stiffness of the RPF group proposes that previous plantar fasciitis may diminish the ability to 

transmit potential elastic energy. 

As leg and vertical stiffness can have an impact on run mechanics, medial 

longitudinal arch lowering and lengthening during the stance phase have been found to 

improve walking and running gait efficiency (Erdemir et al., 2004; Kelly et al., 2015). 

Regularly termed as Windlass Mechanism, the PF coils around the metatarsals and allows the 

medial longitudinal arch to lower during the stance phase to absorb the external force 

applied. The present study found a difference in midfoot sagittal angles during stance phase 

between the RPF and NPF groups. The NPF group displayed greater midfoot dorsiflexion, 

compared to the RPF group. No differences were found in forefoot sagittal and midfoot 

frontal angles between groups, or throughout the 30-minute run. This suggests that forefoot 

dorsiflexion and midfoot eversion were not impacted in individuals with resolved plantar 

fasciitis. However, the run conducted on a treadmill at submaximal effort may explain these 
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unchanged running and foot mechanics and warrant further investigations at greater 

intensities to increase structural demands.  

A greater midfoot dorsiflexion aligns with a more pronounced lowering of the medial 

longitudinal arch (MLA) (Kelly et al., 2015; Wearing et al., 2004). This was specifically 

visible at the 15-minute measurement, where the NPF group had greater midfoot dorsiflexion 

after initial contact and prior to toe off. Based on this finding, a lower MLA arch during these 

periods of the stance phase can be inferred in the NPF group. Further investigation is 

necessary to determine the reasoning behind a significant difference halfway through the run, 

but not at the beginning or the end. A potential explanation can be found in the large standard 

deviation found at the 29:30-minute mark of the run (Figure 8c). Not statistically different, 

but evident in the SPM analysis visually, is the decrease in midfoot dorsiflexion from the 

beginning to the end of the run in the NPF group (Figure 8 a,b,c). Midfoot dorsiflexion of the 

RPF group appears unchanged (Figure 8 a,b,c). Overall, midfoot dorsiflexion angles ranged 

from 9.3⁰ to 18.9⁰. The values found for midfoot sagittal angles align with previous literature 

which applied a modified Leardini foot segment model (Wiegand et al., 2022). 

Diminished MLA lowering has been found in people with plantar fasciitis and is 

suggested to decrease the foot’s capacity to return stored potential kinetic energy (Wearing et 

al., 2004). The present results indicate that resolved plantar fasciitis may similarly alter 

midfoot sagittal angles throughout the stance phase, as presented by a decreased ability of 

MLA lowering. One of the potential mechanisms behind the decreased capability to lower 

the MLA might be the morphological and mechanical differences of the PF between the RPF 

and the NPF group. Increased thickness, possibly due to scar tissue, may affect the PF’s 

viscoelasticity (Grant et al., 2012), while increased stiffness of the PF may prevent the tissue 

from lengthening and engaging in the Windlass Mechanism. This potential relationship 

warrants further investigation in regard to a lasting effect of resolved plantar fasciitis on 

MLA extensibility and flexibility. 

The findings of the present study should be interpreted with the following limitations 

and delimitations in mind. While the theory regarding a thicker PF in people with resolved 

plantar fasciitis suggests accumulation of scar tissue, the presence of scar tissue within the PF 

was not assessed or measured. Additionally, the missing information regarding PF tissue 

properties prior to or during plantar fasciitis of the RPF group, as well as a group presenting 
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with current plantar fasciitis are two additional limitations. It cannot be concluded that the 

occurrence of plantar fasciitis yields long term thickening of the tissue after injury is 

resolved, as no prior knowledge of this population was collected. Another limitation of the 

present study is the application of the foot segment model on the footwear of participants, 

rather than the anatomical structures directly. During shod conditions, the foot and shoe 

behave independently depending on the tightness and composition of the shoe (Wiegand et 

al., 2022). Therefore, it cannot be stated with certainty that the presented foot mechanics 

depict true foot motion. However, the present study aimed to replicate common shod running 

behavior for recreational runners.  

Conclusion 

The present study provides insights into the effects of running on PF properties and 

running mechanics in individuals with resolved plantar fasciitis. The findings suggest that 

previous plantar fasciitis may alter properties of the plantar fascia, as seen by the increased 

thickness and stiffness, but does not affect its acute response to mechanical loading. The 

findings demonstrate that although both groups exhibited similar responses to submaximal 

treadmill running in terms of PF properties, there were differences in midfoot sagittal angles 

during the stance phase of gait halfway through the run. Specifically, individuals in the RPF 

group displayed a decreased ability to lower the medial longitudinal arch compared to their 

NPF counterparts. Leg and vertical stiffness throughout the stance phase did not differ 

between groups and did not change throughout the run. The difference in PF thickness and 

stiffness between the two groups may have implications for the rehabilitation and recovery 

programs of individuals with plantar fasciitis. Further research is needed to explore the 

potential long-term consequences of these alterations in tissue properties and gait mechanics 

on running economy, injury risk, and overall performance. Future studies may also 

investigate the effectiveness of programs aimed at restoring mechanical properties of the PF 

and improving gait efficiency in individuals with resolved plantar fasciitis. 
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Conclusion 

The purpose of this dissertation was to investigate the effects of different running 

intensities and volumes on the mechanical and morphological properties of the plantar fascia 

(PF). The potential relationship between PF tissue changes and onset of injury is unknown 

within an endurance running population. To address the specific purpose of this dissertation, 

three studies were designed and conducted. Each study focused on a different running 

demand to better understand the behavior of the PF in response to imposed running demands: 

(1) High intensity interval running, (2) maximal effort long distance running on consecutive 

days, (3) consistent submaximal velocity treadmill running. 

While general research regarding the PF is concerned with treatment modalities of 

injuries such as plantar fasciitis, the overarching goal of this dissertation was to evaluate how 

the PF behaves in the absence of injury. Thus, the morphological (thickness) and mechanical 

(stiffness) properties of the PF were measured via ultrasonography before and after each 

running protocol to determine the acute changes to the tissue due to continuous loading. Each 

study also included a rest period of 30 minutes to visualize the potential recovery of the PF 

once stress and strain are removed.  

The collective finding is that healthy PF tissue reacts to different running modalities 

with an acute decrease in thickness and stiffness but demonstrates an ability to recover after 

30 minutes of rest. A single bout of high intensity interval running (400m) until fatigue 

caused the PF to become thinner and less stiff, with a reduced medial longitudinal arch 

height. The decrease in both the morphological and mechanical properties of the PF was 

expected as it aligned with the general characteristics of tissue mechanics for a viscoelastic 

material in response to the mechanical loading. The repetitive mechanical loading of the 

interval runs may have induced tissue creep which suggests that continuously applied stress 

induced steady strain of the tissue, leading to an acute decrease in thickness. What is 

unknown is the direction of the strain that caused this deformation. 

The findings of the first manuscript provided evidence for the quantifiable changes 

the PF undergoes during exercise. As tissue thickness and stiffness are commonly used as 

symptomatic and diagnostic factors for plantar fasciitis, the need to further understand the 

response of healthy tissue to imposed demands may lead to a better understanding of the 

causative effect of these factors. Additionally, the changes in arch height between pre- and 
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post-run measures suggest that a decrease in PF stiffness coincides with a potential loss of 

medial longitudinal arch control. The PF’s function to coil around the toes during initial 

contact and push-off, the Windlass Mechanism, may be altered with a decrease in stiffness, 

as the foot could lose its tension to maintain proper structure and functioning. 

The second manuscript evaluated the effects of repetitive high intensity long distance 

runs on PF thickness and stiffness. More specifically, this protocol included a total three 5-

km runs completed over the course of three consecutive days. The purpose of this study was 

to investigate the effects of maximal effort 5 km running on three consecutive days on 

morphological and mechanical properties of the plantar fascia. PF thickness and stiffness 

responded to the 5km bouts of running in the same manner as the high intensity interval run. 

Both properties decreased immediately post-run and were able to recover following 30 

minutes. A novel finding from this study was the increase in PF thickness at the pre-run 

measurement between days. The demands of the repetitive runs did not allow adequate time 

for the PF thickness to return to normal thickness values.  

These findings suggest that three maximal effort 5k runs have a significant effect on 

PF thickness.  More specifically, the increase in thickness found at the pre-run measurements 

indicates that the lack of rest between the high intensity 5k runs may play an important role 

in that tissue change. This finding advocates the need for rest days or a change of the 

intensity or frequency of running stimuli between sessions. PF stiffness and medial 

longitudinal arch height showed a similar pattern of decrease immediately post-run, 

indicating that repetitive mechanical loading may have an effect on the PF’s ability to 

maintain proper arch support. However, no increase over the three days was found with 

stiffness. The increase in thickness may be the initial evidence of tissue inflammation leading 

up to plantar fasciitis. A theory behind the mechanism of plantar fasciitis development 

suggests that excess mechanical loading without providing sufficient rest and recovery would 

lead to microfractures, followed by inflammation, and then chronic pain.  

Thus, the third manuscript aimed to investigate individuals with resolved plantar 

fasciitis. A retrospective analysis of people with resolved plantar fasciitis enables potential 

identification of differences in tissue following a pathological condition. The running-

imposed demands were a 30-minute submaximal treadmill run at a constant relative treadmill 
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speed. To assess mechanical changes during the run, motion capture trials were collected to 

evaluate whether previous PF mechanical changes affect gait mechanics. 

Participants with a previously reported PF injury did not have a different mechanical 

response of the tissue than those with no history. Both the no history and resolved plantar 

fasciitis groups displayed decreases in PF thickness and stiffness immediately post-run, as 

well as a return approaching baseline following a 30-minute recovery period. However, 

people with resolved plantar fasciitis presented with a significantly thicker PF at baseline and 

throughout the measurement times. This suggests that even after plantar fasciitis recovery, 

the tissue remains thicker. This can be due to scar tissue build up, or continuing 

inflammation. Nevertheless, the increased thickness in the resolved plantar fasciitis group did 

not alter PF mechanics response to the imposed running demands. Stiffness displayed similar 

patterns, which was unexpected as people with plantar fasciitis have displayed a less stiff PF 

compared to their healthy counterparts. 

In terms of foot mechanics, there were no differences in forefoot dorsiflexion/plantar 

flexion and midfoot inversion/eversion between the two groups. However, the NPF group 

showed significantly greater midfoot dorsiflexion compared to the individuals with resolved 

plantar fasciitis. In other words, individuals who had never experienced plantar fasciitis 

demonstrated more medial longitudinal arch flattening during the stance phase at the halfway 

mark of the 30-minute run. This can be attributed to the increased stiffness of PF diminishing 

the ability of the medial longitudinal arch to lengthen during foot contact. Longitudinal 

prospective investigations are necessary to determine whether previous plantar fasciitis may 

indeed induce permanent changes to foot mechanics during running, and why these 

differences were only seen halfway through the run, and not the beginning or end . This was 

especially interesting as no changes in leg or vertical stiffness were found between the 

groups, or throughout the 30-minute treadmill run. 

The series of manuscripts within this dissertation illustrates that the PF responds to 

running-imposed mechanical loading by decreasing thickness and stiffness acutely. This 

response was seen in both over ground and treadmill running. The change of the 

morphological and mechanical properties was quantified via ultrasound, indicating the 

potential to utilize ultrasound to evaluate PF tissue changes, whether post-exercise or 

throughout a training cycle or competitive season. Furthermore, differences in midfoot 
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dorsiflexion during the stance phase of running, between plantar fasciitis resolved individuals 

and those with no history of plantar fasciitis, suggest that a previous injury to the PF may 

impact foot mechanics beyond recovery. It is still not understood how plantar fasciitis comes 

about and why thickness and stiffness change when individuals experience said injury.  
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